
CHAPTER 1 

The Simultaneous Isolation 
of RNA and DNA 

from Tissues and Cultured Cells 

Frank Merante, Sandeep Raha, 
Juta K. Reed, and Gerald Proteau 

1. Introduction 
Many techniques are currently available that allow the isolation of 

DNA (I-7) or RNA (8-231, but such methods allow only the purification 
of one type of nucleic acid at the expense of the other. Frequently, when 
cellular material is limiting, it is desirable to isolate both RNA and DNA 
from the same source. Such is the case for biopsy specimens, primary 
cell lines, or manipulated embryonic stem cells. 

Although several procedures have been published that address the need 
to simultaneously purify both RNA and DNA from the same source 
(2&31), most methods are simply a modification of the original proce- 
dure of Chirgwin et al. (8). Such procedures utilize strong chaotropic 
agents, such as guanidinium thiocyanate and cesium trifluoroacetate 
(25,2 7), to simultaneously disrupt cellular membranes and inactivate 
potent intracellular RNases (26,29,30). The limitations of such tech- 
niques are the need for ultracentrifugation (26-28,30) and long process- 
ing times (ranging 1644 h). 

Methods for isolating both RNA and DNA that circumvent the 
ultracentrifugation step take advantage of the fact that phenol (1,32) can 
act as an efficient deproteinization agent quickly disrupting cellular 
integrity and denaturing proteins (24,31). The method presented here 
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takes advantage of the qualities offered by phenol extraction when it is 
coupled with a suitable extraction buffer and a means for selectively sepa- 
rating high-mol-wt DNA from RNA (31). 

The method utilizes an initial phenol extraction coupled with two 
pheno1:chlorofor-m extractions to simultaneously remove proteins and 
lipids from nucleic acid containing solutions. In addition, the constitu- 
ents of the aqueous extraction buffer are optimized to increase nucleic 
acid recovery, as discussed by Wallace (33). For example, the pH of the 
buffer (pH 7.9, the presence of detergent (0.2% SDS), and relatively 
low salt concentration (100 mA4 LiCl) allow the efficient partitioning 
of nucleic acids into the aqueous phase and the dissociation of proteins. 
In addition, the presence of 10 mM EDTA discourages the formation of 
protein aggregates (33) and chelates Mg 2+, thereby inhibiting the action 
of magnesium dependent nucleases (34). 

This method differs from that presented by Krieg et al. (24) in that the 
lysis and extraction procedure is gentle enough to allow the selective removal 
of high-mol-wt DNA by spooling onto a hooked glass rod (2,34,35) follow- 
ing ethanol precipitation. This avoids additional LiCl precipitation steps 
following the recovery of total nucleic acids. Finally, the procedure can be 
scaled up or down to accommodate various sample sizes, hence allowing 
the processing of multiple samples at one time. The approximate time required 
for the isolation of total cellular RNA and DNA is 2 h. Using this method 
nucleic acids have been isolated from PC12 cells and analyzed by South- 
em and Northern blotting techniques (31). 

2. Materials 
Molecular biology grade reagents should be utilized whenever pos- 

sible. Manipulations were performed in disposable, sterile polypropy- 
lene tubes whenever possible, otherwise glassware that had been 
previously baked at 280°C for at least 3 h was used. 

2.1. Nucleic Extraction 
from Nonadherent Tissue Culture Cells 

1. PBS: 0.137MNaC1,2.68 mMKCl,7.98 mA4Na2HP04, 1.47 mMKH2P04, 
pH 7.2. 

2. DEPC-treated water: Diethylpyrocarbonate (DEPC)-treated water is pre- 
pared by adding 1 mL DEPC to 1 L of double-distilled water (0.1% DEPC 
v/v) and stirring overnight. The DEPC is inactlvated by autoclaving at 20 
psi for 20 mm (see Note 1). 
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3. STEL buffer: 0.2% SDS, 10 mMTris-HCl, pH 7.5,lO mMEDTA, and 100 
mM LiCl. The buffer is prepared in DEPC-treated water by adding the 
Tris-HCl, EDTA, and LiCl components first, autoclaving, and then adding 
an appropriate volume of 10% SDS. The 10% SDS stock solution 1s pre- 
pared by dissolving 10 g SDS in DEPC-treated water and Incubating at 
65OC for 2 h prior to use. 

4. Phenol: Phenol is equilibrated as described previously (34). Ultrapure, 
redistilled phenol, contaimng 0.1% hydroxyquinoline (as an antioxidant), 
is initially extracted with 0.5M Tris-HCl, pH 8.0, and then repeatedly 
extracted with 0. 1M Tns-HCl, pH 8.0, until the pH of the aqueous phase is 
8.0. Then equilibrate with STEL extraction buffer twice prior to use. This 
can be stored at 4°C for at least 2 mo. 

5. Phenol:chloroform mixture: A 1: 1 mixture was made by adding an equal 
volume of chloroform to STEL-equilibrated phenol. Can be stored at 4°C 
for at least 2 mo. Phenol should be handled with gloves in a fume hood. 

6. 5A4 LiCl: Prepare in DEPC-treated water and autoclave. 
7. TE: 10 mM Tris-HCl, pH 8.0, 1 mM EDTA, pH 8.0. Prepare in DEPC- 

treated water and autoclave. 
8. RNA guard, such as RNasin (Promega; Madison, WI). 

2.2. Variations for Adherent Cell Cultures and Tissues 
9. Trypsm: A 0.125% solution in PBS. For short term store at 4°C; for long 

term freeze. 

3. Methods 
3.1. Nucleic Extraction 

from Nonadherent Tissue Culture Cells 
In this section we detail nucleic extraction from nonadherent tissue 

culture cells. Section 3.2. describes variations of this protocol for adher- 
ent cell cultures and tissue. 

To prevent RNase contamination from skin, disposable gloves should 
be worn throughout the RNA isolation procedure. In addition, it is advis- 
able to set aside equipment solely for RNA analysis; for example, glass- 
ware, pipets, and an electrophoresis apparatus. 

1. Cultured cells (1 x 107) should be cooled on ice (see Note 2). Transfer to 
15-mL polypropylene tubes and pellet by centrifugation at 1 OOg for 5 min. 
Wash the cells once with 10 mL of ice-cold PBS and repellet. The pelleted 
cells may be left on ice to allow processmg of other samples. 

2. Simultaneously add 5 mL of STEL-equilibrated phenol and 5 mL of ice- 
cold STEL buffer to the pelleted cells, Gently mix the solution by mver- 
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slon for 3-5 min, ensuring the cellular pellet is thoroughly dissolved (see 
Notes 3 and 4). 

3. Centrifuge the mixture at 10,OOOg for 5 min at 20°C to separate the phases. 
Transfer the aqueous (upper) phase to a new tube using a sterile polypropy- 
lene pipet and re-extract twice with an equal volume of phenol:chloroform 
(see Note 5). 

4. Transfer the aqueous phase to a 50-mL Falcon tube. Differentially precipi- 
tate high-mol-wt DNA from the RNA component by addition of 0.1 vol of 
ice-cold 5M LiCl and 2 vol of ice-cold absolute ethanol. The DNA will 
precipitate immediately as a threaded mass. 

5. Gently compact the mass by mixing and remove the DNA by spoolmg 
onto a hooked glass rod Remove excess ethanol from the DNA by touch- 
mg onto the side of the tube. Remove excess salts by rmsmg the DNA with 
1 mL of ice-cold 70% ethanol while still coiled on the rod. Excess ethanol 
can be removed by carefully washing the DNA with 1 mL of ice-cold TE, 
pH 8.0 (see Note 6). 

6. The DNA is then resolublhzed by transferrmg the glass rod mto an appro- 
priate volume of TE, pH 8.0 and storing at 4OC. 

7. The RNA IS precipitated by placing the tube with the remaimng solution at 
-7O”C, or m an ethanol/dry ice bath for 30 mm. 

8. Collect the RNA by centritiging at 10,OOOg for 15 min. Gently aspirate the 
supernatant and rmse the pellet with ice-cold 70% ethanol. Recentrlfuge 
for 5 min and remove the supernatant. Dry the RNA pellet under vacuum 
and resuspend m DEPC-treated water. 

9. For storage as aqueous samples add 5-10 U of RNasm (RNase inhlb- 
itor) according to manufacturer’s instructions. Alternatively, the 
RNA can be safely stored as an ethanol/LiCl suspension (see Notes 7 
and 8). 

3.2. Variations for Adherent Cell Cultures and Tissues 
3.2.1. Adherent Cells 

1. Remove the culture medium from the equivalent of 1 x 1 O7 cells by aspira- 
tion and wash the cells once with 10 mL of PBS at 37°C. 

2. Add 1 mL of trypsm solution and incubate plates at 37°C until the cells 
have been dislodged. This should take approx 10 mm. Dilute the trypsm 
solution by addition of ice-cold PBS. 

3. Follow Section 3.1.) steps 2-9. 

3.2.2. Procedure for Tissue 
1, Rinse approx 500 mg of tissue free of blood with ice-cold PBS. Cool and 

mince into 3-5-cm cubes with a sterile blade. 
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2. Gradually add the tissue to a mortar containing hquid nitrogen and ground 
to a tine powder. 

3. Slowly add the powdered tissue to an evenly dispersed mixture of 5 mL of 
phenol and 5 mL of STEL. This is best accomplished by gradually stirring 
the powdered tissue into the phenol:STEL emulsion with a baked glass 
rod. Mix the tissue until the components are thoroughly dispersed. Con- 
tinue mixmg by gentle inversion for 5 min. 

4. Follow Section 3.1.) steps 3-9. 

4. Notes 

1. DEPC is a suspected carcinogen and should be handled with gloves in a 
fume hood. Because it acts by acylating hrstidine and tyrosme residues on 
proteins, susceptible reagents, such as Tris solutions, should not be directly 
treated with DEPC. Sensitive reagents should simply be made up in DEPC- 
treated water as outlined. 

2. The integrity of the nucleic acids will be improved by maintaining har- 
vested cells or tissues cold. 

3. The success of this procedure hinges on the ability to gently disrupt cellu- 
lar integrity while maintaining DNA in an intact, high-mol-wt form. Thus, 
mixing of the STEL:phenol should be performed by gentle inversion, 
which minimizes shearing forces on the DNA. 

4. The proteinaceous interface that partitions between the aqueous 
(upper) and phenol phase following the nntial phenol extraction (Sec- 
tion 3.1.) step 3) can be re-extracted with phenol:chloroform to improve 
DNA recovery. 

5. Chloroform is commonly prepared as a 24:l (v/v) mixture with isoamyl 
alcohol, which acts as a defoaming agent. We have found that foaming is 
not a problem if extractions are performed by gentle inversion or on a 
rotating wheel and routinely omit isoamyl alcohol from the mixture. 

6. The DNA may be air dried, but will then take longer to resuspend. 
7. Followmg the selective removal of high-mol-wt DNA, the remaining RNA 

is sufficiently free of DNA contamination such that DNA is not detected 
by ethidmm bromide stammg (31). If the purified RNA is to be used for 
PCR procedures it 1s strongly recommended that a RNase-treated control 
be performed to ensure the absence of contaminatmg DNA. This recom- 
mendatron extends to virtually any RNA purification procedure, particu- 
larly those involvmg an initial step in which the DNA is sheared. 

8. Typical yields of total cellular RNA range between 60-170 ,ug when using 
approx 1.5-2 x 1 O7 cells with Az6,jA2s0 values of approx 1.86 (31). These 
values compare favorably with those obtained using guanidinium thiocy- 
anate CsCl centnfugatron methods (8). 
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CHAPTER 2 

Restriction Endonuclease Digestion 
of DNA 

Duncan R. Smith 

1. Introduction 
The ability to cleave DNA at specific sites is one of the cornerstones 

of today’s methods of DNA manipulation. Restriction endonucleases are 
bacterial enzymes that cleave duplex DNA at specific target sequences 
with the production of defined fragments. These enzymes can be pur- 
chased from the many manufacturers of biotechnology products. The 
nomenclature of enzymes is based on a simple system, proposed by Smith 
and Nathans (I). The name of the enzyme (such as BarnHI, ,%&I, and 
so on) tells us about the origin of the enzyme, but does not give us any 
information about the specificity of cleavage (see Note 1). This has to be 
determined for each individual enzyme. The recognition site for most of 
the commonly used enzymes is a short palindromic sequence, usually 
either 4, 5, or 6 bp in length, such as AGCT (for A&I), GAATTC (for 
EC&I), and so on. Each enzyme cuts the palindrome at a particular site, 
and two different enzymes may have the same recognition sequence, but 
cleave the DNA at different points within that sequence. The cleavage 
sites fall into three different categories, either flush (or blunt) in which 
the recognition site is cut in the middle, or with either 5’- or 3’-over- 
hangs, in which case unpaired bases will be produced on both ends of the 
fragment. For a comprehensive review of restriction endonucleases, see 
Fuchs and Blakesley (2). 
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2. Materials 
1. A 1 OX stock of the appropriate restriction enzyme buffer (see Note 2). 
2. DNA to be digested (see Notes 3 and 4) in either water or TE (10 mM Tris- 

HCl, pH 8.3, 1 rnMEDTA). 
3. Bovine serum albumin (BSA) at a concentration of 1 mg/ mL (see Note 5). 
4. Sterile distilled water (see Note 6). 
5. The correct enzyme for the digest (see Note 7). 
6. 5X loading buffer: 50% (v/v) glycerol, 100 mM Na2EDTA, pH 8,0.125% 

(w/v) bromophenol blue (6pb), 0.125% (w/v) xylene cyanol. 
7. 100 mM Sperrmdme (see Note 8). 

3. Methods 
1. Thaw all solutions, with the exception of the enzyme, and then place on ice. 
2. Decide on a final volume for the digest, usually between 10 and 50 PL (see 

Note 9), and then into a sterile Eppendorf tube, add l/10 vol of reaction 
buffer, l/10 vol of BSA, between 0.5 and 1 pg of the DNA to be digested 
(see Note 3), and sterile distilled water to the final volume. 

3. Take the restriction enzyme stock directly from the -2OOC freezer, and 
remove the desired units of enzyme (see Notes 7 and 10) with a clean 
sterile pipet tip. Immediately add the enzyme to the reaction and mix (see 
Note 11). 

4. Incubate the tube at the correct temperature (see Note 12) for approx 1 h. 
Genomic DNA can be digested overnight. 

5. An aliquot of the reaction (usually l-2 pL) may be mixed with a 5X 
concentrated loading buffer and analyzed by gel electrophorests (see 
Chapter 3). 

4. Notes 
1. Enzymes are named according to the system proposed by Smith and 

Nathans (1) m which enzymes are named according to the bacteria from 
which they are first purified. Therefore, for example, a restriction enzyme 
purified from Providencia stuartii, would be identified by the first letter of 
the genus name (m this case Provzdencia and hence P) and the first two 
letters of the specific epithet (m this case stuartiz and hence st) joined 
together to form a three-letter abbreviation-Pst. The first restriction 
enzyme isolated from this source of bacteria would therefore be called 
PstI (with the number m Roman numerals), and the second P&II, and so 
on. Note, however, that the name of the enzyme gives no mformation about 
the speciflctty of cleavage, which must be determined from one of the 
numerous lists of enzymes and cleavage specificities (the catalog of most 
suppliers of restriction enzymes will provide extensive information about 
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restriction enzymes, such as specificity of cleavage, optimal reaction con- 
ditions, number of cleavage sites in common DNA templates, and so on, 
and these catalogs should be treated as valuable sources of mformation). 

2. Each enzyme has an optimal reaction buffer. The recommended reaction 
conditions are normally to be found on the manufacturer’s assay sheet. In 
practice, many enzymes share common conditions, and it is possible to 
make up reaction buffers that are suitable for a number of enzymes. The 
vast majority of enzymes will work in one of three buffers, either a high-, 
low-, or medium-salt buffer, recipes for which are given below. These buf- 
fers are normally made as a 10X stock and then l/10 final vol is added to 
each digest. Great care must be taken in matching the buffer to the 
enzyme, since the wrong buffer can give either a dramatically reduced 
activity, altered specificity, or no activity at all. Several manufacturers 
of restriction enzymes now provide the correct buffer with their enzymes 
as an added benefit, and it is recommended that where these buffers are 
provided, they should be used. 
a. High-salt buffer (1X): 100 mMNaC1,50 mMTris-HCl, pH 7.5, 10 mM 

MgC12, 1 mMDTT. 
b. Medium-salt buffer (1X): 50 r&4 NaCl, 10 mM Tris-HCl, pH 7.5, 10 

rniVMgC12, 1 mA4DTT. 
c. Low-saltbuffer( lOmMTris-HC1,pH 7.5,lO mMMgC12, 1 mMDTT. 
In addition, two “unrversal buffers” are occasionally used, which are buf- 
fers in which all restriction enzymes have activity, although m some cases, 
activity can be reduced to only 20% of optimal activity. These are the 
potassium-glutamate (3) and potassium-acetate (4) buffers. These buffers 
can be particularly useful when a piece of DNA must be digested by two 
enzymes having very different optimal buffers. 

3. The amount of DNA to be digested depends on subsequent steps. A rea- 
sonable amount for a plasmid digestion to confirm the presence of an 
msertion would be 500 ng to 1 pg, depending on the size of the msert. The 
smaller the insert, the more DNA should be digested to enable visuahza- 
tion of the insert after agarose gel analysis. 

4. The DNA to be digested should be relatively pure and free from reagents, 
such as phenol, chloroform, alcohols, salts, detergents, and chelating 
agents. Any trace amounts of these chemicals will inhibit or inactivate the 
restriction endonuclease. 

5. BSA is routinely included in restriction digests to stabilize low protein 
concentrations and to protect against factors that cause denaturation. 

6. Good-quality sterile distilled water should be used in restriction digests. 
Water should be free of ions and organic compounds, and must be deter- 
gent-free. 



14 

7. 

8. 

9. 

10. 

11. 

12. 

13. 

Smith 

An enzyme unit is defined as the amount of enzyme required to digest 1 p.g 
of a standard DNA in 1 h under optimal temperature and buffer conditions. 
The standard DNA used is normally h DNA. Hence, for EcoRI (for 
example), there are five sites for this enzyme m h. If one is digestmg 
pBR322, which has one site with 1 U of enzyme for 1 h, this is actually a 
fivefold overdigestion. 
Digests of genomic DNA are dramatically improved by the mclusion of 
spermidine in the digest mixture to a final concentration of 1 mM, since the 
polycatiomc spermidine binds negatively charged contaminants. Note that 
spermidine can cause precipitation of DNA at low temperatures, so it 
should not be added while the reaction is kept on ice. 
The smallest practical volume m which to undertake a restrictton digest is 
10 pL. Below this, pipetmg errors can introduce significant errors m the 
reaction condmons. This volume also allows the entire digest to be loaded 
onto a small agarose gel after the addition of the stop/loading buffer. If 
the stock DNA concentration IS too dilute to give 0.5-l pg in 5-6 pL, then 
the reaction can be scaled up to 20-50 yL. If double digestion is to be 
undertaken (i.e., digestion with two different enzymes), then 20 pL is the 
recommended minimum volume, 1 l..tL of each enzyme can be added, and 
the glycerol concentration is kept low (see Note 10). 
Many enzymes are susceptible to the presence of glycerol. The majority 
of stock enzymes are provided m approx 50% (v/v) glycerol. A reaction 
digest in which more than approx 10% (v/v) glycerol is present can give 
cleavage at different sites from the normal (the so-called star activity). 
For this reason, it is advisable to keep the enzyme total reaction volume 
ratio at 1: 10 or lower. Similar star activity can result from incorrect salt 
concentrations. 
Stock restriction enzymes are very heat-labile and so should be removed 
from-20°C storage for as short a time as possible and placed on ice. 
Note that the incubation temperature for the vast majority of restriction 
endonucleases is 37”C, but that this is not true for all enzymes. Other 
enzymes, such as Tag1 and SmaI, require different optimal temperatures 
(m this case 65 and 2YC, respectively). It is wise, therefore, to check new 
or unfamiliar enzymes before use. 
If large-scale preparative digests are to be undertaken (100-500 pL reac- 
tion mixes), then the reaction is scaled up accordingly. However, care must 
be taken to ensure that the reaction components are fully mixed, especially 
with regard to the viscous constituents, such as DNA solutions and stock 
restriction enzymes. For all volume digests, vortexing should be avoided, 
since this can significantly reduce the activity of the enzyme. For small 
volumes, mixing can be achieved by tapping or gently flicking the tube 
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with a finger (often followed by a brief l-5 s spin m an Eppendorf centri- 
fuge to deposit the reaction at the bottom of the tube). For larger volumes, 
mixing can be achieved by gentle pipeting, taking liquid from the bottom 
of the reaction volume and mixing at the top of the reaction volume until a 
homogenous solution is obtained. 
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CHAPTER 3 

Agarose Gel Electrophoresis 

Duncan R. Smith 

1. Introduction 
After digestion of DNA with a restriction enzyme (see Chapter 2), it is 

usually necessary, for both preparative and analytical purposes, to sepa- 
rate and visualize the products. In most cases, where the products 
are between 200 and 20,000 bp long, this is achieved by agarose gel 
electrophoresis. Agarose is a linear polymer that is extracted from sea- 
weed and sold as a white powder that is melted in buffer and allowed to 
cool, whereby the agarose forms a gel by hydrogen bonding. The hard- 
ened matrix contains pores, the size of which depends on the concentra- 
tion of agarose. The concentration of agarose is referred to as a 
percentage of agarose to volume of buffer (w/v), and agarose gels are 
normally in the range of 0.3-3%. Many different apparatus arrangements 
have been devised to run agarose gels. For example, they can be run 
horizontally or vertically, and the current can be conducted by wicks or 
the buffer solution. However, today, the “submarine” gel system is al- 
most universally used. In this method, the agarose gel is formed on a 
supporting plate, and then the plate is submerged into a tank containing a 
suitable electrophoresis buffer. Wells are preformed in the agarose gel 
with the aid of a “comb” that is inserted into the cooling agarose before it 
has gelled. Into these wells is loaded the sample to be analyzed, which 
has been mixed with a dense solution (a loading buffer) to ensure that the 
sample sinks into the wells. 

Electrophoresis apparatus is arguably one of the most vital pieces of 
equipment in the laboratory. It consists of four main parts: a power sup- 
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ply (capable of at least 100 V and currents of up to 100 mA), an elec- 
trophoresis tank, a casting plate, and a well-forming comb. Apparatus 
is available from many commercial suppliers, but tends to be fairly 
expensive. Alternatively, apparatus can be “home made” with access 
to a few sheets of perspex and minor electrical fittings. The construc- 
tion of such apparatus is outside the scope of this chapter, but can be 
found in refs. 1-3. 

The essence of electrophoresis is that when DNA molecules within 
an agarose gel matrix are subjected to a steady electric field, they first 
orient in an end-on position (4,5) and then migrate through the gel at 
rates that are inversely proportional to the log,, of the number of base 
pairs (6). This is because larger molecules migrate more slowly than 
smaller molecules because of their higher frictional drag and greater dif- 
ficulty in “worming” through the pores of the gel (I). This relationship 
only applies to linear molecules. Circular molecules, such as plasmids, 
migrate much more quickly than their molecular weight would imply 
because of their smaller apparent size with respect to the gel matrix. The 
migration rate also depends on other factors, such as the composition and 
ionic strength of the electrophoresis buffer as well as the percentage of 
agarose in the gel. The gel percentage presents the best way to control 
the resolution of agarose gel electrophoresis (see Table 1). An excellent 
treatment of the theory of gel electrophoresis can be found in Sam- 
brook et al. (I). 

2. Materials 

1. Molecular-biology grade agarose (high melting point, see Table 1). 
2. Running buffer at 1X and 10X concentrations (see Table 2 for choice). 
3. Sterile distilled water. 
4. A heating plate or microwave oven. 
5. Suitable gel apparatus and power pack: see Section 1. 
6. Ethidmm bromide: Dissolve m water at 10 mg/mL (see Note 1). Ethidium 

bromide is both carcinogenic and mutagenic and therefore must be handled 
with extreme caution. 

7. An ultraviolet (UV) light transllluminator (long wave, 365 nm). 
8. 5X loading buffer (see Note 2): Many variations exist, but this one is fairly 

standard: 50% (v/v) glycerol, 50 mM EDTA, pH 8.0, 0.125% (w/v) 
bromophenol blue, 0.125% (w/v) xylene cyanol. 

9. A size marker: a predigested DNA sample for which the product band sizes 
are known. Many such markers are commercially available. 
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Table 1 
Resolution of Agarose Gels 

Agarose, % 

0.2 

Mol wt range, kb 

5-40 

0.4 5-30 

0.6 3-10 

0.8 l-7 

1 OS-5 
1.5 0 3-3 

2 0.2-l .5 

3 0. l-l 

Comments 

Gel very weak; separation m 20-40 kb 
range improved by increase in ionic 
strength of running buffer (i.e., 
Loenings E); only use high-melting 
pomt agarose 

With care can use low-melting 
point agarose 

Essentially as above, but with greater 
mechanical strength 

General-purpose gel separation not 
greatly affected by choice of running 
buffer, bromophenol blue runs at 
about 1 kb 

As for 0.8% 
As for 0.8%, bromophenol blue runs at 

about 500 bp 
Do not allow to cool to 50°C before 

pouring 
Can separate small fragments differmg 

from each other by a small amount; 
must be poured rapidly onto a 
prewarmed glass plate 

3. Methods 
1. An appropriate amount of powdered agarose (Table 1) is weighed care- 

fully into a conical flask. 
2. One-tenth of the final volume of 1 OX concentrated running buffer is added 

(Table 2), followed by distilled water to the final volume. 
3. The contents of the flask are mixed by swirling, and placed on a hot plate 

or in a microwave until the contents just start to boil and all the powdered 
agarose is melted. 

4. The contents are cooled to approx 50°C and ethidmm bromide solution 
added to give a final concentration of 5 pg/mL. The gel mixture can then 
be poured into the gel apparatus. 

6. A “comb” is inserted into the apparatus to form the wells, and the gel is left 
to solidify. 

7. When the gel has set, the comb can be carefully removed and the solidified 
gel, still on its gel plate support, placed into the running apparatus. Fill 
with 1X running buffer to just cover the wells. 
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Table 2 

Buffer 

Commonly Used Agarose Gel Electrophoresrs Running Buffers 

Descrrptron Solution 

Loenmgs E High tonic strength, 
and not recommended 
for preparative gels 

Glycme Low tonic strength, 
very good for 
preparative gels, 
but can also be used 
for analyttcal gels 

Trts-borate EDTA (TBE) Low ionic strength 
can be used for both 
preparative and 
analytical gels 

Tris-acetate (TAE) Good for analytrcal gels 
and preparative gels 
when the DNA IS to be 
purified by glass beads --. 
(see Chapter 28) 

8. DNA samples (see Note 3) are prepared by the addition of 5X loading and 
loaded into the wells of the gel. All samples are loaded at the same time. It 
1s usual to mclude a size marker m one of the lanes. 

9. The lid to the apparatus is closed and the current applied (see Note 4). 
The gel 1s usually run between 1 and 3 h, depending on the percentage of 
the gel and length. 

10. After electrophoresis the gel is removed from the apparatus, and the prod- 
ucts of the digestion can be viewed on a UV transilluminator. 

4. Notes 
1. Many workers do not like to include ethrdium bromide m their gels and 

then running buffers, preferring instead to stain their gels after electro- 
phoresis because ethidium mtercalation can affect the mobility of the DNA, 
espectally where circular plasmids (either supercoiled or nicked circle) are 
concerned. However, if the presence or absence of ethidium is kept con- 
stant, then no dtfficulty is encountered. 

A second problem that may be encountered when using ethidium bro- 
mide is that tt promotes DNA damage under UV illumination (by 
photonicking). For this reason, if the gel is run with ethidium bromide in 
the gel and the running buffer, it 1s best to keep the viewing time to a 

For 5 L of 10X 218 g of Tns base, 
234 g of NaH2P04 * 2H20, and 
18.6 g of Na,EDTA * 2H20 

For 2 L 10X: 300 g of glycme, 
300 mL of 1MNaOH (or 12 g 
pellets), and 80 mL of 0 5M 
EDTA, pH 8.0 

For 5 L of 10X: 545 g of Tns, 278 g 
boric acid, and 46.5 g of EDTA 

For 1 L of 50X* 242 g of Tns base, 
57.1 mL of glacial acetic acid, 
and 100 rnL of 0 5M EDTA, 
pH80 
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minimum to prevent damage to the DNA molecule and subsequent 
smearing on re-electrophoresis. 

2. Loading buffer is a dense solution (usually containing either glycerol or 
Ficoll) that when mixed with a DNA solution (or restriction digest) gives 
the sample sufficient density to fall to the bottom of the sample well that 
has already been filled with running buffer. Loading buffers normally con- 
tain either one or two marker dyes that migrate in the electric field in the 
same direction as the DNA Two commonly used dyes are bromophenol 
blue and xylene cyanol. These dyes migrate at different rates from each 
other and are useful for momtoring the progress of an electrophoretic run, 
ensuring that the DNA does not pass out of the bottom of the gel. In a 0.8% 
(w/v) agarose gel, bromophenol blue migrates with DNA of approx 1 kb. 
Xylene cyan01 m the same gel migrates at approx 4 kb. 

3. The amount of DNA that can be visualized m a single band with ethidium 
bromide staining can, m ideal circumstances, be as low as 10 ng. In general 
circumstances, a single fragment of approx 100 ng can be easily seen. If a 
restriction enzyme digest produces a large number of bands, then relatively 
more DNA will have to be loaded so all bands will be seen. 

4. When running an analytical gel, the optimal resolution is obtained at about 
10 V/cm of gel. When fragments of 5 kb and above are to be analyzed, 
better resolution is obtained at about 5 V/cm. Fragments smaller than 1 kb 
are normally resolved better at higher V/cm. 
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CHAPTER 4 

Capillary Blotting of Agarose Gels 

Duncan R. Smith and David Murphy 

1. Introduction 

Southern blotting is a well-known technique (I). DNA is cleaved with 
restriction enzymes (Chapter 2) to produce fragments that are fractionated 
according to their size in an agarose gel (Chapter 3). The DNA is then 
partially cleaved by depurination (to facilitate the transfer of larger DNA 
fragments) and alkali denatured by sequential soaking of the gel in solutions 
containing HCl and NaOH, respectively. The denatured DNA fragments 
are then transferred to a solid matrix or filter (usually a nylon membrane) 
for subsequent hybridization to a specific labeled probe (Chapter 6). 

2. Materials 
1. Nylon hybridization membrane (e.g., Amersham [UK] Hybond-N; see 

Note 1). 
2. Capillary transfer system (see Note 2). 
3. Depurination buffer: 0.25M HCl. 
4. Denaturation buffer: 1.5M NaCl, 0.5M NaOH. 
5. Transfer buffer: 1.5M NaCl, 0.25M NaOH. 
6. 20X WC: 3MNaC1, 0.3M sodium citrate, pH 7.0. 
7. 3 12-nm W light transilluminator. 

3. Methods 
1. Digest DNA and separate by electrophoresis (see Chapters 2 and 3; Notes 

3 and 4). 
2. Remove unused portions of the gel with a clean scalpel blade. 
3. Incubate the gel in approx 3 gel volumes of depurination buffer with gentle 

agitation at room temperature for 30 mm, or until the bromophenol blue m 
the loading dye turns yellow. 
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3MM paper 

Hybrldisation Membrane 

Gel 

Transfer Buffer 

Reservoir 

\ 
Plastic Stand Wick - 4 sheets 

3 MM paper 

Fig. 1, A typical capillary action Southern transfer system. 

4. Decant the depurmation buffer, and replace with 3 gel volumes of denatur- 
ation buffer. Incubate with gentle agitation at room temperature for 30 mm. 

5. Decant the denaturation buffer, and replace with 3 gel volumes of transfer 
buffer. Equilibriate the gel with gentle agitation at room temperature for 
30 min. 

6. Place the gel on the platform of a capillary transfer system filled with trans- 
fer buffer. A diagram of a transfer system is shown m Fig. 1. The system 1s 
made up of a platform that sits m a reservoir containing transfer buffer. A 
wick, made up of four thtcknesses of 3MM paper, is placed over the plat- 
form, soaked m transfer buffer. All air bubbles must be removed from 
the wick. The width and length of the platform correspond to the size of 
the gel, and the wick is cut to the same width. The platform and reservoir 
are made to the same height. 

7. Cut a piece of nylon membrane to the same size as the gel. Wet this by 
floating it on distilled water and then rinse m transfer buffer. Place the 
filter on the gel, and smooth out any air bubbles. 

8. Cut four pieces of 3MM paper to the same size as the gel. Soak two m 
transfer buffer, and place them over the filter. Smooth out any bubbles. 
Place two dry filters onto the sandwich, and then a stack of dry paper tow- 
els. Place a l-kg weight on top, and allow the transfer to proceed for at 
least 12 h. 

9. Disassemble the transfer system. Prior to separating the gel from the filter, 
the position of the gel slots can be marked. If this IS done with a pencil, the 
marks will appear on the resulting autoradiograph. Rinse the filter m 2X 
SSC, and bake the filter at 80°C for 20-60 mm. 
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10. Covalently crosslmk the DNA to the matrix by exposure to a 3 12 nm UV 
hght transillummator. Place the filter, DNA side down, on a piece of Saran 
WrapTM, and expose for 2-3 min (see Note 5). 

The filter can be used immediately for hybridization (see Chapter 6) 
or stored dry until required. 

4. Notes 
1. Note that these methodologies have been developed for neutral nylon mem- 

branes (e.g., Amersham Hybond-N) and have not been tested on positively 
charged membranes (e.g., Amersham Hybond-N+, Bio-Rad [Richmond, 
CA] Zetaprobe, NEN- Du Pont [Boston, MA] GeneScreenTM-Plus). 

2. The capillary transfer system described here is efficient, but time-consum- 
ing. A number of companies now market other systems (e.g., Vacuum blot- 
ting: Pharmacia-LKB [Uppsala, Sweden], Hybaid [Twickenham, UK], 
positive pressure blotting: Stratagene [La Jolla, CA]) that reduce the trans- 
fer process to as little as 1 h. 

3. The size of a hybndrzmg band is determined relattve to DNA standards of a 
known size (e.g., bacteriophage h cut wrth EcoRI and HzndIII, or the conve- 
nient 1 kb ladder marketed by Life Technologtes [Garthersburg, MD]). It is 
best to en&label (see Chapter 15) DNA standards radioactively, such that 
an image of their position is produced on the final autoradiograph 

4. Gene copy number can be determined by Southern blotting by comparing 
the level of hybridization to copy number standards (prepared by dilutmg a 
known quantity of the unlabeled cloned DNA fragments) to the level of 
hybridization to genomic DNAs. The latter figure should be corrected with 
respect to the hybridization of a probe to an endogenous standard host gene. 

5. Efficient crosslinking of DNA to nylon filters is achieved with an optimal 
amount of exposure to UV light. After a certain value, the efficiency decreases 
with increasing exposure. For this reason, it is best to calibrate a UV source 
before usage. This can be done by taking filters with an identical amount 
of DNA on each, exposing them to UV for different lengths of time, and 
then hybridizing them to the same probe. The strongest signal will estab- 
lish the optimal time for exposure. Note that the energy output of a stan- 
dard UV transilluminator varies with the age of the bulb, thus necessitatmg 
regular recalibration. Some manufacturers (e.g., Stratagene) produce UV 
crosslinkers that automatically expose the filter to the radiation for the 
optimal time, delivering a fixed dose of energy. 
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CHAPTER 5 

Random Primed 32P-Labeling of DNA 

Duncan R. Smith 

1. Introduction 

Random primed labeling of DNA has now almost superseded the 
method of nick translation of DNA. Random primed labeling, based on 
the method of Feinberg and Vogelstein (‘I), is a method of incorporating 
radioactive nucleotides along the length of a fragment of DNA. Random 
primed labeling can give specific activities of between 2 x lo9 and 5 x 
1 Og dpm/pg (see Note 1). The method below is essentially that described 
by Feinberg and Vogelstein (2) in which a DNA fragment is denatured 
by heating in a boiling water bath. Then, random sequence oligonucle- 
otides are annealed to both strands. Klenow fragment polymerase is then 
used to extend the oligonucleotides, using three cold nucleotides and one 
radioactively labeled nucleotide provided in the reaction mixture to pro- 
duce a uniformly labeled double-stranded probe. Each batch of random 
oligonucleotides contains all possible sequences (for hexamers, which 
are most commonly employed, this would be 4096 different oligonucle- 
otides), so any DNA template can be used with this method. 

2. Materials (see Note 2) 

1. DNA fragment to be labeled in water or 1 X TE (10 n&I Tris-HCI, 1 mM 
EDTA, pH 8.0, see Note 3). 

2. OLB buffer. Make up the following solutions: 
Solution 0: 1.25M Tris-HCl, pH 8.0, 0. 125MMgC12 (store at 4°C). 
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Solution A: 1 mL solution 0, 18-pL 2P-mercaptoethanol, 5 pL of 
dATP,* 5 pL of dTTP,* 5 PL of dGTP.* 

Solution B: 2MHEPES, titrated to pH 6.6 with 4MNaOH (store at 4°C). 
Solution C: Hexadeoxyribonucleotides evenly suspended (this does not 

completely dissolve) in TE, pH 8.0, at 90 ODZhO U/n& (store at -20°C). 
To make OLB buffer, mix soluttons A:B:C m a ratio of 100:250: 150. 

Store OLB at -20°C. 
3. A nucleotide labeled at the a position with phosphorous-32, e.g., 32P- 

dCTP; SA 3000 CilmM. Store at -20°C. 
4. Klenow: The large fragment of DNA polymerase 1 (1 U/pL). Store at -20°C. 
5. Bovine serum albumin (BSA) at 10 mg/mL in water. 

3. Method (see Note 4) 
1. Take approx 30 ng of DNA to be labeled (the probe), and make the volume 

up to 3 1 PL with sterile distilled water. 
2. Boil the DNA for approx 3 mm, and then Immediately place the tube 

on ice. 
3. Add, in the following order: 10 pL of OLB buffer, 2 uL of 10 mg/mL 

BSA, 5 PL of labeled nucleottde, and 2 PL of Klenow fragment. Mix all 
the components together by gentle pipeting. 

4. Incubate at room temperature for 4-16 h (see Note 5). 

The probe is ready to use, Remember to denature before use in hybrid- 
ization (see Notes 6 and 7). 

4. Notes 
1. The specific activity of the probe can be increased by using more than one 

radiolabeled nucleotide. It is possible to use all four nucleotides as labeled 
nucleotides, but with the already high specific activities obtainable by this 
method, there are very few circumstances where this could be justified. 

2. Many manufacturers now produce kits (Amersham [Amersham, UK], 
NEN-DuPont [Boston, MA]) for use m random primed labeling of DNA. 
These kits are simple and efficient. 

3. This protocol 1s for purrfied DNA. In most cases, the DNA can be used 
without purifying the DNA after preparative gel electrophoresis. In this 
case, the gel slice 1s dtluted with sterile distilled water at a ratto of 3 mL of 
water/g of gel slice, the DNA denatured, and the gel melted by boiling for 
7 min, and then ahquoted into several tubes for either storage at -20°C (m 
which case the sample is boiled for 3 mm before using) or immediate use. 

*Where each nucleotlde has been previously dissolved in 3 mMTns-HC1,0.2 nNEDTA, pH 
7 0, at a concentration of 0 1M 
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4. When making probes to detect highly abundant nucleic acid sequences, 
the random primed reaction can be scaled down to half the amounts given 
above. 

5. Incubation times are optimal after about 4 h, whereby >70% of the radio- 
activity has been mcorporated, although it is often convenient to leave the 
reaction overnight (12-l 6 h). 

6. It is usually not necessary to purify the probe. If the reaction has proceeded 
correctly, approx 70% of the label will be incorporated. The unincorpo- 
rated label does not interfere with subsequent usage, although probes can 
be purified by Sephadex spin columns (see Chapter 49). 

7. Incorporatton of the activity can be checked by diluting down an ahquot of 
the multiprime reaction to give something on the order of 1 04-1 OS dpm in 
l-l 0 pL (50 pCi = 1.1 x 1 O* dpm). An aliquot of the diluted radtoactivity 
is then spotted onto two Whatman DE8 1 disks. One of these is washed five 
times in 0.5M Na2HP04 followed by two washings in water and one m 
95% ethanol. Both filters are then dried and counted in a liquid scmtilla- 
tion counter in an aqueous scintillatton fluid. The unwashed filter gives the 
total radioactivity in the sample (and so can be used to correct for counting 
efficiency), whereas the washed filter measures the radioactivity incorpo- 
rated into the nucleic acid. 
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CHAPTER 6 

Hybridization and Competition 
Hybridization of Southern Blots 

Rosemary E. Kelsell 

1. Introduction 
The separation of DNA restriction enzyme digestion products by gel 

electrophoresis and immobilization of the fragments onto a solid support 
(or filter) have been described in the preceding chapters (see Chapters 3 
and 4). This chapter describes the detection of specific DNA sequences 
by hybridization to a labeled probe of complementary sequence. This 
method is suitable for the detection of a wide range of DNA concentra- 
tions down to single-copy genes within mammalian genomic DNA (little 
more than 1 pg of hybridizing DNA in a total of 10 pg). 

In principle, hybridization consists of the annealing of a single- 
stranded labeled nucleic acid probe to denatured DNA fixed to the filter. 
In practice, it requires a balance between maximizing the specific signal 
and minimizing the nonspecific background. A number of factors deter- 
mine the signal strength. Both the length of the probe and the ionic 
strength of the hybridization solution are important for determining the 
annealing rate, with probes of approx 200 bp in length and high-ionic- 
strength buffers giving the best results. The most important factors are 
the DNA concentration (C,) and annealing time (t), in accordance with 
the C,t relationship, although in the case of filter hybridization, where 
one of the partners in the annealing reaction is immobilized, it is difficult 
to predict the exact hybridization kinetics. In theory, the maximum sig- 
nal strength is therefore best achieved with high probe concentrations 
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and long hybridization times, but unfortunately these factors also lead to 
increased background and a compromise must be reached. The hybrid- 
ization volume should be kept as small as possible while keeping the 
filter(s) covered at all times. A further increase in effective probe con- 
centration can be achieved by the inclusion of 10% dextran sulfate, which 
increases the hybridization rate lo-fold (1). However, it is essential that 
the dextran sulfate be properly dissolved. Otherwise, its addition can lead 
to higher background. The hybridization time should be kept as short as 
possible. A good working time is approximately three times the C,t: 
between 12 and 16 h for single-copy gene detection on a genomrc blot. 
There is little to be gained from extended hybridization times with probes 
made from double-stranded DNA fragments, since self-annealing in 
solution will mean that there is negligible free probe left after this time. 
A number of blocking agents are added to the hybridization solution to 
suppress the nonspecific background. These take three forms and are usu- 
ally used in combination: 

1. A wetting agent, usually SDS; 
2. An agent to block nonspecific binding to the surface filter, most often 

Denhardt’s solution (2); and 
3. Agents to suppress nonspecific annealing to DNA, usually denatured, frag- 

mented DNA. 

For further background suppression, the filter is prehybridized in these 
agents prior to addition of the probe. 

Background can also be of a more specific nature. This may occur if 
the probe is contaminated with other sequences, but more significant is a 
problem in hybridization of genomic DNA when the probe contains 
“repetitive elements.” There is a wide range of these elements dispersed 
throughout the genome of all eukaryotic organisms, and they vary m size 
and frequency. For example, on average, there is one Ah repeat every 5 
kb in the human genome (3). This means that long probes prepared from 
genomrc DNA, such as whole h or cosmid clones, may hybridize to many 
genomic locations and produce a smear that masks the signal from single- 
copy sequences. One way to overcome this problem is to subclone the 
DNA fragments used to make the probe and ensure that they hybridize to 
unique DNA sequences. Subcloning, however, can be both difficult and 
time-consuming. Competition hybridization offers a more direct way to 
remove repetitive elements. This technique requires prereassociation of 
the labeled probe in solution to sheared genomic DNA. As a conse- 
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quence, all of the repetitive element sequences m the probe are annealed 
to the competitor DNA, leaving only unique sequences free to hybridize 
to DNA on the Southern blot. 

Competition hybridization has facilitated studies that require the analy- 
sis of long stretches of genomic DNA. For example, the use of a large 
probe may speed up the identification of RFLP markers associated with 
a genetic disease locus (4,.5). The more rapid identification of correct 
cosmid and h clones has also been useful in the generation of long-range 
physical maps (6,7) both to analyze the wild-type genomic structure and 
to identify the junction fragments generated by large genetic rearrange- 
ments, such as deletions (5,8,9). Finally, the technique has also been used 
to study mechanisms of gene amplification at the chromosomal level by 
utilizing fluorescence in situ hybridization with biotinylated cosmid 
clones, demonstrating that the technique is clearly sensitive enough to 
allow detection at the’single-copy level on metaphase spreads (IO). 

The conditions of the prereassociation step will vary according to tem- 
perature, time, ionic strength, and complexity of the DNA. Various con- 
ditions for prereassociation have been developed (4, I I, 12). This chapter 
describes a method based on the technique described by Sealey et al. 
(13). The protocol presented in Section 2. has been used successfully to 
compete repeats from a variety of h clones for probing blots prepared 
from both pulsed-field, as well as ordinary agarose gels. 

2. Materials 
All general molecular-biology-grade reagents may be obtained 

from BDH Chemicals Ltd. (UK) or Fisons (UK). All solutions are 
made up using sterile distilled water and procedures required for 
molecular biology. 

2.1. Hybridization (see Note 1) 
1. 20X SSC: 3MNaCl,0,3Msodium citrate, pH 7.0. Store at room temperature. 
2. 100X Denhardt’s solution: 2% (w/v) BSA (Fraction V, Sigma [UK]), 2% 

(w/v) Frcoll (Sigma), 2% (w/v) Polyvmylpyrrolidone (Sigma). Store at-20°C. 
3. 10% SDS: Store at room temperature. 
4. 10 mg/mL herring sperm DNA (Srgma): Dissolve m water, shear by pass- 

ing 12 times through a 17-gage syrmge needle or by sonication, and then 
denature by boiling for 15 mm. Store at -2OOC. 

5. Prehybridization solution: 3X SSC, 10X Denhardt’s solution; 0.1% (w/v) 
SDS and 50 pg/mL herring sperm DNA. Prehybridizatron solution can be 
made as a stock and stored at -2OOC. 
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6. Labeled probe (see Chapters 5,7,8, 10, and 12): 100 ng of labeled probe 
(see Notes 24). Purify in a Sephadex G50 spm column equilibrated in 
3X SSC (see Note 5). 

7. Hybridization solution: Prehybridization solution plus 10% (w/v) dextran 
sulfate (Pharmacta, UK). This 1s made by dissolving dextran sulfate m 
prehybridization at 65°C with occasional vtgorous agitation. Make the 
hybridization solution several hours before use to allow adequate time for 
the dextran sulfate to dissolve, undtssolved parttcles of dextran sulfate 
result m background spots. Hybrtdtzatton solution can be made as a stock 
and stored at -20°C. 

8. Hybridization oven and tubes: This author finds tubes the most convenient 
for hybridization. In this system, the filters are spread around the inner 
wall of a glass tube, which is then placed on a rotating drum in an oven. 
Using this method, it 1s easy to change solutions and the hybridization 
volume can be kept very small. These are commercially available (e.g., 
Hybaid Ltd., UK and Techne, UK) or can be homemade. Alternative sys- 
tems work just as well, but can be harder to set up. A common alternative is 
to hybridize m sealed bags immersed in a shaking water bath (see Note 6). 

9. Wash solutions: Make 3 L of 3X SSC, 0.1% (w/v) SDS, and 3 L of 0.1X 
SSC, 0.1% (w/v) SDS by dilution from stocks. 

10. Suitable autoradiographic film: for example, Kodak X-OMAT AR. 
11. Stripping solutions: 

a. 500 mL of 0.4A4 NaOH. 
b. 0.1X SSC, 0.5% SDS, 0.2MTris-HCl, pH 7 5 

2.2. Competition Hybridization 
1. Ohgolabeling stop buffer: 20 mMNaC1, 20 mMTris-HCl, pH 7.5, 2 mM 

EDTA, pH 8.0,0.25% (w/v) SDS, 1 @4dCTP. 
2. Competitor DNA: Sheared genomic DNA (of the appropriate species or 

DNA type) at 20 mg/mL m TE. This can be prepared by sonicating total 
genomtc DNA m a suitable volume with 20-30 pulses of 5-s duration. The 
DNA should be of an average size of 500 bp, and an aliquot is checked on 
an agarose gel. The DNA is then phenol/chloroform-extracted, chloroform- 
extracted, and concentrated by ethanol precipitation. The concentration is 
checked by a spectrophotometer and adjusted to 20 mg/mL. 

3. Methods 

3.1. Hybridization 
1. Rinse the filter in 2X SSC and place m a suitable container (e.g., a hybrid- 

ization tube) with -10 mL of prehybridization solution (see Note 7). Incu- 
bate at 65°C for 3-4 h while rotating or shaking (see Note 8). 
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2. Just prior to the hybridization step, denature the probe by boilmg for 5-l 0 
mm (see Note 4) and add it directly to -10 mL of hybridization solution, 
prewarmed to 65°C (see Note 9). 

3. Remove the prehybridization solution from the filter, and add the com- 
pleted hybridization solution. If using hybridization tubes, this is easily 
done by pouring off the prehybridtzation solution and pourmg in the 
hybridization solution. Incubate with rotating or shaking overnight at 65°C. 

4. At the end of the hybridization, remove the filter (see Note 10) and place in 
500 mL of 3X SSC, 0.1% SDS at room temperature for a minute to wash 
off unbound probe. Repeat wash twice. 

5. Wash the filter in 500 mL of preheated 3X SSC, 0.1% SDS at 65°C for 10 
min. Repeat wash twice (see Note 11). 

6. Wash the filter m 500 mL of preheated 0.1X SSC, 0.1% SDS at 65°C for 
15 min. Repeat wash once (see Note 12). 

7. Take the filter from the wash solution, and place it wet in polythene film or 
a polythene bag, and if possible, seal the edges. Do not let the filter dry out, 
or it will become extremely difficult to remove the probe for further wash- 
ing or reprobing. 

8. If a 32P-labeled probe is being used, autoradiograph the filter for 2-24 h 
(see Note 13). If a longer exposure is required, the filter can be laid down 
for up to a further 2 wk. 

9. The same filter can be reprobed after the first probe has been removed 
from it. This is done by placing the filter(s) in 500 mL of 0.4M NaOH at 
42°C for 30 min and then transferring it to 500 mL of 0.1X SSC, 0.5% 
SDS, 0.2M Tris-HCl, pH 7.5 at 42’C for a further 30 min. The filter may 
then be re-exposed to X-ray film to ensure that all the probe has been 
removed. Finally, it 1s stored m prehybridization solution at 4°C until ready 
for use. This author usually adds fresh prehybridization solution the next 
time the filter is used. 

3.2. Competition Hybridization of Probe 

1. Make the labeled probe up to a volume of 200 uL with oligolabeling stop 
buffer. The probe is usually recovered m a volume of -50 uL after cen- 
trifugation through a Sephadex G50 column (see Note 5), requnmg the 
addition of 150 pL of oligolabeling stop buffer. Add 50 pL of a 20 mg/mL 
solution of competitor DNA and 50 uL of 20X SSC. 

2. Denature the mixture by boiling for 10 mm, and then plunge into ice 
for 1 min. 

3. Place the reaction at 65’C for 10 min (see Note 14 and Fig. 1). 
4. Add this competed probe to the hybridization solution, and proceed as in 

Section 3.1.) step 3 (see Notes 15 and 16). 
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Fig. 1. (A) Hybridization to HindIII-digested CHO genomic DNAs using a 
32P-labeled h clone of w 15 kb in length and treated using the competition hybrid- 
ization protocol described in Section 3.2. There are at least fourdlu-equivalent 
repeats situated within the region of DNA covered by this probe (probe 8, Davis 
and Meuth, ref. 9). (B) Hybridization to BamHI-digested CHO genomic 
DNAs using a different 32P-labeled h clone (probe 6, Davis and Meuth, ref. 9). 
In this instance, the repeats have not been competed out of the probe as success- 
fully as in the previous example. 

4. Notes 
1. Other solutions also work equally well for hybridization (for example, 10% 

SDS and 7% PEG 6000 for both prehybridization and hybridization of 
nylon membranes-David Kelsell, unpublished observations). This 
author’s filters are made on good-quality nylon membranes (for example, 
Genescreen or Genescreen plus, NEN DuPont, UK), allowing the probes 
to be removed and the filters to be reused with an array of probes. 

2. The technique of random priming is the most efficient way of obtaining 
double-strand probes labeled to a specific activity of >l O9 cpm/pg of DNA. 



Hybridization of Southern Blots 37 

3. It is usually unnecessary to remove vector sequences from the DNA used 
for the probe, provided that crosshybridizing marker lanes are cut off the 
gel before capillary blotting. For example, the arms of 3L clones hybridize 
to 3L size markers and plasmid sequences hybridize to some of the marker 
bands m the I-kb ladder (Gibco-BRL, UK). 

4. Care should be taken tf using radioactive labeled probes. This author uses 
screw-capped 1.5-mL tubes for making radiolabeled probes to avoid the 
lids popping open during the denaturation steps. 

5. Commercial spm columns are available, but in fact Sephadex G50 spin 
columns are cheap and simple to make. Columns are made as described in 
Chapter 49, except that m this case, the Sephadex G50 is equilibrated with 
3X SSC instead of TE. Columns should not be allowed to dry out and must 
be made just prior to their use. 

6. To set up hybridization m bags, seal the filter in a bag, but make a funnel 
shape at the top of the bag with the bag sealer. The hybridization mixture 
containing the probe is then added to the bag through this funnel. It is 
relatively easy to remove air bubbles by rolling them to the top of the bag 
with a disposable 10 mL pipet and allowing the air to escape through the 
funnel. In this way, it is possible to fill bags with the minimum of spill- 
ages. This maneuver can be practiced with water m an empty bag! 

7. As a general rule, use at least 0.2 mL of prehybrtdization solution for every 
cm* of filter. 

8. Filters can be prehybridized overnight, but this can weaken the filter and 
may also result in a diminished signal. 

9. A probe concentration of l-10 ng/mL gives the best signal-to-background 
ratio. If bad background is experienced with a probe at 10 ng/mL, rt should 
be diluted 1 O-fold and tried again. 

10. The probe can be stored and reused. For radiolabeled probes, the stor- 
age time is regulated by the isotope half-life, 2 wk for 32P. This is not 
a problem with nonradioactive probes. Since the probe reanneals 
during hybridization, the hybridization solution should be boiled for 
15 min before reuse. 

11. This is a low-stringency wash and will leave probe bound to similar 
(homologous) DNA sequences, as well as those that are identical. The fil- 
ter can be autoradrographed at this pomt m order to detect these related 
sequences. The stringency of the wash can be increased by sequential 
washes at lower salt concentrations. 

12. This is a high-stringency wash and should only detect identical sequences. 
13. The autoradiograph sensitivity depends on the conditions under which the 

filter is exposed. Preflashing the photographic film with a single flash (<l 
ms) of light from a flash gun with an orange filter increases the sensitivity 
of the film twofold and gives it a linear response to intensity of radioactiv- 
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ity. Additionally, placing an intensification screen behind the film and put- 
ting the assembly at -7OOC gives a total lo-fold increase in the sensitivity 
of the film, but at the expense of the resolution (14,15). 

14. Ten minutes are adequate for the prereassociatton step. However, if back- 
ground repetitive sequences are still visible on the autoradiograph (see Fig. 
lB), check that enough sheared genomic DNA was used. An overestima- 
tion of the concentration of the sheared genomic DNA is the most common 
cause of problems. If this is not the case, extend the prereassociaton time 
for up to an hour. 

15. This author and others (5) have found that competed probes appear to gen- 
erate stronger signals than single-copy probes on Southern blots, possibly 
because the probes are longer. 

16. This author has visualized fragments of between 600 and 7000 bp m size 
with this method. 
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CHAPTER 7 

Utilization of DNA Probes 
with Digoxigenin-Modified Nucleotides 

in Southern Hybridizations 

Tim Helentjaris and Tom McCreery 

1. Introduction 
Probes prepared with either digoxigenin- or biotin-modified nucle- 

otides can be hybridized to Southern blots to detect target nucleic acid 
sequences. These methods offer an attractive alternative to “radioactively 
tagged” probes in terms of safety, cost, and efficiency. Most previous 
nonradioactive strategies utilized the detection of the modified base by 
the use of a coupled antibody- or avidin-alkaline phosphatase with sub- 
sequent exposure to Nitro Blue Tetrazolium (NBT). NBT is converted to 
an insoluble, colored compound at the site of hybridization. Replace- 
ment of this calorimetric reaction with a chemiluminescent process pro- 
vides better sensitivity, as well as easier reusability of membranes. The 
development of compounds, such as adamantyl 1,2 dioxetane phosphate 
(AMPPD) (I) provides a convenient alternative to previous detection 
schemes, since this compound is destabilized by alkaline phosphatase, 
resulting in the production of light, which will expose a standard X-ray 
film. Probes produced by methods analogous to those used for NBT 
detection are also usable in this process. The membranes with the bound 
alkaline phosphatase are soaked in a dilute solution of AMPPD and then 
exposed to film at room temperature or 37°C instead of-70°C. Exposure 
times of 45 min to several hours are all that is necessary to detect single- 
copy sequences, even in genomic DNA preparations from organisms with 
very large genomes. Recently, the substrates CSPD, CDP, and CDP-Star 
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(Tropix, Bedford, MA), which offer even greater sensitivity and a pro- 
longed signal output, have become available. These can be used in 
exactly the same way as AMPPD. 

The labeled probes required for this process can be conveniently pro- 
duced by one of two alternative methods. Oligolabeling using random 
hexanucleotide primers (2) is an effective method for producing DNA 
hybridization probes of high specific activity, although most previous 
variations have utilized radionuclides as the mechanism for modifying 
the incorporated nucleotides. Earlier studies reported that DNA poly- 
merase I could utilize digoxigenm- 11 -dUTP as a substrate and incorpo- 
rate it into double-stranded DNA (3). We have similarly found that only 
simple modifications of our earlier protocols are necessary to permit the 
production of digoxigenin-modified probes that are capable of detection 
of very low amounts of target DNAs (1 pg or less) in a Southern hybrid- 
ization. In particular, this technique is effective for labeling DNA frag- 
ments isolated from low-melting-point agarose gels (Note 1) and for 
labeling DNA fragments that are resistant to PCR amplification. 

The polymerase chain reaction (4) is an efficient method for copying a 
fragment of DNA using flanking primers. We have found that since most 
cloning vectors utilize the 1ucZ gene with a synthetic multiple cloning 
site (5), a single pair of primers will amplify many sequences when 
inserted into a number of common phage and plasmid vectors, such as 
the pUC plasmid and h phage series, and their derivatives. We have 
experienced little difficulty in amplifying inserts up to 3000 bp in length 
and now consider this as an alternative to growth of bacterial cultures 
with subsequent nucleic acid purification to produce DNA fragments of 
this length for both mapping and sequencing. Since the Taq polymerase 
also has little difficulty incorporating digoxigenin- 11 -dUTP into its prod- 
ucts, we have found that PCR is a preferred method for producing 
hybridization probes. It has the following advantages: 

1. It utilizes very little input target DNA compared to the final yield of the 
product; 

2. It can utilize either purified DNA (both supercoiled and linear molecules), 
a broth culture of a plasmid-infected bacteria, or the lysate of a phage- 
infected bacteria culture as the source of the target sequences; and 

3. The progress of the labeling reaction can be easily followed by checking 
for the production of double-stranded product by standard agarose gel 
electrophoresis. 
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PCR labeling also has the three following disadvantages: 

1. The target sequences must be cloned mto a vector for which flanking prim- 
ers are available or for which gene-specific primers are available; 

2. We have difficulty amplifying most sequences larger than 3000 bp in 
length; and 

3. Even some sequences <3000 bp in length are recalcitrant to PCR amphfi- 
cation, presumably because of high G-C content or the presence of snap- 
back sequences. 

Nevertheless, we find this technique to be preferable to oligolabeling 
and usually attempt to use it for every target sequence until it is deter- 
mined to be intractable to this approach. Since the modified base itself is 
relatively cheap when compared to radionuclide-modified nucleotides 
and the products are stable for much longer periods than 32P-labeled 
probes, both methods offer an economic and safe mechanism for produc- 
ing hybridization probes that are quite capable of detecting single-copy 
sequences within very complex genomes. 

2. Materials 
2.1. OZigoZabeZing 

All oligolabeling reagents are stored at -20°C and thawed on ice 
immediately prior to use. 

1. Solution 0: Dissolve 44.52 g of Tris base and 7.47 g of MgCl, in 150 mL 
of H20, adjust the pH to 8.0 with HCl, bring the volume up to 250 mL. 

2. Solution A: 18 uL of P-mercaptoethanol, 25 uL of 100 mM dATP, 25 pL 
of 100 mMdCTP, 25 ~JL of 100 mA4dGTP, 4 pL of 100 mMdTTP, 899 PL 
of Solution 0 (see Note I). 

3. Solution B (2M HEPES): Dissolve 119.15 g of HEPES in 100 mL 
HzO, adjust the pH to 6.6 with 4MNaOH, and bring the volume up 
to 250 mL. 

4. Solution C: Add 555 uL of Hz0 to 50 U of random hexanucleotides 
(Pharmacia, Uppsala, Sweden). 

5. 5X oligo buffer: Combme solutions A, B, and C at a ratio of 1.0:2.5: 1.5. 
6. BSA: 10 mg/mL, store at -20°C. 
7. Digoxigenin-1 1-dUTP: Dilute to 400 uA4 by addition of 37.5 uL of 

water to 25 uL of 1 mM stock (Boehringer Mannheim, Mannhelm, 
Germany). 

8. Klenow fragment of DNA polymerase I from E. coli: Dilute the stock 
to 1 U/uL with 7 mMTris-HCl, pH 7.5,7 mMMgCl*, 50 mMNaC1, 50% 
glycerol. 
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2.2. PCR-Labeling 
1. 10X PCR buffer: Combme 3.7 mL of sterile dHzO, 5.0 mL of 1M 500 mM 

KCI, 1 .O mL of 1M Tris, pH 8.2, 0.2 mL of 1M MgC12, and 0.1 mL of 
1% gelatin. 

2. dXTPs: Make up a single solutron containing 2.5 mM of dATP, dGTP, 
dCTP, and dTTP. 

3. Primers: Primers can be specific to each mdrvrdual apphcatton (i.e., usu- 
ally this simply reflects the clonmg vector; see Note 2); however, we use a 
single pan of primers capable of amplifying inserts in pUC-based plas- 
mids, as well as any other vector with a lacZ-multiple cloning site. 

100 @4 PCRFSEQ: 5’ TTGTA AAACG ACGGC CAGTG 3’ 
100 @I PCRRSEQ: 5’ GGAAA CAGCT ATGAC CATGA T 3’ 

Combme these primers 1: 1 to obtain a 50-w solution of each primer. 
4. Taq DNA polymerase: Supplied by the manufacturer at a concentratron of 

5 U/uL. 
5. 1X labeling reaction: 24 pL of this mix are requu-ed for each sample. To 

prepare, combine 19.4 PL of sterile dHzO, 2.5 PL of 10X PCR buffer, 
0.5 PL of 2 5 mM dXTP, 1 .O p.L of diluted dtgoxrgenin-1 I-dUTP (see 
Note 3), 0.5 pL of mixed primers, and 0.1 pL of Taq polymerase. 

6. Mineral oil: We use USP-grade heavy mineral oil available in drug- 
stores. 

2.3. Chemiluminescent Detection 
1. Transfer membrane: These should be prepared as they would be for radro- 

active detection; however, it is very important only to handle the gels and 
membranes with gloved hands or forceps, since fingerprints cannot be 
removed and will be made very obvious by the detection protocol. Only 
nylon membranes should be used, because the AMPPD is stabilized m 
nylon and will not provide the same level of sensitivity when nitrocell- 
ulose or PVDF membranes are used. 

2. Prehybridizatron/hybrtdizatton buffer: 5X SSC, 0 1% n-lauroylsarcosine 
(powdered form), 0.02% sodium lauryl sulfate (SDS), 0.1% blocking agent 
(Troprx or Boehrmger Mannhelm), 100 p.g/mL salmon sperm DNA. 

3. Washing solutron: 0.1X SSC, 0.1% SDS. 
4. Buffer 1: 0.05M Tris-HCl, pH 7.5, 0.15M NaCl. A 10X solution of this 

buffer can be prepared ahead of time, autoclaved, and diluted immedr- 
ately before use. 

5. Blockmg buffer (buffer 2): buffer 1 with 0.1% blocking agent added. It is 
convenient to prepare buffer 2 the previous day and incubate a portion m a 
65°C incubator overnight, whtch insures that the blocking agent 1s com- 
pletely dtssolved 
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6. Anttdtgoxigenin solution: This solution consists of 50 mL of blocking 
buffer with 2.5 l.tL of antidigoxigenin antibody/alkaline phosphatase con- 
jugate (Boehrmger Mannheim #lo93 274). Thrs solution should be pre- 
pared immediately before use. 

7. 1M Trts-HCl, pH 9.5, autoclaved. 
8. 1M MgC12, autoclaved. 
9. 5M NaCl; autoclaved. 

10. Buffer 3: O.lM diethanolamine (2.4 mL/250 mL final solution), 1 mZt4 
MgC12, 0.02% sodium azide, pH adjusted to 10.0 with concentrated HCl. 

Il. AMPPD solution: Add 2 JJL of Tropix AMPPD to each mL of buffer 3, 
figurmg that approx 2.5 mL of this solution is generally sufficient for a 10 
x 10 cm blot. AMPPD does have a limited shelf-life (approx 3 mo) m its 
undiluted form. 

12. Stripping solution: Same as washing solution, 
13. Labeled markers (see Note 4). 

3. Methods 
3.1. Oligolabeling 

1. Ahquot 50-500 ng of DNA (excised from the vector and isolated by suit- 
able methods on an agarose gel; see Note 5) into a 0.65 p.L microcentrt- 
fuge tube containing 18 PL of HzO. 

2. Heat-denature the DNA for 10 min at 95°C. 
3. Immediately place the tube containing the DNA on ice. 
4. Add the following reagents as quickly as possible and mix thoroughly, 

5 yL of 5X Oligo buffer, 0.5 PL of BSA, 0.5 PL of digoxigenm-1 1 -dUTP, 
1 l.tL of Klenow. 

5. Incubate at 37°C for 90 mm to 18 h (3 h seems to provide efficient 
labeling). 

The probe may be used immediately or stored either at 4OC if use is 
anticipated within weeks or -20°C for longer term storage (see Notes 6 
and 7). 

3.2. PCR Labeling 
PCR conditions will vary depending on the primer pairs utilized. Since 

we have found that use of higher annealing temperatures can facilitate 
the amplification of sequences with high G-C content, the development 
of primers with an annealing temperature of at least 60°C and higher is 
recommended. A PCR cycle consists of three steps. The first is a dena- 
turation step, which separates the double-stranded DNA into its two 
single-stranded components. The second is an annealing step where the 
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primers and single-stranded target DNAs are allowed to anneal to each 
other. The third step is the actual amplification of the target sequence 
where the Taq polymerase copies the target DNA. Our amplification pro- 
gram typically contains a first cycle of 95°C for 2 min, 60°C for 30 s, and 
72°C for 3 min. This cycle has a longer period at 95°C to provide for the 
efficient initial denaturation of the target DNA. This program is then 
followed by 18 cycles of 95°C for 30 s, 60°C for 30 s, and 72°C for 3 
min. Finally, a last cycle of 95°C for 30 s, 60°C for 30 s, and 72°C for 
10 min is used to provide for a longer amplification step, which may 
aid in “finishing” many previously initiated products. The 
thermocycler is then also programmed to hold at 6°C for 18 h where 
overnight runs are most convenient. 

1. One microhter of an overnight broth culture or h phage lysate (see Note 8) 
or l-l 0 ng of DNA template (see Note 9) is added either to a .65-pL micro- 
centrrfuge tube or a single well m a 96-well mrcrottter plate (for those 
thermocyclers capable of utilizing them). 

2. Prepare the reaction mix in bulk for all of the reactions to be performed, 
and then alrquot 24 uL of the reaction mix into each tube. MIX by pipeting 
up and down. 

3. After the mixture IS added to the tubes, add two drops of mineral or1 to 
prevent evaporation during amplification, where requned by thermocycler 
design. 

4. Place the tubes or the microttter plate into the thermocycler, and start the 
program. 

5. After the last 72OC extensron step IS complete, the samples can be removed 
at any time, or they can be allowed to remam overnight at 6°C. After 
removing the tubes from the thermocycler, draw off the lower aqueous 
layer with a microplpet, and transfer to a fresh tube. 

The expected yield for this reaction is approx 500-l 000 ng depending 
on the size of the target fragment. A reasonably accurate measure of the 
yield of this reaction can be obtained by analyzing 4 pL of the reaction 
products on an agarose gel. The reaction can also be scaled up quite eas- 
ily to obtain more product, if desired. The probes produced by this 
method are stable for several months or more at -20°C. 

3.3. Chemiluminescent Detection 
1. Prehybridize the blots at 60-65”C in either plastic bags, plastic boxes, or a 

hybridization oven for 60 min or longer using 3 mL of prehybridizatron 
solution/l 00 cm* of blot. 
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2. Denature the probes by heating to 95OC for 10 min. Add the probes to the 
hybridization solution at a concentratton of 5-20 ng/mL of hybridization 
solution. Generally, 2 PL of probe/ml of hybridization solution will pro- 
duce good results. 

3. Replace the prehybridizatton solution with fresh hybridization solution 
containing the denatured probe. Incubate from 6 h to overnight at 65°C. 
Mixing during hybridization is not necessary, unless multiple blots are 
hybridized in the same container. 

4. Remove the hybridization solution (this can be stored at 4°C and reused 
several times with little effect on signal intensity). 

5. Wash the membranes twice for 3 min with at least 200 mL of washing 
solution with good agitation at room temperature. 

6. Wash the membranes for 30 min at 65OC with at least 200 mL of washing 
solution and with good agitation. This step removes any probe that is not 
bound to the membrane. 

7. Wash the membranes with buffer 1 for 5 min at room temperature (this and 
all subsequent washes are performed at room temperature and with vigor- 
ous agitation). This step removes the washing solution from the membranes 
and prepares the surface for the blocking agent. 

8. Incubate the blots with 200 mL of blocking buffer for 30 min. This blocks 
the surface of the membrane to prevent nonspecific antibody binding. 

9. Incubate the blots m approx 200 mL of antidigoxigenin solution for 30 
min. At this pomt in the process, the antibody:alkaline phosphatase 
conjugate binds to the digoxtgemn-labeled probe that is bound to the 
membrane. 

10. Wash the blots three times for 5 min each with 200 mL of buffer 1. 
These washes remove the unbound antibody:alkaline phosphatase 
conjugate. 

11. Wash the blots once for 10 min with buffer 3. This wash ensures that the 
pH of the blot is appropriate for exposure to AMPPD. 

12. Remove each blot from buffer 3 and lay out on a PlexiglassTM sheet cut to 
conform to a the size of X-ray cassette (no intensifying screens needed). 
Carefully apply approx 2.5 mL of the AMPPD solution to each blot. When 
all have been laid out on a single sheet, seal with either Saran WrapTM or a 
mylar sheet to prevent drying. Blots can also be sealed indtvidually m Saran 
WrapTM or mylar page covers, whichever is most convenient. 

13. Expose the film for either 3 h at 37°C or overnight at room temperature. 
The exposure time depends on the level of target sequence, the percentage 
of modified base in the probe, and the amount of probe added. 

The result should be sharp black bands on a clean background (see Notes 
10 and 11). To reuse the blots, remove the probe by washing for 10 min in 
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boiling stripping solution. Replace the stripping solution with the TE and 
store for short periods at 4”C, or air-dry and store at 4°C for several 
months (see Note 12). 

4. Notes 
1. Background may be reduced by decreasing the percentage of modified base 

in the reaction from 20% of the total dTTP concentratton to 5%. This may 
also increase the efficiency of the reaction, as well as utility of the final 
product. We have found that digoxigenm-modified probes are sltghtly 
different chemically when compared to radioactively labeled probes 
probably because of the long side chains introduced with the modified 
base. They form more stable hybrids at lower hybridization temperatures 
and are more difficult to remove from membranes, once hybridized. Low- 
ering of the dUTP concentration to <lOoh has a dramatic effect on these 
qualities. 

2. By using an extended primer, you can raise the annealing temperature in 
the PCR reaction even higher. We have experimented with other primers 
for the lacZ-MCS vectors and have found that the followmg pan of prtm- 
ers amplifies efficiently and allows the use of even higher annealing tem- 
peratures (to 68OC). This can further increase the percentage of sequences 
that are successfully amphfied by PCR. 

FUPSTRM: 5’ ATGTG CTGCA AGGCG ATTAA GTTGG G 3’ 
RDNSTRM: 5’ CACAC AGGAA ACAGC TATGA CCATG 3’ 

3. The protocol described above calls for 5% labeled base. This provides for 
a strong signal with minimal background on most autoradtograms. Con- 
centrations as low as 2.5% and as high as 20% are usable. 

4 One difference with this type of system is that it is convenient to prepare 
and utilize a digoxigemn-labeled mol-wt marker m the agarose gel. We find 
that use of the Klenow fragment of DNA polymerase I to “fill in” the ends 
of double-stranded DNA fragments created by restrtction digestion is an 
efficient method for creating mol-wt standards that will be visible every 
time the blot is treated with alkaline phosphatase-antidigoxtgenm comu- 
gate. We prefer the 1-kb mol-wt ladder from Gibco-BRL (Gaithersburg, 
MD), which already possesses accessible ends and yields a set of mol-wt 
standards every 1000 bp. 

5. Fragments may be isolated from low-melting-point agarose by the follow- 
ing method (6). Pour a low-melting-point agarose gel at 4’C, load the DNA 
samples, and electrophorese at 4°C to prevent the gel from melting. Stain 
the gel wtth ethidium bromide. Use a handheld long wavelength UV source 
to locate your fragment (this reduces the radiation damage to the DNA). 
Excise the band with a razor blade or drinking straw. Add 2-3 vol of TE, 
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and incubate for 5 mm at 65°C to melt the gel. This solution can then be 
cleaned up further with phenol: chloroform; however, we usually do not 
find it to be necessary. 

6. We have not really found it necessary to purify the labeled probes, but 
clean-up may slightly reduce the background seen with Southern blots. 
We have found ethanol precipitation to be an effective way to purify 
digoxigenin-modified probes. Add 3M NaOAc to a final concentration of 
0.244 and 3 vol of ethanol (1 OO%), mix well and place at -70°C for 15 min. 
Microcentrifuge for 5 min and discard the supernatant. Wash the pellet in 
700 uL of 70% ethanol, and microfuge for 2 min. Air-dry the pellet thor- 
oughly and resuspend it m 100 uL of TE. 

7. Unfortunately, there is no quantitative method to measure digoxigenin- 
mcorporation into the final probe, short of spotting the probe onto a mem- 
brane and testing it with antidigoxigenin and alkaline phosphatase 
conjugate. 

8. 3L Phage lysates can be labeled directly by PCR by using the following 
protocol. Prepare plaques in the normal manner, except that both lay- 
ers in the plate are made with agarose, not agar, since impurities in the 
agar will inhibit the PCR reaction. Pick mdividual plaques and transfer 
them either to .65-mL microcentrifuge tubes or 96-well plates. Add 
100 yL of LB broth to each plaque and grow overnight at 37OC with 
shaking. Add 1 pL of this lysate to PCR tubes or plates, and continue 
with the standard protocol. 

9. The concentration of DNA template is crucial to obtainmg a good labeling 
reaction, and this is also a case where more IS definitely not better. Keep- 
ing the concentratton of target DNA close to 1 ng will maximize the yield 
of labeled probe with higher specific activity. 

10. If there is no signal or a very weak signal on the resulting film: 
a. The probe was not properly prepared or added at too low a level. Check 

the probe on a gel to determine whether labeling was successful and the 
yield obtained. 

b. The genomic DNA on the blot is at too low a concentration or 1s degraded. 
This is a fairly common problem; try adding more DNA/lane. Check 
the quality of the DNA by analyzing it undigested on a low-percentage 
agarose gel. 

c. The AMPPD was too old or degraded. If labeled markers are easily 
observable, this is not the problem, and you should consider other possi- 
bilities. 

d. Antibody was not added or was defective. Again, if the markers are 
visible, this is not the problem. If the markers are not visible, and then 
you should check both your conjugate and AMPPD. 
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11. High background is a more common problem with this technique and can 
take various forms: 
a. Smudges result from fingerprints and cannot be removed from the blot. 
b. An even gray to very dark background across the entire blot is usually 

caused by the AMPPD breaking down prematurely. If buffer 3 is 
improperly prepared or if the AMPPD stock solution has degraded, an 
even background will begin to develop over the entire blot with a con- 
comitant decreasing signal. 

c. Spots have a number of possible sources and are often noted in the 
absence of added probe, indicating problems with the antibody conju- 
gate binding nonspecifically to the blots. We have observed that using 
“dirty” holders for the blots during film exposure has caused the 
AMPPD to break down presumably because of exogenous alkaline phos- 
phatase or other contaminants. Alternatively, this problem 1s often associ- 
ated with buffer 2, if the blocking agent is not completely dissolved. 

d. When the rest of the blot seems relatively clean, but there is high lane 
background overshadowmg any bands, this is a characterlstlc of the 
probe used and usually does not reflect on the conditions. If you want to 
decrease this problem, the only practical alternative 1s to use higher 
stringency washing conditions (+68”C and 0.1X SSC). 

e. When processmg the blots, you must be careful not to scratch the sur- 
face with forceps. This is usually not a problem with radioactive probes, 
but any rough handling of these membranes can cause higher back- 
ground. 

12. Ghost bands left over from previous uses: This problem may be the result 
of improper stripping; try stripping again. If this is ineffective, and then it 
is probably owing to allowing the blots to dry with probes hybridized to 
them. Do not allow the blots to dry while probes are still bound to them; 
they cannot be removed and will remam on for nearly the life of the blot. 
Be careful to seal them during film exposure and strip them immediately 
after taking the blots off film 
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CHAPTER 8 

The Preparation of Fluorescein-Labeled 
Nucleic Acid Probes and Their Detection 

Using Alkaline Phosphatase-Catalyzed 
Dioxetane Chemiluminescence 

Martin Cunningham and Martin Harris 

1. Introduction 
1.1. Probe Labeling with Fluorescein Hapten 

A commonly used method for labeling nucleic acid probes 
nonradioactively is to introduce a small, relatively inert molecule, such 
as a hapten or biotin. Such molecules are generally coupled to a nucleo- 
side triphosphate, such as dUTP, via a linker group. The modified nucle- 
otide is then incorporated into the probe by an enzyme-mediated reaction, 
such as random prime labeling for long probes or terminal transferase- 
catalyzed 3’-end labeling for oligonucleotides. Following hybridization, 
detection takes place by means of an antibody (or, in the case of biotin, 
streptavidin) linked to an enzyme, such as alkalme phosphatase or horse- 
radish peroxidase, which is used to catalyze the detection reaction. A 
variety of haptens have been employed, most commonly digoxygenin, 
biotin, and fluorescein. This approach involves a longer detection proto- 
col than a direct enzyme labeling methodology (see Chapter 10) 
because of the additional steps involved in membrane blocking, anti- 
body binding, and subsequent membrane washes. However, it can be 
more readily adapted to high-sensitivity chemiluminescent detection 
with alkaline phosphatase-catalyzed dioxetane substrates. It can also 
be used with oligonucleotide probes, in this case coupled to horseradish 
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peroxidase-catalyzed enhanced chemiluminescence detection, to take 
advantage of the rapid light output and low backgrounds of this reaction. 
This approach is described in Chapter 11. 

Fluorescein is used as the hapten in the following protocols because it 
has several advantages for use in nucleic acid systems. These can be 
listed as follows. 

1. It is stable during hybridizations even at elevated temperatures. 
2. Fluorescein nucleotide conjugates are accepted by DNA polymerases for 

mcorporation into probes. 
3. High-affinity antibodies can be prepared against the fluorescein moiety. 
4. The resulting probes have a low affimty for hybridization membranes when 

suitable blocking agents are used, so there is no necessity for probe purifi- 
cation. 

5. There is little chance of sample interference from endogenous agents that 
would be recognized by the antibody, as may occur with biotin, for exam- 
ple, in in situ hybridization. 

6. A final, significant advantage of fluorescem as a hapten is that its natural 
fluorescence can be exploited in a rapid (20-min) transilluminator-based 
assay to monitor the success of a probe-labeling reaction before embarking 
on the hybridization stage This is analogous to the rapid check on incor- 
poration that can be carried out with 32P-labeled probes using j3-momtors. 
A protocol for performing this assay is given in Chapter 9. 

The Fluorescein Gene Images system (Amersham International, 
Bucks, UK) uses fluorescein as a hapten with detection using alkaline 
phosphatase-catalyzed dioxetane chemiluminescence. Fluorescein is 
incorporated into the probe by a random prime labeling reaction (I) cata- 
lyzed by the Klenow fragment of E. coli DNA polymerase in the pres- 
ence of the modified nucleotide fluorescein-ll -dUTP. Klenow is 
particularly efficient in this reaction, and there can be considerable net 
synthesis of probe during labeling. For example, starting with 50 ng of 
probe, it is possible to synthesize a further 300 ng of probe in a 1 -h reac- 
tion. The labeled probe can be used directly in the hybridization (follow- 
ing denaturation) without probe purification, whereas the stringency of 
the hybridization itself can be controlled by either salt concentration or 
temperature during the hybridization and/or the stringency washes. 
Recommended probe concentrations are the same as for the ECL 
direct system (Chapter lo), i.e., 10 ng/mL for low target applica- 
tions and 2-5 ng/mL for high levels of target. 
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Both the hybridization stage and the subsequent membrane blocking 
step prior to addition of antibody conjugate use a blocking agent that, if 
used as a solid, can be difficult to dissolve fully, leading to variable lev- 
els of background. However, this component is available as a concen- 
trated solution, thus helping to ensure consistent, low backgrounds. 
Backgrounds have been further minimized by careful preparation of the 
antibody conjugate used with the system. This has involved optimization 
of the methods used for preparation of the conjugate, and the use of a 
monoclonal antifluorescein antibody, which gives a high signal-to-noise 
ratio in this system. 

1.2. Alkaline Phosphatase-Catalyzed Dioxetane 
Chemiluminescence 

Chemiluminescence from the alkaline phosphatase-catalyzed 
decomposition of a substituted dioxetane provides the basis for the high- 
sensitivity detection method used in this system. 1,2-Dioxetanes are cyclic 
peroxides that undergo decomposition into two carbonyl-containing frag- 
ments. One of these fragments is initially formed in an electronically 
excited state, undergoing relaxation to its ground state with the emission 
of light (2). A phenylphosphate-substituted dioxetane containing a single 
adamantyl group (4-[phenyl-3-phosphate]-4-methoxyspiro[ 1,2-diox- 
etane-3,2’-adamantane]) has proven to be of particular value in a variety 
of assay formats (3). It is highly stable, but in the presence of calf intes- 
tinal alkaline phosphatase, undergoes rapid conversion to the lumines- 
cent form via an unstable aryloxide dioxetane. 

The maximum light output from this reaction is at 470-480 nm. Under 
some conditions, for example, in solution assays, the light output can be 
greatly increased by the inclusion of surfactant or polymers that con- 
tain fluorophores, such as fluorescein, that can be activated by energy trans- 
fer from the luminescent intermediate. Using fluorescent micelles formed 
from cetyltrimethylammonium bromide (CTAB) and 5-(N)-tetradecan- 
oyl-aminofluorescein, chemiluminescent efficiency can be increased at 
least 400-fold (4), with maximum light output now at 520-530 nm. It has 
more recently been found that certain blotting membranes, including 
nylon membranes, can themselves enhance light output. 

Dioxetane-based chemiluminescence allows particularly high levels 
of sensitivity to be obtained in blotting applications. Low background 
can also be achieved, although it is necessary to ensure that a number of 
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the reagents used during detection, in particular the antibody conjugate 
and membrane blockmg agent, are optimized for this purpose. Addition- 
ally, solutions can easily become contaminated with bacterial alkaline 
phosphatases, which can cause extensive spotting on the final results on 
film. It is therefore necessary to use sterile soluttons and clean apparatus 
whenever possible. 

In contrast to the HRP-catalyzed chemiluminescence reaction, light 
output from a standard dioxetane luminescence reaction is initially slow, 
reaching maximum output only after several hours, This lag phase is 
caused by the relatively slow accumulation of aryloxide Intermediate, 
which itself decays with a tinite half-life. However, light output can con- 
tinue at a high level for several days with only a slow decline. This allows 
accumulation of maximum signal during exposure to film, with sensitiv- 
ity generally being limited by the level of background. The prolonged 
light output also gives the opportunity for multiple film exposures if required. 

The greater sensitivity and prolonged signal of dioxetane chemilumi- 
nescence allows lower gel loadings to be used than with HRP-catalyzed 
enhanced chemiluminescence and provides a greater degree of robust- 
ness in the detection of low levels of nucleic acid. Using this system, a 
sensitivity of at least 100 fg can be achieved in genomic hybridization, 
using a 0.2~pg loading of human genomic DNA and a I-kb probe. It is 
also possible to use this system in many Northern blot applications, As a 
rough guide, exposures of ~48 h with 32P-nucleotides should allow 
acceptable results to be obtained. The system is, of course, also compat- 
ible with lower sensittvity applications. 

2. Materials 

Components for labeling and for dioxetane chemiluminescent detec- 
tion are available in kit format as the Fluorescein Gene Images labeling 
and detection system (Amersham International, plc). These components, 
together with additional solutions and reagents required, are described 
below. 

2.1. Preparation of Labeled Probe 
1. Nucleotide mix: 5X stock solution of fluorescem-l l-dUT,P (Fl-dUTP), 

dATP, dCTP, dGTP, and dTTP in 300 mM Tris-HCl, pH 7.8, 50 mA4 2- 
mercaptoethanol, and 50 mM MgCl,. This mixture is supplied in the Fluo- 
rescein Gene Images system. It has been optimized to give both a high 
yield of probe and a good degree of substitution with fluorescein. 
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2. Primers: random nonamers. These primers, supplied with the Fluorescein 
Gene Images system, have been found to give a greater yield of probe than 
random hexamer primers. 

3. Enzyme solution: 5 UIyL Klenow. This IS also supplied in the Fluorescem 
Gene Images system and gives up to a twofold higher yield of probe than 
standard Klenow enzyme. 

4. TE buffer: 10 mM Tris-HCl, pH 8.0, 1 nnJ4 EDTA. 
5. 0.2 or OSM EDTA, pH 8.0. 

2.2. Hybridization and Stringency Washes 
1. Liquid block: supplied with the Fluorescem Gene Images system for use in 

the recommended hybridization buffer and for membrane blocking prior 
to addition of antibody conjugate. 

2. 20X SSC: 3M NaCl, 0 3M sodium citrate, pH 7.0. 
3. 10 or 20% (w/v) SDS. 
4. Dextran sulfate: mol wt 500,000, for example, Sigma Product no. D-6001. 

This rate enhancer is required for maximum sensitivity during hybridization. 
5. Hybridizatton buffer: 5X SSC, 1 in 20 dilution of liquid block, 0.1% (w/v) 

sodium dodecyl sulfate (SDS), 5% (w/v) dextran sulfate, 100 pg/mL 
sheared, denatured heterologous DNA, e.g., herrmg sperm DNA (optional). 

2.3. Blocking, Antibody Incubation, and Washes 
1. Antifluorescem alkaline phosphatase conjugate: 5000X stock supplied in 

the Fluorescein Gene Images system. The conjugate has been prepared 
and formulated to give low background in membrane hybridizations. 

2. Buffer A: 100 mMTris-HCl, pH 7.5,300 mMNaC1. Autoclave m 500-mL 
aliquots in 1 -L bottles for 15 mm at 105 kPa (15 psi). Once opened after 
autoclaving, do not use for more than 1 d. 

3. Bovine serum albumin (BSA) Fraction V: for example, Sigma Product no. 
A-2153 or BDH Product no. 44155. 

4. Tween-20: Polyoxyethylene sorbitan monolaurate; for example, Sigma 
Product no. P- 1379 or BDH Product no. 66368. 

2.4. Signal Generation and Detection 
1. Dtoxetane detection reagent in a spray bottle: supplied m the Fluorescein 

Gene Images system m a form suitable for applying directly to the mem- 
brane. It is advisable that the spray be used m a fume cupboard. 

2. Detection bags: optically clear plastic bags supplied with the Fluorescem 
Gene Images system for use during application of the detection reagent 
and subsequent exposure to film. Alternatively, Saran WrapTM can be used. 

3. Autoradiography film: most standard autoradiography films, such as Hyper- 
film-MP’” (Amersham International, plc) or Kodak X-AK, are suitable for 
detection of the light generated by the dioxetane chemiluminescence reaction. 
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3. Methods 
3.1. Preparation of Labeled Probe 

This protocol allows the labeling of 50 ng of template DNA. The stan- 
dard reaction can be used to label 25 ng to 2 1.18 of template DNA. Syn- 
thesis of labeled probe is most efficient at 50 ng of template, although net 
synthesis tends to increase with the amount of template. 

1. Dilute the DNA to be labeled to a concentration of 2-25 ng/pL in either 
distilled water or TE buffer (see Note 1). 

2. Place the nucleotide mix, primers, and water m an ice bath to thaw. Leave 
the enzyme at -20°C until required, and return It to the freezer immedt- 
ately after use. 

3. Denature the DNA sample by heating for 5 mm m a boiling water bath, and 
then chill on ice. It is advisable to denature in a volume of at least 20 l.tL. 

4. To a 1.5~mL microcentrifuge tube placed m an ice bath, add the appropri- 
ate volume of each reagent in the following order: water to a final reaction 
volume of 50 pL, nucleotrde mix (10 pL), primers (5 l.tL), denatured DNA 
(50 ng), and enzyme solution (Klenow) at 5 U/pL (1 l.tL). 

5. Mix gently by pipeting up and down and cap the tube. Spin briefly in a 
microcentrifuge to collect the contents at the bottom of the tube. 

6. Incubate the reaction mix at 37°C for 1 h (see Note 2). 
7. If any of the probe is to be stored, rather than being used in a hybridization 

immediately, the reaction should be terminated by the addition of EDTA 
to a final concentration of 20 mM. Probes can then be stored in a freezer at 
-20°C m the dark for at least 6 mo (see Note 3). Do not use a frost-free 
freezer. 

The yield of probe after labeling 25 or 50 ng of template will typically 
be between 6 and 8 ng/pL. With higher template levels, although the 
amount of labeled template produced will increase, the overall reaction 
will be less efficient. At this stage, the rapid labeling assay (see Chapter 
9) can be used to ensure that the probe has been successfully labeled. 

3.2. Hybridization and Stringency Washes 

The hybridization and wash conditions given in the following proto- 
col are appropriate for a majority of probes, allowing detection of single- 
copy mammalian genes without significant crosshybridization to 
nonhomologous sequences. However, if these conditions are found to be 
insufficiently stringent for particular probes, then hybridized filters can 
be washed in 0.2 or 0.1X SSC at 60°C. Alternatively, stringency can be 
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increased by raising the hybridization or wash temperature to 65°C. Such 
alterations may lead to some decrease in specific signal, although an 
overall improvement in signal-to-noise should result. 

1. Prepare the hybridtzation buffer as follows: 5X SSC, 0.1% (w/v) SDS, 5% 
(w/v) dextran sulfate, 20-fold dilution of hquid block (supplied in the Fluo- 
rescein Gene Images system), and 100 pg/mL denatured sheared heterolo- 
gous DNA (optional). Combine all the components and make up to the 
required volume. Gentle heating with contmuous stirring will be requtred 
to dissolve the dextran sulfate completely (see Note 4). 

2. Preheat the required volume of hybridizatton buffer (0.3 mL/cm* for small 
blots and 0.125 mL/cm* or less for large blots) to 60°C and then place the 
blots rn the buffer, and prehybridize for at least 30 mm at 60°C with con- 
stant, gentle agitatron (see Note 5). 

3. Remove the required amount of probe to a clean mtcrocentrifuge tube (see 
Note 6). If the volume is <20 pL, make up to this volume with water or TE 
buffer. Denature the probe by boiling for 5 min, and snap cool on ice. 

4. Centrifuge the denatured probe briefly, and then add to the prehybridiza- 
tion buffer. Avoid placing it directly on the membrane and mix gently (see 
Note 6). Hybridize overnight at 60°C with gentle agitation. 

5. Prepare two stringency wash solutions; one of 1X SSC, 0.1% (w/v) SDS, 
and the other of 0.5X SSC, and 0.1% (w/v) SDS, and preheat both solu- 
tions to 60°C. Carefully transfer the blots to the 1X SSC, and 0.1% (w/v) 
SDS and wash for 15 mm at 60°C with gentle agitation. Carry out a further 
wash m preheated 0.5X SSC, 0.1% (w/v) SDS at 60°C for 15 mm. These 
wash solutions should be used m excess volumes of approx 2-5 mL/cm* of 
membrane (see Note 7). 

3.3. Blocking, Antibody Incubation, and Washes 

The following steps are performed at room temperature, and all the 
incubations require constant agitation of the blots. 

1, Followmg the hybrtdization washes, briefly rinse the blots in an excess 
(2 mL/cm*) of buffer A at room temperature (see Note 8). 

2. With gentle agitation, incubate blots for 1 h at room temperature m approx 
0.75-l .O mL/cm* of a 1 m 10 dilution of liquid blockmg agent m buffer A 
(see Note 9). 

3. Briefly rinse blots m buffer A as in step 1. 
4. Dilute the antifluorescein-AP conjugate 5000-fold in freshly prepared 

0.5% (w/v) BSA m buffer A. Incubate the blots m diluted conjugate (0.3 
mL/cm* of membrane) with gentle agitation at room temperature for 1 h 
(see Note 10). 
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5. Remove unbound conjugate by washing for 3 x 10 min m 0.3% (v/v) 
Tween-20 in diluent buffer at room temperature with agitation. Use an 
excess volume (2-5 mL/cm2). 

6. Rinse blots m buffer A as in step 1. 

3.4. Signal Generation and Detection 
Read through this whole section before proceeding. If possible, wear 

powder-free gloves. The dioxetane detection reagent should be applied 
in a fume cupboard. 

1. Cut a section from one of the detection bags supplied with the Fluorescem 
Gene Images system large enough to cover the blots plus a l-cm border. 
Leave one side uncut and open out the bag. 

2. After completion of the antibody mcubation stage and subsequent washes, 
drain off any excess wash buffer from the blots by touching the corner of 
the blot against the box used for washmg the blots or other convenient 
clean surface, and arrange them sample side up on one half of the opened 
bag. Do not allow the blots to dry out (see Note 11). 

3. Place the blots in a fume cupboard with the bag opened to expose the blot 
surface. Hold the dioxetane spray applicator 2-3 cm above the blot and 
apply the reagent. Approximately I spray/14 cm2 should be sufficient, e.g., 
a 50-cm2 blot will require 4 sprays. 

4. After spraying, fold the plastic over the top of the blots, and immediately 
spread the reagent evenly over the blot(s). This can be done either by roll- 
mg a 5 mL pipet over the surface or wiping the surface with a gloved hand. 

5. For best results, transfer the blots to a fresh bag and place m a film cassette 
(see Note 12). Ensure the outside of the bag is dry before exposing to film. 
Place the bag contammg the blots (sample side up) m a film cassette and 
take to a darkroom. 

6. Switch off the lights and place a sheet of autoradiography film on top of 
the blots. Close the cassette and expose for l-2 h for high-target/low-sen- 
sitivity applications. Longer exposures (4-l 6 h) should be used for higher 
sensitivity applications. Remove film and develop (see Note 13). 

4. Notes 
1. If the solution of DNA to be labeled is too dilute to be used directly, it 

should be concentrated by ethanol precipitation followed by redrssolution 
m an appropriate volume of water or TE buffer. If an mtact plasmid probe 
is to be used, it may be necessary to correct for the proportion of plasmtd 
sequence present during the hybridization. Closed circular double-stranded 
DNA can be linearized to avoid more rapid renaturation following dena- 
turation, although this is not usually necessary. 
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2. In the labeling reaction, a volume of DNA solution up to 25 yL may be 
used for fragments in low-meltmg-point agarose. The temperature of incu- 
bation and the reaction time can be chosen for convenience, since the reac- 
tion reaches a plateau and does not declme significantly overnight at room 
temperature. However, the rate of reaction does depend to some extent on 
DNA purity, so for samples of lower purity, such as miniprep DNA or 
DNA in agarose, a longer incubation pertod may be required. With puri- 
fied DNA samples, an increase in probe yield can be obtained with longer 
reaction times (up to 4 h at 37OC). 

3. Labeled probe can be used directly in a hybridization, following denatur- 
ation, without removal of unincorporated nucleotide. For long-term stor- 
age, it is advisable to keep probes m the dark, since the fluorescein 
molecule 1s light-sensitive. 

4. The level of ribonuclease activity in the liquid block is low enough for its 
use in the hybridization buffer for Northern blots. However, if required, 
liquid block can be autoclaved, but must be subaliquoted mto a suitable 
autoclavable container prior to sterilizatron. The hybridizatton buffer can 
be stored in suitable ahquots at -20°C for at least 12 mo. The addition of 
sheared, denatured heterologous DNA to the hybridization buffer can 
reduce nonspecific hybrtdization, although some reduction in sensitrvtty 
may also be observed. 

5. Hybridization can be carried out m either boxes, bags, or tubes provided 
there is sufficient buffer to allow adequate access of probe to the blot. With 
larger blots (>50 cm2), or if using mimmal hybridization volumes m bags 
or tubes, the blots should be prewetted in 5X SSC. It 1s also possible to 
hybridize several blots in the same solutton, again providing there is ade- 
quate volume and circulation of buffer, A maximum of two blots should be 
hybridized together in a single bag, and when using more than one blot in 
a tube, it is important that the blots do not overlap one another. High back- 
grounds can result if there is insufficient hybridization buffer or if a blot is 
not totally immersed. Agitation improves access of buffer to the blot, par- 
ticularly if several blots are to be hybridized in the same solution. 

6. Recommended probe concentrattons for hybridtzatron are 10-20 ng/mL 
for low target applications (for a 50 ng template reaction, this 1s approx 
l-2 l.tL of reaction product/ml of hybridization buffer) and l-5 ng/mL for 
high target applrcatrons. To avoid addmon of probe directly onto the mem- 
brane, a small ahquot of the hybrrdrzation buffer may be removed and 
mixed with the probe before returnmg the mixture to the bulk of the buffer. 
For high target apphcattons, it is possible to use shorter hybridization times. 
Some loss of sensitivity will result, but if necessary, such loss can be offset 
by the use of higher probe concentrations. 
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7. During the second stringency wash, the SSC concentration can be varied 
in the range 0.1-1X SSC to achieve the desired stringency (5). The temper- 
ature of these washes may also be increased to achieve the desired strm- 
gency. Several blots can be washed in the same solution provided that they 
can move freely. 

8. Once opened after autoclaving, unused buffer A should be discarded at the 
end of that working day to avoid contammatton with exogenous alkaline 
phosphatases. 

9. Diluted block can be stored frozen (m ahquots) for several weeks and is 
easily thawed when required. However, it is recommended that no ahquot 
be subjected to repeated thawing and refreezing. Also, it may be conve- 
nient to separate any remaining undiluted liquid block into appropriate 
aliquots for refreezmg. 

10. Diluted conjugate should be used immediately. Loss of sensitivity occurs 
with diluted conjugate that has been stored or been through a freeze-thaw 
cycle. Several blots can be incubated together, but it is important that there 
is free access of solution to the blot. With larger blots, it is possible to carry 
out this stage in hybridization bags or tubes to help minimize volume. For 
a 20 x 20 cm blot, a volume of 50 mL can be used. It may be found that the 
dilution of conjugate can be optimized further. Greater dilutions will give 
lower signal, but may reduce background, whereas more concentrated con- 
jugate will give the opposite effect. BSA fraction V (for example, Sigma 
Product no. A-2 153) should be used in the buffer. 

11. The transfer of blots to the detection bags can either be carried out directly 
in the fume cupboard, or else the blots can be arranged while working on 
the bench and the plastic temporarily closed over the top of the blots while 
they are taken to the fume cupboard. A sheet of SaranWrap (Dow Chemi- 
cal Company) can be used in place of the detection bags, although we have 
found bags to give the most satisfactory results. 

12. Changing the bag after application of the detection reagent will avoid the 
transfer of excess liquid mto the cassette. Alternatively, squeezing out all 
excess liquid from the original bag may suffice. If using SaranWrap, ensure 
that no liquid can escape. 

13. If required, following an initial detection, expose a second film for an 
appropriate length of time. Depending on the application, the high-senst- 
tivity of this system may mean that overnight exposures of the blot to film 
result in too dark an image. By the second day, however, the light output 
will have stabilized at a significantly higher level than that emitted during 
the first few hours after application of the detection reagent, allowing sig- 
nificantly shorter optimum exposure times. Once the light output has sta- 
bilized, it is easier to judge the optimum exposure time. 
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CHAPTER 9 

Monitoring Incorporation of Fluorescein 
into Nucleic Acid Probes 

Using a Rapid Labeling Assay 

Martin Cunningham 

1. Introduction 
The efficiency of incorporation of fluorescein- 11 -dUTP with both ran- 

dom prime labeling of long probes (Chapter 8) and 3’-tailing of oligonucle- 
otide probes (Chapter 11) can be estimated using the following rapid labeling 
assay. The basic protocol shown is for use with random prime labeled long 
probes, but modifications to the protocol for use with oligonucleotides are 
detailed in the notes. If sample identification is required, a pencil should be 
used to mark the membrane since some inks can interfere with the assay. 

2. Materials 
1. 20X SSC: 3M NaCl, 0.3M sodium citrate. Dilute as required. 
2. 10% (w/v) Sodium dodecyl sulfate (SDS) stock solution. Dilute as required. 
3. TE buffer: 10 mMTris, pH 8.0, 1 mMEDTA. 
4. Nylon membrane (e.g., Hybond-N+, Amersham Internattonal, Amersham, 

UK) or DE 8 1 paper (Whatman, Maidstone, UK). 
5. 3MM paper (Whatman). 

3. Methods 
1. Prepare l/5, l/25, l/50, l/100, l/250, l/500, and l/1000 dilutions of the 

5X nucleotide mix from the Fluorescem Gene Images system (see Chapter 
8) in TE buffer (see Note 1). 

2. Dot out 5 pL of labeled probe and 5 I.~.L of the l/5 dilution of nucleotide 
mix (negative control) onto a strip of Hybond-N+, placed on a nonabsor- 
bent backmg. Allow the liquid to absorb (but do not allow to dry), and 
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wash the strip with gentle agitation m excess preheated 2X SSC at 60°C 
for 15 min (see Notes 2 and 3). 

3. Prepare a reference strip by dottmg 5 uL of each nucleotide mix dilution, 
except the l/5, onto a separate strip of Hybond-N+. This reference strip 
can be reused and can be stored, wrapped m Saran WrapTM, for several 
weeks at -2O’C m the dark. 

4. Place both the reference and the washed strips on a piece of Whatman 
3MM paper lightly moistened with TE buffer, and take to the darkroom 
(see Note 4). Visualize both strips (sample side down) on a UV transillu- 
mmator. Optimum contrast is obtamed using a short wavelength (254~nm) 
transillummator. The labeled probe should be visible as a fluorescent spot 
with an intensity between the l/25 and l/250 dilutions on the reference 
strip (see Note 5). Such a result indicates that the probe has successfully 
mcorporated the fluorescem label. The closer the intensity of the labeled DNA 
is to the lower dilution (l/25), the more efficient the labeling reaction is. 
The washed negative control should retain little or no fluorescence, mdi- 
catmg that the fluorescence of the probe is the result of only incorporated 
fluorescem and not unincorporated Fl-dUTP. If significant fluorescem 
remains in the negative control, wash the filter for a further 15 min. This is 
possible only if the strip has not dried. 

5. For a hard copy of the results, the strips can be photographed. A Kodak 
Wratten No. 9 filter (or a similar yellow filter) should be used m conjunc- 
tion with Polaroid 667 black and white film. 

4. Notes 
1. For ohgonucleotide probes prepared using the ECL 3’-ohgolabelmg system 

(see Chapter 1 I), the recommended dilutions are l/16, l/100, l/250, l/500, 
l/l 000, and l/2000 of the fluorescein- 11 -dUTP (Fl-dUTP) m TE buffer. 

2. When using the 3’-oligolabeling system, dot out 5 uL of each labeled oli- 
gomicleotide and 5 uL of the l/16 dilution of Fl-dUTP (negative control). 

3. Whatman DE8 1 paper can be used as an alternative to Hybond-N+ and is 
recommended for use with oligonucleotides. In this case, 2X SSC, 0.1% 
(w/v) SDS should be used to wash the strip. A 1 -cm edge should be allowed 
around the edge of the filter to avoid damage during washing. Following 
the wash stage, rinse the strip successively with water and then ethanol 
before handling (DE8 1 paper is fragile in aqueous solutions). 

4 If using DE81 paper, the reference strip can be wetted (after applying the 
dots) successively in water and then ethanol to reduce distortion of the filter, 
and when using DE8 1 paper, dry Whatman 3MM paper should be used to 
transport the strips to the darkroom. 

5. An efficiently labeled ohgonucleotide should be visible as a fluorescent 
spot with an mtensity between the l/500 and l/2000 dilutions. 



CHAPTER 10 

The Preparation of Horseradish 
Peroxidase-Labeled Nucleic Acid Probes 

and Their Detection Using Enhanced 
Chemiluminescence 

Bronwen Harvey, 
Ian Durrant, and Martin Cunningham 

1. Introduction 
A range of labeling and detection systems for nucleic acids, many of 

which show specific advantages for particular applications is currently 
available to the researcher. The labels generally fall into one of two cat- 
egories: primary labels, in which a detectable signal, such as a radioiso- 
tope or a fluorophore, is introduced directly into the probe, and enzymatic 
labels, in which an enzyme is used to catalyze a signal-generating reac- 
tion. In the latter case, the signal may be a fluorophore, a visibly colored 
compound (chromophore), or light generated by a chemiluminescent 
reaction. The enzyme may itself be directly coupled to the probe (a direct 
label) or may be introduced by means of an antibody-enzyme or 
streptavidin-enzyme complex, which detects hapten- or biotin-labeled 
probe (an indirect label). This type of indirect approach has been widely 
used with probes labeled with molecules, such as fluorescein, biotin, and 
digoxygenin. An example of such a system using fluorescein-labeled 
probes detected by an antifluorescein alkaline phosphatase conjugate, 
which in turn catalyzes highly sensitive chemiluminescent detection, is 
described in Chapter 8. 
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However, the direct labeling of nucleic acid probes with an enzyme can 
allow more rapid nonradioactive detection, since the necessity for addi- 
tional antibody-related steps is avoided. Such direct labeling with an 
enzyme, horseradish peroxidase (HRP), has been described by Renz and 
Kurz (I). Following hybridization, the peroxidase can be used to catalyze 
an enhanced chemiluminescent reaction that leads to very rapid generation 
of signal (2). This approach has been made available as the ECL’” direct 
system (Amersham International, Amersham, UK), which provides a con- 
venient method for rapid, nonradioactive detection of moderate to high 
levels of target. 

The labeling step involves the reaction of a single-stranded nucleic 
acid probe with a positively charged HRP-parabenzoquinoneolyethyl- 
eneimine complex that is supplied as the labeling reagent. This complex 
initially undergoes a charge interaction with negatively charged nucleic 
acid and is subsequently covalently crosslinked to the nucleic acid probe 
by the addition of glutaraldehyde. This labeling reaction is rapid, taking 
only 20 min at room temperature, and has been used to label probes from 
50 bases to 50 kb in length. Once labeled, the probe may be stored at-20°C 
for several months in the presence of 50% glycerol. Denatured DNA and 
RNA probes can be labeled using this method, and the reaction can be 
scaled up or down to label between 100 ng and 1.5 pg. 

The maximum rate of hybridization occurs at 25°C below the T, of 
the probe, in the range 60-75OC under nondenaturing conditions. HRP- 
labeled probes are sensitive to high temperatures, so it is necessary to 
employ a T, modifier to allow hybridization at a lower temperature. Urea 
(6A4) is included in the Gold buffer supplied with the system, which allows 
hybridization to occur at 42°C (3,4). These conditions are equivalent to 
hybridizing a radiolabeled probe at 65 or at 42°C in 50% (v/v) forma- 
mide. Peroxidase is stable under these conditions for at least 24 h. The 
Gold buffer also contains a novel rate enhancer that both maximizes sig- 
nal and reduces backgrounds. Strmgency control is achieved by varying 
salt concentration either during hybridization, during the stringency 
washes, or both. 

Since the probe is directly labeled with enzyme, it is not necessary to 
carry out time-consuming antibody-blocking, incubation, and wash steps 
following the stringency washes. Directly following the stringency 
washes, the enhanced chemiluminescence reaction is used to generate 
light, which is captured on autoradiography film, producing a hard copy 
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result. This reaction involves the oxidation of luminol, a cyclic diacyl- 
hydrazide, by peroxidase in the presence of peroxide (5) which is sup- 
plied as a stable peracid salt. This salt and the enhancer/luminol mixture 
must be kept separate until immediately before use to avoid gradual 
chemical degradation. Luminol is converted via an endoperoxide into an 
electronically excited 3-aminophthalate that, on falling back to the ground 
state, emits light. Enhancer molecules modulate the reaction between the 
enzyme, peroxide, and luminol leading to a stimulation of light emission 
by more than 1 OOO-fold over an unenhanced reaction (2). The maximum 
emission of light in this reaction is at 428 nm, appropriate for film sensi- 
tive to blue light. 

Light output from the enhanced chemiluminescence reaction occurs 
rapidly with no detectable lag phase. There is a peak of light output at 
5-10 min, followed by a decay with a half-life of approx 1 h. This decay 
is thought to be owing to a gradual loss of enzyme activity resulting from 
free radical damage. These kinetics, in addition to allowing very rapid 
detection, also have an advantage for reprobing because, since enzyme is 
inactivated during the detection step, bands resulting from the presence 
of the probe will not be visible after subsequent hybridization and detec- 
tion. Rehybridization of the membrane with a new probe is therefore 
possible without removal of the previous probe. 

The combination of rapid labeling, the absence of antibody-block- 
ing, incubation, and wash stages, and the fast kinetics of light genera- 
tion make this system ideally suited to high-throughput, large-scale 
screening applications (6-8). Levels of background on membrane 
hybridizations are generally low with peroxidase-based enhanced 
chemiluminescence, and the lower prevalence of peroxidase com- 
pared with alkaline phosphatase also means that results are less liable 
to the “spotting” sometimes seen with alkaline phosphatase-based 
systems when solutions are not scrupulously clean. Good levels of 
signal are also achievable. For example, using 10 ng/mL probe con- 
centration with an overnight hybridization, it is possible to detect lev- 
els of target as low as 500 fg, equivalent to single-copy mammalian 
gene detection in a sample of 1 ug mammalian total DNA with a 1-kb 
probe. For the higher levels of target present in applications, such as 
plaque or colony screens and in PCR product detection, probe con- 
centrations as low as 2 ng/mL can be used with 2 h of hybridization, 
allowing a particularly high level of throughput. 
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2. Materials 

Components for labeling, hybridization, and enhanced chemilumines- 
cent detection are available m kit format as the ECL direct nucleic acid 
labeling and detection system (RPN3000, RPN3001, RPN3005 Amer- 
sham International, plc). Detailed protocols are included with each kit. 
The system is stable for at least 3 mo when stored under appropriate 
conditions, but the labeling reagent is hght-sensitive and should be pro- 
tected from intense light or protracted periods of exposure to light. These 
components, together with additional solutions and reagents required, 
are described below. 

2.1. Probe Labeling 

1. Labeling reagent: This comprises HRP crosslmked to polyethylemmme 
(PEI). Its synthesis IS described m ref. 1. It can be purchased ready-made 
(Amersham), and its use is described m the following protocol. 

2. Glutaraldehyde solution (1.5% [v/v] m water): 1.5% (v/v) glutaraldehyde 
solution in deionized water. Although glutaraldehyde is classtfied as harm- 
ful, for ECL, it is present at a concentration of only 1.5% (v/v), at which 
level it is not classified as harmful. However, hke all chemicals, it should 
be handled within the prmciples of good laboratory practice. 

2.2. Hybridization 

1. Gold hybridization buffer: The buffer can be obtained ready-made (Amer- 
sham). In addition to 6M urea, it contams a detergent, a pH-stabihzmg 
compound, and a novel rate enhancement system. The new rate enhancer 
is directly responsible for a significant increase m sensitivity over early 
versions of the ECL Direct system. The new hybridization buffer ensures a 
higher level of target coverage and promotes an mcrease m the stabihty of 
the enzyme label during the hybridtzation process. 

2 Blocking agent. 
3. Sodium chloride (analytical grade). 

2.3. Stringency Washes 

1. 20X SSC: 0.3M trrsodmm citrate, 3.OM sodium chloride, pH 7.0. 
2. Primary wash buffer with urea: 360 g of urea, 4 g of sodium dodecyl sul- 

fate (SDS), 25 mL 20X SSC. Make up to 1 L. 
3. Primary wash buffer without urea: 4 g of SDS, 25 mL of 20X SSC. Make 

up to 1 L. 
4. Secondary wash buffer: 2X SSC. 
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2.4. Detection 
1. ECL detection reagent 1 contams specially purified luminol and the ECL 

enhancer m a borate buffer. 
2. ECL detection reagent 2 contams a peracid salt m borate buffer. 
3. Saran Wrap TM (Dow Chemical Company) is recommended at various 

stages of the protocol and 1s particularly suitable for molecular biology 
applications, since it does not absorb UV or blue light. Saran Wrap is often 
available from local suppliers. 

4. Blue-sensitive autoradiography film is a film optimized for use with ECL 
systems that is available (Hyperfilm ECL, Amersham). However, other 
X-ray films are suitable, e.g., Hyperfilm-MP, Kodak-AR. It is also pos- 
sible to detect the light on a charge-coupled device camera. 

3. Methods 

3.1. Probe Labeling 
1. Dilute the nucleic acid to be labeled to a concentration of 10 ng/uL in a 

1 S-mL microcentrifuge tube (see Note 1). Close the tube and incubate for 5 
min in a boiling water bath to denature the nucleic acid (see Notes 2 and 3). 

2. Immediately cool the sample on ice for 5 min, and then centrifuge the tube 
briefly (10 s) to collect the contents at the bottom. 

3. Add a volume of labeling reagent equal to that of the sample, and mix 
briefly by taking up the solution in the tip of a micropipet and gently expel- 
ling (see Note 4). 

4. Add a volume of glutaraldehyde solution equal to that of the labeling reagent. 
Again mix gently by pipet. 

5. Incubate at 37°C for 10 min. The probe 1s now labeled with HRP and can 
be stored on ice for up to 15 min before use (see Note 5). 

3.2. Hybridization 
1. Prepare the hybridization buffer as follows. Take the required volume of 

Gold hybridization buffer and add solid sodium chloride to a final concen- 
tration of 0.5M (see Note 6). This may vary for different probes, although 
0.5MNaCl has been found to give satisfactory results m most cases. Add 
blocking agent to a final concentration of 5% (w/v). Rapidly mix the block- 
mg agent into the buffer to avoid the formation of clumps. Continue to mix 
thoroughly using a magnetic stirrer at 42OC for 30-60 min. A few undis- 
solved particles of blocking agent will not affect the hybridtzation. 

2. Place the blot contaimng the target nucleic acid sequence onto the surface 
of the fully prepared hybridization buffer prewarmed to 42°C (see Note 7). 
A volume of buffer equivalent to 0.25 mL/cm* of membrane is satisfactory 
for most applications (see Notes 8 and 9). Allow the blot to saturate fully 
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before submergmg in the buffer. Prehybridize at 42OC for 15-60 mm m a 
shaking water bath with gentle agitation. 
Add the labeled probe from Section 3.1.) step 5 to the prehybridization 
buffer at a concentration of either 10 or 2-5 ng/mL depending on applica- 
tion (see Note 10). Avoid placing the probe directly on the membrane and 
mix gently. Contmue incubation with gentle agitation for between 2 h and 
overnight at 42°C. 

3.3. Stringency Washes 
Preheat enough primary wash buffer to 42°C to allow two washes of 2 mL 
buffer/cm2 membrane (see Note 11). 
Carefully transfer the blot from the hybridization container to half of the 
prewarmed primary wash buffer m a clean contamer. Incubate at 42°C m a 
shaking water bath for 20 min. Discard the wash buffer, replace with the 
remaining buffer, and incubate with agitation for a further 20 mm at 42°C. 
Discard the wash buffer, place the blot m a fresh container, and add an 
excess of secondary wash buffer (at least 2 mL buffer/cm2 membrane) 
Incubate for 5 mm at room temperature with gentle agitation. Discard the wash 
buffer and repeat this step with fresh secondary wash buffer (see Note 12). 
The blot may be temporarily stored at this stage if required (see Note 13). 

3.4. Detection 
Combine equal volumes of detection reagents 1 and 2 so that there is a 
sufficient amount for 0.125 mL combined reagents/cm2 membrane (see 
Note 14). 
Using forceps, carefully remove the blot from the final secondary wash 
buffer. Dram off the excess wash buffer by touching the bottom edge of 
the blot onto a paper towel. Place the blot, sample side uppermost, onto a 
sheet of Saran Wrap on the bench. 
Cover the blot evenly with the freshly mixed detection reagents and leave 
for 1 min. From this stage, it is advisable to work as quickly as possible to 
mmimize the delay between addition of substrates and exposure to film. 
Using forceps to hold the blot, dram off the excess detection reagents by 
touching the bottom edge of the blot onto a paper towel. Place the blot 
nucleic acid side down onto a sheet of Saran Wrap in a film cassette. 
Fold over the Saran Wrap to wrap the blots completely, but ensure that 
only a single layer covers the sample side. Turn the blots so that the sample 
side is uppermost. 
In a darkroom with a red safelight, place a piece of blue-light-sensitive 
film on top of the blot, shut the cassette and expose at room temperature 
for the required length of time (see Note 15). Develop film under normal 
conditions. 



Horseradish Peroxidase-Labeled Probes 73 

4. Notes 

1. Between 10 (100 ng) and 150 PL (1.5 pg) probe may be labeled in each 
tube. Labehng efficiency will be reduced if the volume of nucleic acid 
exceeds 150 p.L/tube. 

2. Complete denaturation of double-stranded probes is essential for maximal 
labeling. Extending the length of this step should be considered when using 
heating blocks, since these can be less efficient at denaturation than boil- 
ing water baths. The denaturation step is not strictly necessary for smgle- 
stranded probes, although in general, denaturation of RNA is advisable to 
avoid secondary structure. 

3. Since labeling 1s achieved in part through an ionic interaction between the 
negatively charged nucleic acid and the positively charged labeling reagent, 
the concentration of salt in the sample to be labeled should not exceed 10 mM 

4. It is important to use equivalent volumes of nucleic acid and labeling reagent 
for maximum labeling efficiency. Accurate assessment of probe concen- 
tration (10 ng/pL) is essential to achieve maximum sensitivity. 

5. Probes once labeled are single-stranded and may be used m any membrane 
hybridization apphcation. If they are to be stored for more than 15 min, 
sterile glycerol should be added to a final concentration of 50% (v/v), and 
the probe stored at -20°C until required. Probes stored for up to 12 mo 
have been used in hybridization with no appreciable loss of sensitivity. 

6. A concentration of 0.5MNaCl has been found to be suitable for a variety 
of probes, although in some cases, it may be found necessary to vary this 
concentration for optimal stringency. 

7. Blots > 100 cm2 should be prewet in 5X SSC before addition to the hybridiz- 
ation buffer. The highest sensitivity detection is obtained with charged nylon 
hybridization membranes, such as Hybond-N+ (Amersham International). 
However, for many applications, satisfactory results can be obtained with 
uncharged nylon (e.g., Hybond-N) or nitrocellulose (e.g., Hybond-ECL). 

8. For hybridization carried out in boxes, a volume of buffer equivalent to 
0.25 mL/cm2 membrane is recommended. If the box is significantly larger 
than the blot, then the volume used should correspond to the area of the 
bottom of the box. Several blots may be hybridized together if adequate 
circulation of the buffer is maintained, so that the blots can move freely. 
Increased backgrounds will otherwise result. 

9. Hybridizations may also be carried out in bags or tubes. In these cases, a 
buffer volume of 0.125 mL/cm2 may be sufficient. When using tubes, it is 
important to exclude any an bubbles trapped between the hybridization 
tube and the membrane, since this can lead to patches of high background 
following detection. Nylon mesh may be used if there is significant over- 
lap of the blot to ensure good access of probe. 
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10. Final probe concentration (10 ng/mL) and overnight hybridization will give 
maximum sensitivity and are necessary for the detection of low levels of 
target, such as single-copy genes on mammahan genomic Southerns. How- 
ever, for low-sensitivity applications, such as many plaque or colony 
screens or for detection of PCR products or bacterial genes, it may be pos- 
sible to use a lower probe concentration (2-5 ng/mL) in conJunction with a 
2-h hybridization. 

11. Strmgency is controlled in the primary washes by the concentration of SSC. 
The primary wash contains 5X SSC, but higher stringency and hence more 
specific hybridization signal can be obtained with lower concentrations of SSC, 
such as 0.1X SSC. Generally, this wash will contain 6Murea and is performed 
at 42°C. However, it is possible to achieve smular results using primary wash 
without urea with incubation at 55°C In this case, the total wash time should 
not exceed 20 mm in order to conserve peroxidase acttvity. 

12. The secondary washes are included to ensure removal of SDS, which may 
interfere with the enhanced chemilummescence reaction. 

13. Blots may be stored for up to 24 h at 4”C, wetted in secondary wash buffer, 
and wrapped m Saran Wrap. After storage, the blots should be rinsed 
briefly in fresh secondary wash buffer just before detection. 

14. The detection reagents should ideally be kept separate until immediately 
before detection to avoid gradual chemical decomposition of the substrates. 
However, if not used immediately, it is possible to store the prepared solu- 
tion on ice for up to 30 mm. 

15. For mmal experiments, an exposure of 30-60 mm IS recommended for low 
target applications. An alternative approach is to carry out a short l-2 min 
mitral exposure and use this to judge the length of the subsequent expo- 
sure. For plaque and colony screens m contrast, it is important to use the 
minimum film exposure time that enables positive colonies/plaques to be 
unambiguously determined m order to avoid false positives. 
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CHAPTER 11 

3’1End Labeling of Oligonucleotides 
with Fluorescein-II-dUTP and Enhanced 

Chemiluminescent Detection 

Martin Cunningham, Ian Durrant, 
and Bronwen Harvey 

1. Introduction 
In this reaction, the enzyme terminal transferase is used to introduce a 

short tail of fluorescein nucleotides to the 3’-end of an oligonucleotide 
(I) followed by horseradish peroxidase-catalyzed enhanced chemilumi- 
nescent detection of the labeled hybrids. This approach is used in the 
ECL 3’-oligolabeling and detection system (Amersham International, 
Amersham, UK) for hybridizations on membranes. In general, oligo- 
nucleotide probes are used for lower sensitivity applications, and the 
combination of fluorescein-labeling and enhanced chemiluminescent 
detection allows as little as 20 x lo-‘* mol of homologous target to be 
detected within a 1 -h exposure. 

2. Materials 
Components for labeling and enhanced chemiluminescent detection 

are available in kit format as the ECL 3’-oligolabeling and detection sys- 
tem (Amersham International, plc). These components, together with 
additional solutions and reagents required, are described below. 

2.1. Oligonucleotide Labeling 
1. Fluorescem-l I-dUTP: This nucleotide is supplied in the ECL 3’- 

ohgolabeling and detection system. 
2. Termmal transferase: 2 U/uL as supplied in the ECL 3’-ohgolabeling and 

detection system. 
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3. Cacodylate buffer: 10X concentrated buffer, pH 7.2, as supphed m the 
ECL 3’-oligolabeling and detection system. Warning: Cacodylate is a 
highly toxic compound; follow all safety warnings and precautions. 

4. TE buffer: 10 mA4 Tris-HCl, pH 8.0, 1 mA4 EDTA. 

2.2. Hybridization 
1. Liquid block: supplied m the ECL 3’-oligolabeling and detection system 

for use m hybridtzatton buffer and membrane blocking solution, 
2. Hybridization buffer component: supplied in the ECL 3’-ohgolabelmg and 

detection system to maximize signal to noise during hybridization. 
3. 20% (w/v) SDS stock solution. 
4. 20X SSC: 0.3M sodium citrate, 3M NaCl. 

2.3. Washing the Membrane 
1. 20% (w/v) SDS stock solution. 
2. 20X SSC: 0.3Msodium citrate, 3MNaCl. 

2.4. Membrane Blocking, 
Antibody Incubations, and Washes 

1. Antifluorescein HRP conjugate: 1000X stock supplied m the ECL 3’- 
ohgolabelmg and detection system. The conjugate has been prepared and 
formulated to give low background during membrane hybridizations. 

2. Buffer 1: O.lWNaCl, O.lMTris, pH 7.5. 
3. Buffer 2: 0.4MNaC1, O.lMTris, pH 7.5. 
4. Bovine serum albumin (BSA) fraction V: for example, Sigma (St. Louis, 

MO) product code A-2 153, 

2.5. Signal Generation and Detection 
1. ECL detection reagent 1: This contains specially purified luminol and the 

ECL enhancer m a borate buffer. 
2. ECL detection reagent 2: This contains a peracid salt in borate buffer. 
3. Saran Wrap TM (Dow Chemical Company): This is used at various stages 

during the procedure and does not absorb UV or blue light. 
4. Blue-sensitive autoradiography film: a film optimized for the light detec- 

tion is available (Hyperfilm T”-ECL, Amersham). However, other X-ray 
films are suitable, e.g., Hyperfilm-MP, Kodak-AR. It is also possible to 
detect the light output on a charge-coupled device camera. 

3. Methods 
3.1. Oligonucleotide Labeling 

This protocol allows the labeling of single-stranded oligonucleotides 
bearing a 3’-hydroxyl group. 
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1. Place the required tubes from the labeling components, excludmg the 
enzyme, on ice to thaw (see Note 1). 

2. To a 1.5mL conical polypropylene tube on ice, add the labeling reaction 
components m the following order 100 pmol oligonucleotlde, 10 uL fluo- 
rescein- 11 -dUTP, 16 JJL cacodylate buffer, water to 144 uL, 16 pL termi- 
nal transferase, giving a total of 160 pL (see Note 2). 

3. Mix gently by pipeting up and down in the pipet tip. 
4. Incubate the reaction mtxture at 37°C for 60-90 min. 
5. If desired, the reaction can be checked using the rapid labelmg assay (see 

Chapter 9). 
6. Store labeled probe on ice for immediate use or place at -20°C in the dark 

for long-term storage (see Note 3). 

3.2. Hybridization 

Hybridization temperature is dependent on the particular probe sequence 
to be used. Ideally, stringency is controlled by the posthybridization 
washes so that, for many systems, a hybridization temperature of 42°C 
will suffice. Generally, the hybridization temperature should be 5-10°C 
below the melting temperature (T,) of the oligonucleotide (2) (the pres- 
ence of the 3’-tail does not significantly alter the Tm value). 

1. The recommended hybridization buffer consists of the following components: 
5X SSC, 0.1% (w/v) hybribation buffer component, 0.02% (w/v) SDS, and a 
20-fold dilution of liquid block. Combine all the components, make up to the 
required volume, and mix well by stnrmg (see Notes 4 and 5). 

2. Place blot(s) into the hybridization buffer and prehybridtze at the required 
temperature, for a minimum of 30 min, m a shaking water bath. 

3. Add the labeled oligonucleottde probe to the buffer used for the prehybrid- 
ization step at a final concentration of 5-l 0 ng/mL (see Note 6). 

4. Hybridize at the required temperature for l-2 h m a shaking water bath 
(see Note 7). 

3.3. Washing the Membrane 

The stringency of the hybridization is controlled at this stage. The pres- 
ence of the 3’-tail does not affect the stringency conditions that would be 
required for an unlabeled sequence. Stringency can be altered by a com- 
bination of temperature and SSC concentration during the wash steps 
(see Note 8). 

1. Remove the blot(s) from the hybridization solution and place in a clear 
container. Cover with an excess of 5X SSC, 0.1% (w/v) SDS at a volume 
equivalent to approx 2 mL/cm2 of membrane. The blot(s) should move freely. 
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2. Incubate at room temperature for 5 min with constant agitation. 
3. Replace the wash buffer with fresh 5X SSC, 0.1% (w/v) SDS, and incubate 

for a further 5 min 
4. Discard the wash solution. Place blot(s) m a clean container, and cover 

with an excess of appropriate prewarmed stringency wash buffer. For many 
systems, a suitable wash buffer would contain 1X SSC, 0.1% (w/v) SDS. 

5. Incubate at the desired temperature (typically 42-50°C) for 15 min in a 
shaking water bath. 

6. Replace the stringency wash buffer with fresh solution (as m step 4), and 
incubate for a further 15 mm at the same temperature as in step 5. 

3.4. Membrane Blocking, 
Antibody Incubations, and Washes 

The following steps are performed at room temperature and all the 
incubations require constant agitation of the blot(s). 

1. Place the filters m a clean container, and rmse with buffer 1 for 1 min. Use 
2 mL of buffer for each cm2 of membrane 

2 Discard buffer 1 and replace with block solution (a 20-fold dilution of 
liquid block in buffer 1) equivalent to 0.25 mL/cm2 of membrane. Incubate 
for at least 30 mm. 

3. Rinse blot(s) briefly (1 mm) in buffer 1 using a volume as m step 1 above. 
4. Dilute the anttfluorescein HRP conjugate IOOO-fold in buffer 2 containing 

0.5% (w/v) BSA (fraction V). The amount of diluted antibody-conjugate 
solution prepared should be equivalent to 0.25 n&/cm2 of membrane. 

5. Incubate the blot(s) m the diluted antibody conjugate solution for 30 mm. 
6. Place filters m a clean container, and rinse with an excess of buffer 2 for 5 

min using a volume as m step 1 above. 
7. Repeat step 6 a further three times to ensure complete removal of nonspe- 

cifically bound antibody (see Note 9). 

3.5. Signal Generation and Detection 
This section is carried out as for ECL direct detection (see Chapter 

10). The exposure trme ~111 vary depending on the level of target mate- 
rial. Typical exposure times will vary from 1 to 10 min for high target 
applications to 10-60 min for low target applications. With high target 
systems, it is possible to perform multiple exposures. 

4. Notes 
1. Place the terminal transferase enzyme on tee immediately prior to use. 

Return the enzyme to a freezer at -2O’C as soon as the reqmred amount 
has been removed. 
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2. It is recommended that the oligonucleotide for labeling be dissolved (or 
diluted) in sterile distilled water. The weight corresponding to 100 pmol of 
an oligonucleotide is dependent on the length of the sequence: 

Number of bases Amount, ng 
15 500 
20 660 
30 1000 
50 1660 

If alternative levels of probe are to be labeled, then the volumes of the 
reactants and the final reaction volume should be altered in the same ratio 
as the change in the amount of probe. Reactions ranging from 25-250 pmol 
have been undertaken successfully. 

3. Purification of the probe after labeling is not necessary. 
4. For convenience, it is recommended that the hybridization buffer be made 

up in a large volume and stored in suitable ahquots at -20°C. Under these 
conditions, the buffer is stable for at least 3 mo. 

5. The volume of hybridization buffer should be equivalent to 0.25 mL/cm* 
of membrane. This may be reduced to 0.125 mL/cm* for large blots hybrid- 
ized m plastic bags or hybridizations m ovens. It is possible to alter the 
volume of buffer depending on the size of the container and the number of 
blots to be hybridized. It is essential that the blots should move freely 
wtthm the buffer. 

6. Avoid placing the probe directly onto the blot when mitiatmg hybridiza- 
tion. Alternatively, a small aliquot of the buffer may be removed and mixed 
with the probe before returmng the mixture to the bulk of the hybridization 
buffer. 

7. Hybridization time can be increased up to 17 h without any significant 
change in sensitivity. 

8. If the stringency wash solution shows any precipitation during storage 
at room temperature, it should be warmed shghtly before use, until all 
material has dissolved. The SSC concentration can be varied m the 
range 0. l-l X SSC to achieve the desired stringency, whereas the SDS 
concentration should remam constant at 0.1% (w/v). At a temperature 
of 3-5OC below the 7’, of the probe, these conditions should allow the 
discrimmation of perfectly matched sequences from those contammg 
mismatches (2). The stringency wash temperature can be as high as 
65OC, although when combined with changes in the SSC concentra- 
tion, it may not be necessary to go higher than 50°C to achieve the 
desired stringency. 

9. It is possible to store the blots in the final wash buffer for up to 30 min 
prior to proceeding to the detection stage. If longer-term storage is required, 
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remove the filter from the wash buffer, wrap in Saran Wrap, and store in a 
refrigerator at 2-8°C. Do not allow the filter to dry out. 
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CHAPTER 12 

The Preparation of Riboprobes 

Dominique Belin 

1. Introduction 
The isolation and characterization of RNA polymerases from the Sal- 

monella phage SP6 and the E. coli phages T7 and T3 have revolutionized 
all aspects of the study of RNA metabolism (Id). Indeed, it is now pos- 
sible to generate unlimited quantities of virtually any RNA molecule in a 
chemically pure form. This technology is based on a number of proper- 
ties of the viral transcription units. First, and in contrast to their cellular 
counterparts, the enzymes are single-chain proteins that 8:‘e easily puri- 
fied from phage-infected cells and are now produced by recombinant 
DNA technology. Second, they very specifically recognize their own 
promoters, which are contiguous 17-20 bp long sequences rarely 
encountered in bacterial, plasmid, or eukaryotic sequences. Third, the 
enzymes are highly processive, allowing the efficient synthesis of very 
long transcripts from DNA templates. In this chapter, the preparation of 
the DNA templates and the transcription from the template of 32P- 
labeled synthetic RNA molecules, commonly called riboprobes, will be 
discussed. 

Riboprobes can be used in Southern and Northern hybridizations by 
following the same general principles as for DNA probes. They avoid 
the self-annealing problem of double-stranded DNA probes that leads to 
decreased availability of the probe for hybridization to the immobilized 
target; this is particularly critical with heterologous probes, where the 
reannealed probe may displace incompletely matched hybrids. Self- 
annealing, of course, do not occur with single-stranded RNA probes, but 
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most difficulties encountered with riboprobes stem from the increased 
thermal stability of RNAKNA hybrids. Thus, crosshybridization of GC- 
rich probes to rRNAs can generate unacceptable backgrounds. This prob- 
lem is often solved by increasing the stringency of hybridization, as 
illustrated in Fig. 1. Alternatively, the template may have to be shortened 
to remove GC-rich regions from the probe. 

2. Materials 
These protocols require the use of standard molecular biological mater- 

ials and methods for carrying out subcloning, polymerase chain reaction 
(PCR), and gel electrophoresis, in addition to those listed below. More 
rigorous precautions are required for working with RNA than commonly 
used for most DNA studies, since it is important to eliminate RNase con- 
tamination. The two major sources of unwanted RNases are the skin of 
investigators and microbial contamination of solutions, Most RNases do 
not require divalent cations and are not irreversibly denatured by auto- 
claving. Gloves should be worn and frequently changed. Sterile 
plasticware should be used, although some mechanically manufactured 
tubes and pipet tips have been used successfully without sterilization. 
Glassware should be incubated at 180°C rn a dried baking oven for sev- 
eral hours. 

Restriction enzyme digestion and PCR are described in Chapters 2 
and 34, respectively. 

1. Water: Although a number of protocols recommend treatment of the water 
used for all the solutions with diethylpyrocarbonate, I find this to be 
unnecessary. Double-distilled water is used for the preparation of stock 
solutions that can be autoclaved (12 1 “C, 15-30 mm), and sterilized water 
is used otherwise. 

2. TE: 10 mMTris-HCl, pH 8.1, 1 mM EDTA 
3. 10X TB: 0.4A4 Tris-HCl, pH 7.4, 0.2M NaCl, 60 mM MgCl,, 20 mM 

spermidine. If ribonucleotides are used at a concentration >O.S mA4 each, 
the MgCl* concentration should be increased to provide a free magnesmm 
concentration of 4 mA4 

4. 0.2M DTT: The solution is stored m small aliquots at -2OOC. Aliquots 
are used only once. EDTA can be included at 0.5 mh4 to stabilize DTT 
solutions. 

5. Rrbonucleotrdes: Neutralized solutions of ribonucleotrdes are commer- 
cially available or can be made up from dry powder (see Note 1). Rtbo- 
nucleotide solutions can be stored at -20°C for a few months. 
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Fig. 1. (A) Effect of UV crosslinking. Northern blot hybridization of PAI- 
mR.NA in murine total cellular RNA with homologous cRNA probe. Lanes 1 
and 2: 5 pg of placental RNA (15.5 and 18.5 d of gestation), which do not contain 
detectable levels of PAI- mRNA. Lane 3: 1 pg of LPS-induced macrophage 
RNA, an abundant source of PAI- mRNA (IS,. All samples were electrophore- 
sed and transferred together. After cutting the membrane, each filter was UV 
treated as described. The filters were hybridized together at 58OC, washed at 
7O”C, and exposed together. Crosshybridization of the probe to 28s rRNA is 
more pronounced after UV irradiation, and specific hybridization is decreased 
after 5 min of UV exposure. (B) Effect of hybridization temperature. Northern 
blot hybridization of c-fos mRNA in rat total cellular RNA with a murine v-fos 
cRNA probe. Lane 1: uninduced cells. Lane 2: partially induced cells. Lane 3: 
fully induced cells (M. Prentki and D. B., unpublished). All samples were elec- 
trophoresed and transferred together. The filters, which were not UV 
crosslinked, were hybridized and washed in parallel at the indicated tempera- 
tures. The four filters were exposed together. Crosshybridization of the probe 
to 28s rRNA was essentially abolished by hybridizing at 68OC. Some specific 
signal was lost with the 75°C stringency wash. 
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6. BSA: bovine serum albumin at 2 mg/mL. Store at -20°C. 
7. RNase Inhibitor: placental RNase inhibitor at UIyL. Store at -20°C. 
8. RNA polymerase stocks: the three RNA polymerases, T3, T7, and SP6, 

are available commercially. Store at -20°C. 
9. RNA polymerase dilution buffer. 50 mM Trrs-HCl, pH 8.1, 1 mM DTT, 

0.1 mM EDTA, 500 pg/mL BSA, 5% glycerol Diluted enzyme is un- 
stable and should be stored on ice for no more than a few hours. 

10. RNase-free DNase. 
11. Stop mix: 1% SDS, 10 mM EDTA, 1 mg/mL tRNA. The tRNA may be 

omitted 
12. TEN: 10 rnMTris-HCl, pH 8.1, 1 MEDTA, and 100 MNaCl. 

3. Methods 
3.1. Linearized Plasmid Templates 

for Runoff Transcription 
1. Subclone the desired gene fragment mto an appropriate transcrrptton 

vector (see Note 2). 
2. Isolate plasmtd DNA by alkaline lysis from a 30-l 00 mL of saturated 

culture. Plasmid DNAs are purified by CsWethtdium bromide centrifuga- 
tion or by precipitation with polyethyleneglycol (see Note 3). 

3. Linearize 2-20 pg of plasmtd DNA with an appropriate restriction enzyme 
(see Note 4). Verify the extent of digestion by electrophoresmg an ahquot 
(0.2-0.5 pg of DNA) in agarose minigels in the presence of ethtdium bro- 
mide (0.5 l.tg/mL) (see Note 5). 

4. Purify the restricted DNA by two extracttons with phenol/chloroform, and 
remove residual phenol by one extraction with chloroform. Precipitate the 
DNA with ethanol. If little DNA is present (below 5 pg), add 10 pg of 
glycogen as a carrier; this carrier has no adverse effect m the transcription 
reactions. After washing the ethanol pellet, the DNA is dried m air and 
resuspended in TE at 1 pg/pL. 

3.2. Synthetic and PCR-Derived Templates 
The major limitation in using restrrction enzymes to clone inserts and to 

linearize plasmid templates is that appropriate sites are not always available. 
Furthermore, the transcripts will almost always contain 5’-and 3’-portions, 
which differ from those of the endogenous RNA. One possibility to circum- 
vent these difficulties is based on the transcription of small DNA fragments 
obtained by annealing of synthetic oligodeoxynucleotides (6,7). An alterna- 
tive and more general approach is presented that generates the transcription 
templates via PCR amplification of plasmid DNA. In theory, such templates 
could direct the synthesis of virtually any RNA sequence. 
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1. Design the S-prtmer, which has a composite sequence: Its S-portton is 
constituted by a minimal T7 promoter, and its 3’-portion corresponds to 
the beginning of the transcript (see Note 6). Six to ten nucleottdes are usu- 
ally sufficient to prime DNA synthesis on the plasmid template. 

2. Design the 3’-primer, which is usually 17-20 nucleotides long and defines 
the 3’-end of the transcript (see Note 7). 

3. PCR-amplify 2-50 ng of plasmtd DNA in a total volume of 100 pL. Verify 
that a DNA fragment of the expected size has been amplified, and estimate 
the amount of DNA by comparison with known standards. 

4. Purify the DNA as described m Section 3.1.) step 4 and resuspend in TE at 
an appropriate concentration. The PCR-derived templates are transcribed 
at lower DNA concentrations than plasmids to maintain the molar ratio of 
enzyme to promoter; I use 3 pg/mL for a lOO-bp fragment. 

3.3. Basic Transcription Protocol 
for Radioactive Probes 

1 Assemble the transcription mixture to a total volume of 20 pL by adding in 
the following order: water (as required), 2 PL of 1 OX TB, 1 IJL of BSA, 
1 PL of 0.2MDTT, 0.5 pL of RNase inhibitor, 2 pL of a 5 mM solution 
of each ribonucleotide (i.e., ATP, GTP, CTP), 10 PL of a[32P]-UTP 
(400 Ci/mmol, 10 mCi/mL), 1 JJL of restricted plasmid DNA template, and 
0.25-0.75 PL of RNA polymerase (see Notes 8 and 9). 

2. Incubate for 40 mm at 37°C for T7 and T3 RNA polymerases or 40°C for 
SP6 RNA polymerase. After addition of the same number of units of enzyme 
(see Note 9), incubate for a further 40 min. 

3. Degrade the template with RNase-free DNase (1 U/pg of DNA) for 20 min 
at 37°C. Stop the reaction by adding 40 ILL of Stop mix. 

4. After two extractions with phenol/chloroform, in which the organic phases 
are back-extracted with 50 pL of TEN, the combmed aqueous phases are 
purified from unincorporated ribonucleotides by spun-column centrifuga- 
tion. The spun-column is prepared by fillmg disposable columns (QS-Q, 
Isolab) with a sterile 50% slurry of G-50 Sephadex (Pharmacia) in TEN 
and followed by centrifugation for 5 min at 200g. The samples are care- 
fully deposited on top of the dried resin, and the column is placed in a 
sterile conical centrifuge tube. After centrifugation for a further 5 min at 
2009, 200 PL of TEN are deposited on top of the resin and the column 
recentrifuged. The eluted RNA, approx 200400 pL, is ethanol-precipi- 
tated and resuspended m water (see Note IO). 

5. Measure the incorporation efficiency by countmg an aliquot (see Note 11). 
The size of the transcript may be verified by electrophoresrs on polyacry- 
lamide/urea gels (see Chapter 47 and Note 12). 
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4. Notes 
1. Powdered ribonucleotides should be resuspended m water, neutralized to 

pH 6-8 with 1M NaOH or HCl, and adjusted to the desired concentration 
by measuring the UV absorbance of appropriate diluttons: 

100 mM ATP: 1540 absorbance units at 259 nm. 
100 mM GTP: 1370 absorbance units at 253 nm. 
100 mM CTP: 910 absorbance units at 271 run. 
100 mM UTP: 1000 absorbance units at 262 nm. 

The integrity of ribonucleotide solutions can be verified by thin-layer 
chromatography on PEI-cellulose (PEICEL300). The resin 1s first washed 
with water by ascending chromatography to remove residual UV-absorb- 
ing material and dried. Ten to thirty nanomoles of rtbonucleotides are 
deposited on the resin, which is then resolved by ascending chromatogra- 
phy with 0.5M KI-I,P04, adjusted to pH 3.5 with HsPO+ After drying, the 
ribonucleottdes are detected by UV shadowing at 254 nm. 

2. All the vectors that are commercially available consist of high-copy- 
number E. coli plasmids derived from ColE 1. The original plasmids 
(pSP64 and pSP65, Promega) contamed only one SP6 promoter located 
upstream of multiple cloning sites (MCS) (2). In the second generation 
of plasmids, two promoters m opposite orientation flank the MCS, 
allowing transcrtptton of both strands of inserted DNA fragments. The 
pGEM series (Promega) contam SP6 and T7 promoters (51, whereas 
the pBluescriptTM series (Stratagene, La Jolla, CA) contam T7 and T3 
promoters. 

The choice of plasmtd 1s mostly a matter of personal preference, although 
it can be influenced by the properties of individual sequences. For instance, 
premature termination with SP6 transcripts has frequently been observed. 
The nature of the termnation signals is not completely understood (4,8), 
and their efficiency can be more pronounced when one ribonucleotide 1s 
present at suboptimal concentratton. The problem 1s often solved by reclon- 
ing the inserts m front of a T7 or T3 promoter. The partial recognitton of 
T7 promoters by T3 polymerases may result, however, m the transcription 
of both strands when the ratio of enzyme to promoter is not carefully con- 
trolled. This can be a source of arttfacts, particularly when the templates 
are lmeartzed within the cloned inserts. 

3. It is possible to use plasmid DNA from “mimpreps,” although transcrip- 
tion effctency can be reduced, parttcularly with SP6 polymerase. The RNA 
present in the “minipreps” is digested with pancreatic RNase (20 pg/mL), 
which is then removed during purification of the linearized templates. 
Spun-column centrifugation of the digested “mmipreps” can improve tran- 
scription efficiency. 
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4. Since RNA polymerases can mttiate transcription unspecifically from 3’- 
protruding ends, restriction enzymes that generate 5’-protruding or blunt 
ends are usually preferred (4,9) If the only available site generates 3’ pro- 
truding ends, the DNA can be blunt-ended by exonucleolytic digestion 
using T4 DNA polymerase or the Klenow fragment of DNA polymerase I. 
Restriction with enzymes that cut the plasmids more than once may also be 
used, provtded that the promoter is not separated from the insert. 

5. The plasmids must be linearized as extensively as possible. Since circular 
plasmids are efficient templates, their transcription may yield RNA mol- 
ecules that can be up to 20 kb long and thus incorporate a significant por- 
tion of the available ribonucleotide. 

6. There are additional constraints on the 5’ sequence of transcripts, since it 
has been shown that the sequence immediately downstream of the start site 
may effect the efficiency of elongation mode. The first 6 nucleotides have 
a strong influence on promoter efficiency. In particular, the presence of 
uracil residues is usually detrimental (6,7). It may be necessary, therefore, 
to include in the 5’-end of the transcripts 5-6 nucleotrdes that differ from 
those present m natural RNA. A srmtlar case has been reported for SP6 
polymerase (10, I I). This author has used a number of composite T7 pro- 
moters whose efficrency is summarized below. In additron to the promoter 
sequence (5’-TAATACGACTCACTATA) at the 5’-end, the next 6 nucle- 
otides of the templates are: 

Efficient promoters Inefficient promoters 
GGGAGA (T7 consensus) GTTGGG (5% efficiency) 
GGGCGA (PBS plasmids) GCTTTG (1% efficiency) 
GCCGAA 

7. The 3’-end of the transcripts should be exactly defined by the 5’-end of the 
downstream primer. However, during transcription, template-independent 
addition of l-2 nucleottdes usually generates populations of RNA with 
differing 3’-ends. The proportion of each residue at the 3’-end may depend 
on context and is influenced by the relative concentration of each ribo- 
nucleotlde, a limitmg ribonucleotide being less frequently incorporated 
(.,6 7,121 

8. The order of addition of components may be changed. Remember that 
dilutions of RNase inhibitor are very unstable in the absence of DTT, and 
that DNA should not be added to undiluted 1 OX TB. The temperature of all 
components must be at least at 25°C to avoid precipitation of the 
DNA:spermidine complex. Smce the radioactive nucleotides are provided 
in well-msulated veals, they can take up to IO-15 min after thawing to 
reach an acceptable temperature. I routinely incubate all components, 
except the RNase inhibitor and the polymerase, at 30°C for 15-20 min. 
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When more than one probe is to be synthesized, a reaction mixture with all 
components 1s added to the DNA template. It has also been possible to 
reduce the total volume to as small as 8 PL in order to conserve materials. 
However, since the enzymes are sensitive to surface denaturation, these 
incubations are done m 400~PL veals. 

9. For SP6 polymerase, use 4-6 U/pg of plasmid DNA (size: 34 kbp). For 
T7 and T3 polymerases, use 1 O-20 U/pg of plasmtd DNA. 

10. The purification step (Section 3.3., step 4) may not be required, and some 
investigators use the transcription mixtures directly in hybrrdtzation 
assays, However, low backgrounds, consistency, and quantitation of the 
newly synthesized RNAs may Justify the additional time and effort. 

11. More than 50% of the labeled ribonucleotide is routinely incorporated and 
often this is >80% An input of 50 uCi may therefore yteld up to 4 x lo7 
Cerenkov-cpm of RNA. This represents 125 pmol of UMP and, assuming 
no sequence bias (i.e., 25% of residues are uracil residues), 130 ng of RNA 
(SA: 3 x lo* Cerenkov-cpmug). 

Similar results are obtained with labeled CTP and GTP, although GTP 
rapidly loses tts incorporation efficiency on storage. ATP is not routmely 
used because of its higher K,,, (2). UTP is particularly stable and can be used 
even after several weeks, once radioactive decay is taken mto account. 
With each labeled ribonucleotide, the initial concentratton must be >12.5 @4 
to ensure efficient incorporation and to prevent polymerase pausing. 
3H-labeled probes may also be made for use m zn situ hybridization (see 
ref. 23 for a detailed protocol). 

The T4 gene 32 protein can increase transcrrption efficiency when added 
at 10 l.tg/pg of template DNA (D. Caput, personal communication). It has 
been recently reported that a reduction of premature termination and an 
increase synthesis of large full-length transcripts (size >l kb) can be obtained 
by performmg the transcription at 30°C or at room temperature (4,14) 

12. Large transcripts that do not enter the polyacrylamtde gel are diagnostic of 
incompletely linearized templates. Small transcripts are indicative of 
extensive pausing or premature termination. 
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CHAPTER 13 

Native Polyacrylamide 
Gel Electrophoresis 

Adrian J. Harwood 

1. Introduction 

Agarose gel electrophoresis is generally adequate for resolving nucleic 
acid fragments in the size range of 100 nucleotides to around 10-l 5 kb. 
Below this range, fragments are both difficult to separate and hard to 
visualize because of diffusion within the gel matrix. These problems are 
solved by native polyacrylamide gel electrophoresis (PAGE). Using 
native PAGE, fragments as small as 10 bp and up to 1 kb can be sepa- 
rated with a resolution of as little as 1 in 500 bp. 

Native PAGE also has a number of other advantages. It has a high 
loading capacity; up to 10 pg of DNA can be loaded into a single well 
(1 cm x 1 mm) without significant loss of resolution. Polyacrylamide 
contains few inhibitors of enzymatic reactions, so PAGE is an ideal gel 
system from which to isolate DNA fragments for subcloning and other 
molecular biological techniques. It has two disadvantages. The mobility 
of the fragments can be affected by base composition, making accurate 
sizing of bands a problem. In addition, polyacrylamide quenches fluo- 
rescence, making bands containing X25 ng difficult to visualize by 
ethidium bromide staining; alternative means of visualizing DNA frag- 
ments are discussed in Chapters 14 and 15 and Note 1. 

In this chapter I describe the preparation and use of native PAGE 
gels. I also describe a method for gel purification from polyacrylamide 
gel slices. 
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2. Materials 
2.1. Separation of DNA Fragments 

1. Gel apparatus: Many designs of apparatus are commercially available. 
The gel is poured between two vertical plates held apart by spacers (see 
Note 2). 

2. Deionized H20* Autoclaved water is not necessary for the gel mix or run- 
ning buffer, but should be used for dllutmg samples and purification from 
gel slices. 

3. 10X TBE: 108 g of Trlzma Base (Tris), 55 g of boric acid, and 9.3 g of 
EDTA (disodmm salt). Make up to 1 L with deionized H20, but it should 
be discarded when a precipitate forms. 

4. Acrylamide stock* 30% acrylamide, 1% WV’-methylene btsacrylamide. 
Store at +4”C. This 1s commercially available, or alternattvely can be made 
by dissolving acrylamide and bisacrylamide in water; this should be fil- 
tered. Acryalmide is a neurotoxin and therefore must be handled carefully. 
Gloves and a mask must be worn when weighing out. 

5. APS: 10% ammomum persulfate (w/v). Can be stored at +4”C for several 
months. 

6. TEMED: N,N,N’,N’-Tetramethyl-1,2-diammoethane. Store at +4”C 
7. 5X sample buffer: 15% Ficoll, 2.5X TBE, 0.25% (w/v) xylene cyanol, and 

0.025% (w/v) bromophenol blue. 
8. Ethldmm bromide: A 10 mg/mL solution of ethtdmm bromide. Ethldmm 

bromide is a potent mutagen and should be handled with care. Store at 4°C 
m the dark. 

2.2. Purification of DNA Fragments 
9. Elution buffer: 0.5M Ammonium acetate, 1 mA4 EDTA pH 8.0. 

10. TE: 10 mMTris-HCl, pH 7.5, 1 mA4 EDTA. Sterilize by autoclavmg. 
11. Sodium acetate: 3M sodium acetate, pH 5.2. 

3. Methods 
3.1. Separation of DNA Fragments 

1. For 50 mL, enough for a 18 x 14 x 0.15 cm gel, mix 10X TBE, acrylamide, 
HzO, and APS as described in Table 1. 

2. Just prior to pouring add 50 uL of TEMED, and mix by swuhng. 
3. Immediately pour the gel mix between the gel plates and insert the gel 

comb. Leave to set; this takes about 30 mm. 
4. Fill the gel apparatus with 0.5X TBE and remove the comb. Use a syringe 

to wash out the wells; this may take multiple washes. It is important to 
remove as much unpolymerized acrylamide as possible because this 
impairs the running of the samples (see Note 3). 
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Acrylanude concentratron 3 5% 5% 12% 

10X TBE 2.5 mL 25 mL 25 mL 
Acrylamrde stock 5.8 mL 83 mL 20.0 mL 
dH,O 41.3 mL 388 mL 271 mL 
APS 350.0 pL 350.0 pL 350 0 pL 

Effective of range separatron 100-2000 bp 80-500 bp 40-200 bp 

6. Add 0.2 vol of 5X sample buffer to each sample, usually in 10-20 PL of 
TE, water, or enzyme buffer. MIX and spm the contents to the bottom of 
the tube (see Note 4). 

7. Load the samples on the gel and run at 200-300 V (approx 10 V/cm) until 
the bromophenol blue band is two-thirds of the way down the gel; this 
takes about 2.5 h (see Note 5). 

8. Disassemble the gel apparatus and place the gel to stain m 1 mg/mL of 
ethidium bromide for approx 30 mm. View the stained gel on a transillu- 
minator. Alternative visualization methods are described in Notes 1 and 6 
and Chapter 14. 

3.2. Purification of DNA Fragments 

A number of methods are available to extract DNA from polyacryla- 
mide gel slices. I find the “crush and soak” method (I) a simple and 
effective way of purifying DNA from both native and denaturing poly- 
acrylamide gels. 

1. Cut the DNA band from the gel using a new scalpel blade, and place in a 
1.5-mL tube. 

2. Break up the polyacrylamide gel slice with a yellow pipet tip, and add 
between 1 and 2 vol of elution buffer. 

3. Seal the tube with Para-filmTM, and incubate at 4°C on a rotating wheel for 
3-4 h for fragments smaller than 500 bp or overnight for larger fragments. 

4. Spin out the lumps of polyacrylamide by centrifugation at 10,OOOg for 10 
min, and carefully remove the supernatant. Add an additional 0.5 vol of 
elution buffer to the pellet, vortex briefly, and recentrifuge. Combine the 
two supernatants. 

5. Add 2 vol of ethanol and place on ice for 10 mm. Centrifuge at 12,OOOg for 
15 min. 

6. Redissolve the pellet in 200 pL of TE and add 25 pL of 3M sodium 
acetate. Add 400 PL of ethanol, and precipitate as m step 5. 
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7. Rinse the pellet once with 70% ethanol, and air-dry. 
8. Resuspend in an appropriate volume of TE, and check the yield by gel 

electrophoresis. 

4. Notes 

1. High concentrations of DNA, e.g., as experienced when purifying ohgo- 
nucleotides, can be visualized without ethidium bromide staining by UV 
shadowing. This is carried out by wrapping the gel m a UV-transparent 
plastic film, such as Saran WrapTM, and then placing it onto a thin-layer 
chromatography plate that contams an ultraviolet (UV) fluorescent indica- 
tor (Merck 60F254, cat. no. 5554). Long-wave UV light is shone through 
the gel onto the chromatography plate, causing it to glow. Regions of high 
DNA concentration leave a “shadow” on the plate as the transmitted UV 1s 
absorbed by the DNA. The position of the DNA can be marked on the 
Saran Wrap with a fiber-tip pen and then cut from the gel. 

2. Grease and dirt on the plates can cause bubbles to form while pouring the 
gel; the plates therefore should be cleaned thoroughly and then wiped with 
ethanol. To help ensure that the gel only sticks to one plate when the appa- 
ratus is disassembled, siliconize one of the gel plates. This is easily done 
by wtpmg the plate with a tissue soaked in dimethyl dichlorosilane solu- 
tion and then washing in distilled water followed by ethanol. If the plates 
are baked at 100°C for 30 min, the silicomzation will last 4-5 gel runs. 

3. If separating very small fragments, <50 bp, the gel should be prerun for 30 
min, because this elevates the resolution problem experienced with frag- 
ments running close to the electrophoresis front. 

4. High salt buffers (above 50 mM NaCl) will affect sample mobility and 
tend to make bands collapse. In thts case, salt should be removed by etha- 
nol precipitation 

5. Do not run the gel faster than 10 V/cm, because this will cause the gel to 
overheat, affecting the resolutton. The gel can be run more slowly, e.g., 75 
V will run overnight. 

6. If the samples are radiolabeled (see Chapter 15), the gel should be fixed m 
10% acetic acid, transferred to 3MM paper (Whatman, Maidstone, UK), 
and dried. The dried gel is autoradiographed. If a band is to be isolated 
from the gel, it can be wrapped m plastic film and autoradiographed wet. 
The autoradiograph is then ahgned with the gel and the band cut out and 
purified as in Section 3.2. 

Reference 
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CHAPTER 14 

Use of Silver Staining 
to Detect Nucleic Acids 

Lloyd G. Mitchell, Angelika Bodenteich, 
and Carl R. Merril 

1. Introduction 
Silver stains are useful for the detection of nanogram amounts of pro- 

teins or nucleic acids in acrylamide gels or on various membranes. They 
have been shown to be more sensitive than organic stains in detecting 
proteins and DNA. They are capable of detecting as little as 0.03 ng/mm2 
of DNA (I). In addition, silver stains avoid the mutagenic hazards pre- 
sented by both ethidium bromide and radioactive detection methods. 

The thirteenth century alchemist, Count Albert von Bollstadt, was the 
first to record that silver nitrate would stain organic material, including 
human skin. However, silver was not employed in scientific studies until 
1844, when Krause used silver to stain histological tissues. Histological 
silver stains were further developed by the anatomists Golgi and Cajal. 
The first silver stains used on polyacrylamide gels were adapted from 
these histological stains. They were quite tedious, requiring numerous 
steps and solutions. They took 3 h to perform (2). Continued research on 
the use of silver staining to detect proteins and nucleic acids separated in 
polyacrylamide has resulted in a number of simplified protocols. It has 
also extended our knowledge of the mechanisms underlying these stains. 

Silver images of protein or nucleic acid patterns are produced by a 
difference in the oxidation-reduction potential in regions occupied by 
nucleic acids or proteins compared to the surrounding gel or membrane 
(3,4,. This redox potential catalyzes the reduction of ionic to metallic 
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silver. A positive (dark) image will be produced if the region occupied 
by nucleic acid or protein has a higher redox potential than the surround- 
ing region, whereas a negative image will result if the redox potential is 
higher in the surrounding matrix. The redox potentials may be altered 
by manipulating the chemistry of the staining solutions. Experiments 
with nucleic acids and their components have implicated the purines as 
the active subunits in the silver staming reaction (5,. 

There are three general chemistries utilized in silver staining: diamine 
or ammoniacal stains, nondiamine chemical reduction stains, and photo- 
chemical stains. The diamine silver stains, which were initially devel- 
oped for the visualization of nerve fibers (6), were the first type of silver 
stain employed to detect biopolymers separated on polyacrylamide gels. 
The diamine stains rely on the formation of silver diamine complexes in 
the presence of ammonium hydroxide. To produce an image, the solution 
containing the silver diamine complexes must be acidified, most com- 
monly with citric acid, in the presence of formaldehyde. The resulting 
decrease in ammonium ions liberates silver ions from the silver diamine 
complexes, thereby facilitating the reduction of the silver ions with 
the formaldehyde to metallic silver. The concentration of citric acid in 
the image-developing solution must be precisely controlled to reduce 
background deposition of silver. 

The photodevelopment stains rely on light to reduce ionic to metallic 
silver. These stains are simple and quick, requiring fewer solutions, but 
they lack the sensitivity of the other methods (7). 

Most nondiamine chemical reduction stains were developed by adapting 
photochemical protocols (3). They employ silver nitrate, which reacts with 
biopolymers under acidic conditions. This is followed by the selective 
reduction of ionic silver by formaldehyde under alkaline conditions. Sodium 
carbonate is often utilized in these stains to maintain alkalinity during image 
development since formic acid is generated by the oxidation of formalde- 
hyde. The nondramine chemical stains are fast and easy to perform. They 
also work well for gels that are under 1 mm thick. A nondramine silver 
staining protocol, such as the one described in this chapter, can be per- 
formed in 40 min using solutions that are stable for months. 

2. Materials 

All reagents must be prepared with ultrapure deionized water with a 
conductivity of <l mnho. The water should also be free of both ionic and 
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organic contaminates. Such contaminants are often responsible for back- 
ground staining. Care must also be taken to prevent proteins from skin or 
other potential contaminating sources from contact with the gels or the 
reagents, since this silver stain is also an excellent protein detector. 

Silver can be used to stain native and denaturing acrylamide gels, as 
well as dehydratable gels using discontinuous buffer systems and vary- 
ing amounts of crosslinkers (8). We recommend the use of gels that are 
0.4 mm thick (see Note 1). 

The solutions are easy to prepare and all but the developer may be kept 
for at least 6 mo. They can also be made during the procedure. 

1. Fixative: 10% ethanol (v/v) (see Note 2). 
2. Oxidizer: 0.0034Mpotassium dichromate (1 g/L) and 0.0032Mnitric acid 

(or 0.2 mL of concentrated nitric acid, 16ML) (see Note 3). Avoid direct 
contact with the skin since this solution is an irritant. It IS a strong oxidizer 
and should be kept away from reducing agents. It is also photosensitive 
and should be stored in an amber or dark bottle 

3. Silver solution: 2% silver mtrate (2 g/L) ( see Note 3). Silver nitrate solu- 
tion is caustic to eyes and mucous membranes, and it will stain both skin 
and clothing. Store in an amber or dark bottle. 

4. Developer: 0.28Msodium carbonate (30 g/L) plus 0.5 r&/L of 37% formalin 
(see Note 4), added just prior to use. This solution should be used at 4°C and it 
may be stored at that temperature. Since formaldehyde vapor may be a 
carcinogen, this solution should be made and used m a fume hood 

5. Stop solution: 5% acetic acid (v/v). 

3. Methods 

Following the electrophoretic separation of nucleic acids, each poly- 
acrylamide gel is placed in a separate clean glass or plastic tray. The use 
of clean vinyl or latex gloves, with the powder washed off, and a lab coat 
will reduce the risk of contaminating the gel and the staining of the inves- 
tigator. All solutions should be at room temperature except the devel- 
oper, which is precooled at 4°C. Subdued laboratory lighting will help to 
decrease background staining. Development should not be done on a light 
box. The gel should be handled gently to avoid crushing that may pro- 
duce artifacts. Solutions should not be poured directly on the gel; instead, 
tilt the tray and pour solutions into a comer or use individual trays for 
each solution and move the gels from tray to tray. Solution volumes 
should be sufficient to completely immerse the gels. The trays should be 
gently agitated during staining. 
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1. Followmg electrophoretic separation soak the gel m fixative for 10 min 
(see Note 5). Use a volume of fixative double that needed to cover the gel 
(see Note 6). The gel may be stored indefinitely m the fixative at this point 
if development needs to be delayed. 

2. The gel is then placed in the dichromate oxidizer soak for 3-5 mm (see 
Note 7). Then decant the oxidizer. Wash the gel three times with deionized 
water, for 3-5 mm each (see Notes 7 and 8). 

3. Place the gel in the silver nitrate solution for 15-20 mm (see Note 9). 
Briefly wash the gel (for 20-30 s) m deionized water to remove silver 
nitrate from the gel surface (see Note 10). 

4. Form the image by washing the gel with precooled developer for approx 
30 s with constant agitation (see Note 11). Observe the gel closely during 
this process and discard the solution as soon as it loses clarity (see Note 
12). Replace with fresh developer and again discard as soon as it loses 
clarity. Repeat this process until the gel image has formed or until the back- 
ground staining becomes obJectionable. 

5. When the DNA bands reach the desired intensity relative to the back- 
ground, stop development by placing the gel m 5% acetic acid (see Notes 
13 and 14). The DNA bands normally are dark brown or black on a faint 
yellow/brown background (see Fig. 1). 

Stained gels cast on polyester backing may be dried m a microwave 
oven or left at room temperature to dry. Nonbacked gels can be dried on 
cellophane or filter paper under vacuum with mild heat. For a permanent 
record, the gel should be photographed on a light box since gels silver- 
stained with this procedure may darken over time. 

4. Notes 
1. Thinner gels can be stained faster, but they are more fragile and difficult to 

work with whereas gels thtcker than 0.7 mm require longer to stain. To increase 
the durability of gels that are thinner than 0.7 mm, we recommend casting 
them on a polyester backing (such as GelBond PAG, FMC, Rockland, ME or 
Gel-Fix, Serva, Heidelberg, Germany). Alternatively, the gel may be cast and 
bonded to silaruzed glass (Bind&lane, Pharmacia-LKB, Piscataway, NJ). Gels 
that are attached to polyester sheets offer the advantage that after electrophore- 
sis they can be trimmed to remove the regions that do not contain DNA, thereby 
decreasing the amount of staining solutions required. 

If gels bound to polyester sheets are utilized, the polyester sheets must 
be flattened and held tightly by capillary attraction against the backing 
glass plate of the gel apparatus prior to casting. To accomplish this, a few 
milliliters of distilled water or 5% glycerol is pipeted onto the backing gel 
plate, then the polyester sheet is placed on the plate. One must be careful 
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Fig. 1. A typical silver-stained gel. This gel contains a region of the mito- 
chondrial DNA, from several unrelated individuals, that is rich in AC repeat 
sequences. The DNA was PCR amplified and 1 pL (g-35 ng/yL) from each 
reaction was denatured by adding 3 pL of a loading buffer containing forma- 
mide followed by heating at 96OC for 1 min. The DNA was electrophoresed at 
55OC on 6% polyacrylamide gel containing 6M urea. This gel was cast on 
GelBond PAG (FMC, Rockland, ME). This example also illustrates some of 
the surface staining artifacts that may occur with this technique. 

to place the nonbinding surface against the backing plate. The sheet is then 
flattened with a rubber print roller or pipet. It is important that all bubbles 
and irregularities be removed so that the gel will have uniform thickness. 
To prevent the polyester sheet from moving while rolling, a thin film of 
silicon grease can be applied between the sheet and plate on the lower end of 
the gel. The polyester sheet should be large enough to cover and include the 
gel, loading wells, and the spacers that are placed on top of the sheet. Once 
the polyester sheet is in place with the spacers, the gel is cast as usual. 

2. Methanol may be substituted, but it is toxic and may be absorbed by con- 
tact through the skin or by respiration. Many fixative solutions for DNA 
and proteins separated on polyacrylamide gels contain acetic acid. How- 
ever, this protocol does not include acetic acid in the fixative, since darker 
bands were obtained in its absence. 

3. This solution may also be made as a 10x stock. 
4. Concentrated formalin stock is generally 37%. 
5. Fix for 20 min with gels thicker than 0.7 mm. This time may be reduced by 

using fixative preheated to between 40-50°C. 
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6. Besides minimlzmg the diffusion of DNA in the gel, fixation also removes 
the buffer ions and other chemicals (such as urea) that could interfere with 
staining. 

7. Soak for 10 min for gels thicker than 0.7 mm. 
8. It is important to wash the gel until the concentration of the dlchromate 

oxidizer 1s reduced such that the gel 1s no longer visibly yellow If the gel 
is still yellow or turns red in the dlchromate oxidizer, an acid wash of 
0.0 IA4 nitric acid may be used to remove the coloration. 

9. Soak gels thicker than 0.7 mm for 25-30 mm. If any contammants are 
present at this point m the procedure, particularly chlorides, a silver pre- 
cipitate may form. The presence of such a precipitate usually results m a 
reduction of sensitivity of the silver stain and an increase m the background 
staining. 

10. A wash that is too long at this step will allow silver to diffuse out of the gel 
and will diminish the sensitivity of the staining. 

11. Cooled developer 1s used to permit controlled image development. 
12. A brownish silver carbonate preclpttate forms as silver rons escape from 

the gel. This precipitate will deposit on the gel surface If the solutions are 
not changed frequently. 

13. Gels that are overdeveloped or that have a mirror-like appearance owing to 
surface deposition of silver can be destained with the following procedure: 
Dissolve 37 g of anhydrous cupric sulfate and 37 g of sodium chloride m 
850 mL of deionized water. With constant stlrrmg add concentrated 
ammonium hydroxide until the solution becomes deep blue and there 1s no 
precipitate, then bring the volume to 1 L. A second solution contammg 436 g 
sodium thiosulfate pentahydrate in 1 L of deionized water 1s also prepared. 
Equal parts of these two solutions are combined just prior to use. The gel is 
soaked m this solution until almost completely clear. The destaining is 
stopped by 10% acetic acid for 15 min, followed by a minimum of 1 h 
washing with several changes of deionized water. The gel may then be 
restained by beginning the procedure at the silver nitrate step (step 3). The 
dichromate step is not required for restaining. This destaining procedure is 
also useful for the removal of silver stains from clothing. 

14. Some artifacts and precipitate on the surface of the gel can be removed by 
rubbing the dried gel gently wtth a damp piece of absorbant cotton. This 
technique should be tried m a noncrltlcal region. The procedure should be 
stopped when the surface becomes tacky. However, It can be repeated 
after the gel is allowed to dry. 
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CHAPTER 15 

End-Labeling of DNA Fragments 

Adrian J. Harwood 

1. Introduction 
End-labeling is a rapid and sensitive method for radioactively, or 

nonisotopically, labeling DNA fragments and is useful where there is too 
little DNA to visualize by ethidium bromide staining. This can be a seri- 
ous problem when separating small fragments by polyacrylamide gel 
electrophoresis (see Chapter 13). End-labeling has the second advan- 
tage that it can be used to produce fragments labeled at one end. 
Because all of the enzymes employed are specific to either the 5’ or 3’ 
termini of DNA molecules, it will only incorporate the label once per 
DNA strand. When double-stranded DNA restriction enzyme fragments 
are used, the label is incorporated at both ends, but can be removed from 
one by a second restriction enzyme digestion. This works well with DNA 
fragments cloned into polylinkers because one end can be removed as a 
tiny piece of DNA, making subsequent purification easier. These single 
labeled molecules can help to order restriction enzyme fragments and are 
a prerequisite for Maxam-Gilbert DNA sequencing (see Chapter 53). 
End-labeled synthetic oligonucleotides have numerous applications, such 
as short DNA sequence-specific probes for mutation screening (I); 
probes for gel retardation and Southwestern assays (2); and for sequenc- 
ing PCR products where the samples are contaminated with other nucle- 
otides (see Chapter 49). 

There are two commonly used methods of end-labeling, the “fill-in” 
and the kinase reaction. It is also possible to end-label at the 3’ end by 
using terminal transferase (3), but this method is now less commonly 
used. The “fill-in” reaction uses the Klenow fragment of E. coli DNA 
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A Klenow 
+ dGTP, MTP, dTT’P 
+ dCTP* 

ATATG-3 ’ t ATATGGATC*-3’ 
TATACCTAG-5’ TATACCTAG-5’ 

Resaicnon enzyme Incubauon mth 
dqested DNA labelled dCTP 

B 

I) Removal of 5’ te-al phosphate 

5’pATATG.. 
TAC.. 

W P + 5’ATATG.. 
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5 ‘ATATG.. 
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WP + 5’*pATATG.. 
TAC.. 

Incubauon wxh 
3zP- Y-ATP 
and T4 kmase 

Fig. 1. (A) The fill-m reactlon. (B) The klnase reaction. 

polymerase (4). This fragment is generated by an enzymatic digestion of 
the polymerase that retains both polymerase and 3’-5’ exonuclease activ- 
ity but removes the 5’-3’ exonuclease activity. To end-label a piece of 
DNA it must be digested first with a restriction enzyme that generates a 
5’ overhang. The polymerase activity of Klenow is then used to extend 
the 3’ recessed end of one DNA strand by using the 5’ overhang of the other 
strand as a template (Fig. IA). Because of its ease, this is the method of 
choice for double-stranded DNA fragments. When suitable termini are 
not available, or when the substrate is single-stranded, the kinase reac- 
tion must be used. The kinase reaction uses T4 polynucleotide kinase 
(T4 kinase) to transfer a labeled phosphate to the 5’ end of the DNA mol- 
ecule (Fig 1B). This method is ideal for labeling oligonucleotides, which 
are synthesized without a 5’ phosphate. To label restriction-enzyme-digested 
DNA fragments, the terminal phosphate must be removed prior to the kinase 
reactlon using a phosphatase, such as Calf Intestinal Alkaline Phosphatase 
(CIP). All of these reactions can be used without labeled nucleotides to modify 
the DNA fragments for further recombinant DNA manipulations. 
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2. Materials 
Molecular biology grade reagents should be utilized whenever pos- 

sible. Manipulations are performed in 1.5 mL disposable, sterile polypro- 
pylene tubes, with screw tops to prevent leakage of radioactivity. Local 
safety regulations must be obeyed when using radioactivity. 

2.1. End-Labeling with Klenow 
1. 10X Klenow buffer: 200 mMTris-HCl, pH 7.6, 100 mMMgCl*, 15 mil4p- 

mercaptoethanol, 25 mM dithiothrettol. 
2. Labeled nucleottde: 32P-a-dNTP, most commonly supplied as dATP or 

dCTP, but dGTP and dTTP are available. It is also possible to substitute 
nonisotopic label, such as fluoroscem- 11 -dUTP and dioxigenin- 11 -dUTP. 

3. Unlabeled dNTPs: 
a. dNTP mix; a mixture of 0.25 mM of each unlabeled dNTP, excluding 

that which corresponds to the labeled nucleotide (see Note 1). 
b. Cold dNTP: 0.25 mA4 dNTP correspondmg to the labeled nucleotide 

(see Note 1). 
4. Klenow: The Klenow (large) fragment of DNA polymerase I at 1 U/FL. 

Store at -2OOC. 
5. TE: 10 mA4 Tris-HCl, pH 7.5, 1 mM EDTA. Autoclave and store at room 

temperature. 
6. Phenol: Tris-HCl-equiltbrated phenol containing 0.1% hydroxyqumoline 

(as an antioxidant). Use Ultrapure, redistilled phenol. Extract repeatedly 
with 0.5MTris-HCl, pH 8.0, until the aqueous phase is 8.0 and then extract 
once with O.lM Tris-HCl, pH 8.0. This can be stored at 4°C for at least 
2 mo. Phenol is both caustic and toxic and should be handled with care. 

7. Chloroform. 
8. Pheno1:chlorofor-m mixture: A 1: 1 mixture was made by adding an equal 

volume of chloroform to O.lMTris-HCl, pH 8.0, equilibrated phenol. This 
can be stored at 4°C for at least 2 mo. 

9. Ethanol and 70% ethanol (v/v in water). 
10. 5M Ammonium acetate, pH 7.5: Store at room temperature. 

2.2. End-Labeling with T4 Kinase 
11. 10X CIP buffer: 10 mMZnC12, 10 mMMgC12, 100 mMTris-HCl, pH 8.3. 
12. CIP: Calf intestinal alkaline phosphatase (Boehrmger Mannhiem Gmbh, 

Mannhelm, Germany) at 1 U/pL. Store at 4°C. 
13. 10X kinase buffer: 700 mM Tris-HCl, pH 7.6, 100 mM MgC12, 50 mM 

dithiothreitol. 
14. 32P-y-ATP: Specific activity > 3000 Ci/mmol. 
15. T4 kinase: T4 polynucleotide kinase at 1 U/pL. Store at -20°C. 
16. Cold ATP: 1 .O mA4 ATP (freshly made from 20 mM stock). 
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3. Methods 
3.1. End-Labeling with Klenow 

1. Resuspend l-l 000 ng of DNA m 42 $ of dH20 (see Note 2). Add 5 uL of 
10X Klenow buffer, 1 pL of 32P-a-dNTP, 1 uL of dNTP mix, and 1 uL of 
Klenow. Incubate at room temperature for 15 min (see Note 3). 

2. Chase with 1 lrL of cold dNTP. Incubate at room temperature for a further 
15 mm (see Note 1). 

3. Add 50 uL of TE followed by 100 uL of phenol:chloroform. Vortex 
briefly and separate by centrifugation at 12,000g in a microfuge (see 
Notes 4 and 5). 

4. Remove the aqueous (top) phase to a fresh tube and add 100 PL of chloro- 
form. Separate the layers as in step 3 and remove the aqueous phase to a 
fresh tube. Care must be taken because the discarded reagents are contami- 
nated with unincorporated 32P-a-dNTP. 

5. Add 60 pL (0.6 vol) of 5M ammonium acetate and 200 uL (2 vol) of etha- 
nol (see Note 6) and place on ice for 5 min. Centrifuge at 12,000g for 15 
min. Carefully remove the supernatant (remember that it is radioactive) 
and wash the pellet in 70% ethanol. 

6. Air-dry the pellet for 10 mm and resuspend in the required amount of TE 
(10-100 pL). 

The labeled DNA can be either immediately separated by gel electro- 
phoresis and detected by autoradiography (see Note 7), or digested fur- 
ther with a second restriction enzyme. In either case, it is a good idea to 
count a 1 uL sample in a scintillation counter. Between 5000 and 10,000 
counts are required to detect the fragment by autoradiography. Pos- 
sible causes of poor labeling and possible solutions are discussed in 
Notes 8-10. 

3.2. End-Labeling with T4 Kinase 
1. Dissolve l-2 p.g of restriction-enzyme-dtgested DNA m 44 pL of dH20. 

Add 5 pL of 10X CIP buffer and 0.05-l U of CIP (see Note 11). Incubate 
for 30 mm at 37°C (see Notes 12 and 13). 

2. Heat inactivate at 60°C for 10 mm. Phenol extract, and precipitate as in 
Section 3.1.) steps 3-5 (see Notes 14 and 15). 

3. Resuspend the DNA m 17.5 pL of dH20. Add 2.5 uL of 10X kinase 
buffer, 5 uL of 32P-y-ATP, and 1 uL of T4 kmase. Incubate at 37°C for 
30 min. 

4. Add 1 ltL of cold ATP and incubate for a further 30 min (see Note 16). 
5. Phenol extract and precipitate as in steps Section 3.1.) steps 4-6 (see 

Note 17). 
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4. Notes 

1. Unlabeled dNTPs are required for two reasons. First, the labeled nucle- 
otide may not correspond to the first nucleotide to be filled within the 
restriction enzyme site. In the example shown in Fig. 1 A, which is a BumHI 
site, the labeled nucleotide, dCTP*, corresponds to the fourth nucleotide, 
therefore the other three nucleotides must be filled with cold dNTPs 
before the label is mcorporated. For convenience, a general 7.5~mMmix 
of all the unlabeled dNTPs can be used regardless of the actual composi- 
tion of the restriction enzyme site. Second, a “chase” is required to gener- 
ate molecules with flush ends because the polymerase stalls m the limited 
concentrations of labeled nucleotide. This step may be omitted in cases 
where the heterogeneous sized termini are not a problem, for example, 
when labeling large DNA fragments for separation by agarose gel 
electrophoresis. 

2. The fill-in reaction is very robust and provided Mg2+ is present can be 
carried out in almost any buffer. This means that it is possible to carry out 
the reaction by simply adding the labeled dNTP, unlabeled dNTPs, and 
Klenow directly to restriction enzyme mix at the end of digestion. 

3. Because only a small region of DNA is labeled m this reaction, it proceeds 
very quickly. Incubation at room temperature is sufficient, unless 35S-labeled 
dNTP is used, when labeling should be carried out at 37OC. Prolonged 
incubation can result in degradation of the DNA ends. 

4. The labeled DNA may be used for gel electrophoresls at this point, but it 
must be remembered that unincorporated 32P-a-dNTP will be present in 
the DNA solution. This may increase the exposure of the operator and 
increase the risk of contamination when carrying out gel electrophoresis. 

5. An alternative purification is to pass the DNA through a Sephadex G50 
spm column (see Chapter 49). 

6. If only very small amounts of DNA are present, it may be necessary to add 
carrier, such as 10 ug of tRNA or glycogen. 

7. The gel should be fixed in 10% acetic acid or trichloroacetic acid (TCA) 
before drying to prevent contammatron of the gel dryer. 

8. Klenow is rarely affected by inhibitors, but it rapidly loses its activity if it is 
warmed m the absence of substrate. It can be one of the first enzymes to be 
lost from the general enzyme stock. If the activity of the enzyme is m doubt, 
carry out a test reaction by labeling control DNA. Generally, DNA markers 
are good for this, but check the structure of the ends before proceeding. 

9. The structure of the end is important, because the enzyme can only “fill- 
in” those bases present in the site. Recheck the sequence of the single- 
strand end produced by restriction enzyme digestion. It may be possible to 
exchange the 32P-a-dNTP for another that has higher specific activity. 
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10. The Klenow “fill-in” reactron only incorporates a small number of 32P- 
labeled nucleotides per DNA molecule. If higher levels of incorporation 
are required, T4 DNA polymerase may be used. T4 DNA polymerase has 
200-fold higher 3’-5’ exonuclease activity than Klenow. If the DNA frag- 
ments are incubated in the absence of dNTPs, thts enzyme will produce a 
region of single-stranded DNA that can be subsequently labeled with 
higher mcorporation by addition of 32P-a-dNTP and cold dNTPs to the 
mix (5). 

11, One unit of CIP dephosphorylates 50 pmol of ends m 1 h (for a 5 kb frag- 
ment, 1 pmol of ends is approx 2 pg). 

12. The efficiency of dephosphorylation of blunt and 5’ recessed ends is improved 
by incubating the reaction at 55OC. 

13. The phosphatase reactton can be carried out in restriction enzyme buffer, 
by addition of 0.1 vol of 500 rnA4 Tris-HCl, pH 8.9, 1 nnt4 EDTA, and the 
required amount of enzyme. 

14. It is important to remove all phosphatase in order to prevent removal of the 
newly mcorporated labeled phosphate. 

15. The T4 kinase reaction is very sensitive to inhibitors, such as those found 
in agarose. Care should be taken to ensure that the DNA is inhibitor-free. 
In addition, T4 kinase will readily phosphorylate RNA molecules, there- 
fore the presence of RNA should be avoided because this will severely 
reduce the incorporation of labeled 32P into the DNA. 

16. The labeling reaction is only approx 10% efficient. To get all molecules 
phosphorylated it IS necessary to chase the reaction with excess cold ATP. 

17. This is a poor way to purify oligonulceotides; instead I recommend a 
Sephadex G25 spin column (see Chapter 19). 
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CHAPTER 16 

Northern Blot Analysis 

Robb Krumlauf 

1. Introduction 

In the analysis of gene expression, the steady-state level of RNA 
transcripts is one of the most convenient parameters used to monitor 
the gene activity in cell lines and tissues. A variety of methods, such as 
S 1 hybridization, RNase protection, and Northern blotting, can be used 
to measure RNA levels, and the choice of the best assay system depends 
largely on the type of information required, levels of sensitivity, and 
limitations of the particular in vivo system being examined. This chap- 
ter details the method for analyzing RNA by Northern blotting, which 
basically involves the isolation of RNA, its size fractionation by elec- 
trophoresis, transfer to membrane, and detection by nucleic acid 
hybridization and autoradiography. 

There are several advantages to Northern blotting analysis. Transcrip- 
tion patterns of genes are often complex, and multiple RNA species can 
be generated from the same gene. Northern analysis provides informa- 
tion on the relative number, size, and abundance of RNAs derived from a 
gene, which cannot be obtained by the alternative methods. This tech- 
nique also generates a record of the RNA that is stored on a membrane 
that can be used many times. Therefore, the expression of several genes 
can be analyzed on the same RNA samples, by using multiple probes to 
rehybridize the filter. There are two disadvantages often associated with 
this technique. The RNA isolated from cells or tissues must be of high 
quality and not degraded, which can be difficult in some tissues or for 
inexperienced workers. This is not a problem for the alternative Sl or 
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RNase protection methods, since these assays use enzymes to degrade 
the RNA as a part of the procedure. Northern analysis is also generally 
considered to be less sensitive and involves more steps than the alterna- 
tives. It therefore requires larger amounts of RNA or starting material, 
and more time to obtain the results. 

Many of these problems associated with the Northern blotting method 
can be eliminated by optimizing the transfer and coupling of RNA to 
membrane supports and utilizing more sensitive single-stranded probes. 
Nylon membranes, such as GeneScreenTM supplied by DuPont (UK), are 
flexible, tear-resistant supports to which the RNA can be permanently 
coupled by UV crosslinking. One of the main advantages of performing 
filter hybridization to UV crosslinked RNA is that very high stringency 
conditions can be used, which rmproves sensrtivity, reduces background, 
and enables convenient multiple reuse of the filters. In many cases where 
the concentration of the desired RNA species is high or large amounts of 
sample are available, these may not be critical parameters. However, 
RNA samples frequently need to be isolated from small amounts of tis- 
sues or cells that are very hard to obtain (transgenic mice, clinical 
samples, or embryonic material). In transfection experiments, it is desir- 
able to minimize the amount of RNA needed for analysis to enable more 
DNA constructs to be examined and reduce the amount of cell culturing 
required. In these cases, optimal conditions are essential. Sensitivity is 
greatly enhanced by using single-stranded RNA probes, but these often 
generate very high backgrounds owing to nonspecific hybridization to 
rRNA species, especially when total RNA is being used. It is therefore 
beneficial to isolate polyA+ RNA, even if the amount of total RNA in the 
sample is very small. Analyzing only polyA+ RNA will improve the sig- 
nal-to-noise ratio and avoid RNA overloading, resulting in incomplete 
coupling of the RNA to the filter. 

RNA:RNA hybrids are very stable, and often the proper stringency 
conditions for hybridization are not used, resulting in high background 
or crosshybridization to other RNA species. By increasing the stringency 
of both the hybridization and washing conditions, the nonspecific sig- 
nals are greatly reduced or eliminated, but if the RNA has not been W 
crosslinked to the filter, these conditions can remove much of the sample 
resulting in loss of signal. The conditions can also be so severe that nitro- 
cellulose membrane supports become brittle and break apart, which is 
why nylon membranes are essential in obtaining optimal reproducible 
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results. The choice of hybridization buffers is not critical, but minimiz- 
ing the temperature of hybridization and washing can reduce the degree 
of RNA degradation and extend the reusable life of the filter. This can be 
accomplished by using formamide in the buffers to reduce the melting 
temperatures of the hybrids. 

Optimizing the Northern blotting method in these ways gives an assay 
that is as sensitive as RNase protection or Sl analysis, and provides a 
convenient long-term record of important samples that may be repeatedly 
analyzed. This chapter describes in detail the protocols for carrying out 
high-sensitivity Northern blots that have been used successfully in the 
laboratory to examine genes that are expressed at very low levels in small 
amounts of early embryonic tissues and in transgenic mice (I--3]. Gener- 
ally, the protocol is not drastically different from existing Northern meth- 
ods and requires no specialized equipment except a UV-light source. The 
method depends on an easy means of isolating high quality polyA+ 
mRNA, UV crosslinking of the RNA to nylon membranes, and hybrid- 
ization to single-stranded RNA probes. However, it is equally applicable 
to Northern analysis of all types and difficulties, and alternative RNA 
isolation procedures or hybridization methods can be substituted into the 
protocol with little change in efficiency or results. DNA probes may also 
be used in most cases, but they will be less sensitive that the single- 
stranded RNA probes. 

2. Materials 
Methods for RNA isolation require pure reagents and care in prepara- 

tion to avoid RNA degradation. It is advisable to wear gloves at all times. 
Heavy metals or other contaminants can result in the chemical cleavage of 
RNA. Thus, deionized distilled water and high-grade analytical reagents 
should be used. Autoclaving buffers alone are not sufficient to inactivate 
contaminating RNases, since renaturation may follow heat denaturation. 
The chemical diethylpyrocarbonate (DEPC) binds to RNase, irreversibly 
inactivating it, and is the most convenient means of producing RNase-free 
solutions (Caution: DEPC is a carcinogen; use gloves). 

2.1. Isolation of RNA 
2.1.1. LiCl-Urea Method 

1. DEPC-treated water: Add l-2 drops of DEPC/L of deionized water and 
mix by shaking. Autoclave to sterilize. This removes the DEPC, which 
breaks down to ethanol, COs, and water. 
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2. Homogenizatron buffer: 3M LICL, 6Murea. Dissolve 126 g of LiCl and 360 
g of urea in 1 L of sterile DEPC water and filter through a 0.2~mm filter. 

3. 2MTrts-HCI, pH 7.6: Make buffer m DEPC-treated water and adjust to pH 
7.6. Place m a glass bottle, add l-2 drops of DEPC, mix by shaking, and 
autoclave immedtately. DEPC can destroy Tris, so check the pH of the 
buffer after autoclavmg, and never autoclave dilute Trrs buffers. 

4. 0.5MEDTA: Make the EDTA stock, add l-2 drops of DEPC, and autoclave. 
5. 10% SDS: Make SDS stock, add l-2 drops of DEPC, and incubate at 68°C 

overnight. Do not autoclave. 
6. 3Msodium acetate, pH 5 2: Adjust the acetate stock to pH 5.2, and add l-2 

drops of DEPC. Autoclave. 
7. 95% Ethanol. 
8. Redrsttlled phenol (Grbco-BRL). Melt at 65”C, saturate with equal volume 

of TES, and let set overmght. Add 5 mL of m-Cresol, 0.2 mL of 2-mercap- 
toethanol, and 0.1 g of 8-hydroxy qumolate/lOO mL of phenol. MIX until 
dtssolved, and then remove as much of the aqueous layer as posstble. 

9. Phenol:chloroform:rsoamyl alcohol (24.24: 1): Use treated phenol (step S), 
AR-grade chloroform, and lsoamyl alcohol. Keep in the dark, and do not 
store for long periods. 

10. TES: 10 mA4 Tris-HCI, pH 7.6, 1 mA4 EDTA, 0.5% SDS. Make m DEPC 
water, and use DEPC-treated 2A4 Tns-HCl, pH 7.6, and 0.5M EDTA stocks 

11. TE: 10 mMTrts-HCl, pH 7.6, 1 mMEDTA. Make in DEPC water, and use 
DEPC-treated 2M Trrs-HCl and 0.5M EDTA stocks. 

12. Sterile disposable RNase-free centrifuge tubes: Standard 1.5-mL Eppen- 
dorf mrcromge tubes work for small preparations. They can be used dnectly 
from the box if handled with gloves. Falcon also supplies 5- (#2063), 15- 
(#2059), and 50-mL (#2070) sterile polypropylene tubes. 

2.1.2. Hot Phenol Method 
1. 50 mM sodium acetate, pH 5.2: Add l-2 drops of DEPC, and autoclave. 
2. 5MNaCl: Add l-2 drops of DEPC, and autoclave. 
3. Saturated phenol: Melt redistilled phenol (Grbco-BRL), add 0.25 vol of 50 

mM sodmm acetate, pH 5.2, and mix. Let stand until phases separate, and 
remove as much of the aqueous layer as possible. Store the phenol m small 
ahquots at -2OOC untrl needed. Refreeze any unused phenol after RNA 
isolation 

4. NaCYice slurry: Add NaCl to ice, andmix until temperature reaches-l 0 to-13OC. 

2.2. Isolation of PoZyA+ RNA 
1. OhgodT cellulose: Use T3 grade (Collaborative Research Labs, USA). 
2. O.lN NaOH: Dilute Analar-grade 1ON NaOH stock with DEPC-treated 

water. 
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3. 6ML1CI: Dissolve 252 g of L1Cl1n a liter of water, add l-2 drops of DEPC, 
and autoclave. 

4. Binding buffer: 20 mM Tris-HCl, pH 7.6, 0.6M L1C1, 1 mM EDTA, and 
0.2% SDS made from RNase-free stocks and DEPC-treated water. 

5. Low-salt-binding buffer: 20 mM Tris-HCl, pH 7.6,O. 1M LiCl, 1mM EDTA, 
and 0.2% SDS made from RNase-free stocks and DEPC-treated water. 

6. Elution buffer: 10 mM Tns-HCl, pH 7.6, 1 mM EDTA, and 0.1% SDS 
made from RNase-free stocks and DEPC-treated water. 

7. Plastic oligodT columns, top and bottom closures, and rack -for 20 col- 
umns: from Isolabs (Cleveland, OH) (Quicksep #QS-P) or Advanced Labs 
Techntques (Tunbndge Wells, Kent, UK). 

2.3. Electrophoresis, Transfer, and Crosslinking 
1. 20X MOPS stock: 0.4M MOPS, 0. 1M sodium acetate, 20 mM EDTA. For 

1 L, dissolve 83.6 g of MOPS, 8.2 g of sodium acetate, and 40 mL of 0.5M 
EDTA stock 1n DEPC-treated water. 

2. Agarose: SeaKeem. 
3. Formamide: There 1s no need for delonlzatlon. 
4. 37% Formaldehyde: Supphed as a 11qu1d stock. 
5. Blue juice dye: 0.1% xylene cynanol, 0.1% bromphenol blue, 1X MOPS, 

50% glycerol. Make with DEPC water and autoclaved glycerol. 
6. O.lM ammonium acetate. 
7. 20X SSC: 3MNaC1,0.3Msodium citrate. Make 6X SSC and 2X SSC by 

dilution with autoclaved distilled water. 
8. Denaturing buffer: 50 mM NaOH, O.lMNaCl 
9. Neutralizing buffer: 100 mMTns-HCl, pH 7.6., diluted ~tl DEPC-treated water. 

10. Nylon membrane: 200 x 200 mm of Nylon membrane, e.g., GeneScreen 
(see Note 1). 

I 1. Whatmann 3MM filter paper, flat paper towels, and plastic wrap (Saran Wrap=?. 

2.4. Hybridization 
1, 50X Denhardt’s solution: 0.05% (w/v) BSA, 0.05% (w/v) polyvinyl pyro- 

lodone, and 0.05% (w/v) Ficoll400. 
2. Prehybrldizatlon buffer: 50-60% formamide, 5X SSC, 5X Denhardt’s, 

50 miJ4sodium phosphate buffer, pH 6.8,250 yglmL of sheared denatured 
salmon sperm DNA, 100 pg/mL of yeast tRNA, 1% SDS. Make with 
DEPC-treated water. 

3. Hybndization buffer: 5060% formamIde, 5X SSC, 5X Denhardt’s, 50 mM 
sodium phosphate buffer, pH 6.8,250 pg/mL of sheared denatured salmon 
sperm DNA, 100 pg/mL of yeast tRNA, 1% SDS (v/v), 10% dextran sul- 
fate (w/v), and appropriately labeled probe (see Chapters 5, 7, 8, and 10). 
Make with DEPC-treated water. 
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3. Methods 
3.1. Isolation of Total RNA 

3.1.1. LiCl-Urea Method 

This method works for large and small amounts of fresh or frozen 
tissue, and may also be used for cultured cells. It is efficient at inhibit- 
ing nucleases in order to produce high-quality biologically active RNA 
and is based on the method of Auffray and Rougenon (4). No ultracen- 
trifugation steps are required, and the entire method can be performed 
using a refrigerated benchtop centrifuge with a swing-out rotor capable 
of handling standard sterile disposable plastic centrltige tubes (1 S-50 mL 
vol). This eliminates the need for specially treated glassware, and the 
method can be used to isolate RNA from large numbers of samples 
simultaneously. 

1. Weigh the fresh or frozen tissue, and place in a sterile plastic disposable 
centrifuge tube of appropriate size. 

2. Add homogenization buffer to a ratio of 5-10 mL of buffer/g of startmg 
material. 

3. Homogenize the sample in the plastic tubes for 2 min at 0°C (on ice) using 
a Polyton, Ultra-turrax or similar motor-driven homogenizer (see Note 2). 

4. To complete the DNA shearing, sonicate the sample on ice for l-2 min. A 
microtip should be used on small samples placed m Eppendorf 1.5-mL 
microcentrrfuge tubes. 

5. Spin the sample at low speed (1000 rpm) for 2-5 min at 0°C in a benchtop 
centrifuge to pellet any nonhomogenized material and membrane debris. 

6. Pour the supernatant into a new centrifuge tube, and store overmght at 
04°C (see Note 3). 

7. The DNA should remain m solutton, and the RNA IS pelleted by centrim- 
gation. Centrifugatron IS carried out m either m a Sorvall HB4 rotor at 
9000 rpm for 10 min at 0°C or in a refrigerated benchtop centrifuge at 
20004000 rpm (use maximum rated speed) for 30 min at O”C, depending 
on the sample size and type of tube. 

8. Discard the supernatant, and add 0.1 vol of LiCl-urea homogenization 
buffer, precooled to 4°C. Vortex and leave on Ice for 30 min. 

9. Centrifuge and discard the supematant (see Note 4). Dissolve the pellet in 
either TES at 5 mL/g of the orrgmal tissue weight or 0.5 vol of the original 
homogenzation buffer. The sample should be mixed well to break up and 
dissolve the RNA pellet. 

10. Add an equal volume of phenol:chloroforrn:isoamyl alcohol (24:24: l), and 
extract the sample for 5-I 0 min with vigorous shaking (see Note 5). 
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11. Separate the phases by spinning at 3000-4000 rpm m a benchtop centri- 
fuge at room temperature. Carefully remove the top aqueous phase and 
place in a new tube. If the interface is very thick, re-extract the organic 
phase by adding 0.5 vol of TES and recentrifuging. 

12. Combme the aqueous phases, and re-extract a second time with an equal 
volume of phenol:chloroform:isoamyl alcohol. Spin at 300@-4000 rpm in 
a benchtop centrifuge to separate the phases and carefully remove the top 
aqueous layer to a new tube. Repeat the extraction procedure until the inter- 
face is clear. 

13. Add 0.1 vol of 3M sodium acetate, pH 5.2, and 2 vol of 95% ethanol. Mix 
and place at -20°C. The RNA is stable indefimtely at this stage. 

14. Pellet the RNA by centrifugation (as in step 7) and discard the superna- 
tant. Rinse the pellet in an equal volume of 70% ethanol and recentrifuge. 

15. Dissolve the RNA in TE, and read absorbance at 260 nm (40 pg/mL = 
1 AzcO U). Adjust the volume to desired concentration, and store at -20°C. 
(See Notes 6 and 7.) 

This is a pure preparation of total RNA and can be used directly in 
many assays (Sl, RNase protection, and Northerns) or for the prepara- 
tion of polyA+ RNA. 

3.1.2. Hot Phenol Method 
This method is a fast protocol for the isolation of RNA from tissue- 

culture cells and is especially useful for handling large numbers of differ- 
ent samples. The DNA is removed, since it is soluble in phenol at 60°C 
and pH 5.2. 

1. Pellet cells by centrifugatton m 50-mL plastic tubes. Resuspend in PBS 
and repellet. Repeat the PBS wash a second time. This removes all traces 
of medium and serum. 

2. Resuspend the cell pellet m 1 mL of 50 rnA4 sodium acetate, pH 5.2, by 
vortexing. Ensure that all of the cell clumps are dispersed. 

3. Add 10 mL of 50 mM sodium acetate, pH 5.2, containing 1% SDS. Mix by 
inversion to lyse the cells. 

4. Add an equal volume (11 mL) of phenol saturated with 50 mM sodium 
acetate, pH 5.2, which has been prewarmed to 60°C. Mix by vortexing, 
and place in a 60°C bath for 15 min. During the incubation, frequently remove 
the tube and vortex for a few seconds. 

5. Remove the tubes from the bath, and mnnerse m an NaCVice slurry (-1O’C) 
for 5 min. 

6. Spin at 3000 rpm for 10 min at 2°C in a refrigerated benchtop centrifuge. 
Insert a pipet, and remove the bottom phenol layer leaving the interface. 
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7. Add 10 mL of saturated phenol at 60°C and vortex. Incubate the sample 
for a further 15 min at 60°C again with repeated vortexmg. 

8. Remove from bath, and incubate in NaCl/ice slurry for 5 min. Spin at 3000 
rpm for 10 mm at 2°C. 

9. Carefully remove the top aqueous layer, and add 0.1 vol of 5MNaCl and 2 
vol of 95% ethanol Place at -20°C. 

10. Pellet total RNA at 9000 rpm for 1 min at 4°C m a Sorval HB-4 swing-out 
rotor, and pour off the supernatant. Rmse with 70% ethanol and repellet. 

11. Redissolve the RNA in TE, and read the AZbO to measure the concentra- 
tion. Store frozen at -2OOC. 

3.2. Isolation of PolyA+RNA 
The isolation of polyA+RNA can be done by chromatography on 

oligodT cellulose in batch operation using centrifuge tubes or in sterile 
RNase-free plastic columns, such as those used for radioimmune assays. 
The columns fit in racks, and 20 samples can be processed simulta- 
neously. It works for both large or small amounts of total RNA provided 
the binding capacity of the oligodT cellulose is not exceeded. In cases 
where the amount of total RNA is very small, carrier RNA is added to the 
sample to reduce background losses. In this way, polyA”RNA can be 
easily isolated from as little as 1 O-l 00 pg of total RNA (5). This method 
is based on the method of Aviv and Leder (6) 

1. OligodT cellulose is suspended in water and allowed to swell for several 
hours. 

2. Gently mix the cellulose, and allow the material to settle for 20 mm. Decant 
the fines, add sterile water, and resuspend the cellulose. Repeat to remove 
fine particles that may clog Ihe column. 

3 Resuspend the oligodT cellulose m O.lN NaOH, and pour the slurry mto 
the column Allow the liquid to flow through until a packed volume of 5-7 
mm of cellulose forms at the bottom. 

4. Rinse the cellulose by carefully pipeting 5 mL of binding buffer into each 
column, and allow tt to flow through. Repeat three times to remove all 
traces of NaOH. The eluant should be checked with pH indicator paper 
The columns are ready for use (see Note 8). 

5. Dissolve the total RNA in TES, usually l-2 mL for small samples and 5-l 0 mL 
for large samples (5-10 mg of RNA). In the case of very small samples 
(i.e., Cl00 pg total RNA) add 5 PL of a 100 pg/mL polyA+RNA carrier. 

6. Heat the RNA at 60°C for 10 min in a water bath. Remove and adjust the 
salt to 0.6M LiCl by adding 0 1 vol of 6M stock. 

7. Vortex and Immediately pour the samples carefully onto the prepared 
oligodT columns. Minimize the disturbance to the cellulose layer. 
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8. Collect the run-through and reapply to the column to ensure complete binding 
of the polyA’R.NA. Collect the run-through again, and save as polyARNA. 

9. Add 5 mL of bmdmg buffer, bemg careful to minimtze disturbance to the 
cellulose layer, and allow the binding buffer rmse to flow through. Repeat 
three more times with 5 mL of binding buffer. 

10. Rinse three times with 5 mL of low-salt bmdmg buffer, which removes 
traces of ribosomal RNA from the column. 

11. Allow the column to run dry, and add elution buffer. 
a. If large amounts of RNA are bound, use 5-10 successive 1-mL rinses 

of elution buffer, collected in sterile 1.5-mL microfuge tubes (see 
Note 9). Determine which fractions contain the RNA by reading the 
AZ6s of each fraction blanked against elution. Usually this is fraction 3-4. 

b. For small amounts of RNA, use 75 PL of elution buffer, and allow it to 
follow through Collect the RNA in a single1.5-mL microfuge tube using 
four 150~uL washes of elution buffer. Allow l-2 min between each 
wash to enable the RNA to elute. Collect another set of four 150~pL 
washes of elution buffer in a second tube. Usually all of the polyA+RNA 
is m the first tube. 

12. Precipitate the RNA with 0.1 vol of 3M sodium acetate, pH 5.2, and 2 vol of 
95% ethanol. Place at -20°C. Spin for 15-20 min m a micromge at 4”C, or in 
a Sorval HB-4 rotor at 9000 rpm at 4°C for 10 min. Discard the supematant, 
and wash the sample by adding an equal volume of 70% ethanol and respin. 
Discard the supernatant and dissolve the RNA m TE. Store at -20°C. 

3.3. Gel Electrophoresis, Transfer, and UV Crosslinking 
The methods for electrophoresis and transfer of nucleic acids by capillary 

action have been described in detail in many methods books; the protocols 
below represent slightly modified versions of the standard techniques (M). 
The W crosslinking method is based on tests designed to optimize the per- 
manent binding of RNA to GeneScreen membranes (9). 

3.3.1. Electrophoresis 
1. Carefully clean gel box, castmg tray (plates), and combs with mild deter- 

gent, and rinse with clean distilled water. Give a final rinse with sterile 
distilled water. Use gloves m all steps to avoid contamination with RNase. 

2. Set up the casting tray and comb m a fumehood, since formaldehyde 
vapors given off during the pouring and setting of the gel are irritating to 
the eyes. 

3. For 200 mL of a 1.4% gel, add 2.89 g of agarose to 156 mL of sterile 
distilled water m a 500-mL flask. Boil until the agarose is melted, and 
allow to cool to 60°C (see Note 10). 
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4. Add 10 mL of 20X MOPS stock and 34 mL of 37% formaldehyde. Mix 
briefly by gentle swirling and immediately pour the gel. Avoid air bubbles 
on the surface of the gel. If they form, they can be removed by touching 
with a sterile syringe needle before the gel cools. 

5. Allow the gel to set, and gently remove the comb. Gels with formaldehyde 
have a lower tensile strength than normal agarose gels and tear easily. Take 
care when handling. 

6. RNA samples are placed m a 1.5-mL microfuge tube with a dye-denatur- 
ation cocktail as follows: 1 pL of 20X MOPS, 10 yL of formamide, 3.5 pL 
37% formaldehyde, 2 pL of blue Juice dye, and 5 pL of RNA in TE. Usu- 
ally 1-2 pg of polyA+ 1s sufficient. If RNA is too dilute, it can be dried 
down and resuspended m 5 pL of TE. Samples can be prepared and stored 
at 4°C for a few hours or overnight. 

7. Heat-denature the RNA samples at 60°C for 10-15 mm in a water bath, 
and cool on ice. Load the gel mnnedlately. 

8. Run the gel for 5-7 h at 60-70 V in 1X MOPS with no formaldehyde (see 
Notes 1 l-l 3). 

3.3.2. Transfer 
1. Cut the nylon membrane to approx the gel size and completely wet by first 

floating and then immersing in the water. After 10 min, transfer to 2X SSC 
and store until use. 

2. Soak the gel in denaturation buffer for 20 mm with gentle shaking (see 
Note 14). 

3. Neutralize the gel m neutralization buffer for 20 min, and then place m 2X 
SSC for 20 min with gentle shaking (see Note 15). 

4. Set up the blotting apparatus by placing sheets of Whatman 3MM paper 
that are soaked in 20X SSC on a glass plate over a resevoir of 20X SSC. 
The ends are immersed in the reservoir to act as a wick for the SSC buffer. 

5. The gel 1s placed on the wet 3MM with the comb-side down to provide a 
smooth, even surface for contact with the membrane. 

6. Surround the gel with strips of parafilm on the exposed areas of the 3MM 
wick to allow flow of 20X SSC only through the gel. 

7. Wet the surface of the gel with 20X SSC, and carefully lay the wet mem- 
brane on top of the gel. Be careful to avoid trapping an bubbles between 
the gel and membrane. 

8. Place three layers of 3MM cut to the exact size of gel, and prewet with 20X 
SSC on top of the membrane. Again, be careful to avoid trapping air 
bubbles. 

9. Place several Inches of paper towels on the 3MM filter papers, and cover 
with a glass plate and a lead weight. Transfer overnight, and replace the 
towels if they become completely wet. 
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10. Following transfer, remove the paper towels, and mark the position of the 
lanes and gel orientation on the membrane with a pen. 

11. Trim the edges of the membrane with a scapel, and peel the filter from the 
gel. Immerse the membrane m 6X SSC for l-2 min. 

3.3.3. UV Crosslinking 
1. Pipet 2-4 mL of 6X SSC onto the middle of a large piece of Saran Wrap 

placed on a benchtop. 
2. Remove the membrane from the 6X SSC, and carefully place it onto 

the plastic with the side that was in direct contact with the gel during 
transfer facing down. Avoid air bubbles between membrane and the 
plastic. 

3. Fold over the excess plastic wrap to enclose the membrane completely, 
and place on a glass plate. The side of the membrane in contact with the gel 
should face up. 

4. Place the filter on the plate under a UV source that delivers 600 VW/cm2 at 
a wavelength of 254 nm (see Notes 16-20). Expose for 5 min. 

5. Remove from the source, and take filter out of plastic wrap. Place the filter 
between two sheets of 3MM paper, and bake at 80°C for 60 min. 

The filter is now ready for hybridization. 

3.4. Filter Hybridization 
A large variety of hybridization buffers or systems are available and 

can be used with equal success in the filter hybridizations. This method 
is based on Wahal et al. (10). Regardless of protocols, high backgrounds 
can be a problem using nylon membranes. This can usually be avoided 
by higher concentratrons of SDS in both the hybridization and washing 
steps. The UV crosslinking prevents the high levels of SDS from eluting 
the RNA from the membrane. A typical example of a final Northern result 
is shown in Fig. 1. The figure also illustrates how special RNase wash 
treatments can be useful. 

1. Place the membrane m a plastic bag sealed on three sides. Pour in the 
prehybridization buffer, and seal the remaining side with a bag sealer. 

2. Place the bag in a water bath at the hybridization temperature determined 
by the type of probe being used (see Table 1). For single-stranded RNA 
probes, this temperature is 6065°C. 

3. Prehybridize for 24 h, and then remove the bag, cut a comer, and pour out 
the prehybridization buffer (see Note 2 1). 

4, Place the probe in 10-15 mL of hybridization buffer and prewarm at the 
hybridization temperature for 20 min. 
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Fig. 1. Example of a Northern blot using a Homeobox probe on mouse 
embryonic tissues. Lanes contain l-2 pg of polyA+RNA from the tissues 
indicated at the top of the lanes. (A) Results with washing at 80°C in 0.1 X 
SSC, 0.5% SDS. Some crosshybridization is seen with other members of 
the homeobox family, and this is removed when the same filter is washed 
using the RNase treatment method (B). Note many bands remain 
unchanged, and these represent transcripts of a single gene. However, bands 
resulting from closely related genes are removed in this high-stringency 
treatment. Probe: 32P-single-stranded Hox-2.1 RNA generated by SP6 in in vitro 
transcription from a plasmid template (1). 

5. Carefully pour the hybridization buffer with probe into the plastic bag, and 
reseal avoiding as many air bubbles as possible. Hybridize the filter over- 
night (12-24 h) (see Note 22). 

6. Cut open the bag, and remove the hybridization buffer. Remove the filter, 
and rinse three times in 500 mL of 2X SSC at room temperature. 



Northern Blot Analysis 125 

Probe 

Table 1 
Hybridization and Washing Condrtlons for DNA and RNA 

Hybridization 
temperature, Formamide in 

Filter “C% hybrldlzation Wash condltlons 

RNA RNA 60-65”C 60 0.1X SSC, 0.5% SDS, 75°C 
DNA RNA 5O-55°C 50 0 1X SSC, 0.5% SDS, 65°C 
RNA DNA 50-55OC 50 1X SSC, 0.5% SDS, 65°C 
DNA DNA 42’C 50 1X SSC. 0.5% SDS. 55°C 

7. Wash the filter m 700 mL of 0.1X SSC, and 0.5% SDS at 7@-8O”C for I h. 
Change the buffer, and perform a second identtcal wash. It is helpful to use 
a hand-held monitor to check background. A third wash may be necessary. 

8. Remove the filter from the wash buffer, and wrap in plastic film while 
moist. Expose to autoradiography at -70°C wtth an mtensifymg screen 
and Kodak XAR-5 film (see Notes 23-25). 

9. After the results are obtained, the filters are stripped for reuse by washing 
in 70% formamide at 80-90°C for 1 O-l 5 mm. This can be repeated if nec- 
essary. The filter can be autoradiographed to ensure probe removal. 

4. Notes 
1. Many types of nylon membranes have been tested, and they all work to 

varying extents. Charged membranes, such as GeneScreen Plus, or 
Hybond-N, do not work as efficiently. In our hands, the GeneScreen 
membrane reproducibly produced the highest degree of RNA binding and 
low backgrounds. 

2. Avoid foaming as much as possible. It is important that the sample be well 
homogenized to shear the nuclear DNA. More homogenization buffer can 
be added if the sample is extremely viscous. 

3. It 1s important when removing the supernatant to be sure that the sample is 
not viscous and that there are no clumps of nonhomogemzed material. 
Samples can be stored for several months at this stage. 

4. Wipe the sides of the tube dry with a sterile tissue to remove as much of the 
supernatant as possible. This reduces DNA contammation of the sample. 
In the case of large samples, it may be advisable to perform a second LiCl- 
urea wash to completely remove DNA. 

5. If the RNA pellet is slow to dissolve, add phenol-chloroform, and vortex 
or place on a shaker until it dissolves. 

6. If a large number of samples are to be read, it 1s convenent to use sterile 
disposable UV cuvets, which minimizes crosscontaminatton between RNA 
samples and reduces the handling time of the RNA. 
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7. When handling large samples, the DNA may not be completely sheared or 
removed by the LiCl-urea washes. It 1s important to have as much of the 
DNA removed as possible, since contamination drastically reduces the 
flow rates of the oligodT columns used in the isolation of polyA+ RNA. If 
after the final ethanol precipitation DNA is still present, it may be removed 
by redissolving the RNA m TE and adjusting the sample to 2M LiCl. Over- 
night mcubation at 4°C reprecipitates the RNA, but leaves the DNA in 
solution. The RNA is then pelleted by centrifugation, dissolved m TE, and 
reprecipitated with ethanol as m Section 3.1.1.) step 13. 

8. If small amounts of RNA (i.e., Cl00 ug) are to be loaded onto the column, 
add 2 mL of binding buffer containing 5 yglmL of yeast tRNA. Allow this 
to run through, and then rinse with 5 mL of normal binding buffer. 

9. The oligodT columns can be reused after successive rinses with 5 mL of 
TES, followed by 5 mL of O.lN NaOH. The column is left at room tem- 
perature for 1 O-l 5 mm to destroy any remaining traces of RNA. To store 
the column, refill it with TES or 0. IN NaOH and cap the top and bottom. 
The columns can be stored at 4°C mdefinitely and reused repeatedly with- 
out future RNA loss or contamination Storage in NaOH can result m some 
degradation of the glass-fiber filter at the bottom of the column after long 
periods, m which case the oligodT should be transferred to a new column. 

10. The percentage of the gel may vary with need, but for separation of 1 S-8 kb, 
RNA, 1.4% is ideal 

11. Best results are obtained using high voltage and, hence, short runnmg times. 
12. The pH of the buffer can change during the run, so it is advisable to recir- 

culate the buffer by either using a pump or by mixmg the buffer several 
times during the run. Higher voltages can be used to shorten the length of 
the run if a recn-culatmg pump is used. The pH can easily be checked with 
pH indicator paper to monitor any changes 

13. Markers may be used on the gels, in which case they must be stained at 
the end of elctrophoresis. To do this, cut off marker lanes to be stained, 
rinse twice in distilled water for 20 mm, and twice m O.lM ammonium 
acetate for 20 min. These rinses are necessary to remove formaldehyde, 
since this binds ethidiumbromide. Incubate the slices for 15 min in O.lM 
ammomum acetate with 0.2 l.tg/mL of ethidum bromide. Destain the gel m 
two washes of 25 min m O.lM ammomum acetate. If background is still 
high, the gel can be destained several hours or overnight at 4°C in O.lM 
ammomum acetate without the RNA bands diffusing. A photograph can 
be taken on standard UV transillummator setup. 

Staining can prevent efficient transfer of the RNA to the membrane, so 
do not stain part of gel to be used for hybridization Useful markers are the 
ribosomal RNAs found in polyRNA or commercial RNA size ladders 
(supplied by Gibco-BRL). 
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14. This partially cleaves the RNA and aids transfer of large spectes. Do not 
leave longer than 20 min, and use DEPC-treated water at this step if 
transfering RNA <800 bp m size. 

15. These steps remove formaldehyde, which can mhibtt efficient transfer. 
16. It 1s important to use a 254~nm wavelength bulb, without the polarizing 

filter. Attempts to crosslink the samples on a standard transtlluminator 
(normally set at 305 nm) usually do not work. The polarizing filters usu- 
ally exclude too much energy for effective crosslinkmg. 

17. Many hand-held UV lamp units will work if the protective cover is removed. 
We recommend a standard four-bulb transilluminator without the polartz- 
ing filter mounted on a stand upside down in a protective box or cabinet to 
prevent UV exposure to user. 

18. The dose of energy is important. Often specific distances from the source 
are described in protocols; however, it is important to determine the proper 
distance for your own UV source. Use a standard UV safety measuring 
device that measures in units of pW/cm2 at 254 nm. These devices are not 
expensive and easily obtained from a scientific supply. Find the distance 
from the source that registers 600 pW/cm2, and then fix the height of the 
UV source to that height. 

19. A commerical UV crosslmker IS now available from Stratagene (the 
StrataLinkerTM) and crosslmking to GeneScreen is very efticent using the 
manufacturer’s instructions. 

20. Several workers describe UV crosshnking with a dry filter. This can be suc- 
cess&l and has the advantage that much shorter times are required, usually 
10-30 s. However tt is possible to overlink the RNA to the filter and reduce 
the usefulness of the RNA on the membrane. The optimum crosslinking times 
for the wet or dry method can be tested easily and directly. Prepare a test gel 
with a single large-slot preparative comb, and transfer the RNA to the filter. 
Set up the crosslinkmg, but cover most of the filter with a black paper. At 
various time-points, gradually expose more of the filter to the UV source. This 
wtll provide a time course of crosslinking. After hybridization of the filter, the 
optimum linking times and length of the plateau for effective linking are read 
directly from the filter. This plateau is generally very broad when the filter 
is linked wet, and the conditions are therefore very reproducible. On dry 
filters the plateau may be only a few seconds and difficult to reproduce, 
which is why the wet-linkmg method is preferred. 

2 I. The prehybridization and hybridization buffers can be made up and stored 
for long periods at 4°C. 

22. All of these transfer, UV crosslinkmg, and hybridization methods can be 
applied to Southern as well as Northern analysis. The only difference is the 
selection of hybridization temperatures depending on the nucleic acid 
involved and the probe. See Table 1 for alternative conditions for DNA. 
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23. It is important that the filter never becomes completely dried out, or it will 
not be possible to remove all of the bound probe. 

24. If the background is high or a higher degree of stringency is required owing 
to crosshybndization, wash the filter m 100 mL of 0.1X SSC, lO-30% 
formamide at 65’C, followed by 0.1X SSC, 0 5% SDS at 70°C for 30 min. 
Re-expose the filter. 

25. AlternatIvely, background can be ehminated by RNase treatment of the 
filter (I), but It may no longer be reusable. To RNase treat, place the filter 
m 2X SSC, 0.1 &mL RNase A at room temperature for 20 min. Then 
wash m 500 mL 2X SSC, 0.5% SDS at 40-50°C for 30 mm, and re-expose 
the membrane. This treatment is analogous to an RNase protection assay. 
See Fig. 1 for an example of this treatment. 
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CHAPTER 17 

RNA Slot Blotting 

David Murphy 

1. Introduction 
In a slot blot, RNA is applied, unfractionated, to a solid matrix, and 

therefore, slot blotting is a rapid and sensitive method for analyzing 
changes in RNA quantity following developmental or physiological 
changes. Its disadvantage is that it cannot be used when the RNA 
sample contains additional homologous sequences, which will hybridize 
to the probe and confuse the results. 

2. Materials 
1. 3: 1 Loading buffer: 5 mL of formamide (Fluka [Buchs, Switzerland]; 

see Note l), 1.7 mL of formaldehyde (Fluka), DEPC-treated water, and 
0.5 mL of 20X MAE (20X MAE: 0.4MMOPS, pH 7,O.lMNa acetate, and 
0.02M EDTA). 

2. DEPC-treated 20X SSPE: 3.6MNaC1,200 mA4sodmm phosphate, pH 6.8, 
and 20 mA4 EDTA. 

3. Slot blot applicator linked to vacuum line (e.g., Schleicher and Schuell, 
Dassel, Germany). 

4. Nylon hybridization matrix (e.g., Amersham [UK] Hybond-N); see Note 2. 
5, A UV crosslinker (see Chapter 16). 
6. RNA samples: see Notes 3-5. 

3. Method (See Note 4) 
1. Add 3 vol of 3: 1 loading buffer to the RNA sample (up to 50 pg total 

cellular RNA). Incubate at 65°C for 15 mm to denature. 
2. Add SSPE to 2X to a final vol of up to 500 pL. 
3. Apply to the nylon hybridization matrix using the slot-blot applicator. 
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4. Disassemble the slot-blot system, and rinse the filter m DEPC-treated 2X 
SSPE. 

5. Bake the filter at 80°C for 1 h. This step dries the filter and assists with the 
fixing of the RNA to the matrix. 

6. Covalently crosslink the RNA to the matrix in a UV crosslmker (see 
Chapter 16). 

7. Proceed with hybndizatlon as described m Chapter 16. 

4. Notes 
1. Formamide should be delomzed before use. To do this, formamide IS mixed 

and stirred for 1 h with Dowex XG8 mixed-bed resin, followed by filtra- 
tion through 3MM paper. Fluka formamide (catalog number 47670) does 
not require deionization. 

2. These methods have been developed for neutral nylon membranes (e.g., 
Amersham Hybond-N). We have not tested positively charged membranes 
(e.g., Amersham [UK] Hybond-N+, Blo-Rad [Richmond, CA] Zeta-Probe, 
NEN-Du Pont [Boston, MA] GenescreenTM Plus). 

3. Total cellular RNA prepared using rapid techniques can be contaminated 
with genomic DNA and therefore make accurate quantltation by spectro- 
photometry difficult. In addition, it 1s important to control for loading artl- 
facts. For semiquantitative analysis, each sample should be slot blotted twice, 
one filter hybridized to a probe for the RNA under test, and the other with 
a probe for an RNA that does not change m expression between samples. 
Alternatively, one slot blot can be made per sample and the same filter 
reprobed. 

4. Slot blotting of RNA can be used to quantitate changes in the steady-state 
levels of specific RNA species rapidly following developmental or physi- 
ological change. The hybridization of the probe to dilutions of the RNA 
samples under test is compared to the signal generated by hybridization of 
the same probe to dilutions of specific RNA standards generated by m 
vitro transcription of cloned cDNAs by bacteriophage RNA polymerases 
(see Chapter 12). 

5. Slot blotting 1s notoriously prone to giving false-positive signals. This can 
best be avoided by: 
a. Rigorous testing of the probe using Northern blots to ensure that it 1s 

specific; 
b. Inclusion in all assays of adequate negative controls; and 
c. Assiduous preparation of all probes, solutions, RNAs, and so forth, in 

order to avoid contammation. 



CHAPTER 18 

The RNase Protection Assay 

Dominique Belin 

1. Introduction 
The RNase protection assay is based on the resistance of RNA:RNA 

hybrids to single-strand specific RNases, after annealing to a comple- 
mentary 32P-labeled probe in solution. It can be used to map the ends of 
RNA molecules or exon-intron boundaries. It also provides an attractive 
and highly sensitive alternative to Northern blot hybridization for the 
quantitative determination of mRNA abundance. Hybridization is car- 
ried out with an excess concentration of probe so that all complementary 
sequences are driven into the labeled hybrid. Unhybridized probe or 
any single-stranded regions of the hybridized probe are then removed by 
RNase digestion. The “protected” probe is detected and quantitated on a 
denaturing polyacrylamide gel. Originally, single-stranded DNA probes 
were used for the assay (1). However, these have the disadvantage of 
being lengthy to prepare. The ease with which labeled RNA molelcules 
(riboprobes; see Chapter 12) can now be made makes an assay based on 
RNARNA hybridization much more favorable (2,3). 

RNase protection has a number of advantages. First, solution hybrid- 
ization tolerates high RNA input (up to 60 pg of total RNA), and is not 
affected by the efficiency of transfer on membranes or by the availability 
of membrane-bound RNAs. Second, the signal-to-noise ratio is much 
more favorable, since crosshybridizing RNAs yield only short protected 
fragments. Third, a significant fraction of mRNAs is often partially 
degraded during RNA isolation; in Northern blots, this generates a trail 
of shorter hybridizing species, which reduces the sensitivity of detection. 
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Finally, the detection of hybridized probes on sequencing gels is much 
more sensitive, because the width of the bands can be reduced to a tenth 
of those used in agarose gels. Only two features of Northern blots are lost 
in RNase protection assays: complete size determination of target RNAs 
and multiple use of each sample. 

2. Materials 
1. 32P-labeled probe: A riboprobe prepared as in Chapter 12 (see Notes I-3). 

Resuspend the probe in water at l-2 ng/p.L. 
2. Hybridrzation mixture: 80% deionized formamide (see Note 4), 0.4M 

NaCl, 40 mA4 Na-PIPES, pH 6.8, and 1 mM EDTA. 
3. RNase digestion buffer: 300 rnMNaC1, 10 mMTris-HCl, pH 7.4, and 4 mM 

EDTA. 
4. Pancreatic RNase: A 10 mg/mL solution in TE containing 10 mA4 NaCl. 

Vials containing lyophilized RNases should be carefully open in a venti- 
lated hood to avoid contamination. Boil for 15 mm and slowly cool to 
room temperature. Store in aliquots at -20°C. 

5. Tl RNase: A 1 mg/mL solution in TE. Adjust the pH to 7. Store m aliquots 
at -2OOC. 

6. Protemase K: Dissolve the enzyme at 20 mg/mL in water, and store in 
aliquots at -20°C. 

3. Method 
1. For each sample, add 1 pL of probe to 29 pL of hybridization mixture. The 

probe is resuspended in water and constitutes 3% of the final volume; the 
exact amount of probe 1s not critIcal, since it IS in excess over its specific 
target (see Note 5). 

2. Lyophllize or ethanol-precipitate 10 pg of the sample RNA. Resuspend in 
30 p,L of complete hybridization mixture (mcludmg probe). Heat for 2 mm 
at 9O”C, then incubate overnight, usually at 45°C (see Notes 6 and 7). 

3. Cool the samples on ice, and add 300 pL of RNase digestion buffer. Digest 
for 1 h at 25’C with pancreatic RNase, which cleaves after uracil and cyto- 
sme residues, and Tl RNase, which cleaves after guanine residues, or with 
both RNases (see Notes 8 and 9). 

4. Add 20 PL of 10% SDS, and remove the enzyme(s) with 0.5 ,uL (10 ,ug) 
of proteinase K for 1 O-20 mm at 37°C. Extract twice with phenol/chlo- 
roform, and precipitate the RNAs with ethanol with 10 pg of carrier 
tRNA. 

5. Resuspend the RNAs m sample buffer, denature the hybrids for 2 min at 
9O”C, and electrophorese on a suitable percentage polyacrylamide/urea 
sequencing gel (see Chapter 47). Fix the gels with 20% ethanol and 10% 
acetic acid to remove the urea, dry, and autoradiograph (Note 10). 
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Fig. 1. RNase protection assay. (A) Discrimination between target-specific sig- 
nal and complete probe protection by residual DNA. Detection of PN-I mRNA in 
total RNA from murine tissues (6). The probe (3 10 nucleotides long) was gel puri- 
fied. Lane 1: size markers. Lane 2: purified probe. Lane 3: probe hybridized and 
processed without RNase digestion. Lane 4: control hybridization with 10 ug of 
tRNA; traces of fully protected probe are visible. Lane 5: 10 ug of RNA from 
seminal vesicles, an abundant source of PN-I mRNA; the specific protected frag- 
ment is 260 nucleotides long. Lane 6: 10 I-18 of liver RNA, which does not contain 
detectable levels of PN-I mRNA. Lane 7: 10 pg of testis RNA, which contains trace 
levels of PN-I n-RNA. (B) Effect of hybridization temperature on the detection of 
short complementary RNAs. The S-ends of phage T4 gene 32 transcripts in total 
RNA from bacteria carrying a gene 32 expression cassette were mapped by hybrid- 
ization to a cRNA probe containing 400 nucleotides of gene 32 upstream sequences 
(4). The probe was not gel-purified, and hybridization was performed at the indi- 
cated temperatures. Traces of fully protected probe result from incomplete DNase 
digestion of the template; they are also visible in the control hybridization without 
target RNA. The 44-nucleotide protected fragment is no longer detected above 30°C. 

4. Notes 
1. The probes should be 100-400 nucleotides long and should include at least 

10 nucleotides that are not complementary to the target RNA. Residual 
template DNA generally produces a trace of full-length protected probe, 
which must be distinguishable from the fragment protected by the target 
RNA (Fig. 1). 
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2. It is often useful to decrease the spectfic actrvity of the probe, since more 
RNA 1s synthesized as a consequence of the higher ribonucleotide concen- 
tration, the probes are less suscepttble to radiolysts, and less radioactivity 
1s used. The followmg guideline can be used to alter the specific activity of 
the probes according to the sensitivity required: 

RNA target 
abundance Unlabeled UTP 32P-UTP Probe/sample* 
High lOOpA 2.5 pA4, 10 pCt 6-12 kcpm 
Moderate 1OcIM 2.5 pA4, 10 pCi 60-120 kcpm 
Low - 12.5 pM, 50 yCt 300-600 kcpm 

3. Purttication is often necessary for maxtmal sensittvity or for mappmg pur- 
poses. After DNase digestion of the template, the entire reaction can be 
directly loaded onto a 5-6% polyacrylamtde/urea preparative gel (gel 
thickness: 0.4-1.5 mm), provided that enough EDTA is present m the 
sample buffer to chelate all the magnesium. After electrophoresis, cover 
the wet gel within Saran WrapTM and expose for 0.5-5 min at room tem- 
perature to localize the full-length transcript. Cut the exposed band on the 
film with a razor blade, After aligning the cut film on the gel, excise the gel 
band with a sterile blade. The cut gel should be re-exposed to verify that 
the correct band has been excized Elute the RNA from the gel either by (a) 
electroelutton or (b) soaking. 
a. Electroelute for l-2 h at 30 V/cm m 0.1 X Trisiborate/EDTA m a sterile 

dialysis bag, after which, invert the polarity for 30 s to detach the eluted 
RNA from the membrane. Purify the eluate by two phenol/chloroform 
extractions and ethanol precipitation with a known amount of tRNA car- 
rier (see Note 6). Thts procedure is very sensttive to RNase degradation. 

b. Incubate the gel fragment in an Eppendorf tube in 500 PL of 0.5M 
ammonium acetate, 1% SDS, and 20 pg/mL tRNA for l-3 h at 37°C. 
The eluate and residual gel can be counted to ensure that more than 
60% of the RNA 1s eluted. After two extractions with phenol/chloro- 
form, recover the eluted RNA by ethanol precipitation. 

4. To deionize formamide, incubate at -80°C until 75-90% of the solu- 
tton has crystallized. Discard the liquid phase, thaw, and incubate at 
4°C for several hours with a mixed-bed resin (AG501-X8, Bio-Rad 
[Richmond, CA]). Use a TeflonTM- covered magnet that has been freed of 
RNase by treatment with 0. 1M NaOH for 10 min, and rmsed with water 
and with crude formamide. Check the conductivtty, which should be 
below 20 l.tS. Filter the solutton onto sterile paper (Whatman, LS-14) 
over a sterile funnel. The absorbance at 270 nm should be below 0.2. 

*The amount of probe requrred per sample for the detection of the target (see Note 5) 
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5. The amount of probe must be in excess of the target RNA. Since initially it 
is not possible to know the abundance of the target, this may have to be 
calculated empirically. The figures presented in Note 2 may be used as a 
guide. In addition, for very low abundant target RNA, the amount of sample 
RNA may be increased up to 60 pg. 

An input of l-2 ng of a 300 nucleotide probe in a total volume of 30 I.~L 
will drive the hybridization of target RNA to completion (4-g Ti,J in approx 
16 h. Shorter hybridizations can be performed, but require higher probe 
input (R,) to achieve the same extent of saturation, i.e., to maintain the & 
x T1,2 value. 

6. To facilitate the RNase digestion step, each sample should contain the same 
amount of total RNA. Inequalities may be eliminated by addition of tRNA. 
A negative control sample, containing only tRNA, is always included (Fig. 
IA, lane 4, Fig. lB, lane 3). 

7. The temperature of hybridization must be reduced to detect small or very 
AU-rich protected fragments. For instance, a 44 nucleotide fragment of a 
phage T4 gene 32 transcript (containing 35 A/U and 9 C/G) was only pro- 
tected by performmg the hybrtdization at 25-30°C (4; Fig. 1B). 

8. The amount of RNase is determined by the total amount of RNA present in 
the samples, mcluding that contributed by the probe. This author usually 
adds 0.5-1.0 pg of pancreatic RNase and/or 0.25 pg of Tl RNase/pg of 
RNA. In most cases, digestion with pancreatic RNase alone is sufficient. 
When the probe and the target RNAs are from different species, the extent 
of homology can be sufficient to generate discrete protected fragments, 
particularly if digestion is performed with RNase TI only.The temperature 
of digestion can be increased to 30-37°C although this often leads to par- 
tial cleavages within the RNA:RNA hybrids. 

9. To ensure that the probe remains intact during the hybridization, it may be 
useful to include a parallel control that is hybridized and processed with- 
out RNase treatment (Fig. lA, lanes 2 and 3). 

10. Minor shorter protected fragments are often detected, which may compli- 
cate the interpretation of mapping assays. To distinguish between diges- 
tion artifacts and rare target RNAs that are only partially complementary 
to the probe, it may be useful to use as a control target RNA a synthetic 
sense transcript fully complementary to the probe (5). 
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CHAPTER 19 

Primer Extension Analysis of mRNA 

Mark W. Leonard and Roger K. Patient 

1. Introduction 
Primer extension is a relatively quick and convenient means by which 

gene transcription can be monitored. The technique can be used to accu- 
rately determine the site of transcription initiation or to quantify the 
amount of cap-site-specific message produced. 

The principle of this technique is shown in Fig. 1. In brief, a radiola- 
beled probe fragment (preferably single-stranded) is hybridized to its 
complementary sequence near the mRNA 5’ terminus. This primer is then 
extended by the enzyme reverse transcriptase back to the initiation point 
of the message. The products of the reaction are run on a denaturing 
polyacrylamide gel and exposed to autoradiography. 

The major advantage of primer extension for mRNA analysis is its 
convenience (compared to S 1 mapping or RNase mapping). The techni- 
que enables precise determination of the start point of transcription. Also, 
because very clean results can be obtained, more than one mR.NA can be 
quantitatively analyzed in a single reaction. For example, the transcripts 
from a transfected marked gene can be distinguished from the cell’s 
endogenous gene products, or, by judicious choice of primers, transcrip- 
tion from a test gene and a cotransfected (internal standard) control gene 
can be monitored in the same reaction (see Fig. 2). Finally, in genes with 
multiple cap sites, the amount of transcription from each site can be 
distinguished in a single reaction. 

Many of the above considerations apply equally to the analysis of 
mRNA by S 1 or RNase mapping (see Chapters 18 and 20). Although these 
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1) Transfect wild type and marked genes rnto cells. 

Gene AWt Gene Amt -. . . 

2) Genes transcribed In tissue culture cell nuclei. 

RNAWt T&m RNAmt -. . . Am 

3) Labelled primer hybridised to mRNAs. 

AU -. . . AAA 

---* ---* 

4) Primer extended by reverse transcriptase. 

AAA -. . . AAA 

--..-----* -----...---* 

5) Precipitate and run on denaturing acrylamide gel. 

Fig. 1. Distinguishing the different sized transcripts from wild-type and 
marked copies of the X lams /3-globin gene by primer extension: schematic 
representation of the primer extension reaction. 

latter techniques are usually more sensitive, the convenience of primer 
extension means that it is often the method of choice for RNA analysis, 

2. Materials 

As with all procedures involving RNA, extreme care must be taken to 
avoid RNase contamination and degradation of samples (1). Work sur- 
faces should be clean, and gloves should be worn at all times. Stock solu- 
tions and glassware should be treated with the RNase inhibitor 
diethylpyrocarbonate (DEPC) (0.1% for 30 min or longer at 37°C). 
DEPC cannot be used to treat solutions containing Tris, since it is 
unstable in the presence of this buffer. Tris buffers should be made with 
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Fig. 2. An example of a primer extension reaction: total cytoplasmic RNA 
from cultured cells containing Xenopus P-globin gene constructs, analyzed using 
a single S-labeled oligo primer. Lane 3, wild-type, l3-globin gene introduced 
alone; Lanes 4 and 5, wild-type gene plus genes marked by insertion of differ- 
ent-sized oligonucleotides into the first exon. Samples are run alongside a labeled 
DNA size marker (Lane 1) and total cytoplasmic RNA (50 ng) from X Zaevis 
erythroblasts (Lane 2) to show the cap site used in vivo. 

DEPC-treated autoclaved water and then reautoclaved. It is important to 
remove all traces of DEPC (by autoclaving) prior to use to prevent 
carboxymethylation of RNA and proteins. Sterile disposable plasticware 
can be treated in the same way, but is usually sufficiently RNase-free 
that pretreatment is not required. Separate stocks of plasticware and rea- 
gents should be maintained solely for RNA work. 

Glass capillaries for the hybridization reaction should be siliconized 
(optional for plasticware). Items for siliconization are rinsed in a 5% 
solution of dichlorodimethyl silane in chloroform in a fume hood (this 
solution is toxic and highly volatile). Siliconized items should be 
rinsed several times with DEPC-treated water and baked (1 OO’C, 2 h) 
before being DEPC-treated themselves. 

The most convenient source of single-strand primer is a chemically 
synthesized short oligonucleotide (see Note 1). This should be 18 
nucleotides or longer, and should ideally be located within 100 bases of 
the mRNA cap site. Care should be taken to ensure that the chosen oligo- 
mer does not contain repeats capable of inter- or intraprobe hybridiza- 
tion, since this will reduce the efficiency of annealing to mRNA. 
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Usually, the primer is 5’ end-labeled (2-4) (see Note 2), particularly if 
the sequence of the extension products is to be determined by the method 
of Maxam and Gilbert (3,5). The specific activity of the primer should be 
determined by Cerenkov counting after removal of unincorporated 
nucleotide (by centrimgation through a Sephadex G25 column). Primers 
should have a SA of >5 x lo5 dpmpmol. 

1. 10X Kinase buffer: 500 m31 Tris-HCl, pH 7.6, 100 mA4 MgCl*, 50 mM 
dtthiothreitol (DTT), 1 mM spermtdme, 1 mA4 EDTA. 

2. 5X Hybridization buffer: 2MNaC1, 50 WPIPES, pH 6.4. 
3. 1X Extension buffer: 5 PL of IMTris-HCl, pH 8.3,5 uL of200 mMDTT, 

5 uL of 120 mA4MgC12, 2.5 p.L of 1 mg/mL actmomycm D, 5 uL each of 
10 mM dATP, dCTP, dGTP, dTTP, 1 uL (approx 40 U) of RNasm, and 
DEPC water to 89 uL. 

4. Formamide loading dye: 80% deionized formamtde, 45 mMTns-HCl borate, 
45 rniV boric acid, 1.25 mM EDTA, 0.02% xylene cyanole. 

5. G25 Sephadex: Suspend Sephadex m approx 50 vol of TE (10 rnJ4 Tris- 
HCl, pH 7.5; 1 mM EDTA). Autoclave for 15 min (Sephadex will swell) 
and allow to cool to room temperature. Store at 4°C m a capped bottle. 

6. Carrier (yeast) tRNA: Make up to 25 mg/mL with DEPC H20. Use the 
maker’s bottle to avoid RNase contamination during weighing. Store in 
sterile plastic tubes at -20°C. 

7. 3M sodium acetate (NaOAc), brought to pH 5.4 with glacial acetic acid, 
DEP-treated, and autoclaved for 15 min. 

8. 70% EtOlWDEPC H,O: 70 mL absolute ethanol, 30 mL DEPC-treated water. 

The NaCl, MgCl,, EDTA, and PIPES should be DEPC-treated as described 
above. The remaining buffer components should be made up in DEPC- 
treated autoclaved water, but not treated this way themselves. Actinomy- 
tin D is light-sensitive and toxic, and should not be autoclaved. DTT is 
thermally unstable and cannot be autoclaved (stock 1M DTT should be 
made up in DEPC-treated 10 rniVNaOAc, filter-sterilized, and aliquoted 
at -20°C). Stocks of dNTPs should be filter-sterilized. 

These btiers can be aliquoted and stored at -20°C. If the RNase inhibitor 
RNasin is to be present, it should be added fi-esh to the extension buffer on 
the day it is to be used. Reverse transcriptase (stored in aliquots at -70°C) 
should, similarly, be added fresh to the extension mix immediately prior to use. 

3. Methods 
Protocols for the labeling, hybridization, and extension reactions are 

given below. The hybridization reaction is frequently carried out in sealed 
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capillaries as described; however, the protocol is greatly simplified by 
using the modification given in Note 3. 

3.1. Kinasing Primer 
1. In a plastic microfuge tube, mix l-50 pmol of oligonucleotide 5’ 

(unphosphorylated) ends, 2 p.L of 10X kinase buffer, 70 pCi of aque- 
ous 32P-y ATP (3000 Ci/mmol), 10-20 U of T4 polynucleotide kinase, 
and DEPC water to 20 pL. 

2. Incubate at 37*C for 30 min. 
3. Add 4 pL of 250 mMEDTA. 
4. Remove unincorporated labeled nucleotide by centrifugation down a 

Sephadex G25 column (see Note 4). 
5. Extract with phenol:chloroform:isoamyl alcohol (25:24: 1) (v/v). 
6. Add 10 pg of tRNA (carrier for the precipitation). 
7. Add l/10 vol of 3M NaOAc; ethanol-precipitate by adding 2 vol of 

100% ethanol and pelleting in a microfuge for 15 min. Wash the pellet in 
70% ethanol and dry under vacuum. 

8. Resuspend (0.25-2.5 finol/pL) in DEPC water. 

3.2. Hybridization Reaction 
1. In a plastic microcentrifuge tube (siliconization is not essential), mix 2 pL 

of (OS-5 fmol) labeled primer (see Note 5), 2 pL of 5X hybridization 
buffer, 0. l-l fmol of target mRNA (up to 20 pg total RNA), and DEPC 
water to 10 pL. 

2. Take the mixture up in a siliconized glass capillary (see Note 3). 
3. Seal both ends of the capillary in a Bunsen flame and label the sample with 

indelible marker (on water-proof tape if necessary). 
4. Heat the sample to 70°C by submerging in a water bath for 3 mm (see Note 6). 
5. Hybridize for 3-6 h, submerged in a water bath at the optimum tempera- 

ture (see Notes 7-l 1). 

3.3. Extension Reaction 
1. Dry the capillaries and remove the ends with a glass cutter. 
2. Remove both ends of the capillary, connect to a pipet, and expel the 

hybridization mix into 89 pL of extension buffer in a microfuge tube 
(including 1 PL [approx 40 U] of RNasin if desired; see Note 12). 

3. Add 1 pL (approx 20 U) of AMV reverse transcriptase per sample. 
4. Incubate the extension mix at 42*C for 1 h (see Note 13). 
5. Add 11 p.L of 3MNaOAc, ethanol-precipitate total nucleic acid as m step 

7, Section 3.1., wash with 70% ethanol, and vacuum dry. 
6. Take the pellet up in 5-10 pL of formamide loading dye. 
7. Heat-denature at 90°C for 3 min; chill on ice. 
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8. Electrophorese on an appropriate percentage of denaturing polyacryl- 
amide gel, along with suitable size markers or DNA sequencing ladders. 

The labeled extension products are run on a standard denaturing 
urea-acrylamide gel of suitable percentage (dependent on the distance 
of the primer from the 5’ end of the message) to enable good resolution of 
cap site length transcripts. This is particularly important when the site of 
transcription initiation is to be determined, but is also important for quan- 
tification experiments if multiple start sites exist in the gene of interest 
(see Notes 14-l 6). 

4. Notes 
1, A single-stranded (5’ unphosphorylated) oligonucleotide is the most con- 

venient source of primer. Alternatively, the primer can be generated by 
restriction enzyme digestion of the cloned gene under study. A pair of infre- 
quently cut restriction sites with cohesive ends of different lengths, sepa- 
rated by approx 20-100 bp, are cleaved so as to produce coding and 
noncoding strands of different lengths. A radrolabelmg step between the 
first and second cleavages yields a uniquely end-labeled fragment that can 
be separated from the noncoding strand by denaturing acrylamide gel 
electrophoresis (3) and autoradiography (6). The greater the difference 
in size between the two strands, and the smaller the restriction fragment, 
the better the probe separation. It is possible to use a uniquely end-labeled 
double-stranded primer, since RNA-DNA hybrids are more stable than 
the corresponding DNA-DNA hybrids (by approx 5°C). However, the use 
of a double- stranded primer requires precise determination of the hybrid- 
tzation temperature and reduces the efficiency of the technique. 

2. Ideally, the primer should be 5’ end-labeled. The 5’ terminal phosphate 
groups of restriction fragments must be removed by treatment with alka- 
line phosphatase (4) prior to kinasmg; ohgomers should be obtained with- 
out a terminal phosphate to preclude this step. Such 5’ end-labeling is 
particularly important if the sequence of the extension products is to be 
determined by the method of Maxam and Gilbert. However, if the objec- 
tive is merely to quantitate the amount of a particular message, then a 3’ 
labeled primer can be used (4,7). Practically, this may be sampler in some 
instances in which restriction-enzyme-generated probes are to be used (for 
example, labeling may be important in generating strands of different 
sizes). The sensitivity of the primer extension analysis can be improved by 
using a uniformly labeled (M 13 vector-generated) probe (47). 

3. The hybridization reaction IS frequently performed in siliconized capillar- 
ies but the protocol can be greatly stmplified by carrying out this step 
directly in plastic microfuge tubes. It is important to completely submerge 
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the microfuge tubes in the water bath to prevent evaporation, since this 
will alter the salt concentration of the reaction and affect the hybridization. 
Care must be taken to ensure the tubes are adequately sealed; screw-capped 
microfuge tubes are best for this purpose. The extension reaction can then 
be carried out m the same tubes. 

4. Prepare G25 Sephadex columns as follows: Plug the nipple of a 2-mL ster- 
ile plastic syringe with polymer wool and till the syringe with a concen- 
trated slurry of Sephadex. Suspend the syringe over a sterile plastic 
centrifuge tube and spin at 1500 rpm m a swing-out rotor for 5 mm. Dis- 
card the centrifuge tube and buffer contents, and transfer the syringe to a 
fresh tube. Load the labeled primer on to the top of the column, rmsmg out 
the tube with 50 pL of TE to ensure transfer of all the label to the column. 
Spm at 1500 rpm for 5 min. Labeled primer will be found m the eluate, 
unincorporated label will be located at the top of the column. A success- 
fully labeled probe should register full-scale deflection on a Geiger counter. 
If this does not happen, rewash the column with a further 50-100 pL of 
TE. Remove 1 PL of the probe and determine the SA by Cerenkov count- 
ing. Probes should not be used with SA <2-5 x lo6 dpmpmol. 

5. It may be more convenient to mix the labeled primer with the RNA 
that is to be analyzed while preparing the RNA. The primer and the RNA 
can then be coprecipttated, after which the pellet can be taken up in DEPC- 
treated water and the remaining components of the hybridization reaction 
added directly to the resuspended pellet. 

6. The primer and RNA for analysis are mixed with hybridization buffer, 
briefly heated to 70°C to remove any RNA (or primer) secondary struc- 
ture, and then allowed to anneal. 

7. The hybridization IS carried out with the primer m approx IO-fold molar 
excess over the target complementary RNA; too great an excess (particularly 
at suboptimal hybridization stringency) can result in nonspecific priming. 

8. The optimum temperature for the hybridization will depend on the length 
of primer and its base composition. Formulae for the estimation of RNA- 
DNA hybrid melting temperatures (8,9) are not accurate for short DNA 
primers. For most probes, the value is m the range 45-65OC in the buffer 
given, but pilot experiments should be carried out over this range of tem- 
peratures to determine the optimum hybridization temperature for the spe- 
cific primer-RNA combination being used. 

9. A simple way to monitor the hybridization efficiency is to perform a modi- 
fied S 1 nuclease mapping reaction on the RNA-primer hybrids (see Chapter 
20). Briefly, the oligomer and RNA under analysis are hybridized (3-6 h) 
at a range of temperatures, the hybrids digested with Sl nuclease, and 
the amount of protected (hybridized) oligomer determined by denaturing 
acrylamide electrophorests. The temperature at which the maximum 
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amount of S 1 nuclease resistant labeled primer occurs should be used for 
subsequent hybridization reactions. 

10. It may also be necessary to opttmrze the amount of target mRNA present 
in a typical reaction by carrying out hybridizations with varying amounts 
of the RNA preparation. Total cytoplasmic RNA can be used in the reac- 
tion, although greater sensmvity (and cleaner results) may be achteved 
using poly A’ RNA. 

11. The hybridization IS carried out for 3-6 h. RNA IS susceptible to thermal 
degradatton at elevated temperatures (although this effect is reduced at the 
acid pH used here), so primers with hrgh optimum hybridizatron tempera- 
tures should be annealed for as short a time as possible. 

12. The ribonuclease inhibitor RNasin can be included m the extension reac- 
tion (1 yL, approx 40 U) but is less effective in the hybridization reaction. 
This is because the 70°C incubation to remove secondary structure and the 
high temperatures required m the annealing reaction are lrkely to cause 
denaturation of the RNasm protein. Addttronally, the acttvtty of RNasin 
is crmcally dependent on the presence of a minimum amount of 1 mM 
dtthiotreitol, which is also unstable at elevated temperatures. Ribonucleo- 
side-vanadyl complex RNase inhibitors can reduce the efficiency of exten- 
slon under certain conditrons (>2 &inhibitor in the presence of low [ 1 mMJ 
concentrations of dNTPs). 

13. The elongation reaction is carried out at 42OC to reduce the amount of 
mRNA secondary structure, which can cause premature termination of the 
reverse transcriptase. 

14. The further the primer IS located from the cap site, the greater the likeli- 
hood of premature termination by the reverse transcrrptase at sites of RNA 
secondary structure or RNA cleavage (e.g., by RNase). The presence of the 
resulting discrete “drop off’ bands ~111 cause a reduced cap-site signal. Chang- 
ing the position of the primer to a site 5’ to strong secondary structure exten- 
sion barriers will improve the yield of cap-site product. 

15. The extension reaction often generates more than one band m the vicinity 
of the cap-site (see Fig. 2). These may represent genuine multiple start 
sates of transcriptron. Addrtionally, it is thought that methylation of the 
mRNA at the cap-site, or adjacent nucleotide, causes premature termina- 
tion of the reverse transcriptase enzyme in a portion of the molecules, Such 
effects should be taken into account when determinmg the precise point of 
transcription mitiatron. The ratio of the cap-site bands can vary between 
different transfected cell types, but IS constant for a given source of mRNA. 

16. Additional bands may be produced as a result of fold-back cDNA syn- 
thesis by reverse transcriptase, although the incorporation of actmomycin 
D in the extension buffer should reduce this activity. Sodium pyro- 
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phosphate (80 mM) appears to be even more effective in thts function, but 
may be inhibitory to reverse transcriptase from some sources. Spurious 
bands occastonally may arise by cross hybridization of the primer to either 
endogenous tissue-culture-cell RNA or carrier tRNA. Such bands can be 
identified by performing a control primer extension reaction on RNA iso- 
lated from cells known not to express the gene. 

Further Reading 
Sambrook, J., Fritsch, E. F., and Maniatls, T (1989) Molecular Clonzng A Laboratory 

Manual Cold Spring Harbor Laboratory, Cold Sprmg Harbor, NY. 
Williams, J. G. and Mason, P. J (1985) Hybridization and analysis of RNA, in Nuclezc 

Aced Hybridzzatlon-A Practical Approach (Hames, B. D. and Higgins, S. J., eds.), 
IRL, Oxford, Washington, DC, pp. 139-l 60. 

Krug, M. S. and Berger, S L. (1987) First strand cDNA synthesis primed with oligo 
dT, in Methods zn EnzymoZogy, vol. 152 (Berger, S. L and Kimmel, A. R., eds.), 
Academic, London, New York, pp. 3 16-325 

Calzone, F. J., Britten, R., and Davidson, E. H. (1987) Mapping gene transcripts by 
nuclease protection assays and cDNA primer extension, m Methods zn Enzymol- 
ogy, vol. 152 (Berger, S L. and Kmnnel, A. R., eds.), Academic, London, New 
York, pp. 61 l-632. 
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CHAPTER 20 

Sl Mapping Using 
Single-Stranded DNA Probes 

Stbphane Viville and Roberto Mantovani 

1. Introduction 
The Sl nuclease is an endonuclease isolated from Aspergillus oryzae 

that digests single- but not double-stranded nucleic acid. In addition, it 
digests partially mismatched double-stranded molecules with such sen- 
sitivity that even a single base-pair mismatch can be cut and hence 
detected. In practice, a probe of end-labeled double-stranded DNA is 
denatured and hybridized to complementary RNA molecules. S 1 is used 
to recognize and cut mismatches or unannealed regions and the products 
are analyzed on a denaturing acrylamide gel. A number of different uses 
of the Sl nuclease have been developed to analyze mRNA taking advan- 
tage of this property (1,2). Both qualitative and quantitative information 
can be obtained in the same experiment (3). 

Qualitatively, it is possible to characterize the start site(s) of mRNA, 
to establish the exact intron/exon map of a given gene (see ref. 4 and 
Fig. l), and to map the polyadenylation sites. Quantitatively, it can be 
used to study gene regulation both in vivo and in vitro, for example, in 
the study of the Ea gene promoter (5). 

In this chapter we describe a S 1 mapping method based on the prepa- 
ration and use of a single-stranded DNA probe (see Fig. 2). This offers 
many advantages: 

1. Oligonucleotides allow the exact choice of fragment for a probe. 
2. Oligonucleotide labeling is easy and efficient, resulting in a high specific 

activity probe. 
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Fig. 1. Illustration of the use of the SI nuclease. (A) Mapping the intron/ 
exon organizatton of a given gene. The labeled DNA hybridizes to the corre- 
sponding mRNA; the introns are cut by the Sl nuclease. (B) Mapping of the 5’ 
end of a mRNA. The labeled DNA is used as a probe to map the 5’ end of a 
messenger RNA. In both cases the labeled fragments are vtsuahzed on a dena- 
turing acrylamide gel. 

3. The probe can be prepared from single-stranded DNA (e.g., M13, 
BlueScript) as well as a double-stranded template. 

4. The single-stranded probe avoids problems often encountered setting up 
hybridization conditions of double-stranded probes (6). 

5. The probe is stable for 3-4 wk. 
We illustrate the process with examples from the analysis of the Ea 

promoter. 

2. Materials 
2.1. Preparation of Single-Stranded DNA Probe 

from a Single-Stranded DNA Template 
1, 1 OX Kinase buffer: 400 mA4 Tris-HCI, pH 7.8, 100 mM MgC12, 100 mM 

P-mercaptoethanol, 250 p.g/mL bovine serum albumin. Store at -20°C. 
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Fig. 2. Schematic rllustration of the two methods described in this chapter 
for the preparation of a single-stranded DNA probe. (A) Using a single-stranded 
plasmid as a template. (B) Using a double-stranded DNA plasmrd to synthesize 
the probe. 

2. y-ATP: specific actrvity >3000 Ci/mmol. 
3. Suitable oligonucleotide (see Note 1). Prepare a 10 pmol/pL solution in 

distilled water. Store at -2OOC. 
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4. PNK: Polynucleotide kinase at a stock concentration of 10 U/pL. Store 
at -20°C. 

5. 10X Annealing buffer: 100 mM Tris-HCl, pH 7.5, 100 mJ4 MgC12, 500 
rnA4 NaCl, 100 mM dithiothreitol. 

6. DNA template: 1 mg/mL (see Note 2). 
7. 1 OX dNTP mix: 5 r&4 dATP, 5 mM dCTP, 5 rruJ4 dGTP, and 5 mM dTTP. 
8. Klenow: The large fragment of E. coli DNA Polymerase I at a stock con- 

centration of 10 U/pL. Store at -20°C. 
9. Smtable restriction enzyme (see Note 3). 

10. 6% Polyacrylamide/8M urea solution m 0.5X TBE and formamlde dye 
(see Chapter 48). 

1 I, X-ray film: A film of suitable sensitivity, e.g., Kodak XAR. 
12. Elutlon buffer: 50 mM Tris-HCl, pH 7.5, 0.5 mM EDTA. 
13. 3M sodium acetate, pH 7.4. 
14. tRNA: Stock solution 10 mg/mL. Store at -20°C. 

2.2. Hybridization and Sl Analysis 

15. 4X Hybridization buffer: 1.6M NaCI, 40 mM PIPES, pH 6.4. 
16. Deionized formamlde. 
17. Paraffin oil. 
18. Sl buffer: 300 mM NaCl, 30 mM sodium pH 4.5, 4.5 mM zmc acetate, 

acetate. 
19. Sl enzyme: A stock concentration of 10 U/pL. Store at -20°C. 
20. S 1 stop buffer: 2.5M amrnomum acetate, 50 mM EDTA. 
2 1. Isopropanol. 

3. Methods 
3.1. Preparation of Single-Stranded DNA Probe 

porn a Single-Stranded DNA Template 
1. Label the oligonucleotide by mcubation of I pL of cold oligonucleotide, 

10 pL of y-ATP, 2 pL of 10X kinase buffer, 6 pL of dHzO, and 1 pL of 
PNK at 37OC for 45 mm. Inactivate the PNK at 95°C for 2 min. 

2. Add 2 p.L of single-stranded DNA template, 4 pL of 1 OX annealing buffer, 
and 14 FL of HZ0 and incubate for 10 min at 65”C, followed by 10 min at 
55”C, then 10 min at 37°C. 

3. Add 4 FL of dNTP mix and 1 PL of Klenow and leave at room tem- 
perature for 10 min. Inactivate the Klenow by placing the tube at 65°C 
for 15 min. 

4. Correct the mix for the restriction enzyme digest by either adding a suit- 
able amount of sodium chloride or by dilution. Add 20 U of restriction 
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enzyme and incubate at 37*C for 60 min (see Note 3). 
5. Precipitate the sample by adding 2 pL of tRNA stock, 0.1 vol of 3Msodium 

acetate, and 3 vol of ethanol, and place the sample in dry ice for 10 min. 
Centrifuge at 12,000g for 15 min in a microfuge. 

6. Resuspend the pellet in 20 PL of formamide dye, heat at 95*C for 5 min, 
and load a 6% polyacrylamide/urea gel. Run the gel until the bromophenol 
blue reaches the bottom. 

7. Locate the single-stranded DNA fragment by exposing the gel for 5 min to 
a X-ray film. Excise the correspondmg band and elute it overnight in 500 
pL of elution buffer. 

8. Add 50 PL of sodium acetate, 20 pg of tRNA, and 1 mL of ethanol; 
place at -2O*C for 2 h. Centrifuge for 20 min at 12,000g in a microfuge. 

9. Count the pellet and resuspend it in formamide (lo5 cpm/pL). Store at 
-2OOC. The probe is now ready for hybridization and Sl analysis. 

3.2. Preparation of Single-Stranded DNA Probe 
from Double-Stranded DNA Template 

Follow the same protocol described in Section 3.1.) but for the follow- 
ing exceptions (see Fig. 2B). 

1. Initially cut 20 pg of double-stranded plasmid wrth a restriction 
enzyme of choice. Precipitate and resuspend m Hz0 at a concentration 
of 1 mg/mL. 

2. The annealing step (Section 3.1., step 2) must be carried out extremely 
quickly: After heat inactivation of PNK, add 2-5 pg of restricted plasmid, 
4 pL of 1 OX annealing buffer, and 14 l.tL of H20, and incubate for 5 min at 
95°C. Immediately place the tube in ice-cold water and then proceed to step 3. 

3. Omit the restriction enzyme digestion (step 4). 

3.3. Hybridization and Sl Analysis 
1. In a 0.5 mL Eppendorf tube put 10 pL of probe (10,000 cpm total), 5 ltL of 

4X hybridization buffer, and 5 pL of RNA (total poly A+ or synthesized in 
vitro). Add 20 PL of paraffin oil to prevent evaporation and incubate 
4-16 h at 37°C (see Note 4). 

2. Add 200 pL of Sl buffer containing 100 U of Sl nuclease, mix well, and 
place at 37°C for 5-30 min (see Note 5). Stop the reaction by adding 50 
pL of S 1 stop buffer, 40 pg of tRNA, and 300 pL of rsopropanol. Place in 
dry ice for 15 min and centrifuge at 12,000g for 15 min. 

3. Wash the pellet with 80% ethanol and dry. Resuspend in 3 pL of formamide 
dye, heat for 5 min at 95*C, and load a 6% polyacrylamide/urea gel. Run 
until the bromophenol blue reaches the bottom. Expose the gel for 8-48 h 
(see Fig. 3). 
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Fig. 3. Time-course of Sl analysis. In vitro synthesized RNA hybri- 
dized to Ea probe is incubated at 37OC for the indicated time with 100 U of 
S 1 nuclease. 

4. Notes 
1. The oligonucleotide should be 20-25 nucleotides long and should be 

complementary to the DNA strand to be analyzed. 
2. Both the single-stranded and double-stranded DNAs are prepared 

according to standard protocols. The advantage of using a single- 
stranded DNA template is basically a higher yield of the probe: l-l .5 
x 1 O6 cpm vs the 4-6 x 10’ cpm expected from a double-stranded plas- 
mid template. 

3. The restriction enzyme should be used to cut 200-600 nucleotides 3’ of the 
position to which the oligonucleotide hybridizes to increase fragment 
recovery. Longer fragments are harder to recover from acrylamide gels. It 
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does not matter if the restrtction enzyme cuts the template DNA more than 
once as long as it is outside the probe sequence. 

4. Hybridization time varies with the type of RNA to be analyzed: Usmg total 
cytoplasmic or poly A+ RNA, the samples should be left at 37°C at least 12 
h; when hybridizing RNA generated from in vitro transcription, 2-4 h are 
usually sufficient. 

5. An Sl time-course should be performed as shown in Fig. 3 for in vitro 
synthesized RNA. This will establish the conditions for which all smgle- 
stranded nucleic acids, including the free probe, are completely digested. 
The optimal cutting time for total cytoplasmlc and poly A+ RNA is usually 
longer (30 min) than for in vitro synthesized RNA (15 min). 
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CHAPTER 21 

Nonradioactive In Situ Hybridization 
for Cells and Tissues 

Ian Durrant 

1. Introduction 
In situ hybridization (ISH) is a widely used technique that has great 

power in many applications, including diagnosis of viral infections (I), 
chromosome analysis (2), and mRNA analysis (3). Traditionally, 
researchers have used radioactive labels to prepare probes for ISH (4). 
Such probes can be labeled DNA, RNA, or oligonucleotides. RNA and 
oligonucleotide probes are most often used because they have several 
features of advantage for ISH (see Table 1); in particular, they are single 
stranded, offering high sensitivity (RNA) and high-specificity (oligo- 
nucleotide). Recently, nonradioactive probes have become more popu- 
lar, and the same features hold true for these. In this chapter, the ISH 
process is illustrated by use of a system for the detection of mRNA on 
tissue sections with RNA probes, but it is equally applicable to work on 
cell lines and for DNA detection in such systems. In addition, the detec- 
tion procedures described with the in situ process are applicable to RNA, 
DNA, and oligonucleotide probes. The analysis of chromosomes and 
nuclei is a distinct procedure that utilizes nonradioactive DNA probes 
and fluorescent detection (5). 

1.1. Probe Labeling 
Nonradioactive labels for nucleic acid probes have existed for some 

time, notably biotin (6) and digoxigenin (7), in which the label is attached 
to the base in dUTP, or UTP, through a spacer arm. However, relatively 
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Probe type 

Table 1 
Features of Probe Types for In Sztu Hybndlzatlon 

Features 

Positive Negative 

RNA probes RNA hybrids have a higher stability 
Single-stranded 

No vector sequences present 

Controls easy to produce 
Low background 
High sensitivity 

Oligonucleotldes Single-stranded 
Highly specific 

Easy access to target 

Stable 

DNA probes 

Easy to produce m large amounts 

No subclomng required 

Easy and reliable labelmg methods 

Less crltlcal hybrldlzation conditions 

Subclonmg required 
RNase degradation 

possible 
Crltical hybridzatlon 

conditions 

Low level of labeling 
Sequence optimization 

required 
Cocktails of probes may 

be needed 

Probe denaturatlon 
required 

Probe reanneals 
in hybrldlzation 

Difficult to remove 
vector sequences 

high backgrounds may occur, particularly with biotin owing to the high 
level of endogenous biotin and biotin-binding sites present in many bio- 
logical systems. Recently, fluorescein has been developed as an alterna- 
tive label (8). This compound is not found in biological systems, 
incorporates well into nucleic acid probes, and gives low backgrounds in 
ISH owing to the availability of high-specificity, high-affinity antibodies. 

All types of probe can be made, as follows. 

1. DNA probes: DNA probes are generated by the incorporation of fluores- 
cein-dUTP by random prime labeling. This reaction is detailed in Chapter 
8. Fluorescein-dUTP can also be incorporated by nick translation (9) and 
in the PCR reactlon (10). 

2. Ohgonucleotlde probes: Oligonucleotide probes are labeled at the 3’-end 
by the addition of a short tall of fluorescein-dUTP. The details of this reac- 
tion are given in Chapter 11 and elsewhere (I 2). The reaction yields a short 
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Fig. 1. Diagram of the RNA transcript probe labeling reaction using a dual 
promoter vector to produce sense (negative) and antrsense (positive) probes. 

tail that gives good sensitivity without compromising the stringency of the 
hybridization process. 

3. RNA probes: RNA probes are generated by use of RNA polymerase 
enzymes and plasmid (or other appropriate) constructs containing a pro- 
moter element specific for a particular RNA polymerase. The plasmid acts 
as a template and IS supplied m a double-stranded form; the polymerase 
produces single-stranded RNA transcribed from only one of the strands 
(see Fig. 1). By using a plasmid carrying two promoters on either side of 
the cloned template sequence, an antisense probe is made that will hybrid- 
ize to mRNA and a control, sense probe can also be produced that should 
show no hybridizatron signal, thus confirming the specificity of the hybrid- 
ization process. 

There are three commonly used RNA polymerases that have been iso- 
lated from bacteriophage T3, T7, and SP6 (12). Each has a distinct pro- 
moter sequence, so that the transcription reaction is specific for each 
enzyme. The labeling reaction is simple to perform and reliable, pro- 
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Table 2 
Yield of Fluorescein-Labeled RNA with Different Polymerases 

Vector/transcript Size, kb 

Yield, pg with 

SP6 T7 T3 

PAM 19/- 3.5 45 
PAM 19llysozyme 0.27 45 25 
PAM 18/Nras 0.5 3.7 1.2 
pSP65lNras 15 3.0 
PAM 18lActm 18 1.8 
pSP64/POMC 1.4 4.0 
pSP65/POMC 14 4.0 
pGEM/- 4.0 4.5 27 6.2 

Average yield 3.9 2.1 6.2 

vided that precautions are taken to reduce exposure of the reaction mix- 
ture to exogenous RNase to a minimum. The use of sterile pipet tips, 
reaction tubes, and solutions, and the wearing of protective gloves are 
recommended. 

The labeling reaction was originally developed for the introduction of 
radioactive labels and has been adapted for the production of nonradio- 
active probes. The modified reactions are efficient processes, leading to 
high levels of incorporation of fluorescein-labeled nucleotide and rela- 
tively large amounts of synthesized probe (see Table 2). 

1.2. In Situ Hybridization 

The process of ISH is not technically very different from that per- 
formed on membranes; the kinetics and theory of hybridization that 
have been presented for membranes (13) can generally be applied to ISH. 
The important features of ISH that distinguish it from membrane studies 
are the processes of sample preparation and pretreatments that are required 
before hybridization can begin (14,1.5). Each system needs to be opti- 
mized, since these treatments are dependent on the fixation, fixative, 
tissue type, probe type, and possibly even the label (radioactive or non- 
radioactive) that is used. Time spent getting this process working well is 
essential, and it is probably even more important for nonradioactive 
methods. However, for ISH, it must be noted that the sensitivity achieved 
with nonradioactive probes may not match that of radioactive probes, 
although greater resolution is generally obtained with nonradioactive 
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systems. In addition, the nonradioactive ISH system as a whole may be 
less robust in that it is likely to require precise optimization and accurate 
operation at all stages. Sensitivity of ISH depends on a number of fac- 
tors, including the fixation and pretreatments, the labeling and detection, 
and also the hybridization. These points are addressed with these sys- 
tems by operator optimization of the prehybridization events, efficient 
labeling, high-affinity and specificity antibody detection, and by the use 
of a carefully formulated hybridization buffer. 

2. Materials 
Labeling of DNA probes and oligonucleotide probes is described else- 

where. The labeling process set out below is for the generation of fluo- 
rescein-labeled RNA probes. All the rest of the procedures regarding the 
treatment of samples, controls, hybridization, and detection are appli- 
cable to all three types of probe. Reagents for labeling DNA, RNA, or 
oligonucleotide probes with a tluorescein-labeled nucleotide for carrying out 
the ISH process and subsequent detection are available, as complete sys- 
tems, from Amersham International (Amersham, UK) as the DNA, RNA, or 
Oligo color kit (RPN3200,3300 or 3400, respectively) (16,171. 

2.1. Probe Labeling 
1. Transcription buffer: 200 mM Tris-HCI, pH 7.5, 30 mM MgC12, 10 mM 

spermidine, 0.05% (w/v) BSA. 
2. Human placental ribonuclease inhibitor (HPRI): 20 U/pL. 
3. 0.2M DTT: freshly prepared solution, sterilized by filtration. 
4. Linearized DNA template: typically 0.5-l PgIuL. 
5. SP6, T7, or T3 RNA polymerase, supplied, for example, by Amersham 

International (Amersham, UK). 
6. Nucleotide solution: 1.25 mM ATP, 1.25 mJ4 GTP, 1.25 mM CTP, 0.3 12 

mJ4 UTP, and 0.3 12 mM fluorescein- 11 -UTP (available from Amersham) 
in sterile water (see Note 1). 

2.2. Postlabeling Purification and Processing 
1. RNase-free DNase I: (Amersham E2210), freshly diluted to 10 U/80 uL in 

sterile water. 
2. 0.4M NaHCOs: sterilized by autoclaving. 
3. 0.6MNa2C0s: sterilized by autoclaving. 
4. Glacial acetic acid. 
5. 3M sodium acetate, pH5.2: sterilized by autoclaving. 
6. 10 mg/mL yeast tRNA: for example, Sigma (St. Louis, MO) R8759. 



160 Durrant 

2.3. Hybridization and Stringency Washes 
1. Hybridization buffer: Standard hybridization buffers (see Note 2) are usable, 

but a preformed, optimized buffer, available from Amersham, is recom- 
mended that consists of 4X SSC, 600 pg/mL herring testes DNA, 2X 
Denhardt’s solution, and a proprietary rate enhancement compound. This 
buffer should be diluted 1:l with deionized formamide before use. Once 
made, the workmg buffer can be stored at -20°C. 

2. 20X SSC stock: 3M sodium chloride, 0.3M trtsodmm citrate, pH 7.0. 
3. 10% (w/v) SDS. 

2.4. Blocking, Antibody Incubations, and Washes 
1. TBS: 100 mMTris-HCI, pH7.5,400 mMNaC1. 
2. Block buffer: 0 5% (w/v) blocking agent (RPN3023, Amersham Interna- 

tional) in TBS. 
3. Antifluorescem-alkalme phosphatase conjugate: available from Amersham. 

2.5. Detection 
1. Detection buffer: 100 mMTrn+-HCl, pH 9.5,lOO mMNaC1,50 mMMgClz. 
2. NBT solution: 50 mg/mL mtroblue tetrazolium m dimethyl formamide. 
3. BCIP solution: 75 mg/mL bromo-chloro-indolyl phosphate in 70% (v/v) 

dimethyl formamide. 

3. Methods 

3.1. Probe Labeling 
1. To a 1.5~mL microcentrifuge tube at room temperature (see Note 3), add 

the following reaction components m the order given: Water to ensure 
a final volume of 20 pL, 4 pL of transcription buffer, 1 pL of 0.2M DTT, 
20 U of HPRI, 8 pL of nucleotide solution, 1 pg of linearized DNA tem- 
plate, and 25 U of RNA polymerase. Mix gently by pipeting up and down. 

3. Incubate for a minimum of 2 h; for SP6, incubate at 40°C, and for T7 and 
T3, incubate at 37°C. 

4. The resulting labeled RNA probes can be stored at -20°C (see Note 4). 

3.2. Postlabeling Purification and Processing 
1, Add IO U of RNase-free DNase I to the RNA probe mixture (see Note 5), 

and incubate at 37’C for 10 min. 
2. Add 20 pL of 0.4M NaHCO,, 20 pL of 0.6M Na*COs and 60 yL of sterile 

water. Mix gently and incubate at 60°C to allow alkaline hydrolysis to occur 
for a time based on the transcript length and the probe size required (see Note 6). 

3. Add 1.3 pL of glacial acetic acid, 20 pL of 3Msodmm acetate, pH 5.2,2 pL of 
10 mg/mL yeast tRNA, and 500 pL of ethanol. Allow the RNA to precipi- 
tate at -20°C for at least 2 h. 
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4. Pellet the RNA at maximum speed m a microcentrifuge for 15 min. Remove 
the supernatant. 

5. Rinse the pellet in 70% ethanol, kept at -20°C. Centrifuge for 5 min. Remove 
and discard the supernatant. 

6. Redissolve the RNA probe in sterile water at a concentration of 10-20x that 
required in the hybridization experiment. Store the RNA probe at -20°C. 

3.3. Pretreatment of Cells and Tissues 
This stage is vital to the successful outcome of any ISH experiment 

(see Note 7), and each individual system will require its own optimized 
pretreatment protocol. The pretreatments are designed to balance the 
requirements for probe and antibody conjugate access to their target mol- 
ecules with retention of the morphology and the target molecule within 
the tissue. In addition, the pretreatment schedule may also be used to 
establish some of the controls that are required for ISH experiments (see 
Note 8 and Fig. 2). 

3.4. Hybridization and Stringency Washes 
The control of stringency may be achieved in the hybridization step by 

manipulation of the temperature, salt concentration, and formamide con- 
centration. However, it is more conveniently controlled by use of these 
parameters in the posthybridization stringency washes. 

1. Briefly warm the supplied hybridization buffer at 37°C for 5 min. Dilute 
1: 1 with deionized formamide, and mix thoroughly. 

2. Add the required amount of probe to the hybridization buffer, prewarmed 
at 55OC. A probe concentration of 300-600 ng/mL will be suitable for most 
applications (see Note 9). 

3. Apply a suitable volume of hybridization buffer/probe mix over the sec- 
tion (see Note 10). 

4. Place slides on a hot plate set at 95OC for 3-6 min depending on the target 
(see Note 11). 

5. Hybridize in a humidified chamber at the desired temperature (typically 
55°C) for the required length of time (see Note 12). 

6. Wash the slides at the desired stringency. Typical washes would consist of 
1X SSC, 0.1% (v/v) SDS for 2 x 5 min at room temperature followed by 
0.2X SSC, 0.1% (v/v) SDS at 55’C for 2 x 10 min. 

7. RNA probes can be further treated to reduce background by incubation in 
RNase A. This removes single-stranded, unhybridized material only. Rinse 
slides in 2X SSC for 2 min. Incubate slides m prewarmed 10 pg/mL RNase 
A in 2X SSC at 37°C for 20-30 min. Rinse slides in 2X SSC before pro- 
ceeding to the next stage. 
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Fig. 2. In situ hybridization to detect pro-opiomelanocortin mRNA in rat 
pituitary. Fresh frozen rat pituitary sectioned on a cryostat onto VectaBond 
(Vector Labs) coated slides. Probe labeling, hybridization, and detection as 
detailed in the text. (A) Hybridized with antisense probe, (B) hybridized with 
sense probe. 

3.5. Blocking, Antibody Incubations, and Washes 
The following series of incubations should be performed with gentle 

shaking and at room temperature, unless otherwise stated. Note: The TBS 
used in these steps has a higher salt concentration than standard TBS. 
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1. Wash slides in TBS for 5 min. 
2. Incubate the slides in block solution (0.5% [w/v] blockmg agent m TBS) 

for 1 h. 
3. Rinse slides in TBS for 1 min. Drain the buffer off the slides, and if neces- 

sary, dry the surface of each slide around the section (see Note 13). 
4. Dilute the antibody 1:lOOO m 0.5% (w/v) BSA Fraction V m TBS (see 

Note 14). Cover the section with the antibody solution, typically using 100 
pL for each section. Incubate for 1 h without shaking. 

5. Wash the slides in TBS for 3 x 5 min. 

3.6. Detection 
1. Wash the slide 111 detection buffer for 5 min. Drain the buffer off each slide 

and, if necessary, dry the surface of the slide around the section (see Note 15). 
2. Add 45 pL of NBT stock and 35 pL of BCIP stock to 10 mL of detection 

buffer. Apply 500 pL of detection reagent to each section and leave to 
develop in the dark for 4-24 h (see Note 16). 

3. Rinse the slides for 2 x 2 min in distilled water. 
4. Counterstam, if required, and apply a mountant solution and a cover slip 

(see Note 17). 
5. View in a suitable hght microscope (see Note 18). 

4. Notes 
1. Alternative hapten-labeled nucleotides can be used, including biotin-UTP 

(Sigma B8280) and digoxigenin-UTP (Boehrmger 1209 256). Final concen- 
trations of CTP, GTP, and ATP in the reaction mix should be 0.5-I mM. The 
combined final concentration of UTP and labeled UTP should be 0.25-l 
mM. Depending on the label used, the yield of RNA probe may benefit from 
optimization of the nucleotide ratios within the reaction mixture. 

2. The hybridization buffer supplied by Amersham is a 2X stock and requires 
1:1 dilution with deionized formamide. Working solutions of standard 
buffer formulations would include an optimized combination of the fol- 
lowing components (18): 24X SSC, 1-5X Denhardt’s solution, nonspe- 
cific DNA, nonspecific RNA, 25-50% deionized formamide, and 5-10% 
dextran sulfate. 

3. The labeling reaction is set up at room temperature to avoid precipitation 
of the template DNA by the spermidine in the reaction buffer. 

4. Although it is generally difficult to monitor probe yields when using non- 
radioactive labels, it is possible, with fluorescein as the label, to design a 
simple and rapid assay making use of its fluorescent properties (19). This 
assay is able to indicate that probe synthesis has occurred and gives an 
estimate of probe yield (see Chapter 9). The test should be performed on 
an aliquot withdrawn from the m vitro transcription reaction mixture. Fur- 



164 Durrant 

ther processing of the transcript, notably alkaline digestion, may reduce 
the fluorescence, but this does not appear to affect the antigemcity of the 
label, which 1s important since the detection system is based on recogni- 
tion by antifluorescein anttbody. 

5. When using fluorescem-labeled RNA probes, there is no absolute require- 
ment to purify the probes further, provided that the transcript 1s already of 
a suitable size for ISH. The presence of unmcorporated nucleotides does 
not appear to have any stgnificant effect on the background observed with 
thts system. However, it may still be advantageous to remove the template 
DNA by enzymic digestion. If alkaline hydrolysis 1s not required, then the 
probe can be ethanol-precipitated after this process. 

6. The presence of the fluorescein label does not mterfere with alkaline hydro- 
lysts when this is required. As a consequence of this process, the unincor- 
porated nucleottdes are also largely removed, but that 1s not the prime 
reason for performing this procedure. The time required for the ltmited 
alkaline hydrolyses of the primary transcript is derived from the following 
equation (20). 

t (min) = (L, - Lr)/(k L, Lr) (1) 

where L, = primary transcrtpt length (kb), Lr = average probe length 
required (kb), and the rate constant k = 0.11 cuts/kb/min. For ISH the opti- 
mal probe size IS 200-400 bases. 

7. Pretreatments cover all the processes required before hybridization can 
occur (21), mcludmg slide coating, sample preparation, and fixation. A 
general scheme would include the following steps: 
a. Rapid fixation or rapid freezing of the brological sample. 
b. Sectioning onto coated slrdes. 
c. Sample pretreatments that include a combmation of incubations in acids, 

detergents, and proteases. The most tmportant step is a Proteinase K 
treatment; the concentratton and incubatron time of Protemase K have 
to be optimized empirically, and different ttssues may require different 
conditions. Cells may not requtre any treatment at all. 

d. Treatment to remove endogenous alkaline phosphatase activity. 
8. It is essential to perform a number of negative controls alongside the mam 

reactions used for ISH (‘22). These can take various forms, for example: 
a. Incubatton m hybridization buffer alone (no probe)---allows an assess- 

ment to be made of the level of signal resulting from the hybrtdrzatron 
buffer components and nonspecific binding of the anttbody. 

b. DNase or RNase pretreatment of the slide pnor to hybndizatio&estroys 
the target DNA or RNA, respectively, and should show that the probe 
binds to the predicted target specres. 
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c. Hybridization with a totally nonspecific probe-indicates that the strin- 
gency conditions are sufficient to remove nonspecific probes. 

d. With RNA probes, labeled transcripts can be made that are either 
complementary or identical to an mRNA target. Hybridization with the 
identical strand probe should show that the stringency conditions are 
sufficient to remove a probe with the same GC content and same length 
as the complementary, specific probe. 

e. If in doubt, probes should be validated on Northern blots. 
9. The hybridization time and probe concentration are linked. Short hybrid- 

izations are possible with high probe concentrations (600-1000 ng/mL). 
Overnight incubations may be possible with a lower probe concentration 
(200-400 ng/mL). 

10. The hybridization buffer volume is dependent on the size of the section 
and on whether cover slips are used. Small sections can be covered easily 
with 25-50 uL without using a cover slip; 10 uL may be sufficient with a 
cover slip. 

11. If the target is DNA, then the slide must be denatured by placing onto a hot 
plate at 95OC for 5-6 min. If the target is RNA, this procedure, although 
not strictly required, is recommended. An incubation on the hot plate for 
3-4 min is thought to remove the secondary structure of the target mRNA, 
thus increasing the efficiency of hybridization. 

12. The chamber should be sealed and kept at a high humidity throughout the 
hybridization to avoid hybridization buffer evaporation. In this way, it may 
be possible to avoid the need to seal cover slips onto the slide or even to 
avoid the use of cover slips entirely. At present, most experiments are per- 
formed in sealed boxes placed in incubators, but recently, intelligent heat- 
ing block technology has been used to design machines that can be used 
for this purpose (e.g., OmniShdeTM, Hybaid). Typical experiments require 
an overnight hybridization. However, tt is possible to perform 2-4 h 
hybridizations using high probe concentrations with high levels of target. 

13. It is important to avoid the presence of excess buffer around the section 
since this may lead to overdilution of the antibody conjugate. 

14. A dilution of 1: 1000 of antibody conjugate should be suitable for most appli- 
cations. The volume of diluted antibody added to each section may also need 
to be altered to account for the size of the sections and for whether cover 
slips are used. These alterations will need to be determined empirically. 

15. It is important to avoid the presence of excess buffer around the section, 
since this may lead to overdilution of the substrates. 

16. The volume of detection reagent applied to each section must be enough to 
flood the section. The length of time required to obtain a result will depend 
on the target level, but typically an overnight incubation is required for 



Durrant 

17. 

maximum sensitivity. Other substrates for alkaline phosphatase can also 
be used, for example, Fast Red, although in our laboratory the NBT/BCIP 
system gives the best signal:notse. 
A histochemical stain can be used before mounting in order to provide 
some contrast across the tissue section. However, care must be taken that 
the stain does not interfere with the colored reaction product already depos- 
ited on the slide. With NBT/BCIP substrates, it is possible to counterstain 
the section uttlizmg a light green counterstain, such as 0.5% (w/v) Methyl 
Green, or 0.5% (w/v) Fast Green, m water for 1 min. A number of standard 
mountant solutions are suitable for use with this system. Aqueous-based 
mountants Include PBS/glycerol (CitiFluor) and glycerol/gelatin (Sigma). 
However, these cannot be used with counterstains, since the stain does fade 
and the NBT/BCIP color may fade with time. Nonaqueous mountants mclude 
DPX (BDWMerck) and Htstotech (Serotec). It is important to ensure that 
the sections are washed m graded ethanols, ending m 100% ethanol, and are 
dried before applying the nonaqueous mountant, since the presence of water 
in the section will lead to loss of color with time. The Histotech mountant 
does not require a cover slip, because it is baked onto the section. 

18. A good-quality microscope is recommended with a transmitted white light 
source and 10x and 40x objective lenses. In our laboratory, the micro- 
scope is fitted with a 35-mm camera, and Kodak Ektar’“25 color print film 
is used to record the results. 
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CHAPTER 22 

In Vitro Packaging of DNA 

Jeremy W. Dale and Peter J. Greenaway 

1. Introduction 
In the normal growth cycle of bacteriophage lambda, the proteins that 

ultimately form the head of the phage particle are assembled into an 
empty precursor of the head (prehead); the phage DNA is replicated sepa- 
rately and then inserted into the empty head particles-a process known 
as packaging. A number of phage gene products play an important role 
in this process. Among these are: 

1. The E protein, which is the major component of the phage head; mutants 
that are defective in this gene are unable to assemble the preheads, and 
therefore accumulate the other, unassembled components of the phage 
particle as well as the other proteins involved m packaging. 

2. The D and A proteins, which are involved in the packaging process itself. 
Mutants that are defective in these genes are able to produce the preheads, 
but will not package DNA. This results in the accumulation of empty 
preheads. 

In vitro packaging involves the use of two bacterial extracts: one from 
cells infected with a D mutant phage, and a second from cells infected 
with a phage mutant in gene E. Mixing these two extracts allows in vitro 
complementation and results in the ability to assemble mature phage par- 
ticles. However, the packaging reaction will only work for DNA with 
certain properties. Lambda DNA is replicated as a multiple length linear 
molecule; the enzymes involved in packaging (in particular, the A pro- 
tein) will recognize a specific site on this DNA (the cos site), cut the 
DNA at that point, and start packaging it into the phage head. Packaging 
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continues until a second cos site is reached, when a second cut is made, 
giving a single complete lambda DNA molecule inside the phage head. 
(The cleavage at the cos sites is asymmetric, giving rise to the 
single-stranded cohesive ends of mature linear lambda DNA.) It there- 
fore follows that only DNA molecules that carry a cos site will be 
packaged. 

Furthermore, in order to produce phage particles that are capable of 
infecting a bacterial cell, the length of DNA between two cos sites must 
be within certain limits (packaging limits). If this length is > 105% of the 
size of lambda DNA (i.e., greater than about 53 kb), the head fills up 
before the second cos site is reached and the second cleavage cannot then 
take place. If the DNA is less than about 80% of the size of lambda DNA, 
cleavage will occur when the second cos site is reached, but the DNA 
within the phase head will then be insufficient to maintain the structural 
integrity of the particle. 

The existence of packaging limits in one sense reduces the useful- 
ness of lambda phage vectors, since it places constraints on the size 
of the inserts that can be cloned; however, it can be turned to an 
advantage by permitting a selection to be applied for inserts within a 
desired size range. 

A further application of in vitro packaging arises in the use of a special 
type of cloning vector known as a cosmid (1,2), which is a plasmid car- 
rying the cos sequence. The packaging reaction depends on the presence 
of cos sites separated by a suitable length of DNA, but is not selective for 
the nature of the DNA between the these sites. The cosmid vector itself is 
much too small to be packaged into a viable particle, and thus a large 
fragment of foreign DNA must be inserted before a molecule in the cor- 
rect size range for packaging is obtained. 

In vitro packaging, therefore, has two advantages over transformation/ 
transfection as a means of introducing DNA into a bacterial cell. First, it 
is more effective, especially when using large DNA molecules, such as 
lambda vectors, or cosmids with large inserts. Second, it provides a selec- 
tion for the presence of these large inserts. 

It is important to realize that this chapter is intended as a brief introduc- 
tion to a complicated subject. It is advisable to consult specialized texts before 
attempting to use lambda or cosmid vectors or in vitro packaging. The 
procedure described in this chapter includes the protocols for preparing 
the packaging mixes (see Note 1); these are also available commercially. 
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2. Materials 
1. Packaging strains: 

BHB2688: lysogenic for CI,, b2 red3 Earn4 Sam7 
BHB2690: lysogenic for CI,, b2 red3 Dam15 Sam7 

The CI,, mutation makes the lysogen heat inducible, because the mutant 
repressor IS thermolabile. The b2 deletion and the red3 mutation reduce the 
background arising from the presence of endogenous DNA in the packag- 
ing extracts. The Sam7 mutation makes the phage lysis defective, thus 
allowing the phage products to accumulate withm the cell after induction 
of the lysogen. The purpose of the D and E mutations is described in Section 
1. The D, E, and S mutations are amber mutations, thus allocatmg the phage 
to be grown normally within an amber suppressor host. 

2. L broth: 15 g of tryptone, 5 g of yeast extract, and 5 g of NaCl. Dissolve the 
ingredients m about 600 mL of water, adjust the pH to 7.2 with NaOH, and 
make the volume up to 1 L. Transfer 500 mL to each of two 5-L flasks and 
sterilize by autoclaving. 

3. Sucrose-Tris buffer: 10% sucrose in 50 mA4Tris-HCI, pH 7.5. 
4. Lysozyme: 2 mg/mL m 0.25M Tris-HCl, pH 7.5; prepared fresh. 
5. Liquid nitrogen. 
6. Packaging buffer: 5 mA4 Tris-HCI, pH 7.5, 30 mM spermidine, 60 mM 

putrescein, 20 mM MgCl*, 15 mM ATP, 3 mM 2-mercaptoethanol. 
7. Sonication buffer: 20 m&J Tris-HCl, pH 8.0, 3 mM MgC12, 5 mM 

2-mercaptoethanol, 1 nGl4 EDTA. 
8. Phage buffer: 7 g Na2HP0.+ 3 g KH2P04, 5 g NaCl, 0.25 g MgS04 * 7H20, 

0.015 g CaC12, and 0.01 g gelatin. Add water to 1 L. Dispense in small 
volumes and sterilize by autoclaving. 

9. Sensitive E. coli strain. 

3. Methods 
3.1. Preparation of Packaging Mix A 

(Packaging Protein) 
1. Set up an overnight culture of BHB2688 in L broth at 30°C. 
2. Use the overnight culture to inoculate 500 mL of L broth and incubate, 

with shaking, at 30°C. When the ODb5s has reached 0.3, remove the flasks 
from the shaker and place in a 45OC waterbath for 15 min, without shak- 
ing. This is to induce the phage. 

3. Transfer the flask to an orbital shaker and incubate at 37OC for 1 h. 
4. Recover the cells by centrimgation at 9000g (8000 rpm in a 6 x 250 mL 

rotor) for 10 min. 
5. Remove all the supematant, invert the tubes, and allow them to drain for at 

least 5 min. 
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6. Resuspend the cells in approx 2 mL of sucros+Tris buffer. Distribute the 
suspension in 0.5-mL aliquots, and to each tube add 50 p.L of a freshly 
prepared solution of lysozyme. Mix gently by inversion. 

7. Freeze this suspension immediately in liquid nitrogen. 
8. Remove the tubes from the liquid nitrogen (NB: Use forceps!), and allow 

the cells to thaw at 0°C for at least 15 min. 
9. Pool the thawed cells, add 50 pL of packaging buffer, and centrifuge at 

48,000g (20,000 rpm in an 8 x 50 rotor) for 30 min. Recover the superna- 
tant and dispense 50-pL aliquots into cooled microcentrifuge tubes. Freeze 
the tubes in liqurd nitrogen and then store at -70°C until required. 

3.2. Preparation of Packaging Mix B 
(Phage Heads) 

I. Using strain BHB 2690, carry out steps 1-5 from Section 3.1. 
2. Resuspend the cells m 5 mL of cold sonication buffer. Sonicate the cells 

until the suspension IS no longer VISCOUS. Keep the vessel in an icewater 
bath during the process, use short bursts of sonication (3-5 s), and avoid 
foaming. 

3. Centrifuge the suspension at 15,OOOg (10,000 rpm in a 6 x 250 mL rotor) 
for 10 min. 

4. Recover the supernatant and dispense 50-pL aliquots into cooled micro- 
centrrfuge tubes. Freeze each tube immediately m liquid nitrogen and then 
store at -70°C until required. 

3.3. Packaging Reaction 

1. Thaw one tube of each extract (A and B) as prepared above. 
2. Add l-2 PL of the DNA to be packaged (see Chapters 23 and 25) to 7 pL 

of sonication buffer m a microcentrifuge tube. 
3. Add 1 p,L of packaging buffer, 10 JJL of extract A, and 6 pL of extract B. 

Incubate at 25OC for 60 mm. 
4. Dilute with 0.5 mL of phage buffer and plate out using an appropriate 

lambda-sensitive host onto either BBL agar overlay plates (for lambda 
vectors) or onto antibiotic selection plates (for cosmids). 

5. Score the resulting plaques or transformants and screen them for the pres- 
ence of specific inserted DNA sequences, e.g., by hybridization or immuno- 
screening (Chapter 26). 

4. Notes 

1. There are several alternative procedures for the preparation of packaging 
extracts. Examples of other procedures will be found in refs. 3-6. 
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CHAPTER 23 

Construction of Mammalian Genomic 
Libraries Using 3L Replacement Vectors 

Alan N. Bateson and Jeffrey W. Pollard 

1. Introduction 
Genomic libraries are required for cloning genes, especially those 

mutated in inheritable diseases, and ultimately provide the means to 
sequence entire genomes. The ideal genomic library should consist of 
sufficient clones of overlapping sequence to cover the entire genome. 
Such an ideal state can be approached by randomly fragmenting genomic 
DNA and cloning the pieces into a suitable vector (I). Bacteriophage h 
vectors were the first vectors available for library construction. Genomic 
libraries made in these vectors are readily introduced into host bacteria 
and can contain up to 25 kb of genomic DNA. In addition, cosmids, 
hybrid h phage/plasmid vectors, have been constructed that will accom- 
modate larger genomic inserts, up to 40 kb, and that, after library plating, 
can be handled in the same way as plasmids (2). It is also possible to 
construct genomic libraries in bacterial plasmid vectors. However, the 
plasmid transformation efficiency limits their use to small genomes, such 
as viruses, yeasts, and Dictyostelium. To clone large regions of genomic 
DNA, it is necessary to order many genomic clones via their overlapping 
sequences. This entails rounds of clone isolation followed by library 
screening with probes derived from their terminii, a process known as 
“walking.” To increase the “walking” speed, Pl bacteriophage, PAC, 
BAC, and YAC vectors have been developed that clone large DNA frag- 
ments, ranging in size from 100-1000 kb (3). These vectors are now 
those of choice for the initial generation of libraries from large genomes. 
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In these cases, however, h phage and cosmid libraries are still required to 
generate sublibraries to break up these larger clones into smaller, more 
manageable pieces and to clone small regions not readily represented in 
these other forms of library. 

This chapter describes the use of h replacement vectors, but the same 
principles apply to the construction of genomic libraries in cosmids. h 
phage has a linear genome that can be divided into three. The right and 
left arms are required for lytic growth, but the central portion is dispens- 
able (4). This central fragment, known as the “stuffer” fragment, can 
therefore be replaced by foreign DNA. Since h will efficiently package a 
viral genome of between 78 and 105% of the size of the wild-type, 
genomlc DNA fragments of between 7 and 24.2 kb can be accommo- 
dated. These genomic DNA fragments can be generated either by 
mechanical shearing or by restriction enzyme digestion. Shearing results 
in truly random DNA fragments, but, because these fragments are blunt 
ended, they ligate with poor efficiency. A psuedo-random cleavage can 
be achieved by partial digestion with restriction enzymes that cut at 4-bp 
recognition sequences; theoretically in an unbiased genome these cut 
every 256 bases. DNA fragments m the correct size range are then iso- 
lated by size fractionation and can then be efficiently ligated to appropri- 
ately cut h arms. The restriction enzyme Sau3A and those with the same 
recognition sequence, such as Mb01 and DpnII, are particular useful for 
these purposes because their cohesive ends are compatible with the 
BamHI site present m many vectors. Enzymes that cut at 6-bp recogni- 
tion sequences can also be used, but their reduced frequency of cutting 
will reduce the potential for obtaining overlapping clones. 

Because 3L phage has a minimum packaging size (-40 kb), the back- 
ground of ligated h arms that do not contain genomic inserts is 
eliminated. Background packaging, however, does occur owing to 
religation of the stuffer fragment. This background can be reduced in a 
number of ways. 

1. Most vectors contain synthetic polylinker sequences that flank the stuffer 
fragment. In many cases double-enzyme dlgestlon can be used to remove 
the compatible cohesive ends from the stuffer fragment. In addition, some 
vectors contain a unique restriction enzyme site(s) in then stuffer fragment 
that can be used to digest it into smaller fragments. For example, EMBL4 
contains a WI and Charon 40 has a synthetic “polystuffer” that can be 
cleaved by the enzyme NaeI into many small pieces. 
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2. In practice, even after multiple digestion, physical removal of the stuffer 
fragment has been found to improve the efficiency of library construction. 
This is best achieved by separation on a sucrose gradient. 

3. Phages that contain the stuffer fragment can be removed by using the Spi 
selection system (J-7). This is effective because phages that contain the 
red and gum genes cannot be plated on bacterial strains containing P2 
lysogens. The red and gum genes are found within the stuffer fragment and 
so recombinant phages are Spi-, becoming permissive for growth. This 
selection, however, results in two complications. First, a chz site is required 
within the vector to maintain a high replication rate. In the absence of a chz 
sequence, crytpic sites within some genomic inserts may lead to the pres- 
ence of recombinant 3, phage molecules with higher rates of replication 
that then become overrepresented within the population (5,6). Second, 
gum- phages only replicate efficiently m recA+ bacterial hosts. The pres- 
ence of recombinogenic sequences within the DNA may, however, require 
a recA- host to be used. In these cases, red- and gam+vectors are available 
in which the gum gene has been moved onto one of the h arms (8) 

A number of h replacement vectors are available that have the properties 
discussed above and are useful for library construction. LDASH, AFIX, 
1200 1, and the EMBL vectors have a variety polylinker sequences and all 
allow the Spi selection. ADASH and hFIX also contain T7 and T3 RNA 
polymerase promoters to allow the generation of riboprobes (see Chapter 
12) in order to make genomic walking easier. The vectors Charon 32-35 and 
40 are re& and gum+ and are hence useful for cloning difficult DNA 
sequences. For simplicity this chapter describes library construction 
using EMBL4, but the method can be applied to all of the above vectors. 

2. Materials 
Use good quality chemicals and reagents. Store all solutions at room 

temperature, unless otherwise stated. Enzymes, such as BarnHI, WI, 
MboI, T4 DNA ligase, and DNaseI are supplied with appropriate buf- 
fers. Store at -20°C. 

2.1. Preparation of Phage Stocks 
1, Bacterial strains and bacteriophage: For hEMBL4 (6) use the followmg hosts: 

QR48: a recA- host for growth of the parent vector. 
NM538: for growth of the recombinant phage for secondary screening 

and titering EMBL4 parent. 
NM539: to detect spt recombinants for initial plating of the library: 
LE392: for growth and tltering of wild-type h. 
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2. L-broth: For 1 L, dissolve 10 g of bacto-tryptone, 5 g of yeast extract, and 
5 g ofNaC1; adjust to pH 7.2 and autoclave. To grow h add 10 mMMgS04. 

3, CY medium: For 1 L, dissolve 10 g of casamino acids, 5 g of bacto-yeast 
extract, 3 g of NaCl, 2 g of KCl, and 2.46 g of MgS04. 7Hz0; adjust to pH 
7.5 and autoclave. 

4. 10 &MgSO‘,. 
5. 3L Gradient buffer: 10 mMTris-HCl, 100 mMNaC1, 10 mMMgS04, pH 7.4. 
6. Cesium chloride: Make solution as directed m Sectton 3.1.) step 17. 
7. h Dialysis buffer: 10 mMTris-HCl, 25 mMNaC1, 10 mMMgS04, pH 8.0. 

2.2. Preparation of Phage DNA 
8. 0.5M EDTA, pH 7.0. 
9. 10% SDS: A 10% (w/v) solutton of sodium dodecyl sulfate (SDS). 

10. Proteinase K: 10 mg/mL solution in 10 mMTris-HCl, 5 mA4 ETDA, 0.5% 
(w/v) SDS, pH 7.8. 

11. Phenol: Redistilled phenol equilibrated to a final O.lM Tris-HCl, pH 8.0. 
Initially, equilibrate with several changes of 0.5MTris-HCl to ensure pH 8.0 
is reached. Phenol is both caustic and toxic and must be handled with care. 

2.3. Preparation of il Arms 
12. Sucrose gradient buffers: Prepare a gradient from 15 and 35% (w/v) sucrose 

solutions m 1M NaCl, 20 mM Tris-HCl, 5 mM EDTA, pH 8.0. 
13. Phenol/chloroform: A 1: 1 mixture of phenol and chloroform. 
14. 3M Sodium acetate, pH 6.0. 
15. Isopropanol: propan-2-01. 
16. 0.01MMgC12. 
17. TE buffer: 10 mM Trts-HCL, 1 m&f EDTA, pH 7.5. 

2.4. Partial Digestion of the Genomic DNA 
18. Loading buffer: 4% (w/v) sucrose, 0.25% (w/v) bromophenol blue, and 0.25% 

(w/v) xylene cyan01 in water. 
19. Stop solutton: 28 mA4 EDTA, pH 8.0, in 25% (v/v) loading buffer. 

2.5. Library Construction 
20. Packaging mix: These are commercially available or can be homemade 

(see Chapter 22). 
2 1. SM medium: For 1 L, dissolve 5.8 g of NaCl, 2 g of MgS04 * 7H,O, and 20 g of 

gelatin in 950 mL of water and 50 mL of 1M Tris-HCI, pH 7.5. Autoclave. 
22. Chloroform. 
23. Top agar: 7 g of bacto-agar in 1 L of L-broth supplemented with 10 mit4 

MgSO+ Autoclave. 
24. Bottom agar: 15 g of bacto-agar in 1 L of L-broth supplemented with 10 

miW MgS04. Autoclave. 
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3. Method 
3.1. Preparation of Pkage Stocks 

1. From a frozen stock of bacteria QR48, seed a IO-mL liquid culture in L- 
broth at 37*C. 

2. Inoculate 1 mL of overnight culture into a conical flask (at least 4x the 
volume) containing 50 mL of CY medium and incubate it, with shaking 
(250 rpm) for 2-2.5 h at 37OC until the optical density is 0.4 at 630 nm. 

3. Harvest the cells by centrifugation at 3000g for 10 min at 4°C. Pour off the 
supernatant and resuspend the pellet in 25 mL of 10 mM MgSO,+ This 
suspension may be stored for up to 10 d at 4°C but the highest plating 
efficiency is achieved with O-2 d-old cells. 

4. To obtain the maxtmum yield of phage, it is necessary to calculate the 
optimum ratio of phage with which to infect the bacteria: the infectivity 
ratio. This is determined in a small-scale experiment prior to the full-scale 
preparation of phage (see Note 1). The day before the experiment, deter- 
mine the titer of both the plating bacterial cells, QR48, and the phage lysate 
(refs. 1,8, see Note 1). 

5. In separate sterile 1 S-mL tubes, inoculate 0.1 mL contaming 2 x 10’ plating 
cells with 0.1 mL of phage in the following titers: lo*, 5 x 107, 107, 5 x 106, 
1 06, and 5 x 1 O5 pfu. Incubate at room temperature for 15 mm to allow the 
phage particles to absorb. 

6. Carefully transfer each of these cultures to separate 1OOmL conical flasks 
containing 10 mL of CY medium, prewarmed to 37°C. Shake (140 rpm) 
overnight at 37*C on an orbital shaker. 

7. Clear the lysates by centrifugation at 12,OOOg for 10 min at 4°C. Titer the 
supernatants and determine the optimum infectivity ratio. 

8. Continue with the main phage preparation. Inoculate 4 x IO9 plating cells 
with the optimum infectivity ratio of phage in a 1.5-mL sterile plastic tube. 
Incubate at room temperature for 15 min. 

9. Transfer this carefully to a 2-L conical flask containing 200 mL of CY 
medium prewarmed to 37*C. Shake overnight at 140 rpm in an orbital 
shaker at 37°C. 

10. At the end of this period, cultures should still appear cloudy, but with exten- 
sive lysis showmg as stringy clumps of bacterial cell debris. If this is not 
the case, the lysis of the cells can be increased by placing the flasks at 4°C 
for l-2 h. 

11. Remove the cell debris by centrifugation at 5OOOg at 4°C for 20 min. 
12. Remove the supernatant to 50 mL polycarbonate ultracentrifuge tubes, and 

centrifuge these at 75,000g for 1 h at 4*C. 
13. Pour off the supernatant; the pellet should have a dirty yellow center (debris) 

surrounded by a faintly blue opalescent ring of phage. 
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14. To resuspend the pellet, add 0.48 mL of h gradient buffer at 4°C to each 
tube, and tilt the tubes so that the pellet is under the buffer. Leave the 
phage to diffuse out overmght. 

15, Transfer gently to a 15-mL siliconized glass centrtfuge tube and centrifuge 
at 12,OOOg for 5 min at 4°C to remove cell debris. 

16. Transfer the supematant to a fresh 15-mL glass centnmge tube, add 100 pg 
of DNaseI, and incubate at room temperature for 1 h. 

17. Prepare a three-step cesium chloride gradient in h gradient buffer with 
concentrations of 1.7 g/cm3 (95 g to 75 mL; q, 1.3990), 1.5 g/cm3 (67 g to 
82 mL; q, 1.3815), and 1.30 g/cm3 (40 g to 90 mL; TJ, 1.3621) usmg a 
pertstaltic pump to carefully layer sequentially 2 mL of 1.7, 3 mL of 1.5, 
and 2 mL of 1.3 into the 12-mL transparent ultracentrifuge tube, marking 
the interface of each layer. 

18. Carefully layer the phage suspension using the pump and top up the centri- 
fuge tube with gradient buffer. 

19. Centrifuge at 160,OOOg for 1 h 40 min at 20°C using the “slow accelera- 
tion” and “break off’ modes of the ultracentrifuge. 

20. The expected banding pattern is shown m Fig. 1 (see Note 2). Carefully 
remove the phage band with a 2 1 -gage needle and a syringe. This IS done 
by placing a small piece of Scotch tape over the band and then piercing the 
tube immediately below the band, bevel edge of the needle up. Be careful 
that you do not go straight through the tube and into your finger. 

2 1. Dialyze the phage against 3L dialysis buffer at 4°C using two changes of 
2 L each. 

22. Titer the phage preparation (see Note 3). 

3.2. Preparation of Phage DNA 

1. To the phage preparation add l/50 (v/v) of 0.5M EDTA. 
2. Add l/50 (v/v) of a 10% SDS solutlon and incubate for 15 mm at 65°C. 
3. Cool to 45”C, add protemase K to 50 pg/mL, and incubate at 45’C for 1 h. 
4. Extract with phenol by carefully mvertmg the tube several times. 
5. Break the phases by centrtfugation at 7800g for 5 min at 4°C. 
6. Repeat this procedure by extracting the aqueous (top) phase with phenol 

three times. 
7. Extract the aqueous phase two times wtth chloroform to remove the phe- 

nol, each time breaking the phases at 7800g for 5 min. 
8. Extract the aqueous phase with water-saturated ether three times to remove 

the chloroform, separatmg the phases each ttme at 1OOOg for 2 min. 
9. Remove residual ether by placing briefly under vacuum. 

10. Run a range of dilutions of the resulting supematant on a 0.5% (w/v) aga- 
rose gel using known concentratrons of 3L as a marker. 



Lambda Replacement Vectors 283 

CsCl cont. 
(g/d 

1.3 

1.5 

1.7 

Fig. 1. A diagram showing the expected banding pattern of the phage prep- 
aration after ultracentrifugation in a cesrum chloride step gradient. The intact 
phage band appearing immediately below the 1.3-l .5 g/cm3 cesium chloride 
interface is extracted from the gradient with a syringe and needle as shown. 

11. Estimate the DNA concentration from the agarose gel, or better, measure the 
absorbance at 260 and 280 run. The OD 260/280 ratio should be 1.8; 1 OD = 
50 pghL (see Note 4). 

3.3. Preparation of ;1 Arms 
1. It is advisable to ensure that the DNA can be completely digested with 

BamHI on a small scale before proceeding to the large-scale preparation of 
arms. Take 0.5 ug of DNA and add 2 U of BamHI in the appropriate buffer 
(supphed by the manufacturer) and make up to 10 uL and incubate for 1 h 
at 37OC. 

2. Heat the DNA at 65°C for 10 min (to melt cos ends), cool, and analyze by 
0.5% (w/v) agarose gel electrophoresis. 

3. If the above procedure shows, complete digestion, proceed to a large-scale 
digestion; if not, clean the DNA with further phenol extractions. 

4. Digest 150 ug of vector DNA in a 500~yL volume with 300 U ofBamH1 in 
the appropriate buffer at 37°C overnight. 
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5. Check for complete digestion by running 0.5 pg of the DNA after heat 
shock at 68°C for 10 min on a 0.8% (w/v) agarose gel with appropriate 
markers. If the reaction is mcomplete, add more enzyme, adjust the buffer 
and Incubation volume, and contmue the incubatton. 

6. Once the digestion is complete, add 300 U of Z&zZI with appropriate buffer 
adjustment, to cut the “stuffer” fragment, and leave this to digest at 37°C 
overnight (see Note 5). 

7. Prepare a 12-mL 15-35% sucrose gradient (see Note 6). 
8. Extract the digested DNA with an equal volume of phenol/chloroform 

once. Separate the phases by a 5-min centrimgatton m a microfuge. Extract 
with an equal volume of chloroform and again separate the phases. Pre- 
cipitate the DNA with 300 mM sodium acetate and 0.6 vol of isopropanol 
(see Note 5). 

9. Pellet the DNA by centrifugation in a microfuge, dry the pellet m a Speed- 
Vat, and resuspend it m 200 P-L TE buffer. Remove an aliquot containing 
0.5 pg to analyze the DNA after allowing the cohesive ends to reanneal at 
42°C for 1 h in the presence of 0.0 1M MgCl, (see Note 7). 

10. If the DNA is intact, layer the remainder over the gradient and centrifuge 
at 140,OOOg for 19 h at 15OC using the “slow acceleration” and “break-off’ 
modes of the centrifuge. 

11. Collect 0.5-mL fractions through a 2 l-gage needle inserted at the base of 
the tube. (To stop the gradient from gushing out, the top may be sealed 
with parafilm and the flow started by introducing a very small hole in the 
top. Alternatively, a commercial gradient fractionator may be used.) 

12. Remove 10 l.r,L of every second fraction, dilute with 35 uL of water, 
and add 8 PL of loading buffer. Heat to 68°C for 10 mm and analyze on 
a 20 x 20 cm 0.5% (w/v) agarose gel with appropriate restriction 
digested h markers adjusted to match the salt and sucrose concentra- 
tions in the fractions. 

13. Locate the fractions containing the arms (20 and 8.9 kb) and pool. 
14. Either dialyze this against TE buffer if the volume is large, or dilute the 

fractions threefold with TE buffer and prectpttate overnight with 2 vol of 
95% ethanol without additional salt. Regain the pellet by centrifugation, 
wash it with 70% ethanol, dry tt in a Speed-Vat, and dissolve it in an 
appropriate volume of TE buffer (to give 300-500 ug/mL). 

15. Measure the exact concentration by absorbance at 260 nm and store m 
5-pg aliquots at -20°C. 

3.4. Partial Digestion of the Genomic DNA (see Note 8) 
1. Before starting the large-scale digestion, perform a pilot digestion. Take 

10 pg of DNA, 3 pL of Mb01 buffer (10x stock), and water to give a final 
volume of 27 pL and place at 37°C to warm. 
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2. Prepare 13 tubes for time-points ranging from O-60 min and place on ice. 
Add 5 pL of stop solution to each tube. 

3. Dilute the stock Mbo 1 enzyme with sterile ice-cold water to give a concen- 
tration of 0.5 U/uL and place on ice. 

4. Quickly add 3 pL of diluted enzyme to the prewarmed DNA, mix, and 
start timing. 

5. Remove 2 pL immediately and then 2 uL every 5 min for 1 h. 
6. Run each time-point on a large (20 x 20 cm) 0.3% (w/v) agarose gel using 

h, and h digested with xhol or Hi&III as markers. Stain and photograph 
the gel. 

7. Determine the time of digestion required to give maximum fluorescence in 
the 15-22 kb range. Ideally this should be approx 30 min of digestion. 

8. Scale up the digestion to I50 ug of DNA in a total volume of 450 pL. The 
digestion requires only half the corresponding enzyme concentration, how- 
ever, to give the maximum number of molecules in the required size range 
(1). Determine the exact time by digesting for the optimum time of the 
pilot experiment +5 min. At each time, stop the experiment by adding 150 
pL of the reaction mixture to an ice-cold microfuge tube containing EDTA, 
pH 8.0, to give a final concentration of 20 mA4. 

9. Pool the three fractions and load onto a 15-35% (w/v) sucrose gradient as 
described for the preparation of vector arms (see Note 6). 

10. After centrifugation, fractionate the gradient and run 10 pL of every sec- 
ond fraction on a 0.3% (w/v) agarose gel with the appropriate markers. 

11. Label the fractions according to the sizes determined from the agarose gel 
(see Note 9). 

12. Dilute each fraction threefold and ethanol precipitate with 2 vol of 95% 
(v/v) ethanol, dry it in a Speed-Vat, and resuspend in 20 l.tL of sterile 
TE buffer. 

13. Determine the concentration of DNA by electrophoresis on a 0.8% (w/v) 
agarose gel and comparison with standards of known concentration. 

3.5. Library Construction 
1. Ligations of 1 pg of DNA total should be tested with ratios of 4: 1,2: 1, 1: 1, 

and 0.5: 1 arms to insert (see Note 10). Carry out reactions at 150 pg DNA/mL 
with 1 U of T4 DNA ligase overnight at 4°C. Also ligate 0.5 pg of 
vector arms alone under similar conditions to estimate the background 
caused by vector contammation with the stuffer fragment (see Notes 
11 and 12). 

2. Package 250 ng of the ligated DNA using a commercial packaging kit or 
homemade packaging components as described in Chapter 22 (1,9). At 
thus step also package bonaflde h to determine the packaging efficiencies 
of the extract (commercial kits always provide this control). 
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3. Remove the freeze thaw and somcated extracts from the -70°C freezer and 
allow to thaw on ice. The freeze thaw lysate will thaw first. It should 
be added to the still-frozen somcated extract. Mix gently, and when they 
are almost, but not quite, defrosted, add the DNA to be packaged. Mix and 
incubate for 1 h at room temperature. 

4. Add 0.5 mL of SM medium and a drop of chloroform and mix. 
5. Remove the debris by centrifugation in a microfuge for 30 s and titer the 

packaged DNA on the appropriate strain: 
h-LE392 
arms + insert-NM539 (spP selection) 
arms alone-NM538 and NM539 

6. Calculate the efficiency of packaging of h (see Note 13) and of the arms + 
Insert. 3L should be about 100x more efficient than the religated material. 

7. If one of the test hgations gives a sultable efficiency in the packaging reac- 
tion, then select this and scale up the reaction to produce a full library (see 
Notes 13-15). Test a small aliquot. 

8. Once the library is produced, it should be tested for completeness as out- 
lmed m Note 14 and can be stored under chloroform indefimtely. It can 
thereafter be screened with or without amplification as required (2,5) (see 
Chapter 26). 

9. The library can be amplified by growing as a plate stock, making sure that 
the plaques do not overgrow each other, thereby reducing the possibility of 
recombmatlon between different recombinant phages. To prepare the plate 
stock, mix ahquots of the packaging reaction contammg about 2 x lo4 
recombinants in a 50-pL volume with 0.2 mL of plating bacteria and incu- 
bate it for 20 min at 37°C. 

10. Melt 6.5 mL of top agar with each aliquot and spread on a 150~mm plate of 
bottom agar, previously dried. 

11. Incubate for 8-10 h, making sure the plates are absolutely horizontal so 
that spread of clones is minimized. 

12. Overlay the plates with 12 mL of SM medium and store at 4°C overnight. 
13. Recover the bacteriophage suspension and transfer it to a sterile polypro- 

pylene tube. Rinse the plate with 4 mL of SM medium and pool with origi- 
nal suspension. 

14. Add chloroform to 5% (v/v) and incubate for 15 min at room temperature 
with occasional shaking. 

15. Recover the bacteriophage by removal of the cell and agar debris by cen- 
tritigation at 4000g for 5 mm at 4°C. 

16. Remove the supernatant and add chloroform to 0.3% (v/v), at which point 
the llbrarles may be stored in aliquots at 4’C for many years. They can 
be concentrated if necessary by centrifugatlon in a CsCl gradient as 
descrrbed above. 
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4. Notes 
1. To obtain a good yield of phage, it is essential to have very clean glassware. 

This is achieved by soaking with chromic acid and then thoroughly rinsing 
with distilled water. It is also necessary to maintain good sterility control 
because the single-stranded co+ ends of lambda are extremely vulnerable 
and their integrity is essential. It is always worthwhile testing to see if the 
cos ends will anneal by incubation at 42OC for 1 h in the presence of 10 
mMMgCl* and analyzing the product on a 0.3% (w/v) agarose gel. Obvi- 
ously, it is also necessary to have good housekeeping over the storage and 
verification of bacterial and phage stocks. Details can be obtained from 
ref. 1. 

2. If the lowest band on the cesium chloride gradient is larger than the phage 
h band, this suggests that mixing and pipeting have been too vigorous. If 
the top band is too large, it will contaminate the phage preparation. It may, 
therefore, be necessary to rerun the phage preparation on another gradient. 
If the yield is low, it may be necessary to titer at each step to ascertain 
where the losses occur so that you improve that part of the preparation. 

3. It is necessary to always maintain the Mg2+ concentration; otherwise the 
phage particles will disintegrate. 

4. 10” Plaque-forming units of phage gives approx 0.44 pg of DNA. There- 
fore a 200-mL cleared lysate with a yield of 6 x lOi pfu/mL will give 500 
pg of DNA. The DNA should be clean by this step, If for any reason the 
DNA has a low 260/280 ratio, return to Section 3.2., step 4 and start again. 
The presence of sheared DNA usually means vigorous pipeting or poor 
quality phenol. Cut pipet tips and redistilled phenol are necessary. 

5. Both EMBL 3 and 4 were designed such that by digestion with s&I the 
stuffer fragment is cut without the arms being destroyed. With EMBL 4 the 
Sal1 site lies between the BamHI site and the stuffer fragment (the con- 
verse is true with EMBL 3 so SalI digestion will not allow cloning into the 
BarnHI site). Thus, cutting with the two enzymes substantially reduces the 
probability that there can be religation of complete phage genome. This reli- 
gation, in fact, is made even further unlikely because the small piece of 
polylinker produced by SaZI digestion is lost durmg the isopropanol pre- 
cipitation because it is too small to be precipitated (4). This further improves 
the quality of the library by preventing false recombmants that may have 
escaped the genetic selection imposed by the spz selection. 

6. Both the arms and donor DNA may be fractionated on a low-gelling tem- 
perature agarose gel, but these gels have a lower capacity than sucrose 
gradients and any impurities in the agarose severely inhibit the ligation 
reaction. In practice, therefore, we have not found this to be a suitable 
method to fractionate the DNA. 
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7. The procedure for isolating arms can be further improved if the cohesive 
ends are allowed to anneal at 42OC for 1 h in the presence of 10 mM MgC&. 
This enables &he tsolation of a smgle species of DNA from the sucrose 
gradient and at the same time checks the DNA. 

8. The size of the DNA is the most important determinant in the production of 
a complete library. Although some breakage is inevitable, the DNA should 
be >lOO kb, and the bigger the better; otherwise, when a random collection 
of fragments is generated by partial restriction endonuclease digestion, there 
will be a large proportion of noncohesive ends. These fragments substan- 
tially lower the efficiency of packaging because they Jam nonproductively 
to vector DNA since only one of the two 3L arms can join to them. Moreover, 
since concatemers of phage particles are the usual substrates for packaging, 
these ragged ends cause terminatton of this process. Thus if the donor DNA 
preparation appears smeared down the gel, it is better to go back and prepare 
it again rather than proceeding with the library. The usual causes for the poor 
quality of DNA are mechanical shearing (too vigorous pipetmg, use of uncut 
pipet tips, or mixing too roughly) or DNase contammation caused by poor 
sterility control over solutions and glassware. 

9. Do not throw away these tubes This material is very precious and may be 
used later for either different vectors or to repeat packaging with a slightly 
smaller or larger insert size. Store it and the DNA prior to ligation at -2OOC. 

10. To calculate the amount of vector and donor DNA requn-ed, use the fol- 
lowing formula: Insert size equals 20 kb and, therefore, has a molecular 
weight of approx 1.27 x 107. Arms are 30 kb and molecular weight of 1.9 
x 1 07. Therefore, for a l/ 1 ratio 

(pg arms)/( 1.9 x 1 07) = (ug msert)/( 1.27 x 107) 

Therefore, pg arms = 1.496 x pg insert. Thus for a 1 -pg reaction, 0.6 pg of 
arms and 0.4 pg of insert are required. This needs to be adjusted according 
to the average size of the insert and for different ratios of arms to insert (I). 
The theoretical ratio of arms to inserts should be 2/l, but some of the mol- 
ecules may lack a cohesive terminus (see Note 8), so the effective concen- 
trations are different from those calculated from the measured DNA 
concentration. Therefore, it is necessary to do a range of test ratios before 
the large-scale packaging. Prior to the ligation, it is possible to alkaline phos- 
phatase the donor DNA to prevent self-ligation. This increases the effec- 
tive concentration of available ends and will increase the efficiency of 
productive hgations. Care should be exercised over the quality of the alka- 
line phosphatase smce many preparations contam some nuclease activities 
(see Chapter 25). 

11. The success of the ligation can be confirmed by agarose gel electrophoresis. 
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12. It is also a good idea to anneal the cos ends of the vector by incubating it in 
the presence of 10 mMMgC12 at 42°C for 1 h. 

13. h should give at least lo* pfu/ug DNA. If not, the packaging extract (or 
your handling of it) 1s defective, and precious sample should not be com- 
mitted to packaging. Remember when packaging not to defrost many ali- 
quots of packaging extracts and leave them on ice; follow the protocol. We 
have also found it preferable to do several small-scale packagings rather 
than a single large-scale one, because of the problems of handling the 
extracts; we only use 2-3 vials at any one time. The vector arms alone 
should give <lo4 pfu/pg when plated on NM538 and lower when plated on 
NM539. If, providing the packaging is efficient, the arms + insert give 
lower than lo6 pfulyg, check the activity of the ltgase by ligating a com- 
mercial hHin&I digest and checking this using agarose gel electrophore- 
sis. If the ligase is efficient, repeat steps 1 and 2 in Sectron 3.5. using the 
arms only. If these ligate efficiently as assessed by agarose gel electro- 
phorests, then the insert DNA IS not of suitable quality. As mentioned in 
Note 8, this is the single most common reason for the failure to prepare a 
good library. 

14. The ideal is to construct as complete a library as possible such that every 
sequence in a mammalian genome is represented at least once. To calculate 
the number of plaques to achieve a library of a 99% probability of containing 
the required sequence, the following formula should be used (I, 4). 

N = [In (I - P)]/[ln (1 -x/y)] 

where P is the desired probability, x is the insert size, y 1s the haploid 
genome size, and N is the necessary number of recombinants. Therefore, 
given the 20-kb hypothetical insert in order to get a 99% probability, about 
8 x lo5 plaques in a single packaging reaction are required. The library 
should be tested for its validity by picking approx 100 plaques randomly 
and spotting them as an array onto plating bacteria in top agar. Blot onto 
nitrocellulose after growth, and probe this with labeled total genomic DNA 
of the host species. Because of the large numbers of repeat sequences in 
the mammalian genome, approx 80% of the clones should give a signal 
after hybridization to this probe. 

15. We have always found some loss of efficiency on scale up, which should 
be compensated for in the final packaging reaction. Remember to add a 
drop of chloroform and clarify the extract. Packaging extracts can inhibit 
bacterial growth and lower the titer. 
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CHAPTER 24 

The Production of Double-Stranded 
Complementary DNA 

for Use in Making Libraries 

Steve MayaZZ and Jane Kirk 

1. Introduction 
The synthesis of complementary DNA from mRNA templates by the 

action of reverse transcriptase (RT’ase) is a fundamental technique in 
molecular cloning. The prime consideration is that a large amount of 
long cDNA copies should be made. The quality and length of the cDNA 
product is largely dependent on the quality of the mRNA used as the 
starting material, and great care must be taken to avoid degradation. The 
choice of primers and RT’ase used during the synthesis also influences 
the final product. 

A short double-stranded region is generated by the annealing of a 
primer to the mRNA (see Fig. 1). The DNA strand complementary to the 
RNA is then generated by the action of avian myeloblastosis virus 
(AMV) or Moloney murine leukemia virus (MoMuLV) RT’ase. Previ- 
ous methods took advantage of the fact that this first strand synthesis 
results in the production of a short hairpin loop that provided the primer 
for the second strand synthesis reaction. Subsequent S 1 nuclease diges- 
tion was then required to remove this single-stranded hairpin region. This 
approach has been superseded by a method that uses DNA polymerase I 
in combination with RNase H to replace the mRNA in the hybrid with 
small regions of newly synthesized DNA (1,2). The scale of cDNA syn- 
thesis is checked by the incorporation of radioactive nucleotides into the 
first and second strand. 
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Fig. 1. A schematic representation of the steps employed to synthesize 
double-stranded cDNA. 

The short stretches of double-stranded DNA are ligated into a con- 
tinuous strand by T4 DNA ligase. At the same time, linkers contain- 
ing EcoRI sites are ligated to the blunt ends of the cDNA and then 
digested with EcoRI to allow cloning into any similarly cut vector. 
EcoRI sites within the cDNA itself are made resistant to cleavage by 
prior methylation. 

A spermine precipitation in the presence of salt removes a large 
proportion of the unincorporated linkers (3). The remaining linkers 
are removed by a gel purification step, which also permits size selec- 
tion of the cDNA. The cDNA is then ready to be ligated to a vector of 
choice. 
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2. Materials 
All solutions should be autoclaved and where possible treated over- 

night at 37°C with 0.01% diethyl pyrocarbonate (DEPC) prior to auto- 
claving. Do not add DEPC to solutions containing Tris-HCl. 

All glassware should be DEPC-treated and/or baked at 180°C for 3 h. 
Ideally sterile, disposable plasticware should be used wherever possible. 
Single-stranded nucleic acids stick to plastic very readily and hence tubes 
should be siliconized before use. Gloves must be worn at all times to 
preclude the introduction of contaminating RNases. Great care should 
also be taken to avoid exogeneous DNA contamination. All enzymes 
and buffers should be stored at -20°C unless indicated otherwise. 

2.1. cDNA Synthesis Reactions 
1. 1 OX First strand synthesis buffer: 500 mMTris-HCI, pH 8.3,500 mMKC1, 

100 mh4 MgCI*, IO mM DTT. Store at -20°C. 
2. Sodium pyrophosphate (NaPPi, 150 mM): Available from Sigma (St. 

Louis, MO). 
3. Human placental RNase inhibitor (100 U/uL): Available from Amersham 

Life Sciences (Amersham, UK). Store at -20°C. 
4. 10X dNTP mix: A solutton of dATP, dTTP, dCTP, and dGTP (10 rnJ4 

each) available from Pharmacia (Uppsala, Sweden). Store at -2OOC. 
5. Oligo dT 12-1 s primer or random hexanucleotide primers ( 1 mg/mL) : Avail- 

able from Promega (Madison, WI). Store at -20°C. 
6. [a-32P]dCTP (3000 Ci/mmol): Available from Amersham Life Sciences. 
7. Poly(A)” RNA (200 pg/mL): Stored in DEPC-treated water at -70°C. 
8. AMV RT’ase (20 U/pL): Available from Amersham Life Sciences. Store 

at -20°C. 
9. 2X Second strand synthesis buffer: 50 mM Tris-HCl, pH 8.3, 200 rnJJ4 

KCl, 10 mM MgCl,, 10 mM DTT. Store at -20°C. 
10. RNase H (5 U/uL): Available from Amersham Life Sciences. Store at -2OOC. 
11. DNA polymerase 1 (5 U/uL): Available from Amersham Life Sciences. 

Store at -2OOC. 
12. T4 DNA polymerase (4 U/pL): Available from Amersham Life Sciences. 

Store at -2OOC. 
13. Equilibrated phenol: Saturate with 100 mMTris-HCl, pH 8.0, as described 

(4). Mix with chloroform (1: 1 v/v), and store at 4OC. Phenol is available 
from Rathbone (Walkerburn, Scotland). 

14. Saturated chloroform: Saturate with TE buffer (10 mMTris-HCl, pH 8.0, 1 
mJ4 EDTA), and store at room temperature. 

15. DE-81 disks: Available from Whatman (Maidstone, UK). 
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2.2. Addition of EcoRI Linkers to the cDNA Ends 
16. 5X Buffer M: 500 mM Tris-HCl, pH 8.0, 500 mM NaCl, 5 mM EDTA. 

Store at -20°C. 
17. 10X Buffer SAM: 800 pA4 S-adenosyl methtonme, available from Sigma. 

Store at -20°C. 
18. EcoRI methylase (20 U/pL): Available from NEB Labs (Beverly, MA) or 

Amersham Life Sciences. Store at -20°C. 
19. 10X Ligase buffer: 200 mM Tris-HCl, pH 7.5, 150 rniW MgC12, 100 mM 

DTT, 5 mM ATP. Store at -20°C. 
20. Phosphorylated EcoRI linkers (150 pmol/pL): Available from NEB Labs. 

Store at -20°C. 
21. T4 DNA ligase (400 U/uL): Available from NEB Labs. Store at -20°C. 
22. 10X EcoRI Buffer: 500 rrnJ4 NaCl, 100 mM Tris-HCl, pH 7.5, 100 mA4 

MgCl,, 10 mM DTT. Store at -2O’C. 
23. EcoRI (20 U/pL): Available from NEB Labs or Amersham Life Sciences. 

Store at -2OOC. 

2.3. Removal of Unincorporated Linkers 
and Size Selection of cDNA 

24. Spermine wash buffer: 70% ethanol, 10 mMMgC12, 0.3MNaOAc, pH 7.0. 
Store at 4OC. 

25. Low-melting-point agarose: FMC SeaPlaque agarose, available from 
Flowgen Bioscience (Sittingbourne, UK). 

26. 50X TAE buffer: 2M Tris-acetate, 0.05M EDTA. 
27. DNA size marker sample: 0.5 pg of DNA ladder m 5% glycerol, 0.04% 

bromophenol blue, available from NEB Labs. 
28. STE: 100 mM NaCl, 10 mM Tris-HCI, pH 8.0, 1 mM EDTA. 

3. Methods 
3.1. cDNA Synthesis Reactions 

1. MIX together the components of first strand synthesis shown m Table 1 in 
the order given (see Note 1) 

2. Remove 1 pL for the incorporation assay (see step 8). Add 1 pL of AMV 
RT’ase (see Note 4), mix, and incubate at 42°C for 60 mm. Place on ice and 
remove a further 1 uL for the incorporation assay. 

3. Mix together the components of second strand synthesis shown m Table 2. 
Incubate at 12°C for 60 min, then at 22°C for 60 mm, and finally at 70°C 
for 10 min. 

4. Spin for a few seconds m a mtcrocentrifuge. Place on ice and add 1 pL of 
T4 DNA polymerase to blunt the cDNA ends. Mix and incubate at 37°C 
for 10 mm. 
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Table 1 
Ftrst Strand Synthesis MIX 

10X first strand buffer 
NaPPi 
HP RNase mhrbrtor 
1 OX dNTP mtx 
Oligo dT or random primer (see Note 2) 
[a-32P]dCTP 
poly(A)+ RNA (see Note 3) 
H20 

2 CCL 
1 PL 
1 PL 
2 PL 
1 PL 
0.5 j.tL 
5 @ 
7.5 UL 

Table 2 
Second Strand Synthesis Mix 

Completed first strand reaction mrx 19 t.tL 
2X second strand buffer 5O;IL 
[o-32P]dCTP 1 PL 
RNase H 1 PL 
DNA polymerase I 6 PL 
H20 23 uL 

5. Add 2 pL of OSM EDTA, pH 8.0. Place on ice and remove 1 PL from the 
mix for the incorporation assay. 

6. Extract twice with an equal volume of equilibrated phenol:chloroform then 
once with an equal volume of saturated chloroform (see Note 5). 

7. To remove unincorporated nucleotides, add 100 pL of 4M ammonium 
acetate and 200 pL of 100% ethanol. Vortex and leave on dry ice for 
15 min then allow the sample to warm to 4°C. Spin for 15 min at 4°C in a 
microcentrifuge. Remove the supernatant and wash the pellet m ice-cold 
70% ethanol. Spin for 5 mm at 4°C. Remove the supernatant, air-dry, and 
redissolve in 10 PL of TE (see Note 6). 

8. To measure the incorporation of radioactive nucleottdes into the cDNA, 
spot the retained 1 PL aliquots onto separate DE-81 filters and allow to 
dry. Wash five times in 200 mL of 0.5M Na2HP04, pH 7.0, by swirling 
very gently. Wash the filters two or three times in 200 mL Hz0 until clear. 
Rinse in 100 mL of methanol and allow to air-dry. Count the filters in a 
scintillation counter using a toluene-based scintillant and calculate the level 
of 32P incorporation, 

3.2. Addition of EcoRI Linkers to the cDNA Ends 
1. To methylate EcoRI sites in the cDNA (see Note 7) add 4 pL of 5X buffer 

M, 2 yL of 10X buffer SAM, and 3 pL of H20 to the cDNA. Mix and spin 
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for a few seconds in a microcentrifuge. Add 1 pL of EcoRI methylase, 
mix, and incubate at 37°C for 60 mm. 

2. Inactivate the methylase by heating at 70°C for 10 min and place on ice. 
3. To ligate linkers to the cDNA, add 3 pL of 10X hgase buffer, 2 l.tL of 

phosphorylated EcoRI linkers, 2 nL of T4 DNA ligase, and 3 pL of H20. 
Mix and incubate at 12OC for 16 h. 

4. Heat at 65OC for 10 min to inactivate the ligase and place on ice. 
5. To digest the linkered cDNA add 9 pL of 10X EcoRI buffer, 49.5 PL of 

HzO, and 1.5 PL of EcoRI. Mix and incubate at 37’C for 5 h, then inacti- 
vate at 70°C for 10 mm and place on ice. 

3.3. Removal of Unincorporated Linkers 
and Size Selection of cDNA 

1. Add 5 pL of 2M KC1 and 5 l,tL of 100 mA4 spermme to the 90 pL digested, 
linkered cDNA reaction (see Note 8). Vortex and leave on ice for 30 min. 

2. Spin for 15 min in a microcentrifuge at 4’C. Remove the supernatant care- 
fully and add 1 mL spermme wash buffer. Leave on ice for 30 min. Care- 
fully remove the supernatant again and then repeat the wash. 

3. Wash once in 70% ethanol, air-dry, and dissolve the pellet m 9 n.L of TE. 
4. Prepare a gel of 1% low-melting-pomt agarose m 1X TAE containing 0.5 

pg/mL ethidium bromide. Leave the gel to set at 4°C for 30 min. Fill the 
electrophoresis tank with 1 X TAE buffer to the height of the gel but do not 
cover it. 

5. Add 1 PL of 50% glycerol to the cDNA sample and load onto the gel. The 
lack of loading dye makes the sample harder to load but easier to vtsuahze 
small amounts of DNA under UV light. Load an adjacent lane with a DNA 
size marker sample containing dye. 

6. Electrophorese the gel at constant voltage at 4°C until the bromophenol 
blue dye has run half the length of the gel. View under long-wave UV light 
(to minimize UV-Induced DNA damage) and cut out a gel slice correspond- 
ing to cDNA between 700 and 7000 base pairs in size. 

7. If the slice is large it may be beneficial to concentrate the cDNA by insert- 
mg the slice in a reverse orientation into a second low-melting-point gel 
and electrophoresmg as before until it is concentrated mto a tight band 

8. Add 400 pL of STE/lOO mg of gel slice. Incubate at 65’C for 10 min. 
Extract once with an equal volume of equilibrated phenol, once with equili- 
brated phenol:chloroform, and once with saturated chloroform. Avoid the 
interface, which contains white agarose powder. 

9. Precipitate with 0.1 vol of 4M ammonium acetate and 2.5 vol of 100% 
ethanol. Leave on ice for 30 min and spin for 30 min at 4°C. Wash the 
pellet with 70% ethanol. 
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10. Resuspend the pellet in 5 uL of TE. Run 0.5 uL on a 1% agarose gel along- 
side size standards of known concentration to give an indication of 
cDNA size and concentration. Store the remainder as 1 -FL aliquots at -70°C. 
The stored cDNA should be stable for several months. 

4. Notes 

1. Reactions can be scaled up to allow the synthesis of larger quantities of 
cDNA. Components of all reactions should be gently mixed together on ice. 

2. Oligo dT or random hexanucleotide primers can be used for cDNA synthe- 
sis. The oligo dT primer, which anneals to the poly(A)+ tail of mRNA, is 
most commonly used. This generates a large proportton of full-length 
cDNAs although the 5’ end of large mRNAs will be underrepresented. Ran- 
dom primers are more useful for certain purposes, such as the generation 
of expression libraries, enriching the 5’ ends of very long transcripts, or 
solving problems when using the oligo dT primer owing to secondary struc- 
ture in the mRNA. 

3. Sometimes problems with mRNA secondary structure affect cDNA synthe- 
sis. These may be averted by heating the poly(A)+ RNA to 70°C for 1 min, 
then immediately chilling on ice prior to the cDNA synthesis reactions. 

4. Both AMV and MoMuLV RT’ase can be used for cDNA synthesis. AMV 
RT’ase is more commonly used since fewer units of enzyme are required. 
However, it has been reported that under certam condmons, longer tran- 
scripts (up to 10 kb in length) can be synthesized using MoMuLV RT’ase. 

5. The recovery of cDNA from this and all subsequent steps can be monitored 
using a hand-held mmi monitor. Expect initially readings of 100-200 cps. 

6. Material can be stored at -20°C at this stage. It is advisable to run a small 
portion (0.5 pL) of the double-stranded cDNA on a 1% agarose gel before 
proceeding with other steps. This gives an indication of the size range of 
the cDNA product. 

7. The efficiency of the cloning steps should be checked first with a mock 
cDNA rather than risk losing precious cDNA. The mock should consist of 
blunt-ended, phosphatased fragments of a similar size to the cDNA. 

8. The largest losses of cDNA occur during the spermine precipitation and 
gel purification steps. These losses are justified because it is imperative to 
remove excessively short cDNAs and all traces of unincorporated linkers 
from the reaction. A tiny amount of residual self-ligated linkers m the mix 
would give a huge molar excess of ends compared to the linkered cDNA 
when ligated to the vector. This would result in a large proportion of the 
library containing no detectable inserts, essentially an empty library. The 
problem can usually be remedied by an additional spermine precipitation 
of the linkered cDNA after gel purification. 
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CHAPTER 25 

Construction of cDNA Libraries 

Michael M. BurreZZ 

1. Introduction 
To obtain a cDNA clone of an mRNA, the mRNA must be copied 

faithfully into DNA, and the cDNA library must be large enough to repre- 
sent the abundance class that contains the mRNA of interest. For 
example, in tobacco, Goldberg (I) has shown that it is possible to divide 
the mRNA population into three classes with most of the mRNAs 
(11,300) being in the lowest abundance class and making up 39% of the 
polysomal rnRlVA. To obtain a cDNA library that contains at least one 
clone for each mRNA of this class will require about 2 x lo5 clones (2). 
This can be achieved with a few micrograms of mRNA by using the 
efficient RNase H method of making double-stranded cDNA (3; see 
Chapter 24) and a bacteriophage h vector that exploits the high efficiency 
with which in vitro packaged phage can be introduced into Escherichia 
coli. The choice of h vector is important because if the DNA to be in- 
serted makes the h genome > 105% of the wild-type length, the packaged 
phage will have a low viability. 

The length of mRNA molecules ranges from several hundred bases to 
a few kilobases (kb). A suitable vector for this length of DNA is JgtlO, 
because it will accept DNA fragments of up to 7.6 kb. If the mRNA of 
interest is known to approach or exceed this length, then a different vec- 
tor should be chosen. 

It is desirable in a cloning strategy for parent phage to be suppressed 
when the library is plated out. This is achieved with hgtl0 because the 
parent phage is cI+imm434, and these are efficiently repressed on a 
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hflAr50 strain of E. coli (e.g., C600 hfl). Insertion of cDNA into the 
EcoRI site of this gene produces a cI-phenotype. These phages will form 
plaques. On a non-Cgl strain (e.g., C600), the cI+ phenotype gives a 
turbid plaque, and the cI-, a clear plaque. 

If it is desired to screen a cDNA library with antibodies, then another 
suitable vector is hgt 11. hgt 11 has several valuable assets as an expres- 
sion vector. The EcoRI cloning site is toward the 3’ end of the 1acZ gene, 
which is thought to stabilize the expressed protein, The phage can accept 
up to 7.2-kb inserts, produces a temperature-sensitive lysis repressor 
(~1857) that is ineffective at 42°C and contains the amber mutation S 100, 
which makes it lysis-defective in hosts that do not contain the suppressor 
SupF. These features may then be combined with host cells, which carry 
the plasmid pMC9, which actively represses lad expression. The cells 
are also Zen protease deficient, and this mmimizes the side effects of any 
protein coded for by the insert during cloning and amplification. When 
screening with antisera, however, high levels of expression can still be 
achieved by using IPTG to inactivate the lac repressor. 

Although there are many advantages in using these vectors, there are 
several points that should be considered before they are used. hgtl0 is 
43.34 kb, and therefore a 1-kb insert is a small proportion of the total 
DNA. Thus, much more DNA in total must be prepared from a selected h 
clone than from a selected plasmid clone to obtain the same amount of 
insert DNA. High efficiency of cloning requires good packaging extracts, 
which are time consuming to prepare, although they can be purchased. It 
is not considered advisable to maintain clones in hgt 10 and hgt 11 unless 
it is known that they are stable. Screening with antibodies sounds attrac- 
tive, but requires specific antibodies that will recognize the peptide of 
interest as a fusion product and not necessarily folded in its native form. 
In addition, many of the correct cDNA clones will be inserted into hgtl 1 
in the wrong reading frame and, therefore, not produce the correct 
protein. 

hZAP (produced by Stratagene) is an alternative h vector designed to 
simplify subcloning of the cDNA insert after screening (4). This vector 
contains a Bluescript plasmid so that when cells are superinfected with 
fl helper phage the plasmid is excised and packaged as a covalently 
closed single-stranded circle. The packaged “phagmid” is used to infect 
a new host where it replicates as a Bluescript plasmid. During library 
construction cDNA is cloned into the Bluescript polylinker, so hZAP has 
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a wide range of sites into which to clone and can be used with blue/white 
selection as for hgt 11. It is also possible to use this vector to make expres- 
sion libraries. In this chapter I describe construction of hgtl0 and hgtl 1 
libraries, but these methods are equally applicable to hZAP, although the 
reader should follow the modifications suggested by the manufacturer. 

There are many steps in making a cDNA library in hgt 10 or hgtl 1. 
This chapter starts with methods for the growth of hgtl0 and hgtl 1 and 
with the preparation of vector DNA from the phage. These steps are fol- 
lowed by methods of preparing h arms from the vector DNA and the liga- 
tion of the cDNA to these arms. Therefore, it is assumed that the reader 
has previously prepared suitable cDNA (see Chapter 24). The chapter 
finishes with methods of packaging the DNA into viable phage and infec- 
tion of E. coli to produce the library. The procedures described below 
have worked well in our hands. There are probably many other methods 
and variations that will prove equally successful. For further informa- 
tion, the reader is directed to Glover (5) and Sambrook et al. (2). 

2. Materials (see Note 1) 
Enzymes are commercially available. They can be used along with the 

buffers supplied with them. In some situations, however, it is more 
appropriate to use homemade buffers, as indicated (6). 

2.1. Preparation of Plating Cells 
for Infection with AgtlO or Agtll 

1. L-broth: For 1 L, 10 g bactotryptone, 5 g bacto-yeast extract, 10 g NaCI, 
adjusted to pH 7.5. 

2. Bottom agar: 1.5% agar in L-broth. Autoclave and store. 
3. 20% Maltose: Sterilize by autoclaving and store at room temperature. 
4. Host bacteria: For hgtl0, use C600 (F, e14-, [McrA-J, thr-1, leuB6, thi-, 

lacY1, supE44, rRbD1, fhuA21) or Bnn93 (F, e14-, [McrA-1, hsdR [rk-mk+], 
thr-1 , leuB6, thi-, lacy 1, supE44, fhuA2 1, mcrB) and C600 hfl. For hgtl 1, 
use Y 1088 (F, GlacU169, supE, supF, hsdR [rk- mk’], met, trpR, fhuA2 1, 
proC::TnS[pMC9; tet’, arnpq), Y 1089 (F, AlacU169,lon100, araD139, strA, 
hflAISo, proC::TnlO[pMC9; tetr, ampr]) or Y1090 (F, AlacU169, lon-100, 
araD139, rpsl [Str’] supF, mcrA, trpC22::TnlO[pMC9; tetr, ampq). For AZAP, 
use XL-1 blue (F proAB+, 1acIq lacZAM15, supE, hsdR). 

5. 10 mM MgS04: Sterilize by autoclaving and store at room temperature. 
2.2. Titering and PZaque Purification of AgtlO Stocks 

6. h Vectors: These are commercially available as whole DNA or pre-prepared 
h arms. Sections 3.2,3.6. describe the production of h arms. 
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7. h dtluent: 10 mM Tris-HCl, pH 7.5, 10 mM MgC&, 0.1 mA4 EDTA. 
8. Top agar: 0.7% agar in L broth. Autoclave and store. Note that for purifi- 

cation of h DNA substitute agarose for agar. 
9. Chloroform: Do not use very old batches chloroform for bacterial lysis 

because this will inactivate h phage. 

2.3. Preparing ilgtl0 and &tll DNA 
10. Formamide: Good quality formamide 1s required. Ensure that the purity is 

sufficient or purify by recrystallization. 
11. TSE: 10 mMTris-HCl, pH 7.5, 5 mM EDTA. 
12. TE: 10 mA4Tris-HCl, pH 7.5, 1 mMEDTA. 

2.4. EcoRI Digestion of A 

13. Suitable restriction enzymes and buffers: For hgt 10 and hgt 11, EcoRI is 
usually used for clonmg. Other restriction enzymes may be more appropri- 
ate m other h vectors. For use of enzymes see ref. 6. 

14. 0.5M EDTA: pH to 8.0 to dissolve. Sterilize by autoclaving. 
15. Phenol: Redistilled phenol equilibrated with 100 mM Tris-HCl. 
16 Chloroformibutanol: a 50: 1 chloroform:butanol mix. 
17. 4M Ammonium acetate, pH 7.5. 

2.5. Phosphatasing il 
18. 10X CIP buffer: 0.5MTris-HCl, 1 rniWEDTA, pH 8.5. 
19. CIP: Calf intestinal alkaline phosphatase (Boehrmger) Store at 4°C. CIP is 

less prone to nuclease contamination than the bacterial equivalent. 

2.6. Ligation of cDNA and Vector 
20. 10X Ligation buffer: 0.5M Tris-HCl, pH 7.5, 1M MgCl,, 100 mM dithrio- 

threitol. Store at -20°C. 
2 1. 1 mJ4 Spermidine: Heat to 80°C for 10 min. Store at -20°C. 
22. 5 mM ATP: Store at -20°C. 
23. T4 DNA ligase: Store at -2O’C. 

2.7. In Vitro Packaging 
24. Packaging mix: These are commercially available or can be made in the 

laboratory (see Chapter 22). 

2.8. Plating Out il Libraries for Screening 
25. X-gal: 2% X-gal (5-bromo, 4-chloro-3-indolyl-P-n-galactopyranoside) in 

dimethylformamide. Store at -20°C. 
26. 1M isopropylthiogalactoside (IPTG) m sterile distilled water, Store at 

-20°C. 
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3. Methods 
This section assumes that the experimenter has prepared double- 

stranded cDNA ready for ligation into an EcoRI site. 

3.1. Preparation of Plating Cells 
1. Streak out on L plates that contam 0.2% maltose the desired strain of 

E. coli (see the protocols below for the correct strain). Incubate over- 
night at 37°C. 

2. Place a single colony in a 250-mL conical flask containing 50 mL of L 
broth + 0.2% maltose and incubate overnight at 37°C with shaking (220 
rpm), but without frothing. 

3. Centrifuge 40 mL of culture cells for 10 min at 3000g. 
4. Resuspend the cells in 20 mL of 10 rnJ4 MgS04 at 4°C (see Note 2). 
5. Adjust ODboO to 2.0 with 10 mMMgSO,+ 

3.2. Titering and Plaque Purification of ilgtl0 Stocks 

To efficiently prepare good I@10 DNA for cloning, it is first necessary 
to determine the titer of the phage stock and check whether it is contam- 
inated with mutant phage-producing clear plaques, which complicate 
screening the library later. 

1. Titer the phage stock by incubating aliquots of phage in 0.1 mL of h 
diluent with 0.1 mL of plating cells (C600) at 37°C for 20 min. Gently 
shake the phage and cells during the incubation. 

2. Add 3 mL of top agar, swirl to mix, and pour onto an L plate supplemented 
with 0.2% maltose (see Note 3). 

3. Incubate overnight at 37OC. 
4. If there are clear plaques, remove a turbid plaque with a sterile fine Pasteur 

pipet or capillary and place m an Eppendorf tube containing 1 mL of h 
diluent. Add one drop (50-l 00 pL) of CHCI, to stop bacterial growth and 
leave at room temperature for 1 h if required immediately or place at 4°C 
overnight. 

5. Assume IO6 phage, and serially dilute to determine the titer. 
6. If there are clear plaques, repeat step 4. 
7. When there are no clear plaques, plate at 2000 plaque forming units 

(pfu)/82-mm plate to screen 15,000 plaques for clear plaques. 
8. If there is more than one clear plaque/104, repeat the purification until the 

clone is sufficiently pure and stable. 

3.3. Preparing @tlO DNA 
1, Prepare sufficient plating stock to set up between 15 and 30 82-mm plates 

at 1 x 1 O6 pfu/plate (see Note 4). 
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2. Prepare fresh plating cells ((X00). Pour 15-30 L plates + 0.2% glucose 
(see Note 5). Use 0.1 mL of plating cells, 1 x lo6 pfu, in 3 mL of top agar 
per plate. As controls, omit the hgtl0 from one plate and both the cells and 
the h from another plate. Fewer larger plates can be used, but they require 
more practice in handling. 

3. After 4-6 h of incubation at 37OC, the plates will appear mottled. If in 
doubt, do not leave the plates too long or the titer will drop. If the plates 
become evenly turbid, they have gone too far. 

4. Place at 4°C or on ice to cool for 30 min. Overlay with 4.5 mL of ice-cold 
h diluent and a few drops of chloroform (from a Pasteur pipet). Leave at 
4°C overnight for the phage to diffuse mto the h diluent. 

5. Carefully remove the h diluent from the plates without disturbing the top 
agar and transfer to polypropylene centrifuge bottles. 

6. Centrifuge at 10,OOOg for 20 min to pellet the cells and any agar. Carefully 
transfer the supernatant to fresh tubes suitable for a swing out rotor. 

7. Centrifuge for 90 min at 70,OOOg. 
8. Resuspend the phage pellet m 5 mL of h diluent, and add 8.5 g of 

CsCl. Overlay with 14 mL of 1.47 g/mL density CsCl. Centrifuge over- 
night at 50,000 rpm (184,000g) in a Beckman 70Ti rotor. Accelerate 
the centrifuge slowly. Decrease the speed to 40,000 rpm for the last 40 min 
(see Note 6). 

9. Remove the bluish white phage band m as small a volume as possible. 
Make the volume to 4 mL with at least an equal volume of h diluent con- 
taining CsCl at a density of 1.5 g/mL. Centrifuge at 60,000 rpm for 4 h in 
a Kontron 80.4Ti rotor. 

10. Remove the band m as small a volume as possible and make to 1 mL with 
h diluent. 

11. Add 1 mI.. of formamide, mix, and leave to stand for 2 h at room temperature. 
12. Add 1 mL of SDW and 6 mL of absolute ethanol. The DNA should precip- 

itate immediately. 
13. Briefly centrifuge in a bench-top centrifuge and pipet off the supernatant. 
14. Redissolve the DNA in TSE and ethanol precipitate twice more (see Note 7). 
15. Finally, redissolve DNA in TE buffer. 

3.4. Preparation of ilgtll DNA 
The first steps in preparing hgtl 1 DNA differ from the above method 

for hgtl0 because it is possible to exploit the temperature-sensitive 
repression of lysis. Thus, cells are first multiplied at 32°C and then induced 
to lyse at 44°C. 

1. Plate out Y 1088 cells with hgtl 1 at 32 and 42OC to check that lysis only 
occurs at 42°C. 
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2. Pick a single colony and place in a sterile McCartney bottle with 10 mL of L 
broth + 10 mA4MgC12, swirl, loosen the cap, and incubate overnight at 32°C. 

3. Place 10 mL of overnight culture in a 3-L conical flask containing 1 L of L 
broth at 32°C. Shake at 280 rpm in an orbital shaker until OD6s0 = 0.6 (2-3 h). 

4. Place a sterile thermometer in the flask and swirl in a water bath at 60°C 
until the flask contents reach 44OC. Then place at 44’C with good aeration 
for 15 mm. 

5. Place at 37°C with good aeration for 3 h. (The temperature must not drop 
below 37°C or poor lysis will result.) 

6. Check for lysis by mixmg about 2 mL of culture with a few drops of chlo- 
roform in a small test tube. The culture should clear m 3-5 min. 

7. Add 10 mL of chloroform to the culture and shake at 37°C for 10 mm. 
8. Pellet the bacterial debris at 5000 rpm (300g) in a 6 x 300 mL rotor (MSE.21 

or equivalent) for 10 min at 4’C. Use polypropylene screw-cap bottles. 
9. Pellet the phage overnight at 10,000 rpm (15,500g) and continue as in Sec- 

tion 3.3., step 8 (see Note 8). 

3.5. EcoRI Digestion of A 

This and the next step involve preparing the arms of hgtl0 and hgtl 1 
so that the cDNA can be ligated between them. Both vectors have a 
unique EcoRI site. In hgt 10, this is in the c1 gene, and insertion of DNA 
will produce the cI- phenotype (clear plaques). In hgtl 1 the restriction 
site is in the Zac.2 gene. Therefore, when hgt 11 phage are plated on media 
containing X-gal, the phage with inserts will produce clear plaques and 
the wild-type phage, blue plaques. 

1, Mix the following to a total volume of 100 uL: 10 pg of DNA, 10 lrL of 
1 OX .!ZcoRI buffer, and sterile distilled water, allowing for the addition of 
the first 30 U of enzyme at step 3. 

2. Centrifuge any droplets of solution to the bottom of the tube. 
3. Add 30 U of EcoRI in <20 uL. 
4. Mix and incubate at 37°C for 2 h. 
5. Add 30 U of EcoRI and incubate for a further 30 min. 
6. Add 2 uL of 0.5M EDTA. 
7. Remove the protein by adding 50 PL of phenol, and mix gently (Do not 

vortex; see Note 7). Add 50 uL of CHC13/butan-l-01 (50/l). 
8. Centrifuge and remove aqueous layer. 
9. Back extract the phenol/CHC13 layer with an equal volume of 10 nGr4 Tris- 

HCl, pH 8.0. 
10. Chloroform extract (with chloroformbutan-l-01; 50/l) the combined aque- 

ous phases. 
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11. Ethanol precipitate at -2OOC by adding 2.5 vol of ethanol and l/40 of the 
total volume of 4M ammonium acetate. 

3.6. Phosphatasing il 
Strictly, this step is unnecessary for hgtl0, but we prefer to include it 

since there are no detrimental effects and it makes checking the cDNA 
clones on C600 easier. 

1. Resuspend the digested 3L vector m 180 uL of water. Add 20 pL of 1 OX 
CIP buffer. 

2. Add 0.1 U of CIP and incubate at 37°C for 15 mm. 
3. Add 2.5 pL of OSM EDTA, mix, and heat to 56°C for 10 min. 
4. Phenol extract with 125 pL of phenol, mix, add 125 pL of CHC&/butan- l- 

01 (50/l), mix gently, and incubate at 37°C for 10 min. 
5. Re-extract the aqueous phase as above. 
6. Back-extract the organic phase with 125 uL of TE buffer, and incubate at 

37°C for 10 mm. 
7. Combme the aqueous phases. 
8. Extract twice with CHClJbutan-l-01(50/1) 
9. Ethanol precipitate at -20°C with 2.5 vol of absolute ethanol and l/40 of 

the total volume of 4A4 ammonium acetate. The DNA precipitates in a few 
minutes. 

3.7. Ligation of cDNA and Vector 
It is important to be able to assess after packaging and infection which 

step, if any, has not worked as well as expected. Therefore, the following 
control ligations are required: 

i. Uncut h. 
ii. EcoRI cut, not phosphatased h. 

iii. EcoRI cut, phosphatased h. 
iv. EcoRI cut, not phosphatased h, plus test EcoRI cut DNA of 2-3 kb. 
v. EcoRI cut, not phosphatased h, plus cDNA (see Note 9). 

1. Combme the appropriate amount of cDNA with 1 ug of appropriate vec- 
tor. Also set up the control ligations. Make up to 90 uL with water and add 
10 PL of 2M NaCl, mix and 2.1 vol of ethanol. Cool. 

2. Centrifuge for 20 min at 4°C to precipitate cDNA and vector. Decant etha- 
nol carefully. 

3. Wash the pellet with 0.5 mL of ethanol (precooled to -20°C). Spin on a 
microfuge for 5 mm. 

4. Take off the ethanol and repeat the ethanol wash (precooled to-20°C). Freeze- 
dry the pellet for 5-10 mm. 
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5. Take up the pellet in 3 pL of sterile double-distilled water. Add 1 pL of a 
mix of 5 uL of 10X ligation buffer + 5 pL of 1 mM spermidine. 

6. Heat at 65°C for 5 min. Spin on a microfuge for 30 s. 
7. Incubate at 46°C for 20 min. 
8. Add 0.5 uL of 5 mMrATP and 1 .O p,L of T4 DNA hgase. Mix well, but do 

not vortex. Spin for 30. 
9. Incubate at 12OC for 24 h. 

3.8. In Vitro Packaging 
To obtain a large cDNA library from a minimal amount of cDNA, the 

packaging of the ligated DNA into phage must work well. It often works 
inefficiently in unskilled hands, however. Therefore, always check the 
packaging extracts with some control DNA before committing the 
cDNA. The packaging procedure that we have used differs slightly from 
that described in Chapter 22. 

1. Add 5 pL of sonicated extract to the DNA, and mix with the tip of pipet. 
2. Leave on ice for 15 min. 
3. Add 10 pL of just-thawed freeze-thaw lysate. 
4. Incubate for 1 h at room temperature. 
5. Add 180 uL of h diluent and mix. 
6. If not plating immediately, add one drop of CHCl,; store at 4°C. 

3.9. Plating out A Libraries for Screening 
Before commencing a large scale library screen, it is necessary to assess 

the titer of the library (i.e., number of plaques from a given amount of 
packaged h library). 

1. Dilute 1% of the packaged h library into 0.1 mL of h diluent and add 0.1 mL 
of plating cells (C600 for hgt 10, Y 1088 for hgt 11, or XL- 1 blue for LZAP). 
Incubate at 37°C for 20 mm with gentle shaking. 

2. During the incubation melt sufficient top agar for plating and cool to 47OC. 
3. At the end of the incubation add 3 mL of top agar, swirl to mix, and plate 

onto a L plate supplemented with 0.2% maltose (see Note 3). For hgtl 1 
and 3LZAP, supplement the top agar with 40 mL of X-gal and 20 mL of 
IPTG just prior to mixing. 

4. Invert the plates an incubate at 37OC overnight. 
5. Count the number of plaques to assess the library titer. The percentage of 

recombinant plaques (i.e., those that contain an insert) is assessed from the 
number of clear plaques for hgtl0 and the number of white plaques for 
hgtl I and hZAP (see Note 10). 

6. Scale up and plate sufficient phage to screen for the desired cDNA (see 
Notes 1 l-14). Remember to plate hgtl0 onto C600 hff cells. 
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4. Notes 

1. All solutions used for nucleic acid work should be sterile and nuclease 
free. Unless specified, solutions are stored at room temperature. All glass- 
ware and plasttcware should be sihcomzed. 

2. When resuspending bacteria, always use a small volume of hquid initially 
until a creamy paste is obtained, then add the rest of the resuspension medium. 

3. When plating phage, use well-dried or 2-d cold plates. When adding the 
top agar + phage, have the top agar at 45-50°C do each sample in turn, 
avoid an bubbles, and leave the plates to set on a flat bench for 30 min. 
Incubate plates upside down. 

4. hgtl0 can be prepared from liquid lysates, but the presence of cI- phage 
revertants will not be recognized and will confuse the assessing of phage- 
carrying inserts. 

5. When preparing hgt 10 DNA, the presence of glucose in the L plates increases 
the titer by lo-fold. 

6. For the background to this gradient, consult ref. 7. 
7. Always treat high-mol-wt DNA gently. Avoid shear forces or it wtll easily 

be degraded. 
8. If a suitable centrifuge for the overnight run is not available, the phage 

may be recipitated with polyethylene glycol (PEG). To 250 mL of super- 
natant at room temperature add 15 g of NCl, 25 g of PEG-6000, 1.5 mL of 
10 mg/mL RNase A, and 1 mg/mL DNase I. Stir at 4°C for a least 3 h, 
preferably overnight. Collect the phage at 10,000 rpm for 30 min, resuspend 
m 5 mL of 1 diluent, and add chloroform extract at room temperature to 
remove the PEG. I find, however, that the recovery of phage by this 
method seems to be very variable. 

9. The amount of cDNA used depends entirely on its length and quality; l-5 ng 
has been used to yield large libraries. 

10. Do not amplify more than required, because even without IPTG, plaque 
size varies quite a lot. Remember to use 50 p,g/mL ampicillin to maintain 
the plasmid containing repressor. 

11. hgt 11 and hZAP plaques that contain P-galactosidase fusion proteins may 
give a faint blue color. 

12. The number of plaques required depends on the likely abundance of the 
cDNA m the total library. This may range from lo4 to 5 x 105. 

13. The large plaque size of hgt 10 means that only about 1000 plaques can be 
screened on an 82-mm diameter plate. Doubling the plating cell density 
reduces the plaque size and therefore can help if large libraries are to be 
screened. With hgt 10 lifts can be done after 6 h rather than overnight. 

14. Omit the X-gal and IPTG when plating to screen hgtll and hZAP 
libraries. 
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CHAPTER 26 

Screening h Libraries 

Janet C. Harwood and Adrian J. Harwood 

1. Introduction 
The preceding chapters describe the construction of genomic and 

cDNA h libraries. In this chapter we describe two methods for screening 
libraries. The first method can be used on both genomic and cDNA 
libraries and screens by sequence homology. To do this, the library is 
plated and then “lifts” are made by briefly laying a membrane, such as 
nitrocellulose, onto the plate. The recombinant h phage DNA within each 
plaque is then denatured and fixed to the membrane. In this way an accu- 
rate representation of the plaques on the original plate is made. Specific 
clones are identified by hybridization with a labeled nucleic acid. The 
positive clones are then isolated by aligning the agar plate with the result- 
ing autoradiograph from the hybridization. Clones are then purified by 
sequential rounds of plating and hybridization. 

The second method of screening h libraries is by protein expression. 
To do this cDNAs are cloned into h expression vectors, such as hgtl 1 
(1,2). The expression library is plated and protein expression is induced 
and transferred to the membrane. The most common screening method is 
to use antibodies raised against the protein of interest (immunoscreen- 
ing), but it is also possible to screen by protein:DNA, protein:protein, 
and even protein:ligand interaction (3,4). The simplest method of 
immunoscreening is to directly label the primary antibody with 1251. 
Radiolabeled antibodies, however, tend to give higher backgrounds, are 
more hazardous, and are not necessarily more sensitive than the avail- 
able enzymatic methods. Most methods employ a second antibody con- 
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jugated to an enzyme, such as horseradish peroxidase (HRP) or alkaline 
phosphatase (AP), for which there are very sensitive detection methods. 
Enzymatic detection has the added advantage that signals can be pro- 
duced directly on the filter, making plaque alignment more accurate. The 
most sensitive immunoscreen method uses avidin-biotin detection sys- 
tems (5,6). The biological basis for this detection system is the very tight 
binding of four molecules of biotin to one of avldin, and provides an 
amplification ability that can be used to increase the sensitivity of the 
detection system. Maximum amplification is achieved by reacting with a 
biotin-labeled second antibody with a complex of biotin-labeled HRP 
and avidin (7). 

In this chapter we describe making lifts for both nucleic acid hybrid- 
ization and immunoscreening. We also describe a simple method of 
immunoscreening using a secondary antibody. Finally, we describe a 
method for small-scale h DNA preparation (a “miniprep”) that produces 
DNA of good enough quality for restriction enzyme digestion. 

2. Materials 
2.1. Plaque Hybridization 

1. Nitrocellulose membrane (see Note 1): Two membranes are needed for each 
plate screened. The nitrocellulose membrane need not be sterile (see Note 2). 

2. 3MM paper (Whatman, Maidstone, UK): Cut to a size larger than the 
membrane. 

3. Denaturing solution* 1.5M NaCl, 0.5M NaOH. This solution should be 
made fresh. 

4. Neutrahzmg solution: 1.5M NaCl, OSM Trts-HCl, pH 7.0. 
5. 20X SSC: 3M NaCl, 0.3M sodium citrate, pH 7.4. This is diluted with 

deionized water to make a 3X SSC working solution. 
6. SM buffer: For 1 L use 5.8 g of NaCl, 2 g of MgS04*2H20, 50 mL of 1M 

Tris-HCl, pH 7.5, and 5 mL of 2% gelatin. Sterilize by autoclaving and 
store at room temperature. 

2.2. Screening Expression Libraries 
7. IPTG: Make up 50-mL aliquots of 10 mM isopropylthio-P-o-galactosidase 

(IPTG) and store at -20°C. 
8. TBS: 20 mMTns-HCl, 137 mMNaC1, pH 7.6. 
9. TBST: 20 mM Tris-HCl, 137 mMNaC1, pH 7.6, 0.1% Tween 20. 

10. TBST-block: 3% BSA (Fraction V: Sigma [St. Louis, MO] A4503) in TBST. 
11. Antibodies: Prior to screening antibodies should be titered to give a good 

signal (i.e., to detect 50 pg of denatured protein) and low background by 
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12. 

Western blotting (8). For the library screen use the highest dilution that 
gives an acceptable background. Secondary antibodies should be conjugated 
to the appropriate detection system, e.g., radiolabeled, or coupled to HRP of 
AP. If the primary antibody is an IgG, it is possible to replace the second 
antibody with protem A. The primary antibody solution can be stored at 4°C 
in the presence of 0.02% sodium azide and reused several times. 
Detection reagents: Use the appropriate detection system. A good chro- 
mogenic method that directly stains the membrane is available for AP, 
using 5-bromo-4-chloro-3-indolyl phosphate (BCIP) and mtro blue tetra- 
zolium (NBT; 8). For methods that give a film copy see Chapters 7,8, and 10. 

2.3. Secondary and Tertiary Screens 
13. L-broth: For 1 L, dissolve 10 g of bacto-tryptone, 5 g of yeast extract, 

and 5 g of NaCl; adjust to pH 7.2 and autoclave. To grow 3L add MgS04 
to a final concentration of 10 mA4. 

14. Top agar: 7 g of bacto-agar in 1 L of L-broth supplemented with 10 mM 
MgS04. Autoclave. 

15. L-agar: 15 g of bacto-agar m 1 L of L-broth supplemented with 10 mM 
MgSO+ Autoclave. 

16. Plating bacteria: A fresh culture of an appropriate strain of bacteria (see 
Note 3). 

17. TM: 10 mMTris-HCl, pH 8.0, 10 mMMgS04 

2.4. h Minipreps 
18. RNase A: 10 mg/mL in deionized water. Store at -20°C. 
19. DNase A: 1 mg/mL in deionized water. Store at -2OOC. 
20. 20% PEGI2MNaCl: Make up in TM, autoclave, and store at room temperature. 
21. 10% SDS (w/v) in deionized water. Store at room temperature. 
22. 0.5MEDTA: pH to 8.0 to dissolve. Autoclave and store at room temperature. 
23. Proteinase K: A 10 mg/mL solution. Store at -20°C. 
24. Phenol:chloroform: A 1: 1 mix of phenol and chloroform: The phenol is 

buffered with Tris-HCl, pH 8.0. 
25. Chloroform. 
26. Sodium acetate: 3M sodium acetate, pH 5.2. Autoclave and store at room 

temperature. 
27. Ethanol: both absolute and 70% (v/v) stocks. 
28. 10X Gel loading buffer: 50% glycerol, 0.5% SDS, 10 mA4 EDTA, 0.25% 

bromophenol blue, 0.25% xylene cyan01 FF. 

3. Methods 
Before making the lift, plate the h library as described in Chapters 22 

and 25. 
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3.1. Plaque Hybridization 
1. Allow the plates to cool at 4°C for at least 1 h before applying the nitrocel- 

lulose membranes. 
2. Carefully place a single membrane onto each plate. Take care not to form 

bubbles between the membrane and the agar plate. Leave the membrane 
on the plate for 3 min. 

3. Mark all four comers of the filter by making holes through the filter mto 
the agar with a 1 g-gage needle (see Note 4). Mark the position of the hole 
in the agar by marking a small cross with a pen on the underside of the 
plate. Remove each membrane and label (see Note 5). 

4. Immediately make a second (duplicate) lift by placing a fresh membrane 
onto the plate and leaving for 5 min. Use a needle to mark this dupli- 
cate filter with the same pattern as the first. This allows alignment of 
duplicate autoradiographs after hybridization (see Note 6). Store the 
plates inverted at 4°C. 

5. Transfer each membrane, plaque side up, onto a piece of 3MM paper 
soaked m denaturing solution. Leave for 5 mm 

6. Float the membranes on neutralization solution m a shallow tray for 5 min. 
7. Remove the membranes and then float them on 3X SSC for 2 min. 
8. Blot the membranes dry on 3MM paper and bake at 80°C for 1 h. 
9. Hybridize to a nucletc acid probe as described in Chapter 6. It is important 

to obtain an accurate alignment of autoradiograph with the membranes to 
ensure that an adequate number of orientation marks are placed around the 
membranes before autoradiography. 

10. Mark the position of the needle holes on the autoradiograph and align the 
duplicate. Positive plaques will be present on both autoradiographs (see 
Note 7). Use the needle holes to align the autoradiograph with the plate. 

11. Pick positive plaques by removing a plug of agar around the plaque using 
the wide end of a Pasteur pipet Expel the plug into 1 mL of SM buffer and 
leave to soak at room temperature for 2 h or overnight at 4°C before pro- 
ceeding to the secondary screens (see Section 3.3.). 

Variations of this technique can be used to screen bacterial colonies, 
such as from plasmid and cosmid libraries (see Note 8) and Ml3 phage 
clones (see Note 9). 

3.2. Screening Expression Libraries 

1. Plate the expression library with an appropriate host and incubate the plates 
at 42°C for 3-4 h (see Note 10). 

2. Soak the required number of nitrocellulose membranes in 10 mM IPTG. 
Dry them at room temperature on clmg film for a few hours before use. 



Screening Libraries 215 

3. When the plaques have grown to an appropriate size (see Note 1 l), apply 
the first filter and incubate the plates at 37°C for at least 4 h (see Note 12). 

4. Mark all four corners of the membrane and remove it from the plate (see 
Section 3.1.). Immediately place it in TBS. 

5. Apply a second membrane, and incubate the plates at 37OC for 3 h. 
6. Wash each membrane for 5 mm in TBS twice, and then incubate in TBST- 

block for a minimum of 1 h at room temperature. This mcubation can be 
done overnight at 4°C. 

7. Wash the membranes as follows: 2 rmses in TBST, 1 wash for 15 mm in 
TBST, and 2 washes for 5 min in TBST. 

8. Add the primary antibody and incubate on a rocking platform for 14 h at 
room temperature or overnight at 4°C. 

9. Wash the membranes m TBST once for 15 mm and then twice for 5 min 
(see Note 13). Add the secondary antibody and incubate on a rocking plat- 
form at room temperature for 1 h. 

10. Remove the membranes from the secondary antibody and wash the 
membranes as follows: 2 rinses in TBST, 1 wash for 15 min in TBST, and 
2 washes for 5 min m TBST. 

11. Apply the appropriate detection system and align the processed membranes 
(or developed films) to the library plates and pick positives as m Section 
3.1., step 11. 

3.3. Secondary and Tertiary Screens 
1. From the SM buffer surrounding each plaque plug, make the following 

dilutions into SM: 
10 p.L into 1 mL of SM (a 10h2 dilution); 
100 pL of a 1 o-2 dilution mto 1 mL of SM (a 1 o-3 dilution); 
100 pL of a 1 c3 dilution mto 1 mL of SM (a 10-4 dilution); 
100 p.L of a 10” dilution into 1 mL of SM (a 1e5 dilution). 

2. Add 10 pL of le3, 10-4, and 1(Y5 dilutions to 0.3 mL of plating bacteria and 3 
mL of molten top agar at 50°C. Plate each mix and incubate overnight. This 
gives plates with 1 c5, l@, and 1 o-7 dilutions of the original SM phage stock. 

3. Rescreen as m Section 3.1. and pick positive plugs mto SM. 
4. Assume that the titer is 1 O7 plaques/ml and make the following dilutions: 

10 pL into 1 mL of SM (a 1O-2 dilution). 
100 pL of-2 into 1 mL of SM (a 10” dilution). 

Add 10 nL of -3, -4, and -5 to 0.3 mL of plating bacteria and 3 mL of 
molten top agar at 50°C. Plate each mix, and incubate overnight. This should 
give approx 10, 100, and 500 plaques, respectively. Incubate overnight. 

4. Rescreen as in Section 3.1. and pick positive plugs into SM. 
5. Store the positive plaque as a plate lysate. To do this aim to plate 105 

plaques on a g-cm diameter plate (approx IO pL of a tertiary screen stock). 
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Plate as before, and incubate at 37OC overnight. The entire bacterial lawn 
should be lysed. 

6. Add 5 mL of TM, and shake slowly at room temperature for 2 h, or over- 
night at 4°C. 

7. Remove the TM with a pipet into a centrifuge tube, and centrifuge at 4000g 
for 10 min at 4°C. Take the supernatant, add a drop of chloroform, and 
store at 4°C. 

3.4. il Minipreps 
1. Make a plate lysate as m Section 3.3., step 5, except use agarose instead of 

agar in the plates (see Note 14). Overlay the plates with 5 mL of TM, and 
shake slowly at room temperature for 2 h, or overnight at 4°C. 

2. Remove the TM with a pipet and place in a centrifuge tube. Wash the plate 
with an additional 1.5 mL, pool, and centrifuge at 4000g for 10 min at 4OC. 

3. To the supernatant, add 2 pL of RNase and 2 pL of DNase, and leave at 
37°C for 30 mm. 

4. Add an equal volume of 20% PEGI2MNaC1, and incubate on ice for 2 h. 
5. Centrifuge at 10,OOOg for 10 mm at 4°C. Decant all of the supernatant, and 

dry the walls of the tube as much as possible with a tissue. 
6. Resuspend the phage pellet in 0.5 mL of TM. Add 5 l.tL of 10% SDS and 

5 p.L of 0.5M EDTA. Incubate at 65OC for 5 min. 
7. Add 2.5 PL of protemase K and incubate at 37°C for 30 min. 
8. Extract twice with an equal volume of phenol/chloroform and once with 

chloroform. 
9. Precipitate with 0.1 vol of sodium acetate and 2 vol of ethanol. 

10. Resuspend the pellet in 50 pL of TE per plate lysate. Heat to 50°C to dis- 
solve if necessary. Run 2 l.tL on a 0.8% agarose gel with appropriate mark- 
ers to check the yield. 

11, Digest 10 yL of each h miniprep DNA in 100 pL with 5 PL of RNase and 
50-100 U of enzyme. Digest for 2-3 h. Add 0.1 vol of sodium acetate and 
2 vol of ethanol, place on ice for 5 min, and spm m a microcentrifuge for 
15 min. Remove the supernatant, air dry, and dissolve in I8 yL of TE. Add 
2 pL of 1 OX gel loading buffer. Before electrophoresis heat to 68°C for 3 
min and then cool by placmg on ice (see Note 15). 

4. Notes 
1. Other hybridization membranes can be used, but we prefer nitrocellulose. 

Many nylon-based filters are so sticky that they tend to damage the phage 
plate and have high background. 

2. Some workers use a dry membrane for hfts. Alternatively, the membrane 
can be prewetted m deionized water to improve its flexibility, but excess 
water must be removed by sandwiching the membrane between two pieces 
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of 3MM paper. It is important to ensure that the membrane wets evenly. If this 
is a problem change to a different manufacturer or wash the membrane for 
1-2 min in 0.1% SDS and then rinse well with five washes of distilled water. 

3. From a glycerol stock, streak an appropriate strain of bacteria, e.g., NM359 
for XEMBL, C600 for hgtl0, Y 1090 for hgt 11, and Xl-l blue for AZAP, 
onto an L-agar plate. Invert, and incubate at 37OC overnight. If using Y 1090 
include ampicillin (50 pg/mL) to maintain the lac repressor on the plasmid 
pMC9. 

Use the fresh bacterial streak to inoculate 100 mL of L-broth containing 
10 mMMgS04 and 0.2% maltose. Grow at 37°C in a shaking incubator to 
0.5 A60o. Dispense the culture into two 50-mL polypropylene tubes and 
pellet the bacteria in a bench centrifuge at 2000g for 10 mm. Carefully take 
off the supernatant and resuspend it in 40 mL of 10 mA4 MgS04. Caution: 
The pellet may be loose. The plating bacteria can be stored at 4OC for a 
short period of time until ready to be used. 

4. It is important to be able to orientate the final autoradiograph with the agar 
plate. Because plates are usually square or circular, the pattern of orienta- 
tion holes must be made as asymmetrical as possible. 

5. Be careful not to remove the agar overlay together to the membrane. Dry- 
ing the plates prior to plating helps the top agar to stick. The use of agarose 
to replace the agar also helps in this respect. If any top agar does stick to 
the membrane it must be removed by careful washing. 

6. Hybridization often produces a spotty background that can be mistaken for 
positively hybridizing phage plaques. Therefore it is important to hybrid- 
ize duplicate lifts to reduce the number of false positive plaques. 

7. When the membrane is placed on the plate it often results m a small degree 
of streaking in the direction in which it was applied. Although excess 
streaking should be avoided, a small amount is useful because rt gives posi- 
tive plaques a small “comet tail” that can help distinguish true positives 
from background. The membrane may slightly stretch during hybridiza- 
tion, therefore allow for small amount of leeway when aligning plaques. It 
is unlikely that the signal on the autoradiograph signal will align with a 
single plaque, therefore all the plaques in the area are picked as a plug and 
then are replated for secondary screemng. Usually an additional (tertiary) 
screen is required to unambiguously isolate the positive clone. 

8. The same method can be used to screen plasmid and cosmid libraries, or 
even bacterial transformants while subcloning. The bacteria, however, are 
lysed m SDS prior to the denaturation step (Section 3.1.) step 5) to limit the 
diffusion of the plasmid DNA. This is done by taking a lift from the sur- 
face of the plate and placmg it colony side up on 3MM paper soaked in 
10% SDS for 3 min. The plate from which the lift has been taken should be 
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placed at 37°C for a few hours to allow the colonies to regrow before tak- 
ing a duplicate lift or storing the plate. 

9. Screening recombmant M 13 bacteriophage is very simple because the DNA 
is packaged in a single-stranded form. To screen take a lift as described for 
3L phage and then immediately bake at 80°C. 

10. Growth at 42°C prevents lysogeny 
11. Identification of positive plaques is easiest when they are well separated. It 

is important that the plaques do not merge with each other. To avoid this, 
do not plate at a density HO0 plaques/cm2 and monitor the plaque growth 
frequently; they will grow quickly at 42°C. 

12. If only one lift IS to be made, the membrane can be left on the plate over- 
night. If duplicates are to be made leave the first membrane for 4 h and the 
second for 4-6 h. 

13. If the primary antibody is prone to grve high background signal try the fol- 
lowing washes after removing the primary antibody: 1 for 15 mm m TBST; 1 
for 15 mm m 2A4 urea, 10 mM glycine, 1% NP40; and 2 for 15 mm in TBST. 

14. It is essential to use top (0.7%) and bottom (1.4%) agarose instead of agar 
to eliminate the restriction enzyme mhibitors that are present in agar. 

15. Cloned cDNA inserts are usually only a small proportion of the h phage DNA. 
It is therefore necessary to digest a large amount of the total phage DNA to see 
the insert after gel electrophoresis. Remember that this will require more 
enzyme than the usual restriction enzyme digest. Genomic clones will contain 
a higher proportton of Insert and so less DNA needs to be analyzed. 
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CHAPTER 27 

Subcloning Strategies and Protocols 

DanieZZe Gioioso Taghian and Jac A. NickoZof 

1. Introduction 
Subcloning procedures are used to transfer DNA fragments from one 

vector context (plasmid, cosmid, or phage) to another. They are com- 
monly used to construct expression systems, and to transfer fragments 
into specialized vectors for the preparation of hybridization probes and 
single-stranded DNA sequencing templates. Typically, cloning vectors 
have three essential elements, an antibiotic resistance marker, an origin 
of replication (to allow selection of transformed E. coli host cells), and 
one or more restriction sites into which foreign DNA may be inserted. 
Phage vectors, such as those based on Ml3 (1), do not use antibiotic 
markers; instead transformants produce virus particles that kill or slow 
the growth of infected cells, and appear as plaques on lawns of uninfected 
bacteria. We describe here a variety of general subcloning strategies and 
protocols; discussions of more specialized strategies may be found else- 
where (e.g., ref. 2). 

Basic subcloning involves four steps. Vector and insert DNAs are first 
digested with appropriate restriction enzymes, DNAs are then mixed and 
treated with T4 DNA ligase, transformed into an E. coli host, and finally, 
screening procedures are used to identify transformants containing 
recombinant plasmids with the desired structure. Restriction enzymes 
produce termini with S- or 3’-extensions, or with blunt ends. Although 
any two blunt ends will ligate, protruding ends must be cohesive to join. 
Therefore, vector and insert DNAs are often digested with the same 
enzyme, and subsequent ligations recreate the original restriction sites. 
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However, there are sets of enzymes that recognize different sites, but 
create ends with cohesive 3’- or 5’-extensions. In these ligations, the origi- 
nal restriction sites are not recreated. Blunt-end ligations offer flexibility 
for devising subcloning strategies, yet they are relatively inefficient, and 
as with cohesive ends, the original sites are recreated only if the two ends 
are produced by the same enzyme. Newer vectors feature clusters of 
unique restriction sites (a polylinker), which facilitate subcloning by pro- 
viding many sites with different cohesive and blunt ends. DNA frag- 
ments produced by digestions with many enzymes can be inserted into a 
polylinker, and flanking sites may be used in subsequent manipulations. 

Subcloning simply involves the joining of two linear DNA molecules, 
usually forming a circular recombinant molecule. When vector and insert 
DNAs have identical cohesive ends, recombinants are formed with the 
insert DNA oriented in either of two directions at about equal frequen- 
cies (Fig. 1A). If two different enzymes that leave noncompatible ends 
are used to cleave both vector and insert DNAs, the insert will ligate to 
the vector in only one direction (Fig. 1B). Such “directional” cloning 
also includes cases in which one end is blunt and the other has a 5’- or 3’- 
extension. In many subcloning procedures, desired recombinants are pro- 
duced with very low efficiencies. This is because bimolecular reactions 
occur at much lower rates than the competing monomolecular reactions 
that yield the recircularized parent vector and other undesired products. 
It is possible to promote desired bimolecular reactions by optimizing 
DNA concentrations (3). However, in our experience, such fine-tuning is 
unnecessary. We generally use molar ratios of vector to insert ranging 
from 1: 1 to 1:2. Further increases in this ratio tend to reduce the yield of 
the undesired parent vector, but overall efficiency 1s not improved since 
it also increases the yield of products with multiple inserts. Even under 
optimum conditions, desired products often comprise a relatively small 
fraction of ligated molecules. In this chapter, we describe a variety of 
strategies that can be used singly or in various combinations to improve 
subcloning efficiencies. These strategies include screening procedures, 
which facilitate the identification of rare products, and selection proce- 
dures, which enrich for desired products. 

Screening procedures include physical and phenotypic methods. The 
most direct physical screening strategy is to prepare and map plasmid 
DNA isolated from small-scale cultures of 10-20 transformants. This 
fast and efficient strategy is recommended when desired products are 
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Fig. 1 (A) Fragment ligation with identical cohesive ends. X201 digestion 
linearizes the recipient vector (thick lmes) and releases the fragment from its 
host vector (thin lmes). Dephosphorylation of the recipient vector and fragment 
purification reduce recovery of undesired products. Fragments insert m two 
orientations, Optional steps m this and subsequent figures are shown in paren- 
theses; such steps may increase the yield of desired products. (B) Directional 
fragment ligation. EcoRI and BamHI produce incompatible ends prohibitmg 
self-ligation of either component. Gel puriticatton of the fragment ensures that 
only the desn-ed ligation product 1s recovered. Fragments insert m only one 
orientation. 

expected at frequencies of 10% or more, as is often the case when 
subcloning strategies include steps that enrich for desired products. Sev- 
eral other physical screening strategies enable one to identify likely can- 
didates present at much lower frequencies, but are more time-consuming 
since a subsequent plasmid DNA preparation is required to produce DNA 
suitable for definitive identification of the desired clone by restriction 
mapping. For example, one can prepare and map DNA from cultures 
containing 6-10 pooled transformants. With this method, it 1s possible to 
screen 200 or more transformants. Desired plasmids identified within a 
pool are then retrieved from a master plate with patches of individual 
transformants. A fast method for identifying desired products at frequen- 
cies as low as 10-2 involves electrophoretic analysis of unpurified super- 
coiled DNA from lysed bacterial colonies (“lid lysates,” 4). Lid lysate 
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screening is usually effective only if the inserted fragment increases the 
molecular weight of the parent vector by 25% or more. PCR-based meth- 
ods provide a similar level of detection, but at greater cost. Hybridization 
probes can be prepared from the same DNA fragments used in 
subcloning, and screening by colony hybridization provides the greatest 
sensitivity, allowing detection of extremely rare products (cl Od). How- 
ever, screening by hybridization is time-consuming and is rarely justi- 
fied for routine subcloning. 

Phenotypic screens, which are highly effective and easy to perform, 
are possible when vectors carry cloning sites or polylinkers within a sec- 
ond phenotypic marker. Fragment insertion into these cloning sites usu- 
ally inactivates the marker. The second marker may be an antibiotic 
resistance gene, as in pBR322 (5). In this case, transformants containing 
recombinant plasmids fail to grow when replicated to plates containing 
the second antibiotic, and are recovered from the first plate. A one-step 
screening procedure based on marker inactivation uses a portion of the 
E. coli 1acZ gene, as in pUC19 (I). These vectors are transformed into 
specific strains of E. coli (i.e., DH5a or JMlOl) that contain a second 
defective 1acZ gene, and the 1acZ genes are induced by isopropylthio+ 
n-galactoside (IPTG). The two gene products complement each other 
and produce an active P-galactosidase that metabolizes the chromogenic 
substrate X-GAL, producing blue colonies. Insertion of DNA fragments 
into 1acZ inactivates the gene, and transformants appear white. Although 
insertional inactivation is efficient and convenient, it cannot be used to 
screen for the insertion of subsequent fragments. 

Selection strategies are more powerful than screening strategies. Sev- 
eral selection strategies, based on the lo- to lOOO-fold higher transfor- 
mation efficiency of circular DNA compared to linear DNA (6,7), depend 
on preventing circularization of unwanted products or linearizing 
unwanted products. A very effective and general selection involves 
dephosphorylation of linear vector DNA with calf intestinal alkaline 
phosphatase (CIP) prior to ligation with insert DNA (Fig. IA). T4 DNA 
ligase catalyzes the formation of new phosphodiester bonds between 
5’-phosphate and 3’-hydroxyl groups at DNA ends. Normally, this pro- 
duces two new bonds at each ligated end or four new bonds when a frag- 
ment is inserted into a vector. Dephosphorylation of vector DNA prevents 
vector self-ligation, since T4 DNA ligase only acts on 5’-phosphorylated ends. 
However, dephosphorylated vectors can ligate to insert DNA with 5’-phos- 
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phorylated ends, producing a circular molecule with two new bonds and 
two single-stranded nicks on opposite strands. Undesired products may 
also be formed from the vector carrying the fragment to be transferred. To 
avoid these, desired fragments may be liberated from a plasmid by 
restriction digestion, separated from other fragments by gel electrophore- 
sis, excised from the gel, and purified before being ligated to a (CIP- 
treated) vector (Fig. 1A). With directional cloning strategies, CIP treatment 
of the cleaved vector is unnecessary, since the vector, having two incom- 
patible ends, cannot recircularize. When directional cloning involves cleav- 
age of two closely linked sites (i.e., in a polylinker), it is usually not 
necessary to separate the large vector fragment from the small polylinker 
fragment by gel purification. Instead, the small fragment can be removed 
by passing the DNA through a Sepharose CL-6B spin-column. 

A more specialized strategy involves digestions of vector and insert 
DNAs with two different restriction enzymes that leave noncohesive 4- 
base 5’-extensions. Each extension is then partially filled using T4 DNA 
polymerase and only two of the four deoxynucleotide triphosphates (Fig. 
2). The resulting 2-base extensions do not support self-ligation, but can 
ligate to each other (8’. 

Another simple and efficient strategy employs restriction enzymes that 
recognize different sites but produce cohesive extensions. In the case 
shown in Fig. 3A, the recipient vector is digested with XhoI, and the 
fragment to be transferred is liberated by digestion with SalI. S&I frag- 
ments ligate efficiently to cleaved Sal1 or Xi?01 sites. When the desired 
product is formed, neither site is reformed. Following ligation, the DNA 
is treated with one (or both) enzymes, which linearizes parental mol- 
ecules that may have formed. These linearized molecules transform bac- 
teria inefficiently. The desired product is resistant to digestion, remains 
circular, and transforms bacteria efficiently. Sets of enzymes that create 
compatible ends are listed in Table 1. This strategy is also effective 
when DNAs are digested with different enzymes that leave blunt ends. 
An advantage of this strategy is that CIP treatment is not necessary. 
Restriction sites at positions other than those used during cloning also 
may be used to select against undesired products. Thus, any site present 
in unwanted products, but absent in desired products, can be used to lin- 
earize unwanted products in ligation reactions (Fig. 3B). This strategy 
is often possible in directional cloning since sites between two polylinker 
sites are deleted. 
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Fig. 2. Fragment ligation with partially filled in ends. X/z01 and Suu3AI diges- 
tions produce noncohesive 4-base S-extensions. These are partially filled in to 
create termini that allow ligatrons between vector and insert molecules, but do 
not support self-ligation. X?oI sites are not reformed. 

Highly efficient and very simple subcloning strategies can be designed 
if donor and recipient plasmids have specific genetic or structural fea- 
tures. Such designs are especially valuable if a particular fragment is to 
be repeatedly subcloned. One such design employs two starting plasmids 
with different antibiotic resistance markers. Figure 3C shows a strategy 
in which a fragment from a kanamycin-resistant (KnY) plasmid is trans- 
ferred to an ampicillin-resistant (Apr) vector. Desired products are 
selected on plates containing ampicillin. Treatment of the Ap’ vector with 
CIP reduces the chance of obtaining the parental Apr vector, whereas 
recircularized donor plasmids are not recovered because they are 
ampicillin-sensitive. Thus, this strategy eliminates the need for gel 
purification of the fragment being transferred. As discussed above, it is 
possible to eliminate the CIP treatment by using directional cloning. 
Nickoloff and Reynolds (9) combined a Km’-Ap’ strategy with a strat- 
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Fig. 3. Three efficient subcloning strategies. (A) Digestion with SalI and 
NzoI create nonidentical cohesive ends that reform neither site when ligated to 
each other. Following ligation, recircularized parent molecules are linearized 
by digestion with enzymes for either or both of the original recognition sites. 
(B) Digestion of a ligation mixture with an enzyme that recognizes a site (Z), 
linearizes unwanted products. Site Z must not be present in the desired prod- 
ucts. (C) A fragment excised from a Km’ plasmid is ligated to an Apr vector to 
create products that are selectable by their unique Ap’, Kms phenotype. 

Table 1 
Sets of Enzymes that Create Cohesive Ends0 

Set Enzymes 

1 ECORI, MunI 
2 NcoI, BspHI (L!JIIII)~ 
3 AgeI, XmaI, NgoMI, BspEI 
4 BssHII, MluI (DsaI) 
5 SpeI, ?&I, AvrII, NheI 
6 BglII, BumHI, BcZI 
7 EagI, Bsp 1201 
8 BszWI, Acc651, BsrGI 
9 MI, NM1 

10 Ppu 101, ApaL @“I) 
11 PstI, NsiI (Bsp1281) 
12 Psp 14061 (BsaHI) 
13 ClaI, BstBI 

“Any pair of enzymes within a set will produce 
cohesive ends that reform neither site when ligated. 

bEnzymes m parentheses recognize multiple 
sites, cleavage of some or all recognized sites pro- 
duces the proper cohesrve ends. 
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Lmker lnsertlon 

Fig. 4. Site deletion and linker insertion. Blunt ends formed by T4 DNA 
polymerase may be religated to delete site X (left) or linked to create a new site 
Z (right). Linking sometimes reforms the target site X. 

egy involving ligation of cohesive ends produced by different enzymes 
to generate >90% desired products without CIP or gel purification steps. 

Since restriction sites play important roles in efficient subcloning strat- 
egies, it is often useful to delete or introduce new restriction sites at spe- 
cific locations; two procedures that effect such changes are described 
here. Sites may be deleted simply by self-ligating 5’- or 3’-extensions that 
have been made blunt by the action of T4 DNA polymerase (Fig. 4). 
These reactions usually introduce two or four new basepairs of DNA at 
the deleted site, and may inactivate genes if sites within coding sequences 
are deleted. Because most restriction sites are palindromic, self-ligation 
of a filled-in 5’-extension creates a new palindromic sequence that may 
be recognized by a different restriction enzyme (10). Another way to 
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create a new site is by linker insertion (Fig. 4). Linkers are short (8-10 
bp) blunt-ended palindromic DNA sequences that can be ligated to blunt 
ends to create a new restriction site. Blunt-end ligations with linkers are 
efficient because they can be used at high molar excess. Linkers usually 
destroy the insertion site, but they can be designed to recreate these 
sites. In this case, the linker will be flanked by two copies of the origi- 
nal site. Linkers also can be added to both ends of a fragment before 
it is inserted into a vector; it is often more efficient to use linkers to 
clone fragments with blunt ends than to insert blunt-ended fragments 
directly into a blunt site. 

Subcloning involves many sequential enzymatic steps, and usually 
enzymes must be inactivated or removed between steps. Such purifica- 
tions previously were performed by pheno1:chloroforn-r extraction fol- 
lowed by ethanol precipitation (2), a time-consuming (30-60 min) 
procedure. By using instead a 5-min Sepharose CL-6B spin-column chro- 
matography procedure, multistep procedures are easily performed in 1 d. 
These columns remove small molecules (e.g., salt, SDS, nucleotides, and 
DNA fragments smaller than 100 bp) and remove or inactivate most 
enzymes. DNA is recovered in TE (10 mA4 Tris-1 rnA4 EDTA) at the 
same concentration as input DNA (‘I I). 

2. Materials 
2.1. DNA Digestions 

1. Plasmid DNA: Purified DNA is usuahy used as the starting point for 
subcloning, however, even quite crude “miniprep” DNA (see Chapters 3 l- 
33) can be used. 

2. Restriction enzymes and buffers: These are available from vartous manu- 
facturers and are usually supplied with their buffers. 

3. TE: 10 miV Tris-HCl, pH 7.5, 1 mM EDTA. Autoclave. 

2.2. Sepharose Spin-Column Chromatography 
1, 1.5mL microcentrtfuge tubes (with or without caps). 
2. 27-gage syringe needle. 
3. Siliconized glass beads: 200-300 urn (diameter) (Sigma, St. Louis, 

MO). Wash the glass beads once with chloroform to remove machine 
oil, and then soak for 5 min in 5% dlmethyldichlorosilane and 95% 
chloroform. Carry out alternating washes with 95% ethanol and dHzO 
five times, and finally autoclave under dH20. Treated glass beads are 
easy to pipet, and their hydrophobic character prevents DNA loss 
owing to sticking. 
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4. Sepharose CLdB: (Pharmacia, Piscawaty, NJ). Wash Sepharose CL-6B 
eight times with equal volumes of TE, and then resuspend it as a slurry 
containing 60% CL-6B and 40% TE. Autoclave for 40 mm in IOO-mL 
batches. Care should be taken to maintain sterility, since these steps remove 
preservatives. CL-6B is stable for at least a year when stored at 4°C. 

5. 10X stop mix: 50% glycerol, 0.5% SDS, 10 mM EDTA, 0.25% brom- 
phenol blue, 0.25% xylene cyan01 FF (also used as a loading buffer for 
agarose gels). 

2.3. Dephosphorylating Plasmids 
1. 10X CIP buffer: 500 mMNaC1, 100 mMTris-HCl, pH 7.9, 100 mMMgCl*, 

10 mM dithiothreitol. 
2. CIP: Store at +4”C. 
3. Phenol:chloroform:isoamyl alcohol (25:24: 1); phenol is buffered with TE, 

pH 8.0. 

2.4. Filling in 5’-Extensions/Removing 3’-Extensions 
1. 1 OX T4 DNA polymerase buffer: 500 mMNaC1, 100 rn’t4 Trts-HCl, 100 mM 

MgC&, 10 mMdithiothreitol,500 l.tg/mL acetylated BSA. 
2. 2 r& dNTPs (freshly made from 10-d stocks). 
3. T4 DNA polymerase: 3 U/pL. Store at -2OOC. 

2.5. Linker Phosphorylation and Ligation 
1. Linkers: 10 A*&rnL m dH20 (see Note 1). 
2. 10X kinase buffer: 700 mA4 Tris-HCl, pH 7.6, 100 mA4 MgC&, 50 mM 

dithiothreitol. 
3. 1 .O mA4 ATP: Make a fresh dilution from a 20-d stock. 
4. T4 polynucleotide kmase: 10 U/FL. Store at -20°C. 
5. 10X ligation buffer: 500 mM Tris-HCl, pH 7.8, 100 mM MgC12, 100 mA4 

dithiothreitol, 10 mM ATP, 250 pg/mL bovine serum albumin (BSA). 
6. T4 DNA ligase. 400 U/pL (see Note 2). New England Biolabs (Beverly, 

MA) is a good source. Store at -2O’C. 

2.6. Screening for Recombinants with X-GAL Plates 
1. X-GAL: 20 mg/mL X-GAL in dimethylformamide, stored at -2OOC. 
2. IPTG: 100 mM IPTG in dHzO, stored at -20°C. 

3. Methods 
3.1. DNA Digestions 

The first step for all subcloning procedures is digestion of the partici- 
pant DNAs with the appropriate restriciton enzymes. Digest l-2 pg of 
each DNA in reaction volumes of 20 pL (see Note 3). Check for com- 
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plete digestion by electrophoresing l/10 of each sample on an agarose 
gel (see Note 4). Purify the remaining DNA by passing it through a 
Sepharose CL-6B (see Section 3.2.). 

3.2. Sepharose Spin-Column Chromatography 
CL-6B columns are used to purify DNAs after each enzymatic step 

during subcloning. 
1. Poke a hole in the bottom of a tube with a 27-gage needle. Then using a 

Pasteur pipet, add about 50 pL of glass beads. 
2. Mix the Sepharose CL-6B vigorously until it is completely resuspended, 

and then add to the column a volume equal to 1 OX the volume of the DNA 
sample to be purified. Gently place the column on a second tube; pressure 
may build up if a tight seal is formed, which can restrict flow. 

3. Centrifuge at 600g for 2 min in a horizontal rotor. Discard the bottom tube, 
and transfer the column to a new tube. 

4. While the column is being prepared, add to the DNA l/10 vol of 10X stop 
mix, vortex briefly, and heat to 65OC for 3 min. 

5. Apply the DNA sample evenly to the prespun column (within 30 min of 
column preparation) and centrifuge at 600g for 2 min. The DNA solution 
collects m the bottom tube (see Notes 5 and 6). 

3.3. Dephosphorylation of Plasmids 
1. To a 1.5-mL tube, add 2.5 pL of 10X CIP buffer, about 1 pg of linearized 

vector, and dHzO to 25 PL. 
2. Add 0. l-l .O U of CIP, mix, and incubate for 1 h at 37°C. 
3. Add dHzO to 50 PL and stop the reaction by extracting with an equal vol- 

ume of phenol:chloroform:isoamyl alcohol. Remove the aqueous phase. 
Purify through Sepharose CL-6B (see Note 7). 

4. To assess the efficiency of the reaction, divide the dephosphorylated vec- 
tor into two equal parts. Use half in a ligation reaction with the fragment to 
be subcloned (see Section 3.6.) and half in a self-ligation reaction. Both 
reactions should have equal volumes. After ligation and CL-6B column 
purification, transform equal amounts of each reaction into E. colz’ to reveal 
the proportion of background self-ligation products among the potential 
desired clones. 

3.4. Filling in 5’.ExtensionslRemoving 3’9Extensions 
This procedure is used to create blunt DNA termini necessary for vari- 

ous subcloning strategies (see Note 8). 
1. To a 1.5-mL tube, add 1.5 yL of 2.0 mMdNTPs, 2.5 l.tL of 10X T4 DNA 

polymerase buffer, about 1 .O pg linearized plasmid DNA (Section 3.1.), 
and dHzO to a final volume of 25 pL. 
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2. Add 2.4 U of T4 DNA polymerase, mix, and incubate at 37OC for 
20 min to fill in a S-extension and for 5 min to remove a 3’-extension 
(see Note 9). 

3. Purify DNA through Sepharose CL-6B. 

3.5. Linker Phosphorylation and Ligation 
1. To a 1.5~mL tube, add 1 pL of I OX kinase buffer, 1 pL of 1 .O rnA4 ATP, 2 

PL of linker, and dHzO to 10 pL. 
2. Add 10 U of T4 polynucleotlde kinase, and incubate for 2 h at 37OC. 

Do not purify phosphorylated linkers before ligating to DNA (see 
Notes 10 and 11). 

3. Add 5 pL of phosphorylated lmkers and 3.5 pL of 10X ligation buffer to 
blunt-ended DNA (see Section 3.4.), and add dHzO to 35 pL. 

4. Add 400 U of T4 DNA ligase, mix, and incubate for 30 mm at 16°C. 
5. Purify the DNA through Sepharose CL-6B. 
6. Digest the DNA with 50-100 U of restriction enzyme for at least 4 h to 

remove excess linkers (see Note 11). Purify the DNA through Sepharose 
CL-6B. 

7. To ligate into the plasmid vector, mix 4 pL of 1 OX hgase buffer, 35 pL of 
the reaction from step 6, and 400 U of T4 DNA hgase. Incubate for 2 h at 
16°C. Purify through Sepharose CL-6B, and use to transform E. coli. 

3.6. Fragment to Vector Ligations 
1. If necessary, gel-purify the DNA fragment to be transferred (see Chapter 

28), and dephosphorylate the recipient DNA (Section 3.3.). 
2. To a 1.5-mL tube, add vector and insert DNAs at molar ratios ranging 

from 1: 1 to 1:2 (approx 1 pg each), 3 l.tL of 10X ligation buffer, and 
dHzO to 30 pL. 

3. Add 400 U of T4 DNA ligase, mix, and incubate at 16°C for 2 h when 
ligating cohesive ends, and more than 4 h when ligating blunt ends (see 
Notes 12 and 13). 

4. Purify DNA through Sepharose CL6B, and use to transform E. cob. (See 
Chapters 29 and 30.) 

3.7. Screening for Recombinants with X-GAL PZates 
Transformants with plasmids containing fragments inserted into ZacZ 

appear white; parent vectors with intact ZacZ genes appear blue. 

1. Spread 40 l.tL each of X-GAL and IPTG onto an LB plate made with an 
appropriate antibiotic. Let dry completely. 

2. Plate transformed cells, and incubate overnight at 37°C. 
3. Plates may be refrigerated at 4°C for several hours to enhance color further. 
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4. Notes 

1, Linkers can be purchased in both phosphorylated and nonphosphorylated 
forms. To ensure maximum efficiency, we recommend phosphorylating 
linkers just prior to use in linker ligation reactions. 

2. Ligase units are defined in at least two ways. Unit recommendations given 
here are based on the definition used by New England BioLabs. If other 
sources are used, follow their recommendations. 

3. Mixing reactions properly is a seemingly trivial, yet quite important part of all 
procedures requiring enzymes. Enzymes are always the last component added 
to a reaction, and should be mixed thoroughly by gentle pipeting or by tapping 
the tube. Vortexing may inactivate enzymes, When reactions are complete, 
enzymes are inactivated by adding stop mix, mixing vigorously by 
vortexing, heating to 65OC, and purifying through Sepharose CL-6B. 

4. The initial plasmid DNA digestion is a critical step in subcloning because 
all subsequent subcloning steps depend on the ends generated by this reac- 
tion. Always assay 10% of digestion reactions by agarose gel electrophore- 
sis to check for complete digestion. If any amount of the parent vector 
remains undigested, it will transform bacteria very efficiently and may pro- 
duce an unacceptably htgh background of parental plasmids. 

5. The blue indicator dyes serve as internal controls in spin-columns. Any 
dye evident in eluate suggests that the column failed to retam other small 
molecules as well. Rerun the sample using slightly more Sepharose CL- 
6B. When working with multiple columns, the dyes also help to identify 
columns to which DNA has been applied. 

6. Sepharose CL-6B purification is not used when DNA fragments smaller 
than 100 bp are to be recovered, such as linkers, primers, and small PCR 
products, since these are retained in the column. 

7. CIP must be removed via phenol extraction, because any residual activity 
may dephosphorylate msert DNA during the subsequent ligation reaction. 
All other DNA-modifying enzymes are inactivated or removed by 
Sepharose CL-6B purification, including heat-stable enzymes. 

8. Although both the Klenow fragment of E. coli DNA polymerase and 
T4 DNA polymerase are capable of creating blunt ends from 5’- and 3’- 
extensions, the more active 3’- to S-exonuclease activity of T4 DNA 
polymerase makes this the enzyme of choice for removal of 3’-exten- 
sions. We use T4 DNA polymerase for making blunt ends from both 
S- and 3’-extensions. 

9. The 3’- to S-exonuclease activity of T4 DNA polymerase will rapidly 
delete large tracts of DNA if nucleotide concentrations are too low. 
This enzyme repeatedly removes and adds the terminal bases at blunt 
ends; this cycling can reduce nucleotide pools rapidly. Therefore, do 
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not exceed the specified reaction times or use excess enzyme in these 
reactions. 

10. If desired, linker phosphorylation can be assessed by setting up a self-liga- 
tion reaction and running the products on a 5--10% acrylamide gel. Phos- 
phorylated linkers will ligate to each other and produce a characteristic 
ladder pattern. In an adjacent lane, run a control sample that has not been 
treated with hgase. 

11. Linker ligations longer than 30 min are not recommended, since this gen- 
erates products with more linkers that must be removed in the next step. 
When digesting excess linkers following linker ligation, use as much 
restrrction enzyme as possible (usually comprising 10% of total reaction 
volume). This is necessary because of the large number of target sites in 
substrate molecules. 

12. Bimolecular legations between fragments wrth one blunt and one cohe- 
sive end are much more efficient than between fragments with two 
blunt ends. Monomolecular (recircularization) reactions are efficient 
with blunt ends or with cohesive ends. We do not assay ligation reac- 
tions by gel electrophoresis because the products of these reactions are 
not usually discrete. 

13. DNA concentrations m ligation reactions may be adjusted to 550 pg/mL 
to favor recncularrzed products instead of concatamerrc products. 
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CHAPTER 28 

Purification of DNA Fragments 
from Agarose Gels Using Glass Beads 

Etienne Joly 

1. Introduction 
Size selection of DNA fragments is frequently required before liga- 

tion or labeling for the preparation of probes. Many methods are avail- 
able for purifying DNA fragments following electrophoresis in agarose 
gels, including the use of low-melting agarose, electrophoresis onto 
DEAE-cellulose paper, electroelution (with many variations), and usage 
of various DNA binding matrices. The following method is based on the 
capacity of sodium iodide (NaI) to dissolve agarose gels and the binding 
of DNA to glass surfaces at high salt concentration. A very high DNA 
binding capacity is achieved by using a fine powder of crushed glass. 
After washing, the DNA can be readily eluted from the glass in water, at 
a final concentration of up to 100 pg/mL. 

The following protocol is derived from the one initially described by 
Vogelstein and Gillespie (I). It is fast, reliable, cheap, and recovery yields 
are up to 90%. The recovered DNA is suitable for ligation, cutting with 
restriction enzymes, and labeling reactions. Some laboratories even use 
this technique to purify DNA before microinjection into fertilized oocytes 
for the making of transgenic mice. This method can be used for high-mol 
wt DNA without much noticeable degradation. It is less efficient, how- 
ever, for fragments under 400 bp, and recovery yields can fall dramati- 
cally when purifying very short fragments (under 200 bp). The only 
drawback is the requirement to separate the DNA on agarose gels cast 
using TAE as a buffer. 
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2. Materials 
2.1. Preparation of Glass Bead Slurry 

1. Silica powder, 325 mesh: This 1s powdered flint glass and can be obtained 
from ceramic stores. The one manufactured by American Flint Glass Co. 
is made from ground scintillation vials. Alternattvely, one can use Silica 
Powder obtained from Sigma (St. Louis, MO) (S-563 l), but this contains a 
large proportion of extremely tine particles that need to be eliminated by 
differential decantation (follow Section 3.2.). 

2. Nitric acid: Analar grade. Care must be taken when using the concentrated 
acid. Wear gloves and only open in a fume hood. 

3. Sterile distilled water: Use double-distilled water and autoclave. 

2.2. Purification of DNA from Agarose Gels 
1. 50X TAE gel running buffer: for 1 L, 242 g of Trts-base, 57.1 mL of 

glacial acetic acid, 100 mL of 0.5M EDTA, pH 8.0. 
2. NaI solution: 90.8 g of NaI (Sigma S-8379), 1.5 g of Na2S03 (Sigma 

S-0505), and sterile distilled water to a final volume of 100 mL. Store 
in the dark at 4”C, preferably m a dark or opaque container (see Notes 
1 and 2). 

3. EtOH wash: 50% ethanol, 100 mMNaC1, 10 mMTris-HCl, pH 7.5, 1 mit4 
EDTA. Store in an air-tight container at room temperature. 

3. Methods 
3.1. Preparation of Glass Bead SLurry 

from Crushed Glass 
1. Place 250 mL (22&250 g) of powder in a 500 mL beaker and till to 500 

mL with distilled water. Stir for 1 h. 
2. Let it settle for 1 h, and then pour the supernatant into a centrifuge bottle. 

Centrifuge at 4000g for 5 mm. Resuspend the pellet m 200 mL of water, 
and transfer to a PyrexTM beaker. 

3. Add 200 mL of concentrated mtrrc acid (around 70%), and brmg close to 
boiling m a fume hood. 

4. Let it cool, and then transfer into a centrifuge bottle. Wash four times with 
sterile distilled water by resuspension and centrifugation. 

5. Resuspend the pellet in an equal volume of sterile distilled water to make a 
50% slurry (v/v). Store in ahquots m an-tight containers to prevent evapo- 
ration at 4°C (see Note 3). 

From 250 mL (220-250 g) of powder, one should obtain around 25 mL 
of “fines” (50 mL of 50% slurry). Before using, check that the proportion 
of water in the slurry is around 50%. If water has evaporated, just add 
some more (distilled and sterile). 
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3.2. Preparation of Glass Bead Slurry 
from Silica Powder 

This powder contains extremely fine particles that need to be elimi- 
nated by a crude sedimentation procedure. 

1. Place 100 g of silica into a 500-mL beaker, fill to 500 mL with distilled 
water, and star for 1 h. 

2. Let settle for 2 min, and eliminate the lumps that have already settled by 
pourmg into a new beaker. Let settle for 2 h. 

3. Recover the settled fraction, which should amount to 50-75 mL, by 
decanting supernatant. This should be done very carefully, since the settled 
fraction is very fluid and can be poured away very easily. It is therefore a 
good idea to pour the supernatant into another beaker, at least the first time 
you prepare this material. 

4. Add distilled water to 200 mL, and proceed as in Section 3. l., step 3. 

From 100 g of silica, one should obtain 100-150 mL of 50% slurry. 

3.3. Purification of DNA fi-om Agarose Gels 
1. Separate the DNA fragment on an agarose gel made usmg TAE gel buffer 

(see Note 4). 
2. Visualize the DNA to be purified on a UV transilluminator and cut out as a 

block of agarose (see Notes 5 and 6). Place the block of agarose m a 1.5- 
mL microfuge tube. 

3, Estimate the weight of the agarose block, and add 2-3 yL of NaI solution/mg 
of agarose gel. 

4. Incubate at 55°C until the agarose is dissolved. This should take 5-l 0 min, 
and can be accelerated by occasional shaking. 

5. Add 2-5 PL of well-resuspended glass bead slurry to the tube and vortex 
(see Note 7). Incubate at room temperature for 10 min. with ozk:asional 
shaking or vortexmg. 

6. Spin for 20 s in a microfuge, and discard the supernatant. 
7. Wash with 500 pL of EtOH wash by resuspending the pellet by pipeting up 

and down and then spin as in step 6. Repeat twice. 
8. After the last wash, spin once more, and carefully aspirate the last drop of 

EtOH wash. Let the pellet air-dry for a few minutes. 
9. Resuspend the pellet in 10-20 pL of water, and incubate at 55OC for 5 min. 

Spin as in step 6, and collect the supematant, which contains the purified DNA. 
10. Repeat steps 8 and 9, and pool the two supernatants of eluted DNA. 
11. Spin the pooled eluted DNA once more as m step 6, and transfer 90% of 

supernatant to a fresh tube, making sure to stay away from any visible or 
invisible pellet of glass beads (see Note 8). 



The DNA fragment is now ready to use. The protocol can also be used 
to “clean up” plasmid preparations (see Note S), for example, to use as a 
template for sequencing (see Chapter 45). 

4. Notes 
1. Not all the sulfite ~111 dissolve. Do not worry, since it is only required as 

an antioxidizmg agent. 
2. This solution can turn yellow with time, but this does not noticeably affect 

activity. 
3. For longer-term storage, the slurry can be stored at -20 or -7OOC. 
4. Agarose should be of “molecular biology” grade, especially if the DNA IS 

to be ligated afterward. It should not be low-melting-temperature agarose, 
and TBE gels are not suitable. 

5. Cut the DNA from the gel in the smallest possible block of agarose. 
6. This operation should be carried out as quickly as possible, because UV 

light is harmful both to the DNA bemg purified and the experimenter. 
7. One microliter of glass beads slurry is sufficient for up to 2 pg of DNA, but it 

is a good idea to use at least 2 pL of glass beads in order to obtain a good pellet. 
8. If a trace of glass beads remains in the purified DNA, it may cause the 

DNA to rebind to the glass when placed in buffers containing salt, such as 
most enzyme buffers. To ensure that no traces of glass beads are left, it is a 
good idea always to spin the tube briefly Just before use, pipeting the desired 
volume of DNA from near the surface of the liquid. 

9. To purify plasmid DNA preparations, add 2 vol of 7A4 guanidium HCl to 
the plasmid solution and 1 pL of glass bead slurry/pg of plasmid DNA, and 
proceed as from Section 3.3., step 5. Note that plasmids purified in this 
manner will be in a released form. 
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CHAPTER 29 

Transformation of E. coli 

Fiona M. lbmley 

1. Introduction 
In recent years several techniques have been described for the intro- 

duction of DNA molecules into Escherichia coli. These are based on the 
findings of Mandel and Higa (I), who demonstrated that incubation of 
cells with naked bacteriophage DNA in cold calcium chloride resulted in 
uptake of virus and that a transient heat shock of the mixture greatly 
enhanced the efficiency of transformation. Subsequently, this method 
was used to introduce a variety of circular and linear DNAs into strains 
of E. coli, and many variations in the technique have been described that 
are aimed at increasing the yield of transformants (or transfectants in the 
case of M 13 bacteriophage). 

The mechanisms involved in DNA transformation are not fully under- 
stood, but the central requirements for success remain the presence of 
multivalent cations, an incubation temperature close to O”C, and a care- 
fully controlled heat-shock at 42°C. Even with the most efficient meth- 
ods, however, the proportion of cells that become “competent” for 
transformation is limited to approx 10% of the total population. Prepared 
competent cells can be used immediately, or alternatively, frozen ali- 
quots of competent cells can be stored at -7OOC and thawed as required. 
This chapter contains two alternative methods for preparing competent 
cells, a fast procedure based on the original calcium method and a sec- 
ond based on that of Hanahan that gives a higher efficiency of transfor- 
mation (2). The procedures for introducing both plasmid and Ml3 
bacteriophage DNA into competent cells are described. 
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2. Materials 
2.1. Preparation of Competent Cells 

by the Calcium Method 
1. A suitable E. coli strain: For example, to use the blue-white P-galactosi- 

dase selection, the host must possess a deletion of the S-coding region of 
the chromosomal LacZ gene, and for propagating M 13 bacteriophage vectors 
the F’-episome must be present. Recommended strains for Ml 3 propagation 
include JMlOl, JM103, JM107, JM109, TGl, and TG2 (see Note 1). 

2. L-broth: 1% tryptone, 0.5% yeast extract, 200 mMNaC1. Sterilize by auto- 
claving in suitable aliquots. 

3. Sterile, detergent-free 1-L conical flasks fitted with porous tops or cotton- 
wool bungs and an orbital incubator capable of shaking these vigorously 
(around 250 r-pm) at 37OC. 

4. 50 mL polyproplyene tubes: For example, disposable Falcon 2070 or reus- 
able Oakridge, sterile and detergent-free, and a centrifuge, preferably 
refrigerated, capable of spinning these tubes at 4000g. 

5. 100 mM calcium chloride: Store 1M CaCl* at -2OOC in 1.5-mL aliquots. 
Thaw when needed, dilute to 15 mL, filter, and chill on ice (see Note 2). 

2.2. Preparation of Competent Cells 
Using the Hanahan Method 

1. SOB: 2% tryptone, 0.5% yeast extract, 10 mMNaC1,2.5 mMKC1, pH 7.0. 
Sterilize by autoclaving m suitable ahquots. Just before use, add Mg2+ to 
20 mM from a sterile filtered stock of 1M MgC12 or 1M MgS04. 

2. TFB: 10 mMK-MES, 100 mMRbC1 or KCl, 45 mMMnC12, 10 mMCaCl,, 
3 mMHexamminecobalt chloride. Make up a 1Mstock of MES, adjust the 
pH to 6.3 with 5M KOH, and store at -20°C in 1 0-mL aliquots. To make 
up 1 L of TFB, use one 1 0-mL aliquot of lMK-MES, add all the other salts 
as solids, filter and store in 15-mL aliquots at 4°C where it is stable for 
over a year. It is important that the final pH of the buffer be 6.15 f 0.1. 

3. FSB: 10 mMpotassium acetate, 100 mM KCl, 45 mM MnClz * 4H20, 10 
mM CaCl, .2H,O, 3 mM hexammmecobalt chloride, 10% glycerol. Make 
up a 1M stock of potassium acetate, adjust the pH to 7.2 with 2A4 acetic 
acid and store at -20°C in IO-mL aliquots. To make up 1 L of FSB, use one 
1 0-mL aliquot of 1M potassium acetate, add the other salts as solids, glyc- 
erol to lo%, adjust the pH to 6.4 with O.lNHCl, filter, and store in 15-mL 
ahquots at 4°C. During storage, the pH of this buffer drifts down to 6.1- 
6.2 and then stabihzes. If too much HCI is added, do not attempt to read- 
Just the pH. Instead, discard the batch and start again. 

4. DMSO/DTT (see Note 3): Take a fresh bottle of highest grade DMSO, 
divide mto 1 0-mL ahquots and store m sterile, tightly capped tubes at -70°C. 
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To make up 10 mL of DMSO/DTT use one 1 00-mL aliquot of 1M potas- 
sium acetate (see Section 2.2., step 3), 9 mL of DMSO, 1.53 g of DTT, 
sterilize through a filter that will withstand organic solvents (e.g., Millex 
SR, millipore), and store as 300~pL ahquots at -20°C. 

2.3. Transformation Procedure 
1. X-gal: 20 mg/mL dissolved in dimethylformamide. Store in the dark at-20°C. 
2. IPTG: 24 mg/mL dissolved in water. Store in the dark at -20°C. 
3. L-agar/antibiotic plates: 1% tryptone, 0.5% yeast extract, 200 mM NaCl, 

1.2% bacto-agar. Sterilize by autoclaving in suitable aliquots. To pour 
plates, melt agar by boilmg or microwaving, cool to around 50°C and add 
an appropriate antibiotic (see Note 4). Pour the molten agar mto petri- 
dishes placed on a level surface, using 15-20 ml/plate. Once the agar has 
set, dry plates by inverting at 37°C for several hours before use. 

2.4. Introduction of Ml3 DNA to Competent Cells 
1, H-agar: 1% tryptone, 140 mM NaCl, 1.2% bacto-agar. Sterilize by auto- 

claving in suitable aliquots. To pour plates, melt agar by boiling or micro- 
waving, cool to around 50°C and pour into Petri-dishes on a level surface 
(15-20 ml/plate). Once agar has set, dry plates by inverting at 37°C for 
several hours before use. 

2. H-top agar: 1% tryptone, 140 mMNaC1,0.8% bacto-agar. Sterilize by auto- 
claving in suitable aliquots. Melt agar as above, and hold at 48°C in a 
water bath until needed. 

3. Plating cells: A freshly grown 50-mL culture of E. coli cells, the same 
strain as the competent cells, which should be set up alongside the compe- 
tent cell culture. 

4. Sterile, disposable 5-mL tubes, e.g., Falcon 2054. 

3. Methods 
3.1. Preparation of Competent Cells 

Using Calcium Chloride 
1. Pick a single bacterial colony from a freshly streaked plate, or take 500 pL 

of a fresh overnight culture and transfer into 50 mL of L-broth m a 1-L 
conical flask. 

2. Incubate flask at 37°C with vigorous shaking until the cell concentration 
reaches around 5 x lo7 cells/ml. For most E. coli strains this is A,,, 0.3-0.4 
and will take approx 3 h of incubation from a single colony and approx 2 h 
from an overnight culture. 

3. Transfer the contents of the flask to a sterile, precooled 50-mL tube, and 
place on ice for 10 min. 
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4. Pellet cells by spinning at 4000g for 10 mm, and carefully pour off the 
broth, inverting the tube to drain away the last traces. 

5. Suspend cells in 10 mL of cold O.lM CaC12, place on ice for 5 min, and 
then pellet as in step 4. 

6. Suspend cells gently in 2.5 mL of cold O.lM CaC&, and incubate on ice 
until ready for use. 

At this point, cells can be dispensed in small aliquots into cooled ster- 
ile 1.5-mL tubes, snap-frozen m liquid nitrogen, and stored at -70°C 
until needed. To use frozen, thaw the cells rapidly and immediately place 
on ice (see Note 5). 

3.2. Preparation of Competent Cells 
Using Hanahan Method 

1. Pick a single bacterial colony from a freshly streaked plate, or take 500 pL of 
a fresh overnight culture and transfer into a flask of 50 mL of SOB-broth. 

2. Incubate the flask at 37°C with vigorous shaking until the cell concentra- 
tion reaches approx 5 x lo7 cells/ml (see Section 3.1. step 2). 

3. Transfer the contents of the flask to a sterile, precooled 50-mL tube, and 
place on ice for 10 min. 

4. Pellet the cells by spinning at 4000g for 10 mm, and carefully pour off the 
broth, inverting the tube to dram away the last traces. 

5. Suspend cells in 10 mL of cold TFB and place on ice for 10 min. Pellet the 
cells as in step 4. 

6. Suspend cells gently in 4 mL of cold TFB, and place on ice. 
7. Add 140 pL of DMSO/DTT, and immediately mix by gentle swirling. 

Place cells on ice for 15 mm. Add a further 140 pL of DMSO/DTT, and 
again ensure immediate mixmg with the cells. 

8. Place on ice for at least 15 min, and then dispense as small aliquots into 
cooled 5-mL tubes. 

If the cells are to be stored frozen, the same procedure should be fol- 
lowed, except that TSB should be replaced by FSB and DMSO used 
without DTT. At the end of step 7, aliquot the cells into cooled 5-mL 
tubes, and then snap-freeze in liquid nitrogen. The cells should be stored 
at -70°C. To use them, rapidly thaw an aliquot, and then place cells on 
ice for 15 min. 

3.3. Transformation Procedure (see Note 6) 
1. Prior to use, store the competent cells in an ice-water bath. For most pur- 

poses, 509L aliquots of cells will generate sufficient colonies, but more 
may be used if very high numbers are required (see Notes 5 and 7). 
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2. Carefully add to each aliquot between 40 and 400 ng of plasmid DNA, or 
ligation product, in no greater than a 5 pL volume, and swirl gently (see 
Note 8). It is useful to include two transformation controls, one containing 
5-10 pg of plasmid DNA and one containing no DNA. 

3. Leave in the ice-water bath for 30-45 min. 
4. Heat-shock the cells by transferring the tubes to a rack in a preheated water 

bath at 42”C, and leave for exactly 90 s without shaking (see Note 9). 
5. Immediately place the tubes of cells back into the ice-water bath, and make 

up to 200 ),tL with SOB-broth (without M2+). If a large number of colo- 
nies are expected, split the competent cell mix to leave 180 pL in the first 
tube and 20 PL in a second (see Note 7). 

6. Incubate the tubes of cells for 50 min at 37OC. 
7. Add 40 pL of X-gal and 40 PL of IPTG to each sample (200 pL vol), and 

then plate onto L-agar antibiotic plates. Wait for the plates to dry, and then 
invert each plate, and incubate overnight at 37°C. 

3.4. Introduction of Ml3 DNA 
to Competent Cells (see Note 10) 

1. Melt sufficient H-top agar (3 ml/plate, plus a few excess milliliters) and 
keep it in a water bath at 48OC. 

2. Carry out transformation as described in Section 3.3., steps 1-3. 
3. Just before the heat-shock, make a mix of 200 pL of plating cells, 40 pL of 

X-gal, and 40 pL of IPTG for each plate. 
4. Transfer the tubes of competent cells/ligations to a rack in a preheated 

water bath at 42”C, and heat shock for 90 s without shaking (see Note 9). 
5. Place the cells m the ice-water bath, and make up to 200 pL with SOB- 

broth (minus Mg2+). If you think you are going to get too many plaques, 
then split the samples at this pomt (see Note 7). 

6. Add 280 pL of the plating cell/X-gal/IPTG mix to each sample and then, 
working one sample at a time, add 3 mL of H-top agar, mix quickly, and 
pour onto a dry H-agar plate. Be careful not to introduce air bubbles. 

7. Allow plates to dry thoroughly, invert, and incubate overnight at 37°C (see 
Note 11). 

4. Notes 
1. Ml3 host bacteria can be stored for short periods at 4°C on minimal (M9) 

agar, which maintains the F’-episome, but should be replated frequently 
from a master stock stored at -7O’C in L-broth plus 15% glycerol. 

2. For making up and storing all transformation buffers, use only high-qual- 
ity pure water, e.g., Milli-Q or equivalent. Use sterile, detergent-free glass- 
ware or plasticware; sterilize solutions by filtration through 0.45~pm pore 
filters, e.g., Nalgene or Acrodisc. 
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3. In the original Hanahan method, DMSO and DTT solutions were added 
sequentially. However, the efficiency of transformation was Just as high as 
it would have been if they had been added together (3). 

4. It is important that the correct selection is used. The most common selec- 
tion used is for ampicillin resistance, however, kanamycin and tetracyclin 
may also be encountered. When using tetracyclm selection, care must be 
taken since some hosts, such as XL-l blue cells and SureT”, utilize 
tetracyclm resistance to mamtam the F’-eptsome. 

5. The efficiency of transformation usmg frozen competent cells is reduced 
compared to freshly prepared cells, but unless very high numbers of 
plaques are required, frozen cells are adequate and very convenient. 

6. Plasmid selection operates by conferrmg antibiotic resistance on the host cells, 
which then form colonies after overnight incubation. An additional selection 
may be utilized with some plasmids, such as pUC and Bluescript, that express 
the a-fragment of the LacZ gene. Cells transformed with these plasmids form 
blue colonies when plated with IPTG and X-gal. Subclonmg DNA into the 
plasmid disrupts expression of the a-fragment and results in white colonies. 

7. The number of colonies or plaques that are obtained from each transfec- 
tion varies enormously and is dependent on many factors, such as the 
amount of DNA added, the ratio of insert to vector m the ligation reaction, 
the efficiency of ligation, and the efficiency of transformation. As a guide, 
closed circular plasmid DNA should give over lo7 colonies/ug using the 
Hanahan method. Thus, the control transfected with 10 pg of plasmid DNA 
should yield over 100 plaques. Vector DNA that has been linearized and 
then religated to an excess of insert with compatible ends will give any- 
thing from lo*-lo4 fewer colonies/ug, depending on the religation effi- 
ciency. Thus, each test transfection of 40-400 ng may give between 40 and 
40,000. For the calcium method, the numbers of colonies are approx 2- to 
1 O-fold lower. Freshly prepared calcium-treated cells can be stored for up 
to 48 h in CaC12 at 4°C and the efficiency of transfection increases up to 
sixfold over the first 24 h, but then declines to the original level (4). 

8. The volume of ligated DNA added to the cells should not exceed 10% of 
the total volume. 

9. The length of time for heat-shock is calibrated for Falcon 2054 tubes, and 
for others, the heat-up time may be different. 

10. Ml3 DNA can be introduced into E. coli m exactly the same way as for 
plasmid DNA. In this case, no antibiotic selection is used since the trans- 
formed cells are plated with a bacterial lawn, producing plaques as they 
infect their surroundmg cells (see Chapter 41). The blue/white selection 
can be used m the same way as for plasmids. Remember to set up the 
plating cells in parallel to the transformation. 
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11. It is important that agar plates be thoroughly dried before top agar is poured 
onto them. 
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CHAPTER 30 

Transformation of Bacteria 
by Electroporation 

Lucy Drury 

1. Introduction 
The use of an electrical field to permeabilize cells reversibly (elec- 

troporation) has become a valuable technique for transference of DNA 
into both eukaryotic and prokaryotic cells. Many species of bacteria have 
been successfully electroporated (I) and many strains of E. coli are 
routinely electrotransformed to efficiencies of lo9 and lOlo transfor- 
mants/pg DNA. Frequencies of transformation can be as high as 80% of 
the surviving cells and DNA capacities of nearly 10 pg of transforming 
DNA/mL are possible (2). 

The benefit of attaining such high efficiency of transformation is 
apparent, for example, in the case of plasmid libraries. It is often 
preferable to construct a library in a plasmid owing to its small size and 
flexibility. In addition, it is invaluable where the use of a shuttle vector is 
required for the subsequent transfection of eukaryotic cells. Chemical 
methods of making cells transformation-competent are unable to pro- 
duce high enough efficiencies to make this kind of library possible. 

Several commercial machines are available that deliver either a square 
wave pulse or an exponential pulse. Since most of the published data has 
been obtained using an exponential waveform, this discussion will be 
confined to that pulse shape. An exponential pulse is generated by the 
discharge of a capacitor. The voltage decays over time as a function of 
the time constant 7. 

z=RC (1) 
From* Methods II) Molecular Bology, l/o/ 58. Basic DNA and RNA Protocols 

Edlted by A Harwood Humana Press Inc , Totowa, NJ 
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R is the resistance in ohms, C is the capacitance in Farads, and z is the 
time constant in seconds. The potential applied across a cell suspension 
will be experienced by any cell as a function of field strength (E = V/d, 
where d is the distance between the electrodes) and the length of the cell. 
A voltage potential develops across the cell membrane, and when this 
exceeds a threshold level, the membrane breaks down in localized areas 
resulting in cell permeability to exogenous molecules. The permeability 
produced is transient, provided the magnitude and the duration of the 
electrical field do not exceed some critical limit, otherwise the cell is 
irreversibly damaged. Since there is an inverse relationship between field 
strength and cell size, prokaryotes require a higher field strength for 
permeabilization than do eukaryotic cells. If the voltage and therefore 
the field strength are reduced, a longer pulse time is required to obtain 
the maximum efficiency of transformation. However, this range of com- 
pensation is limited (2). Increasing the field strength causes a decrease in 
cell viability, and maximum transformation efficiencies are usually 
attained when about 30-40% of the cells survive. 

This chapter will describe and discuss the methodology of bacterial 
electroporation with particular reference to E. coli. 

2. Materials 
2.1. Making Electrocompetent Bacteria 

1. A suitable strain of E coli: All strains tested by the author attain a 
higher transformation efficiency than if made competent by chemical 
means. See ref I for a list of some strains that have been made electro- 
competent. 

2. L-Broth: 1% bacto-tryptone, 0.5% Bacto-yeast extract, 0.5% NaCl. 
3. 0.1 mA4 HEPES, pH 7.0. This may be replaced by distilled H20. 
4. Distilled H20: sterilized by autoclaving. 
5. 10% Glycerol (v/v)* in sterile distilled H,O. 

2.2. Electroporation of Competent Bacteria 

1. Electroporator: Transformation requires a high-voltage electro- 
poration device, such as the Bio-Rad (Richmond, CA) gene pulser 
apparatus used with the pulse controller, and cuvets with 0.1 or 0.2-cm 
electrode gap 

2. TE: 10 mMTris-HCI, pH 8.0, 1 WEDTA. 
3. SOC: 2% bacto-tryptone, 0.5% bacto-yeast extract, 10 mMNaC1,2.5 mA4 

KCl, 10 mM MgS04, 20 mM glucose. 
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3. Methods 

3.1. Making Electrocompetent Bacteria 
1. Start with a freshly streaked agar plate of the chosen E. cob strain. 
2. Pick a single colony, and grow an overnight culture in L-broth or any other 

suitable rich medium. 
3. On the next day, inoculate 1 L of L-broth with 10 mL of the overnight 

culture, and grow at 37OC with good aeration; the best results are obtained 
with rapidly growing cells (see Note 1). 

4. When the culture reaches an OD,,, of between 0.5 and 1.0, place on ice. 
The optimum cell density may vary for each different strain, but the author 
has found that usually about 0.5 is the best. 

5. Leave on ice for 15-30 min. 
6. Centrifuge the bacteria for 6 min at 4OOOg,, keeping them at 4°C. Remove 

the supernatant and discard. 
7. Resuspend the cells in an equal volume of 0.1 mM HEPES, previously 

chilled on ice (see Note 2). 
8. Spin down cells at 4°C and resuspend in half the volume of HEPES. Care 

must be taken because the cells form a very loose pellet in these low ionic 
solutions. 

9. Harvest at 4°C once again, and resuspend in 20 mL of ice-cold 10% glycerol. 
10. Harvest for the last time, and resuspend in 2-3 mL of 10% glycerol. The 

final cell concentratron should be about 3 x lOto cells/ml. 

The cells may be used fresh or frozen on dry ice and stored at -70°C 
where they will remain competent for about 6 mo. Cells may be frozen 
and thawed several times with little loss of activity (see Note 3). 

3.2. Electroporation of Competent Bacteria 
1. Chill the cuvets and the cuvet carriage on ice (see Note 4). 
2. Set the apparatus to the appropriate settings, i.e., 25 pF capacitance and 

either 1.8 or 2.5 kV (for 0. l- or 0.2-cm cuvets, respectively). Set the pulse 
controller unit to 200 a. 

3. Thaw an aliquot of cells on ice, or use freshly made cells (also kept 
on ice). 

4. To a cold, 1.5-n& polypropylene tube, add 40 pL of the cell suspension (use 
45 pL when using the 0.2-cm cuvet; see Note 5) and l-5 pL of DNA in 
HZ0 or a low-ionic-strength buffer, such as TE. Mix well and leave on ice 
for about 1 min (see Notes 6-9). There is no advantage to a longer incuba- 
tion time (see Note 10). 

5. Transfer the mixture of cells and DNA to a cold electroporation cuvet, and 
tap the suspension down to the bottom if necessary. 



252 Drury 

6. Apply one pulse at the above settings. This should produce a time constant 
of 4.6-4.8 ms (the field strength will be 18 kV/cm for O.l-cm cuvets or 
12.5 kV/cm for the 0.2 cuvets). 

7. Immedtately add 1 mL of SOC medium (kept at room temperature) to the 
cuvet. Resuspend the cells, remove to a 17 x 1 00-mm polypropylene tube, and 
incubate the cell suspension at 37°C for 1 h (see Note 11). Shaking the tubes at 
225 rpm during this incubation may improve recovery of transformants. 

8. Plate out appropriate dilutions on selective agar. 

Possible problems that may be encountered are discussed in Notes 12-16. 

4. Notes 
1. To achieve highly electrocompetent E. coli, the cells must be fast-growing 

and harvested at early to mid-log phase. It IS also important to keep the 
cells at 4°C and work as quickly as possible. 

2. Washing and resuspending the bacteria m solutions of low ionic concen- 
tration are important to avoid arcing in the cuvet owing to conduction at 
the high voltages required for electroporation. 

3. A 10% glycerol solution provides ideal cryoprotection for E cob cells at -70°C. 
The cell suspension is frozen by aliquoting into prechilled 1.5-n& polypro- 
pylene tubes and placing m dry ice. Quick-freezing in liquid nitrogen may be 
deleterious (3). Several rounds of careful freeze-thawing on ice does not 
seem to affect the level of the cell’s competence to a great extent. 

4. Because of the high field strength necessary, it is best to perform the elec- 
troporation at 04°C for most species of bacteria. Electroporation of E. 
coli performed at room temperature results in a 1 OO-fold drop m efficiency. 
This may be related to the state of the cell membranes or may be a result of 
the additional joule heating that occurs during the pulse (4). 

5. When using cuvets with 0.2-cm electrode gap, 40 pL of cell suspension 
are just adequate to cover the bottom of the cuvet. It has therefore proven 
better practice to use 45 uL of the cell suspension to circumvent any small 
pipeting errors. Insufficient liquid m the cuvet results in arcing. 

6. Transformation efficiency may be adjusted by changing the cell concen- 
tration. Raising cell concentration from 0.8 to 8 x log/n& increases trans- 
formation efficiency by lO--20-fold (4). A steady mcrease in the number of 
transformants obtained has been found at cell concentrations of up to 2.8 x 
1 O’O/rnL using a fixed concentration of DNA (3). 

7. Transformmg DNA must be presented to the cells as a solution of low 
iomc strength. As mentioned in Note 2, high-ionic-strength solutions cause 
arcing in the cuvet or a very short pulse time with resulting cell death and 
loss of sample. Salts, such as CsCl and ammomum acetate, must be kept to 
10 mM or less. It is advtsable to have the DNA dissolved in TE or H20. 
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This is particularly relevant after a ligation, since the ligation buffer has an 
ionic concentration too high for use directly in an electroporation. The 
DNA must be precipitated in ethanol/sodium acetate (carrier tRNA can be 
used in the precipitation without affecting the transformation frequency). 
Alternatively, the ligation can be diluted l/100 and 5 pL used for elec- 
troporation (5). 

8. The concentration of transforming DNA present during an electroporation 
is directly related to the proportion of cells that are transformed. With E. 
coli this relationship holds over several orders of magnitude, and at high 
DNA concentrattons (up to 7.5 pg/mL) nearly 80% of the survivmg cells 
are transformed (2). This is in contrast to chemically treated competent 
cells where saturation occurs at DNA concentration loo-fold lower and 
where a much smaller fraction of the cells are competent to become trans- 
formed (6). For purposes where a high efficiency, but a low frequency of 
transformation is required (for library construction where cotransformants 
are undesirable), a DNA concentration of < 10 ng/mL and a cell concentra- 
tion of <3 x lO*O is appropriate. Alternatively, when a high frequency of 
transformation is required, use l-l 0 pg/mL, which transforms most of the 
surviving cells (2). 

9. The size and topology of the DNA molecules may affect transformation 
efficiency. It is reported that plasmids of up to 20 kb transform with the 
same molar efficiency as plasmids of 3 kb and converting these plasmids 
to a relaxed form does not affect their transforming activity (2). Larger 
molecules can be taken up but at much lower efficiencies, for example, 
linear h DNA (48 kb) has a molar transformation efficiency of 0.1% that of 
small plasmids (2). No direct comparison between E. coli plasmids con- 
taining the same origin of replication, promoters, and markers, but differ- 
ing only m size has been published, and in my hands, different plasmid 
constructs transform with different molar efficiencies. Powell et al. (7) have 
compared the uptake of related plasmids in Streptococcus lactis, and observed 
no clear relationship between size and molar transformation efficiency. 

10. There is no evidence for binding of the DNA to the cell surface during 
the transformation process, and therefore increasing the preshock incu- 
bation time up to 30 mm makes very httle difference to the number of result- 
ing transformants (2). In support of this observation, experiments by Calvin 
et al. (‘8) show that when cells are mixed with radioactively labeled plasmid, 
only a small percentage of the label remains bound after two washes. In addi- 
tion, certain species ofbacteria, such as Lactobacihs casei, secrete nucleases, 
so increasing the preshock incubation time may be detrimental (9). 

11. Immediately after the pulse, E. co& cells are quite fragile, and rapid addition 
of the outgrowth medium greatly enhances their viability and transformation 



efficiency. Even after 1 -min delay, the efficiency drops by three- to five-fold 
and Increases to 20-fold after 10 min (2). Outgrowth is necessary for the 
cells to express any resistance marker introduced by the transforming plas- 
mid, and is usually for an hour. 

12. There are a number of causes of arcing in the cuvet. One reason could be 
that the ionic strength of the DNA solution or the cell suspension 1s too 
high. It is important that the DNA is resuspended m TE or H20. If it is a 
ligation mixture, it must be prectpitated with 0.3MNa acetate and 2-3 vol 
of ethanol or diluted lo- to 1 OO-fold m TE or H,O. The same problem can 
be caused by failure to tap the cell/DNA mixture to the bottom of the cuvet 
or too little solution in the cuvet (see Note 5). 

Another likely cause may be owing to the cuvets and the chamber hav- 
ing been chilled on ice and residual Hz0 on the surfaces induced an arc. If 
you are electroporating many samples, tt is not necessary to chill the car- 
riage between every pulse, but it is a good idea to dry the carriage between 
every few samples, since condensation can accumulate and cause arcing. 

13. Failure to obtain colonies after transformation could be the result of prob- 
lems with the cells or the DNA. It 1s advisable to make a large quantity of 
an accurate dilution of a supercoiled plasmid, such as pUC 18, to use as a 
positive control in all experiments. Use this routmely to check the cells 
you make (5 pg supercoiled DNA will give about 10,000 transformants if 
your cells are at efficiencies of 10’ transformants/pg DNA.) 

If no colonies are obtained from the positive control, ensure that the 
growth conditions and harvesting of the cells were correct. The most 
competent cells are made from fast-growing cells harvested at early to 
midlog phase. Keep all the wash solutions at 4°C and keep the cells cold 
while harvesting. When making a new strain competent, it is best to har- 
vest the cells at a range of densities at an OD600 of between 0.4 and 1.0. 
We have found the best density usually to be around 0.5. 

If the electrocompetent cells were previously stored at -7O”C, ensure 
that they are still viable. To do this, plate out an appropriate dilution of the 
cells on a nonselective plate. 

Should the cells only transform with the control, first check the concen- 
tration of your DNA. It may also be possible that the DNA contains toxic 
contaminants, such as phenol or SDS. The viability of the cells after elec- 
troporation can be checked by plating a sample on a nonselective plate, A 
survival of 3040% would be expected using the parameters set out m 
Section 3., but check against an equivalent aliquot of the cells transformed 
with the control DNA. If the DNA is contaminated, reprecipitate and wash 
with 70% ethanol, or extract the DNA with glass beads (see Chapter 28) to 
remove unwanted chemicals. 
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15. 

14. If a recently prepared batch of cells already tested for electrocompetence 
gives a reduced transformation efficiency, it is possibly because of prob- 
lems with the electroporatlon. It is Important that the cuvets and the car- 
riage are chilled so that the starting temperature of the cells is 0-4”C. It 
is crucial to add the outgrowth medium (kept at room temperature) as 
quickly as possible to the cells after electroporation. Alternatively, the stor- 
age conditions of the cells may not have remained constant, for example, a 
freezer not maintaining its temperature. 
An unexpectedly high apparent transformation efficiency may have a 
number of explanations. The simplest explanation is that the selective 
plates have exceeded their shelf-life. DNA contamination can also be a 
problem because of the high competency of the cells. It is important to 
mamtain good sterile technique and careful use of micropipets to avoid 
crosscontamination with DNA used in previous experiments. Since 
electroporation can release plasmid from cells, the effects of contamina- 
tion with previously transformed bacteria will be greatly heightened, 
especially if the plasmid is present at a high copy number in the contami- 
nating cells. 
The particular problems outlined above apply to E. coli problems 
encountered with other bacterial species could be owing to the characteris- 
tics of that strain. For example, if the bacterium 1s encapsulated, the entry 
of the DNA may be impeded, and some species secrete nucleases that could 
destroy the DNA. Certain types of bacteria may require a longer recovery 
time or a longer time to express the selective marker. If the size of the cell 
1s unusual, it may require a different field strength. To establish electropo- 
ration conditions for a novel species, it 1s best to consult references con- 
cerning similar bacterial types (see ref. I for a list of references) for general 
parameters from which to optimize further. 

16. 
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CHAPTER 31 

Preparation of Plasmid DNA 
Using Alkaline Lysis 

Etienne Joly 

1. Introduction 
There are probably as many “miniprep” recipes as there are laborato- 

ries doing molecular biology. The following protocol is derived from the 
alkaline lysis recipe originally described by Birnboim and Doly (I), 
which was slightly modified in the 1982 edition of MoZecuZur Cloning: A 
Laboratory Manual (2). This technique relies of the lysing of bacteria by 
sodium hydroxide and SDS, followed by neutralization with a high con- 
centration of potassium acetate, which results in the selective precipita- 
tion of the bacterial chromosomal DNA and other high-mol-wt cellular 
structures. The plasmid DNA, which stays in suspension, is then precipi- 
tated with isopropanol. 

Short cuts have been added, and most liquid dispensing can be 
achieved using a repetitive pipeter. If handling only a few samples and 
using the shortest possible protocol, plasmid DNA can be obtained that 
is ready for restriction enzyme digestion in ~10 min, with yields >20 pg 
plasmid from a 2-mL culture. After the initial characterization, it is pos- 
sible to purify further some or all of the plasmid DNAs by RNase diges- 
tion and extraction with organic solvents. This further purified DNA is 
suitable for subcloning, sequencing, radiolabeling, and even transforma- 
tion of eukaryotic cells. This protocol can be scaled up as the “maxiprep” 
to prepare large quantities of plasmid DNA. If an extremely clean prepa- 
ration is required, the maxiprep can be separated from small traces of 
contaminating chromosomal DNA by banding on a cesium chloride/ 
ethidium bromide gradient. 
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2. Materials 

2.1. Small-Scale Plasmid DNA Preparations 
1, TB bacteria culture medium: For 1 L, mix 100 mL of KP solution to 900 mL 

ofpre-TB. KP solution is made with 2.3 1 g of I&PO+ 12.54 g of I&HPO,+ 
and distilled water to 100 mL. Pre-TB is made with 12 g of bactotryptone, 
24 g of bacto-yeast extract, 4 mL of glycerol, and water to 900 mL. These 
two solutions must be sterilized by autoclaving separately. Supplement 
with the appropriate antibiotic(s). 

2. Sterile tubes: Must have a volume >lO mL to ensure good aeration. 
3. 1.5~mL microfuge tubes, and a large metal rack. The wire-mesh kind that 

holds 13-mm diameter tubes works best for me. 
4. Repetitive pipet with syringes: For example, Eppendorf combitips, which 

dispense multiples of 50, 100, and 250 pL. Each of these “disposable” 
syringes is dedicated to the handling of one solutron, but can be reused 
hundreds of times. 

5. Bacterial resuspension solution (BRS): 50 mM glucose, 50 mM Tns-HCl, 
pH 8.0, 10 mM EDTA. Keep at 4°C to prevent growth of contamination. 

6. Lysis solution (LS): 200 mMNaOH, 1% SDS. Store at room temperature. 
7. Neutralizing solution (KoAc): 3Mpotassium5Macetate. For 100 mL, take 

29.4 g of potassium acetate, add water to 88.5 mL, and 11.5 mL of glacial 
acetic acid. Store at room temperature. 

8. Isopropanol. 
9. 70% Ethanol. 

10. TE: 10 mMTris-HCl, pH 8.0, 1 WEDTA. 
11. RNase A: Purchased as a lyophilized powder (Sigma [St. Louis, MO] 

R9009). Make up as a solution in water at 10 mg/mL, and place m boiling 
water for 10 min to eliminate any residual DNase activity. Store aliquoted 
at -2OOC. 

2.2. Plasmid “Clean Up” 
1. 0.4M ammonium acetate. 
2. Phenol/chloroform: A 25:24: 1 mix of TE-equilibrated phenol, chloroform, 

and isoamyl alcohol. Store at 4OC to slow down evaporation of chloroform. 
3. Chloroform. A 24: 1 mix of chloroform and isoamyl alcohol. Store at 4’C 

to slow down evaporation of chloroform, 
4. 100% Ethanol. 

2.3. Large-Scale Plasmid DNA Preparation 
1. Large flasks: Flasks of >2 L in volume. Sterilize by autoclaving. 
2. 500-mL centrifuge pots (and optionally 250 or 100 mL), and suitable rotors 

and centrifuges for these. 
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3. TSOE: 50 mMTris-HCl, pH 8.0, 10 mMEDTA. 
4. lo-mL polypropylene disposable tubes. 
5. Cesium chloride. Choose the molecular biology grade, but not necessarily 

the super-ultrapure reagent, which can cost more than twice as much. 
6. Ethidium bromide: A 10 mg/mL solution in water. Ethidium bromide is 

highly mutagenic. Gloves should be worn when handling solutions that 
contain it, and it should be disposed of correctly (see ref. 2). 

7. Ultracentrifuge tubes: Quick-seal tubes and heat sealer (Beckmann, Palo 
Alto, CA). 

8. Syringes and needles: 2-mL syringes and 19-gage needles. 
9. WSB: Water-saturated butanol. 

10. 30-mL centrifuge tubes, such as Corex, and adequate rotor and centrifuge. 

3. Methods 
3.1. Small-Scale Plasmid DNA Preparations 

For subcloning, it is often necessary to screen large numbers of bacte- 
rial colonies by restriction enzyme digestion of the plasmid DNA they 
contain. In these cases, it is necessary to be able to perform, rapidly and 
simultaneously, small-scale “minipreps” of their plasmid DNA. 

1. Pick individual bacterial colonies and disperse into separate sterile tubes 
that contain 2 mL of TB (see Note 1). Close the tubes, and shake at 37°C 
overnight. 

2. Transfer each culture to a labeled 1.5-n& tube, and spin for 30 s at 12,000g 
in the microfuge. The bacteria form a tight creamy pellet. 

3, Decant the supematant, and sit the tubes vertically m the tube rack for a 
few seconds (i.e., the time it takes to decant the others). Remove the last 
drop of liquid that collects at the bottom by aspiration with a fine, pulled, 
Pasteur pipet or a 200~& Gilson tip at the end of the vacuum line. 

4. Dispense 100 PL of BRS into each tube using the repetitive pipet. Close 
the tubes, and individually resuspend the bacteria in each tube by rubbing 
them across the metal rack (see Note 2). 

5. Dispense 200 PL of LS into each tube using the repetitive plpet. Mix by 
inverting the tube and shaking by hand for a few seconds (see Notes 3 and 
4). From turbid, the solution should rapidly become more transparent, indi- 
cating that the bacteria have been duly lysed. Allow at least 3 min for the 
lysis to occur, and make sure you leave the tubes standing for 30 s before 
opening them, so that the viscous liquid returns to the bottom. 

6. Dispense 150 pL of KoAc into each tube using the repetitive pipet. 
Shake the tubes as in step 5. A white precipitate forms that contains 
the bacterial chromosomal DNA, most of the SDS, and a lot of other 



undesirable bacterial components. Spin the tubes for 2-5 min at full 
speed m the microfuge. 

7. While this is taking place, label a new set of tubes, and dispense 250 pL of 
isopropanol into each. 

8. Remove the tubes from the mtcrofuge, and carefully place them in a rack 
so that the white precipitate remains stuck to the tube wall. Remove the 
supernatant with a 1 -mL adjustable pipet, avoiding the white precipitate as 
much as possible (see Note 5). This liquid phase is transferred to the new 
set of tubes, which contain isopropanol. 

9. Close the tubes, and vortex them for a few seconds. An opalescent precipi- 
tate usually forms. Spin the tubes m the mtcrofuge for 30 s at 12000g. The 
plasmid DNA precipitates as a white pellet. 

10. Decant the supernatant, and wash the pellets by the addition of 750 mL of 
70% ethanol, brief vortexing, and spinning for 30 s. Decant the ethanol, 
and respm for 10 s to collect the remaining ethanol at the bottom of the 
tubes. Carefully aspirate and leave the tubes to air-dry for l-5 min. 

11. Dispense 50 pL of TE into each tube, and resuspend the pellet (see Note 6). 

If the plasmid grows at high copy number and your yields are cor- 
rect, 2-3 PL of DNA solution should be sufficient for restriction 
enzyme digestion and agarose gel electrophoresis. The addition of 
RNase (1 pg/digest) to the digestion mix will remove the contaminating 
RNA prior to gel electrophoresis. Alternatively, it is possible to use a 
longer protocol that removes the RNA during the plasmid DNA prepara- 
tion (see Notes 7 and 8). 

3.2. Plasmid “Clean Up” 

After checking plasmid DNAs by gel electrophoresis, they may require 
further work, such as DNA sequencing, subcloning, and DNA-mediated 
gene transfer. In these cases, it is advisable to purify the DNA further. 

1. Add 50 pL of 4M ammonium acetate containing 200 pg/mL RNase A to 
each mimprep, and incubate at room temperature for 20 mm. 

2. Add 100 ,rtL of phenol/chloroform to each DNA, vortex briefly, and 
spin at 12,000g for 2 min. Remove the top layer (which contains the 
DNA), and place in a fresh tube, which contains 100 pL of chloroform 
(see Note 9). 

3. Vortex briefly, and spin at 12,000g for 2 min. Again remove the DNA in 
the top layer, and place m a second fresh tube, which contains 200 pL of 
100% ethanol. 

4. Vortex briefly to accelerate DNA precipitation, and spin for 5 mm at room 
temperature. 
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5. Rinse with 70% EtOH, respin briefly, aspirate the remaining EtOH, and 
air-dry for 5 min. 

6. Resuspend in 50 pL of sterile TE. 
3.3. Large-Scale Plasmid DNA Preparation 

Large-scale plasmid DNA preparations, “maxipreps,” can be carried 
out using a scale-up of the miniprep method. 

1. Seed 250-500 mL of TB, and grow by shaking at 37OC overnight. 
2. Transfer the culture to a suitable centrifuge pot (e.g., Beckman 355607 

pots), and pellet at 5000g for 5 min. 
3. Decant the supernatant, and drain the tube by inverting it for a few minutes 

or by aspiration with a clean Pasteur pipet at the end of a vacuum line. 
4. Resuspend the bacterta in 20 mL of BRS. 
5. Lyse the bacteria in 40 mL of LS. Shake by hand and leave for 10 min at 

room temperature. 
6. Neutralize the solutron with 30 mL of KoAC. Shake by hand, gently at the 

start and quite vigorously toward the end. A white precipitate should form. 
7. Centrifuge at 6000g for 10 min at 4°C. Remove the liquid phase to a fresh 

centrifuge pot that contains 55 mL of isopropanol. Use a 25-r& pipet and 
avoid as much of the white precipitate as possible. 

8. Vortex and centrifuge at 6000g for 5 mm. at room temperature. Rinse the 
pellet with 10 mL of 70% EtOH, recentrifuge for 5 min, decant, and aspi- 
rate the last traces of alcohol with a Pasteur pipet on a vacuum line. 

9. Resuspend the pellet in 4 mL of TsOE, Resuspenston can be accelerated by 
shaking at 37OC (see Note 10). 

10. Adjust the volume to exactly 4.5 mL (see Note 1 l), and transfer to a dis- 
posable lo-mL polypropylene tube. Add exactly 5 g of cesium chloride. 
Wait for it to dissolve, and then add 500 PL of ethidium bromide. 

11. Centrifuge at 4000 or 5000 rpm for 10 min to remove the purple precipitate, 
and transfer to a 5-mL quick-seal ultracentrifuge tube using a Pasteur pipet. 

12. Seal the tube (see Note 12) and spin at 200,OOOg (45,000 rpm) at 16OC for 
longer than 10 h. At the end of the centrifuge run, carefully remove the 
tube, and firmly clamp it. The plasmid comes to float as a red band around 
the middle of the tube (see Note 13). RNA sinks and therefore collects 
on the outside wall of the tube during centrifugatton, whereas proteins float 
and collect on the inside wall. 

13. Puncture the top of the tube with a syringe needle to create an “air hole.” 
Using a needle placed on a syringe, puncture the wall of the tube, avoiding 
the RNA and protein deposits, and underneath the plasmid band. Bring the 
end of the needle just in contact with the bottom of the plasmid band, and 
slowly suck it into the syringe. Harvest as much of the band as possible, 
but keep the volume as low as possible, <l mL. 
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14. Pull the needle out of the tube, but make sure that this is done above a 
suitable container, since the rest of the tube’s contents will flow out. Trans- 
fer the DNA/ethidium bromide solution to a microfuge tube. 

15. Fill the rest of the microfuge tube with WSB, vortex bnefly, and spm for a 
few seconds. Ethidium bromide preferentially partitions into the butanol 
phase, which becomes a purple color. The butanol phase is removed and 
discarded. Repeat this extraction 4-7 times, depending on the quantity of 
plasmid present (see Note 14). As a rule of thumb, one should extract twice 
more after no pink color can be detected in the aqueous phase. 

16. Transfer the aqueous layer to a 30-mL centrifuge tube, and make up to 5 
mL wtth TE. Add 10 mL of 100% ethanol, vortex, and place at -20°C for 
10 min or longer. Precipitate by spinning at 12,000g for 10 min at 4°C. 
Rinse the pellet with 70% ethanol, air-dry, and resuspend in 500 pL of TE 
(see Note 14). 

4. Notes 
1. Small culures, 2 mL, give optimal growth of the bacteria, and one can then 

pour the culture mto a 1.5-mL Eppendorf tube the next morning, rather 
than having to pipet it. This saves time and pipet tips. Enough liquid 
will remain m the culture tubes to keep as a stock for freezing or seeding 
larger cultures. 

2. Two or three firm rubs across the mesh at the base of a metal rack are very 
good for dissociating the bacterial pellet, and also give a musical dtmen- 
sion to the process. It is crucial that the bacterial pellet is fully resuspended 
before adding the lysis buffer. 

3. Do not vortex at this stage, since this will shear the chromosomal DNA 
and result in a very messy preparation. 

4. All tubes can be handled together by placmg your free hand on top of all 
tubes to prevent them from flying across the room. 

5. Some of the precipitate will float, so it is critical to use a pipet and dispos- 
able tips to recover the supernatant rather than pouring it. 

6. I find that using a fresh 200~pL tip for each tube and leaving the tip m the tube 
is the most ergonomical (and economical) procedure. This tip can then be 
used to resuspend the DNA by pipetting up and down a few times, and finally 
to dispense a fraction of it for digestion with a restriction enzyme, 

7. The following protocol is slightly longer, but results in DNA preparations 
that are cleaner and contain no RNA. This is achteved by replacing the 
glucose in the BRS with RNase A at 100 yg/mL. This solution is still kept 
at 4°C. The rest of the protocol is identical, apart from the following: 
a. The bacteria are resuspended in 300 pL of BRS-RNase, lysed with 300 

pL of LS, and incubated for 15-20 min at room temperature m order for 
the RNase work. 
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b. The lysates are then neutralized with 300 PL of an alternative KoAc 
(2.55Mpotassium acetate, pH 4.8, with acetic acid). 

c. The plasmids are precipitated with 500 l.tL of isopropanol. 
8. Another option for slightly cleaner DNA is to spin the KoAc precipitates at 

4OC for 5-10 min, but the improvement is only marginal. 
9. For phenol/chloroform extractions, I find that the most ergonomical way is 

to place the chloroform or the ethanol in the clean tubes before transferring 
the DNA. That way, the same tip can be used for dispensing into all tubes 
without worrying about crosscontamination. 

10. A quicker, but dirtier alternative to banding on a cesmm chloride gradient 
is to treat the DNA with RNase followed by phenol/chloroform extraction. 
Add RNase A to 100 pg/mL final and N&l to 100 mM final. Incubate at 
37OC for 30 min. Extract with 4 mL phenol-chloroform, then 4 mL chloro- 
form, and finally precipitate with 8 mL of 100% EtOH. Vortex and spin at 
8000 rpm for 10 mm. Rinse once with 5 mL 70% EtOH, spin to collect 
residual liquid, air-dry, and resuspend in 1 mL TE. Analyze 1 PL on an 
agarose gel to estimate concentration and yield, and dilute preparation if 
necessary. A second alternative is to use a diatomateous earth column (see 
Chapter 33). 

11. To band the plasmid DNA, it is important to establish the correct startmg 
density of the cesmmlethidmm bromide solution. Precision is required 
when weighing the cesmm chloride and measuring the volumes of solu- 
tions. A lo-mL pipet is a convenient way to measure the total volume of 
the solution. If using different ultracentrifuge tubes, volumes can be easily 
adapted. To obtain the right concentration, the rule is 1 g of cesium chlo- 
ride added to 1 mL of aqueous liquid. 

12. If the density of cesium chloride solution is correct (i.e., 1.55 g/mL) a 5-mL 
quick-seal tube should weigh close to 9.5 g. 

13. If plasmid quantities are low (Cl 00 pg), the band is better visualized using 
a hand-held long-wave UV lamp. The exposure time should be kept as 
short as possible, since UV light damages DNA. 

14. With a bit of experience, you will be able to estimate the quantity of DNA 
from the intensity of the band in the gradient, and adjust the volume of TE 
accordingly to your requirements (1 pg/mL 1s quite appropriate for most 
applications). 
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CHAPTER 32 

The Rapid Boiling Method 
for Small-Scale Preparation 

of Plasmid DNA 

Adrian J. Harwood 

1. Introduction 
The classic alternative to the alkaline lysis method for plasmid DNA 

preparation (I; see Chapters 31 and 33) is that of Holmes and Quigley 
(‘21, and is commonly known as the rapid boiling method. This method 
is based on exactly the same principles as the alkaline lysis method. The 
cells are partially lysed, allowing plasmid molecules to escape, while 
most of the genomic DNA is trapped in the cell debris, which is then 
spun out. The remaining genomic DNA is removed by a denaturing 
step, in this case, high temperature rather than high pH, followed by 
rapid reannealing. As a consequence of their supercoiling, plasmid 
molecules are able to reassociate rapidly in these conditions, whereas 
genomic DNA remains denatured and is lost on the subsequent etha- 
nol-precipitation step. 

This is a rapid and convenient method for making large numbers of 
small-scale plasmid preparations (minipreps). The DNA is of good qual- 
ity, and can be used directly for restriction enzyme digestion and 
subcloning. With only a small amount of further processing, it can be 
used as a template for DNA sequencing. The rapid boiling method, how- 
ever, is less convenient for large-scale preparations, for which the alka- 
line lysis method is better suited. 
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2. Materials 
1. STET: 5% Triton X-100,50 mMTris-HCl, pH 8.0,50 mMEDTA, pH 8.0, 

8% sucrose. Can be stored at room temperature. 
2. Lysozyme: dry powder. Store at -20°C. 
3. IsopropanoI:propan-2-01. 
4. 70% Ethanol. 
5. TE: 10 mM Tris-HCI, pH 7.5, 1 mA4EDTA. 
6. A boiling water bath: A beaker of water heated by a bunsen burner will 

suffice. An opened bottom tube rack is required because the tubes must be 
directly placed in the water to achieve rapid heating. 

3. Methods 
1. Set up a culture for each mnnprep by moculatmg 2-3 mL of L-broth, 

containmg an appropriate antibiotic (e.g., 100 pg/mL ampicillin) with 
a bacterial colony. Grow overmght at 37°C with vigorous shaking (see 
Note 1). 

2. Before starting the miniprep, start boiling the water and make up a fresh 1 
mg/mL lysozyme STET mix. 

3. Fill a 1.5-mL labeled microfuge tube with an aliquot from each culture. 
Pellet the bacteria by centrifugation for 1 mm at 12,000g (see Note 2). 
Carefully aspirate off the supematant on a water pump using a drawn-out 
Pasteur pipet. 

4. Vortex each pellet for a few seconds to break up the pellet. Add 200 pL of 
STET to each tube. The pellet should now easily resuspend by vortexing 
(see Note 3). 

5. Immediately place the tubes in the open-bottom rack, and place m the boil- 
ing water for exactly 45 s. Ensure each tube is at least half submerged. 

6. Centrifuge the tubes at 12,000g for 10 min. A large, sticky, and loose pel- 
let should form. 

7. Remove the pellet from each tube by “fishing” it out with a wooden tooth- 
ptck. Since the pellet is quite slippery, it is useful to have a paper tissue at 
the top of the tube to catch the pellet and prevent it from slipping back 
down into the tube. 

8. Add 200 PL of isopropanol to each tube, and centnmge at 12,000g for 5 min. 
9. Aspirate off the supematant, and wash the pellet in 500 PL of 70% ethanol. 

Centrifuge the tube for 1 mm to compact the pellet, and then aspirate off 
the 70% ethanol 

10. Air-dry the pellets for 10 min, and resuspend each in 100 pL of TE buffer. 
Vortex and shake for 10 min before use to ensure complete dissolution. 

11. Use 2-10 pL (equivalent to 100 ng of plasmid for most vectors) per restriction 
enzyme digest and analyze by gel electrophoresis. 
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4. Notes 
1. If the plasmid has a high copy number, growth time can be reduced to 

approx 6 h, enablmg the whole process to be carried out in a day. 
2, The short centrifugation time leaves a loose pellet that is easier to resuspend. 
3. If the pellet does not readily resuspend, pipet the solution up and down to 

dislodge it. Do not suck the pellet directly mto the pipet tip. 
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CHAPTER 33 

Plasmid Preparations 
with Diatomaceous Earth 

Laura Machesky 

1. Introduction 
Plasmid purification by alkaline lysis is one of the most generally used 

molecular biology techniques. Traditionally, the cleanest plasmid DNA 
has been made by banding the DNA on a cesium chloride gradient. This, 
however, is time-consuming and expensive, so alternative plasmid puri- 
fication methods have been sought. One that is becoming more wide- 
spread is the use of silica-based DNA-binding matrices. Such matrices 
are available commercially, but can also be easily made in the labora- 
tory. In this chapter, a protocol for large-scale plasmid DNA preparation 
using diatomaceous earth is presented. This protocol is based on meth- 
ods of Boom et al. (I) and of Carter and Milton (2), as well as recommen- 
dations for homemade DNA purification kits in TIBS (3). Although this 
protocol is a large-scale preparation, “maxiprep” and yields milligrams 
of DNA, it can also be adapted for the small-scale, “miniprep” (2) to 
yield microgram quantities, 

2. Materials 
All solutions are made with sterile, distilled water and should be stored 

at room temperature unless noted. 

2.1. Preparation of Plasmid DNA 
1. 2X TY: To make I L, dissolve 16 g of bacto-tryptone, 10 g of yeast extract, 

and 10 g of NaCl. Sterilize by autoclaving. 
2. Centrifuge bottles: 500- and 250-mL centrifuge bottles that are autoclaved 

or washed in 1MNaOH. 
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3. Solution 1: 50 mMglucose, 25 WTris-HCl, pH 7.5, 10 mMEDTA. 
4. Lysozyme solution: a 40 mg/mL solution of lysozyme made in solution 1. 

Make immediately before using. 
5. Solution 2: O.WNaOH, 1% SDS. This solution shouldbe made just before use. 
6. Solution 3: 5Mpotassium acetate, pH 4.8. Glacial acetic acid is added to 

3M potassium acetate until the desired pH is reached. 
7. 70% Ethanol and 80% ethanol. 
8. TE: 1 mMTris-HCl, pH 7.5, 1 WEDTA. 

2.2. Column Purification of DNA 
1. Resin buffer: 7Mguanldine-HCl, pH 6.5. It is not necessary to adjust the 

pH, since it dissolves to this value. 
2. Stock resin slurry: Mix 5 g of diatomaceous earth with 50 mL of resin 

buffer. This author uses acid-washed, calcmed diatomaceous earth from 
Sigma (St. Louis, MO) (cat no. D-5384) (see Note 1). 

3. Suitable columns: a column that fits into a 50-mL conical tube with a diam- 
eter of 1.5 cm (see Notes 2 and 3). Econo-columns from Bio-Rad (Her- 
cules, CA) will work if shortened using a hot razor blade to cut off the tops. 

4. Column wash solution: 50% ethanol, 100 mMNaC1, 10 mMTris-HCl, pH 
7.5,5 rnA4 EDTA. 

3. Methods 
3.1. Preparation of Plasmid DNA 

1. Pick a plasmid-containing bacterial colony from a freshly streaked plate 
(see Note 4), and seed into a 4-L flask contaming 500 mL of 2X TY medium/ 
antibiotics. Grow overnight in an orbital incubator shaking at 200 rpm and 
at 37’C. 

2. Pellet the cells by centrifugation in a 500-mL centrifuge bottle at 5000g for 
10 min. Drain the bottle well by ttpping off fluid and then inverting on 
paper towels for a few minutes (see Note 5). 

3. Resuspend the cell pellet in 18 mL of solution 1. Add 2 mL of lysozyme solu- 
tion, and mix by stirring wrth a pipet. Leave for 10 rnin at room temperature. 

4. Add 40 mL of solution 2. Swirl to mix the solution, and incubate for 5 min 
on ice. 

5. Add 20 mL of solution 3. Swirl to mix, and incubate for at least 15 min on 
ice. A white precipitate will form. 

6. Centrifuge mixture at 8000g for 10 min. Pour the supernatant through 
cheesecloth into a clean 250-mL centrifuge bottle. 

7. Add 45 mL of isopropanol to the supernatant. Mix and centrifuge at SOOOg 
for 10 min. 

8. Carefully dram the tube, and wash the pellet with 70% ethanol. Aspirate 
the excess ethanol, and dry on the bench for 10-20 min. (see Note 6). 
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9. Dissolve the pellet in 2 mL of TE. This can take some time. This author 
adds the TE to the pellet and leaves it sitting on the bench for approx 
10 min. This initiates the dissolution, but this author then helps the pro- 
cess by pipetmg up and down with a l-n& pipet tip. Mild vortexing also 
helps for small plasmids. 

3.2. Column Purification of DNA 
1. Add the DNA solution from Section 3. l., step 9 to a 15-mL conical tube. 

Add 10 mL of stock resin slurry, and shake the resin slurry before use to 
ensure that it is in solution. Mix the DNA and resin by inverting a few times. 

2. Pour the resin-DNA slurry into the column, and suspend over a beaker or 
50-mL conical tube. 

3. Fit the column onto a vacuum line (one fitted to a water pump is adequate) 
to pull the buffer through the column (see Note 7). If necessary, use a 
smaller rubber tube as an adaptor to ensure a good fit to the vacuum line. 

4. Rinse the tube that originally contained the DNA and slurry with 13 mL of 
column wash solution and add to the column. Use the vacuum to pull the 
wash solution through. Repeat. 

5. Rinse the column with 5 mL of 80% ethanol, pulling through by the 
vaccuum. Leave the column on the vacuum for an additional 10 min for 
the column to dry (see Note 8). 

6. Remove the column from the vacuum line, add 1.5 mL of water or TE 
preheated to 65-70°C, and wait 1 min. 

7. Place the column inside a larger tube, e.g., a 50-mL conical tube, and elute 
the DNA by spmnmg at 1300g for 5 min in a clmical centrifuge or fixed- 
angle rotor. The eluate collects in the bottom of the larger tube and can 
then be transferred to a 1.5-mL tube for storage. 

A typical yield from a high copy number plasmid is between 2 and 5 mg 
of DNA (see Note 9). The DNA can be used for double-stranded sequenc- 
ing, subclonmg, and transfection of eukaryotic cells. 

4. Notes 
1. Other types of resins suggested by Hengen (3) are crushed flint glass from 

scintillation vials, CelliteTM, or silica1 particles, He also suggests making 
columns from a syrmge cartridge and filter paper or microcentrifuge tubes 
and sihcomzed glass filters. 

2. For the maxipreps, it is important to have a wide column to prevent clog- 
ging of the column frit by the DNA solution. 

3. It is possible to reuse some columns from the commonly used maxiprep 
kits by washing in NaOH or autoclaving (3). 

4. Although it is preferable to use a single colony from a freshly streaked 
plate, it is possible to cut a comer by taking a stab directly from a glycerol 
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stock of cells. If only DNA is available, it is possible to transform bacteria 
and then use the transformed cells to seed the culture directly. This last 
method runs the risk of obtaining a heterogeneous population of plasmid 
molecules. 

5. Cell pellets may be frozen at -20°C and stored at this stage. 
6. The pellets do not need to be absolutely dry, and carefully removing all of the 

ethanol with a Pasteur pipet a few times can substitute for the drying time. 
7. It is not necessary to save the washes unless the DNA sample is very precious, 

since most of the DNA, up to 5 mg, will bind to the resin at this stage. 
8. An alternative is to spin at 2000g in a clmical centrifuge for 10 min inside 

a larger tube, e.g., a 50-n& conical tube. 
9. For a mimpreparation protocol, see Carter and Milton (2). 
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CHAPTER 34 

Polymerase Chain Reaction 

Beverly C. Delidow, John P. LCynch, 
John J. Peluso, and Bruce A. White 

1. Introduction 
The melding of a technique for repeated rounds of DNA synthesis with 

the discovery of a thermostable DNA polymerase has given scientists the 
very powerful technique known as polymerase chain reaction (PCR). 
PCR is based on three simple steps required for any DNA synthesis reac- 
tion: (1) denaturation of the template into single strands; (2) annealing 
of primers to each original strand for new strand synthesis; and (3) exten- 
sion of the new DNA strands from the primers. These reactions may be 
carried out with any DNA polymerase and result in the synthesis of 
defined portions of the original DNA sequence. However, in order to 
achieve more than one round of synthesis, the templates must again be 
denatured, which requires temperatures well above those that inactivate 
most enzymes. Therefore, initial attempts at cyclic DNA synthesis 
were carried out by adding fresh polymerase after each denaturation step 
(1,2). The cost of such a protocol becomes rapidly prohibitive. 

The discovery and isolation of a heat-stable DNA polymerase from a 
thermophilic bacterium, Thermus aquaticus (Taq), enabled Saiki et al. 
(3) to synthesize new DNA strands repeatedly, exponentially amplifying 
a defined region of the starting material, and allowing the birth of a new 
technology that has virtually exploded into prominence. Not since the 
discovery of restriction enzymes has a new technique so revolutionized 
molecular biology. There are scores of journal articles published per 
month in which PCR is used, as well as an entire journal (at least one) 
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devoted to it. To those who use and/or read about PCR every day, it is 
remarkable that this method is little more than 10 years old. 

One of the great advantages of PCR is that, although some laboratory 
precaution is called for, the equipment required is relatively inexpensive 
and very little space is needed. The only specialized piece of equipment 
needed for PCR is a thermal cycler. Although it is possible to perform 
PCR without a thermal cycler-using three water baths at controlled tem- 
peratures-the manual labor involved is tedious and very time-consum- 
ing. A number of quality instruments are now commercially available. A 
dedicated set of pipets is useful, but not absolutely necessary. If one pur- 
chases oligonucleotide primers, all of the other equipment required for 
PCR is readily found in any laboratory involved in molecular biology. 
Thus, a very powerful method is economically feasible for most research 
scientists. 

The reader is referred to vol. 15 of this series and to several reviews 
(4,5) for the wide variety of applications that use PCR. In this chapter, 
we outline the isolation of DNA and RNA as templates, the basic PCR 
protocol, and several common methods for analyzing PCR products. 

2. Materials 
2.1. Isolation of DNA and RNA Templates 

2.1.1. Isolation of DNA 
1. Source of tissue or cells from which DNA will be extracted. 
2. Dounce homogenizer. 
3. Digestion buffer: 100 rnM NaCl, 10 mA4 Tris-HCl, pH 8.0,25 rnA4 EDTA, 

0.5% SDS. 
4. Protemase K: 20 mg/mL. Store at -2OOC. 
5. a. Buffered phenol (6,7): Phenol 1s highly corrosive; wear gloves and pro- 

tective clothing when handling it. Use only glass pipets and glass or 
polypropylene tubes. Phenol will dissolve polystyrene plastics. 

b. Buffering solutions: 1M Tris base; 10X TE, pH 8.0 (100 mMTns-HCl, 
pH 8.0, 10 mM EDTA); 1X TE, pH 8.0 (10 mA4 Tris, pH 8.0, 1 tnM 
EDTA). To a bottle of molecular biology grade recrystallized phenol 
add an equal volume of 1M Tris base. Place the bottle in a 65OC water 
bath and allow the phenol to liquefy (approx 1 h). Transfer the bottle to 
a fume hood and allow it to cool. Cap the bottle tightly and shake to mix 
the phases, point the bottle away, and vent. Transfer the mix to 50-mL 
screw-top tubes by carefully pouring or using a glass pipet. Centrifuge 
at 4000g for 5-10 min at room temperature to separate the phases 
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Remove the upper aqueous phase by aspiration. To the lower phase 
(phenol) add an equal volume of 10X TE, pH 8.0. Cap tubes tightly, 
shake well to mix, and centrifuge again. Aspirate the aqueous phase. 
Re-extract the phenol two or three more times with equal volumes of 
1X TE, pH 8.0, until the pH of the upper phase is between 7 and 8 
(measured using pH paper). Aliquot the buffered phenol, cover with a 
layer of 1X TE, pH 8.0, and store at -20°C. 

6. CHCl,: chloroform. 
7. 70% Ethanol. 
8. TE buffer, pH 8.0: 10 mA4 Tris-HCl, pH 8.0, 1 mMEDTA. 
9. Phosphate-buffered saline (PBS): 20X stock (2.74M NaCl, 53.6 mM KCl, 

166 mMNa2HP04, 29.4 mM KH2P04, pH 7.4). Make up in deionized dis- 
tilled water, filter through a 0.2~pm filter, and store at room temperature. 
For use, dilute 25 mL of 20X stock up to 500 mL with deionized distilled 
water and add 250 pL of 1M MgCl*. Sterile-filter and store at 4°C. 

10. 7.5M Ammonium acetate. 
11. RNase A. Prepare at 10 mgmL tn 10 mMTris-HCl, pH 7.5,15 mMNaC1. Incubate 

at 100°C for 15 mm and allow to cool to room temperature. Store at -20°C. 
12. 20% SDS: (w/v) in deionized water. 

2.1.2. Isolation of RNA 
2.1.2.1. ISOLATION OF RNA BY CsCl CENTRIFUGATION (SEE NOTE 1) 
13. Source of tissue or cells from which RNA will be extracted. 
14. 2-mL Wheaton glass homogenizer. 
15. Guanidine isothiocyanate/P-mercaptoethanol solution (GITCYPME): 4.2M 

guanidine isothiocyanate, 0.025M sodium citrate, pH 7.0, 0.5% N-lauryl- 
sarcosine (Sarkosyl), O.lM P-mercaptoethanol. Prepare a stock solution 
containing everything except j3-mercaptoethanol in deionized distilled 
water. Filter-sterilize using a Nalgene 0.2~pm filter (Nalge Co., Rochester, 
NY) (see Note 2). Store m 50-mL aliquots at -2O’C. To use, thaw a stock 
tube, transfer the required volume to a fresh tube, and add 7 pL of p-mercap- 
toethanol/mL of buffer. Guanidine isothiocyanate and /3-mercaptoethanol 
are strong irritants handle them with care. 

16. 1 -mL tuberculin syringes with 2 1 -g needles. 
17. Ultraclear ultracentrimge tubes; 11 x 34 mm (Beckman #347356). 
18. Diethylpyrocarbonate (DEPC); 97% solution; store at 4°C. 
19. DEPC-treated water (6,7). Fill a baked glass autoclavable bottle to two- 

thirds capacity with deionized distilled water. Add diethyl pyrocarbonate 
to 0. 1%, cap, and shake. Vent the bottle, cap loosely, and incubate at 37°C 
for at least 12 h (overnight is convenient). Autoclave on liquid cycle for 15 
min to inactivate the DEPC. Store at room temperature. 
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20. 200 miI4 EDTA, pH 8.0. Use molecular biology grade disodium EDTA. 
Make up in deionized distilled water and filter through a 0.2~pm filter. 
Place in an autoclavable screw-top bottle. Treat with DEPC as described m 
the preceding step for DEPC water. Store at room temperature. 

2 1, CsCl: molecular biology grade. For 20 mL, place 20 g of solid CsCl in a 
sterile 50-mL tube. Add 10 mL of 200 mMEDTA, pH 8.0 (DEPC-treated). 
Bring volume to 20 mL with DEPC water. Mix to dissolve. Filter through 
a 0.2~pm filter and store at 4°C. 

22. TE buffer, pH 7.4: 10 mMTris-HCl, pH 7.4, 1 mMEDTA. Make a solu- 
tion of 10 mM Tris-HCl and 1 mM EDTA, pH 7.4, in DEPC water (see 
Note 3). Filter through a 0.2~pm filter, autoclave 15 min on liquid cycle, 
and store at room temperature. 

23. TE-SDS: Make fresh for each use. From a stock solution of 10% SDS in DEPC 
water, add SDS to a concentration of 0.2% to an aliquot of TE, pH 7.4. 

24. 4MNaCl. Make up in deionized distilled water and DEPC treat. Autoclave 
15 mm on liquid cycle and store at room temperature. 

25. Polyallomer 1.5-mL microcentrifuge tubes, for use in an ultracentrifuge 
(Beckman #357448, Beckman Instrument Inc., Fullerton, CA). 

26. RNasm RNase inhibitor, 40 U/pL (Promega, Madison, WI). Store at 
-20°C. 

27. Beckman TL- 100 table-top ultracenttlfuge, TLS 55 rotor, and TLA-45 rotor. 

2.1.2.2. ISOLATION OF RNA 
BY GUANIDINEPHENOL (RNA~oL~) EXTRACTION 

28. RNAzol reagent (TEL-TEST, Inc., Friendswood, TX). This reagent contains 
guamdine isothiocyanate, P-mercaptoethanol, and phenol; handle with care. 

29. Glass-Teflon homogenizer, 
30. Disposable polypropylene pellet pestle and matching mlcrotige tubes (1.5 mL) 

(Kontes Life Science Products, Vmeland, NJ). 
3 1. CHCls (ACS grade). 
32. Isopropanol (ACS grade). Store at -20°C. 
33. 80% Ethanol. Dilute 100% ethanol with DEPC-treated HZ0 and store at -2OOC. 

2.1.3. Synthesis of Complementary DNAs (cDNAs) from RNA 
34. Oligo dT18-20 primer (Pharmacia, Piscataway, NJ). Dissolve 5 OD U in 

180 PL of sterile water to give a concentration of 1.6 l.tg/pL. 
35. Specific primer, optional. Choose sequence and obtain as for PCR primers. 
36. MMLV reverse transcriptase (200 U/pL) with manufacturer-recommended 

buffer and 0. 1M DTT. 
37. Deoxynucleotides dATP, dCTP, dGTP, and dTTP. Supplied as 10 mg sol- 

ids. To make 10 mM stocks: Resuspend 10 mg of dNTP in 10% less sterile 
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water than is required to give a 10 mM solution. Adjust the pH to approxi- 
mate neutrality using sterile NaOH and pH paper. Determine the exact 
concentration by OD, using the wavelength and molar extinction coeffi- 
cient provided by the manufacturer for each deoxynucleotide. For example, 
the A, (259 nm) for dATP is 15.7 x 1 03; therefore a 1: 100 dilution of a 10 
mM solution of dATP will have an AZ5s of (O.OlM x 15.7 x 1 O3 OD U&4) 
x l/100 = 1.57. If the actual OD of a l/100 dilution of the dATP is 1.3, the 
dATP concentration is 1.311.57 x 10 mA4 = 8.3 nnW. Store deoxynucleo- 
tides at -2OOC m 50-100~pL aliquots. Make a working stock containing 
125 w of each dNTP in sterile water for cDNA synthesis or for PCR. 
Unused working stock may be stored at -20°C for up to 2 wk. 

2.2. Performing PCR (see Note 4) 

38. Oligonucleotide primer: These are complementary to the 5’ and 3’ ends 
of the sequence to be amplified and can be obtained commercially. Store 
at -20°C. 

39. Sterile UV-irradiated water (see Note 5). Sterile-filter deionized distilled 
water. UV irradiate for 2 min m a Stratagene (La Jolla, CA) Stratalinker 
UV crosslinker (200 mJ/cm2) (8) or at 254 and 300 run for 5 min (9). Store 
at room temperature. 

40. PCR stock solutions: Dedicate these solutions for PCR use only. Prepare 
the following three solutions, filter-sterilize, and autoclave 15 mm on liq- 
uid cycle: lMTris-HCl, pH 8.3; 1M KCl; and 1M MgC12. 

41. 1 OX PCR buffer: 100 mM Tris-HCl, pH 8.3; 500 mA4KCl; 15 mMMgC!12; 
0.0 1% (w/v) gelatin. This buffer is available from Perkin-Elmer/Cetus. Per 
milliliter of 10X buffer combine 100 pL of 1M Tris-HCl, pH 8.3, 500 pL 
of lMKC1, 15 pL of lMMgC12, and 375 pL of UV-irradiated sterile water. 
Make up a 1% solution of gelatin in UV-irradiated sterile water. Heat at 
6&7O”C, mixmg occasionally, to dissolve the gelatin. Filter the gelatin 
solution while it is still warm through a 0.2~urn filter, and add 10 pL of 
gelatin to each milliliter of 10X PCR buffer. Store PCR buffer in small 
aliquots (300-500 pL) at -20°C. As an extra precaution, the 10X buffer 
may be UV-irradiated before each use. 

42. 10 mM Deoxynucleotide stocks (dATP, dCTP, dGTP, and dTTP), made 
up in UV-irradiated sterile water; see Section 2.1.4., item 5. 

43. 1.25 mil4 Deoxynucleotide working stock. Make a solution 1.25 mM in 
each nucleotide, in UV-irradiated sterile water. 

44. Light mineral oil. 
45. 7.5M Ammonium acetate, filter through a 0.2~pm filter and store at room 

temperature. 
46. Tuq DNA polymerase. 
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2.3. Analysis of PCR Products by Nested PCR (10) 
47. Low-melting-point agarose. 
48. Agarose gel electrophoresis reagents (Section 2.3.1 .l., items 2-5). 
49. Oligonucleotide primers complementary to internal portions of the DNA 

amplified (nested primers). 

2.4. Analysis of PCR Products 
by Polyacrylamide Gel Electrophoresis 

of Directly Labeled PCR Products 
50. a3*P-dCTP, 3000 Ci/mmol. 
5 1. 3MM Filter paper. 
52. X-ray film. 

3. Methods 
3.1. Isolation of DNA and RNA Templates 

3.1.1. Isolation of DNA (7) 

The following method works well for isolation of DNA for PCR 
from larger tissue samples or for bulk preparations of DNA from 
cultured cells. 

1. Remove tissue mto ice-cold PBS. Weigh tissue and mince with a razor 
blade. For cultured cells, collect by centrifugation, wash once in ice-cold 
PBS, and resuspend in 1 pellet vol of PBS. 

2. Transfer tissue or cells to a Dounce homogenizer containing 12 mL of 
digestion buffer/g of tissue (per mL of packed cells). 

3. Homogenize by 20 gentle strokes using a B pestle. Keep on ice. 
4. Transfer the sample into a test tube, add proteinase K to a final concentra- 

tion of 100 ug/mL, and incubate at 50°C overnight. 
5. Extract the sample twice with an equal volume of phenoVCHC13 (1: 1 by volume). 
6. Extract twice with an equal volume of CHCl,. 
7. Add 0.5 vol of 7.5M ammonium acetate and 2 vol of 100% ethanol. Mix 

gently. The DNA should immediately form a stringy precipitate. 
8. Recover the DNA by centrifugation at 12,000g for 15 min at 4°C. 
9. Rinse pellet with 70% ethanol, decant, and air-dry. 

10. Resuspend DNA m TE buffer, pH 8.0 (7-l 0 mL/g of tissue). Resuspension 
can be facilitated by incubation of sample at 65OC with gentle agitation. 

11. Add SDS to final concentration of 0.1% and RNase A to 1 pg/mL. Incu- 
bate at 37°C for 1 h. 

12. Re-extract with phenol/CHCl,, precipitate, and resuspend DNA as 
described above in steps 5-10. Keep the DNA in ethanol at 4OC for 
long-term storage. 
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There are a number of protocols now available for the isolation of 
RNA from cells or tissues. The following are two procedures we rou- 
tinely use to isolate RNA from small tissue samples or from cultured 
cells. One procedure more rigorously removes DNA by centrifugation of 
the RNA through a CsCl cushion. The other relies on the extraction of 
RNA out of a guanidine solution and is less time-consuming. 

3.1.2.1. ISOLATION OF RNA BY CsCl CENTRIFUGATION (11) 

We have used this procedure for isolating RNA from whole rat ovaries 
(up to six ovaries, or about 150 mg of tissue, per sample), from ovarian 
granulosa cells and from nuclei of GH3 pituitary tumor cells (nuclei from 
up to 5 x lo7 cells). This procedure requires more time than the follow- 
ing guanidine/phenol extraction, but we found it gives cleaner RNA 
preparations from ovarian tissue, which contains not only DNA, but also 
substantial lipid deposits. The procedure is also recommended for pre- 
paring nuclear RNA because of the much higher DNA content of nuclei 
as opposed to whole cells or tissues. 

1. Remove the tissue from the animal within several minutes of death. Place 
in ice-cold PBS and trim off fat and/or fascia if necessary. Cut large pieces 
of tissue mto smaller pieces (2- to 3-mm cubes) (see Note 6). 

2. Place the tissue m a 2-mL Wheaton glass homogenizer containing 1 mL of 
GITCYPME buffer. Homogenize by hand until no visible clumps remain 
(see Notes 7 and 8). 

3. Transfer the sample to a 5-mL or 15-mL Falcon tube. To shear the DNA, 
draw the homogenate up into 1 -mL tuberculin syringe with an 18-g needle. 
Pass the homogenate up and down through the needle, avoiding foaming, 
until it becomes less viscous and can be released in individual drops (see 
Note 9). 

4. Rinse Beckman Ultraclear centrifuge tubes with 0.3 mL of GITC/PME 
buffer and allow to dry inverted. Turn dried tubes up and place 875 pL of 
CsCl solution into the bottom of each tube. 

5. Add 300 pL of GITC@ME to each tissue sample. Mix. Layer each 
entire sample (1.3 mL) on top of a CsCl cushion, taking care not to disrupt 
the boundary. 

6. Fill each tube with sample and/or GITC/PME to within 2 mm of the top. 
Balance tubes to within 0.01 g with GITC@ME. 

7. Load the tubes into the buckets of a Beckman TLS-55 rotor and centrifuge 
at 100,OOOg for 3 h at 16°C. Thus pellets the RNA, but not DNA (see Note 10). 



Delidow et al. 

8. Remove the tubes from the rotor buckets. Empty by rapid inversion and 
immediately place the inverted tubes m a rack or on a clean paper towel to 
drain-dry for about 15 min Do not right the tubes until they dry. 

9. Using a clean Kimwipe, remove the last traces of liquid from the sides of 
the tube, without touching the bottom. The RNA pellet will not be visible. 

10. Add 400 PL of TE-SDS to the bottom of each tube, without allowing the 
solution to run down the sides Cover the tubes and place in a rack on a 
rotary platform. Solubilize the RNA pellets by gently rocking for 20 min at 
room temperature. 

11. Using a pipeter set at 200 pL, transfer each sample to a 1.5-mL microfuge 
tube (see Note 11). This requires two transfers. During each transfer, pipet 
the sample up and down m the Ultraclear tube and scrape the pipet tip 
across the bottom to ensure that the RNA is solubilized. Avoid foaming of 
the SDS during this procedure. 

12. To the RNA sample in a 1.5-mL microfuge tube add 200 PL of buffered 
phenol and 200 PL of chloroform. Mix well. 

13. Separate the phases by centrifuging at top speed in a table-top microfuge 
for 2 min. 

14. Transfer the upper aqueous phase to a clean microfuge tube, add 400 pL of 
chloroform, mix, and spin as m step 13. 

15. Again, transfer the aqueous phase to a clean tube and repeat the chloro- 
form extraction. 

16. Transfer the final clean aqueous phase to a Beckman ultramicrocentrifuge 
tube. Add 25 yL of 4MNaCl and mix. Add 1 mL of cold 95% ethanol and 
mix again. Precipitate at -2OOC overnight (see Note 12). 

17. Collect the RNA by centrifuging m a Beckman TLA-45 rotor at 12,000g 
for 30 mm at 4°C. 

18. Decant the supernatant and invert the tubes over a clean tissue (e.g., 
Kimwipe) to air-dry. The RNA should be visible as a translucent white 
pellet at the bottom of the tube. 

19. Resuspend the pellet m 25-100 PL of TE, pH 7.4. The volume used will be 
determined by the size of the pellet. To prevent degradation, add 1 U/pL of 
RNasm ribonuclease inhibitor and mix gently. 

20. Measure the OD,,, and ODzso of 3-5 PL of RNA in a total of 0.4-l mL of 
sterile water. The ratio of OD,,,/OD,ss should be close to 2.0. If this ratio 
1s c1.7, the sample may contain residual phenol or proteins and should be 
re-extracted and precipitated. To obtain the concentration of RNA, use the 
following formula: 

[RNA1 h-%/P.L) = COD260 x 40) x total vol OD’d (mL)/pL RNA OD’d 
2 1. For short-term storage (several weeks), store RNA in aqueous solutton at 

-20°C. For more stable long-term storage, store RNA in ethanol, Add NaCl 
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to 0.25M to RNA in aqueous solution, add 2.5 vol of 95% ethanol, mix well, 
and store at -20°C. To recover the RNA, centrifuge it as in step 17. 

3.1.2.2. ISOLATION OF RNA BY RNAZOL METHOD 

RNA can be isolated quickly and with great purity using the RNAzol 
technique (TEL-TEST, Inc.), based on the method of Chomczynski and 
Sacchi (12). This procedure is most useful for isolating RNA from many 
samples, especially small tissue specimens (~500 mg). The following 
protocol is from TEL-TEST (13), with minor modifications we com- 
monly employ. 

1. Homogenize tissue samples m RNAzol (2 mL for each 100 mg of tissue) 
with several strokes of a glass-Teflon homogenizer. Samples of GO mg 
should be homogenized directly in 1.5-mL Eppendorf tubes using Kontes 
polypropylene pestles. Briefsonication is helpful to break up any residual 
tissue clumps, but do not allow the homogenate to become heated (see 
Note 9). 

2. Cells grown in suspension should be pelleted m culture media (5 min, 
2OOg,,,,,). After pouring off the supernatant, add 0.2 mL of RNAzol/106 
cells and completely lyse the pellet by repeated pipetting and vortexing. 

3. Cells grown on culture dishes can be lysed in the dish. After removing the 
medium, add RNAzol until the dish is well covered (e.g., I .5 mL/3.5-cm 
culture dish). Scraping and/or repipetting will ensure complete lysis. 
Alternatively, attached cells can be collected by scraping them from the 
dish, then pelleted and lysed as in step 2. 

4. Add 0.1 mL of CHC13 for each 1 mL of homogenate. Vortex rapidly for at 
least 15 s, until the homogenate is completely frothy white, and incubate 
on ice for 15 mm. After the incubation, vortex again as before, then centri- 
fuge for 15 min at 10,OOOg at 4OC. 

5. There should now be two liquid phases visible in the tube. Carefully remove 
and save the upper aqueous phase that contains the RNA. The volume of 
this aqueous phase is approximately half of the volume of the homogenate. 
Do not transfer any of the interface. Pour the lower organic phase into a 
waste bottle and dispose of properly. 

6. Precipitate the RNA by adding an equal volume of ice-cold isopropanol to 
the aqueous phase and incubate at -20°C for 45 min (see Note 13). Pellet 
the RNA by centrifuging at 12,000g at 4OC for 15 min (or 10,OOOg at 4°C 
for 30 min in a table-top microfuge). A white pellet of RNA is often (but 
not always) visible after this step. 

7. Carefully decant the supematant and wash the pellet with 80% ethanol (0.8 
mW100 pg of RNA). Vortex briefly to loosen pellet, then centrifuge for 10 
min at 12,000g at 4OC. Remove supernatant and repeat the ethanol wash. 
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The RNA pellet 1s often not well attached to the wall of the tube, so the 
decanting should be performed gently. 

8. Allow the pellet to au-dry until Just damp (completely dried pellets are 
difficult to resuspend). Resuspend the pellet m approx 50 uL of TE buffer, 
pH 7.4, for each 100 ug of RNA by vortexmg and by repipeting. A room 
temperature incubation (15-30 min) can help resuspend difficult pellets. 
Incubation at 60°C (10-15 mm) may also be used for resuspension, but 
only tf all else fails. We often obtain an OD 260/280 ratio of 2.0:2.1 by this 
method. Samples wrth a ratio of < 1.7, should be re-extracted and precipi- 
tated, as described m Section 3.1.2., step 1. RNA isolated by this method 
should also be repreclpitated prior to enzymatic manipulation. 

3.1.3. Synthesis of Complementary DNAs from RNA 
In order to perform PCR on RNA sequences using Taq DNA poly- 

merase, it is necessary to first convert the sequence to a complementary 
DNA (cDNA) because Tuq has limited reverse transcriptase activity (14) 
(see Note 14). Several different kinds of primers can be used to make 
cDNAs. Oligo-dT will prime cDNA synthesis on all polyadenylated 
RNAs and is most often used for convenience, since these cDNAs can be 
used for amplification of more than one species of RNA. Random-primed 
cDNA synthesis similarly gives a broad range of cDNAs and is not limited 
to polyadenylated RNAs. Lastly, oligonucleotide primers complemen- 
tary to the RNA(s) of interest may be used to synthesize highly specific 
cDNAs. We developed the following procedure for use with oligo-dT or 
RNA-specific primers. A procedure for using random primers to synthe- 
size cDNAs may be found in ref. 25 

1. Place up to 20 pg of RNA m a microfuge tube containing 4 ltg of ohgo dT 
or 200 pmol of specific primer and 5 uL of 1 OX RT buffer m a total volume 
of 36.5 uL (see Note 15). Mtx gently. 

2. Incubate at 65°C for 3 mm. Cool on ice. 
3. Add 5 uL of 100 mM DTT, 1 l.tL (40 U) of RNasm, and 5 uL of a deoxy- 

nucleottde mix containing 1.25 mM of each dNTP (final concentration 125 
$4 each). Add 2.5 yL (500 U) of MMLV reverse transcrtptase and mix 
gently. The final volume is 50 uL. 

4. Incubate at 37°C for 1 h. 
5. Thus cDNA may be used directly m PCR reactions or may be modified 

further (see Note 16). 
3.2. Performing PCR 

The ideal way to perform PCR is in a dedicated room, using reagents 
and equipment also dedicated only to PCR. Such luxuries are often not 
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available. Dedicated PCR reagents are essential. A set of dedicated 
pipets is very helpful, as are filter-containing pipet tips now available 
from several manufacturers. Gloves should always be worn when han- 
dling PCR reagents. An attempt should be made to keep concentrated 
stocks of target sequences (e.g., recombinant plasmids) away from PCR 
areas and equipment. Chance contamination can be very difficult to trace 
and to get rid of. 

PCR cycles consist of three basic steps: 

1. Denaturation, to melt the template mto single strands and to eliminate sec- 
ondary structure; this step is carried out at 94°C for l-2 min during regular 
cycles. However, amplification of genomic DNA requires a longer initial 
denaturation of 5 min to melt the strands. 

2. Annealing, to allow the primers to hybridize to the template. Thus step is 
carried out at a temperature determined by the strand-meltmg temperature 
of the primers and by the specificrty desired. Typical reactions use an 
annealing temperature of 55°C for l-2 mm. Reactions requiring greater 
stringency may be annealed at 6045°C. Reactions in which the primers 
have reduced specrficny may be annealed at 3745°C. 

3. Extension, to synthesize the new DNA strands. This step is usually carried 
out at 72”C, which is optimal for Tug polymerase. The amplificatton time 
is determined by the length of the sequence to be amplified. At optimal 
conditions, Taq polymerase has an extension rate of 2-4 kb/min 
(manufacturer’s information). As a rule of thumb, we allow 1 min/kb to be 
amplified, with extra trme allowed for each kb >3 kb (see Note 17). 

Between 20 and 30 cycles of PCR are sufficient for many applica- 
tions. DNA synthesis will become less efficient as primers and deoxynu- 
cleotides are used up and as the number of template molecules surpasses 
the supply of polymerase. Therefore, following the last cycle, the enzyme 
is allowed to finish any incomplete synthesis by including a final exten- 
sion of 5-15 min at 72°C. Following completion of the program, many 
cycling blocks have a convenient feature allowing an indefinite hold at 15°C 
to allow preservation of the samples, particularly during overnight runs. 

Ideally, PCR conditions should be optimized for each template and 
primer combination used. Practically, most researchers will use the 
manufacturer’s recommended conditions unless the results obtained fall 
far short of expectations. Other than primer sequence, there are six vari- 
ables that may be optimized for a given amplification reaction: annealing 
temperature, primer concentration, template concentration, MgC12 concen- 
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tration, extension time, and cycle number (e.g., see ref. 15). Standard con- 
ditions are described in the following. 

1. Prepare a master mix of PCR reagents containing (per 100 PL of PCR 
reaction): 10 pL of 10X PCR buffer, 100 pmol of upstream primer, 100 
pmol of downstream primer, and 16 PL of 1.25 nnI4 dNTP working stock 
(see Note 18). Bring to volume with sterrle UV-irradiated water, such that, 
after addition of the desired amount of sample and Tag polymerase, the 
total reaction volume ~111 be 100 pL. Make up a small excess (an extra 
0.2-0.5 reaction’s worth) of master mix to ensure that there is enough for 
all samples. 

2. Aliquot the desired amount of sample to be amplified into labeled 0.5~mL 
mrcrofuge tubes. We routinely amplify 5 PL (l/10) of a 50-PL cDNA made 
using up to 10 ,ug of RNA. Genomic DNA is usually amplified in amounts 
of 100 ng to 1 pg. Adjust the volumes with sterile UV-irradiated water so 
that all are equal. 

3. To the master mix, add 0.5 pL of Taq polymerase (2.5 U) for each reac- 
tion. Mix well and spin briefly in a microfuge to collect all of the fluid (see 
Note 19). 

4. Add the correct volume of master mix to each sample tube so that the total 
volume is now 100 pL. Cap and vortex the tubes to mix. Spin briefly in a 
microfuge. 

5. Reopen the tubes and cover each reaction with a few drops of light mineral 
oil to prevent evaporation. 

6. Put a drop of mineral oil into each well of the thermal cycler block that will 
hold a sample. Load the sample tubes (see Note 20). 

7. Amplify the samples, according to the prmcrples prevtously oulined. 
a. A typical cycling program for a cDNA with a 1 -kb amplified region is 

30 cycles of 94”C, 2 min (denaturation); 55”C, 2 min (hybridization of 
primers); and 72”C, 1 min (primer extension); followed by 72”C, 5 mm 
(final extension); and 15’C, indefinite (holding temperature until the 
samples are removed). 

b. A typical cycling program for genomic DNA with a 2-kb amplified 
region is 94”C, 5 min (initial denaturation); followed by 30 cycles of 
94’C, 2 mm; 6O”C, 2 min; and 72”C, 2 mm; final extension 72’C, 10 
mm; hold 15°C. 

8. Following PCR, remove the samples from the block and add 200 pL of 
chloroform to each tube. The mineral or1 will sink to the bottom. 

9. Wtthout mixing, centrifuge the tubes for 30 s at top speed in a table-top 
microfuge. 

10. Transfer the upper phase to a clean microfuge tube. Add 50 VL of 7.5&Z 
ammonium acetate and mtx well (see Note 21). 
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11. Add 375 p.L of 95% ethanol and mix. Precipitate for 10 mm at room tem- 
perature for concentrated samples, or for 30 mm on ice for less concen- 
trated products. 

12. Centrifuge at top speed in a table-top microfuge for 15 min. 
13. Decant the supernatant (see Note 22), air-dry the pellet, and resuspend in 

20 j,kL of sterile water. 

3.3. Analysis of PCR Products by Nested PCR 
Both agarose and acrylamide gel electrophoresis may be used to ana- 

lyze PCR products, depending on the resolution required and whether 
the sample is to be recovered from the gel. Agarose gel electrophoresis 
on minigels is fast and easy and allows quick estimates of the purity and 
concentration of a PCR product (see Chapter 3). DNA may be recovered 
much more quickly and efficiently out of agarose gels than out of poly- 
acrylamide (Chapter 28). Agarose gel electrophoresis, followed by 
Southern blotting and hybridization of a specific probe, allows the detec- 
tion of a given PCR product in a background of high nonspecific ampli- 
fication (3). It is also a means of proving that the amplified fragment is 
related to a known sequence (3,16). Finally, Southern blotting can be 
used to detect PCR products that are still not abundant enough to be 
detected by ethidium bromide staining (16). 

Nested primers allow the definition of PCR products by reampli- 
fication of an internal portion of the DNA. The method takes advantage 
of the fact that DNA bands in a low-melting agarose gel may be excised 
and used directly in PCR reactions without f&her purification (2 7,18). 

1. Resolve amplified product(s) on a gel of 0.7-l% low-melting agarose, such 
as NuSieve (FMC BioProducts). Resolution may be improved by running 
the gel slowly (12-25 V) at 4°C. 

2. Locate the band of interest using UV illumination of the ethidium bromlde- 
stained gel. Excise the band and transfer it to a microtige tube. 

3. Melt the gel slice by incubation at 68OC for 5-10 min. 
4. Transfer 10 PL directly mto a tube containing a second PCR mix with 

100 pmol each of the nested primers and reamplify. 
5. Examine the product(s) of the second PCR by agarose gel electrophoresis 

as described in Chapter 3. 

3.4. Analysis of PCR Products by Polyacrylamide Gel 
Electrophoresis of Directly Labeled PCR Products 

Acrylamide gel electrophoresis provides better resolution and a much 
more precise estimate of product size (see Chapter 13). This is the method 
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of choice for detecting directly labeled PCR products. Denaturing 
acrylamide gels containing urea may be used to analyze single-stranded 
products, as from asymetric PCR. 

For very sensitive detection and relative quantitation of PCR products, the 
DNA fragments may be labeled by inclusion of radiolabeled nucleotide in 
the PCR mix, followed by acrylamide gel electrophoresis and autoradiogra- 
phy. To quantitate the bands, the autoradiograms may be scanned by densi- 
tometry, or the labeled bands themselves may be cut out of the gel and 
counted. We have used autoradiography of directly labeled PCR products to 
measure the relative levels of several mRNAs in rat ovarian granulosa cells 
(19) and in a pituitary tumor cell line (I 1). 

1. Prepare the gel and samples, run the gel, stain and photograph it (see 
Chapter 13). Remember that the gel IS radloactive and handle it 
accordingly. 

2. Cut a piece of 3MM filter paper larger than the gel. Lift the gel on the plastic 
wrap and place it on a flat surface. Smooth out any wrinkles in the gel. 

3. Lay the filter paper on top of the gel. It should begm to wet immediately as 
the gel adheres to it. Turn over the gel, plastic wrap, and filter paper all at 
once. The gel now has a filter backing. 

4. Dry the gel on a gel dryer for 3w5 mm. To avoid contamination of the 
gel dryer, place a second layer of filter paper below the gel. 

5. Wrap the dried gel in fresh plastic wrap. Place m a film cassette with 
X-ray film and expose for 4 h to 2 d. 

4. Notes 
1. In order to protect RNA from ubiquitous RNases, the following precau- 

tions should be followed during the preparation of reagents for RNA isola- 
tion and during the lsolatton procedure: Wear gloves at all times. Use the 
highest quality molecular biology grade reagents possible. Bake all glass- 
ware. Use sterile, disposable plastlcware. 

2. Guanidine solutions must be sterilized usmg Nalgene filters because they 
dissolve Corning filters (6). 

3. DEPC breaks down in the presence of Tris buffers and cannot be used to 
treat them (6). 

4. Wear gloves when preparing PCR reagents or performing PCR to prevent 
contamination. 

5. UV irradiation of all solutions used for PCR that do not contain nucle- 
otides or primers 1s recommended to reduce the chance that accidental con- 
tamination of stocks with PCR target sequences will interfere with sample 
amplifications (8,9). 
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6. To collect cultured cells for RNA isolation, pour the desired volume of 
cells m suspension into 50-mL tubes, or remove attached cells from plates 
by scraping. Avoid enzymatic detachment of plated cells because the 
enzyme preparations may contain contaminating nucleases. Spin the cells 
down at 250g for 4 min at 4OC. Resuspend in l/10 the original volume of 
cold PBS and spin down agam. For isolation of whole-cell RNA, proceed 
as m Note 10. For nuclear RNA, lyse the cells m 1 mL of PBS plus 0.5% 
NP-40, incubate for 3 min on ice, then collect the nuclei by centrifugation 
at 600g for 5 min at 4°C. Proceed to Note 10. 

7. Avoid foaming of the sample during homogenization. 
8. For cell or nuclear pellets, gently flick the side of the tube to loosen the 

pellet, then add 1 mL of GITC#lME, incubate on ice for several minutes, 
and allow the pellet to dissolve. Proceed as for tissue with shearing of the 
DNA (Section 3 1.2.1.) step 3). 

9. An alternatrve to shearmg the DNA is to sonicate the sample in a 1.5-mL 
microfuge tube. We have used a Virsonic 50 cell disruptor (V&is, Gardiner, 
NY) at a setting that delivers a pulse of 40-50% of maximal, for 10-30 s, 
depending on the viscosity of the sample. To use a sonicator, make sure 
the tip of the probe is placed all the way at the bottom of the sample tube to 
prevent foaming. Activate the somcator only when the probe is immersed, 
and cool the sample between 10-s pulses if more than one is necessary. 
Rinse the probe in sterile water prior to use to protect the RNA sample, as 
well as afterward to remove the guanidine solution. Ear protection is rec- 
ommended for the user. 

10. The TLS-55 rotor holds four buckets. Although it can be used containmg 
only two samples, all four buckets must be in place during centrifugation. 

11. The samples cannot be extracted in the Ultraclear tubes because these tubes 
are not resistant to organic solvents. 

12. Precipitation may also be carried out at -70°C for 1 h. 
13. Prolonged isopropanol precipitation at -20°C can precipitate contaminants 

with the RNA. If the procedure must be halted here, store the samples at 4OC. 
Resume the isolation at step 4 by incubating the samples at -20°C for 45 min. 

14. Several dual-function thermostable enzymes that have both reverse tran- 
scriptase and DNA polymerase activities are now commercially available 
(TetZ, Amersham, Arhngton Heights, IL; TTh; 20). The different activi- 
ties rely on differing divalent cations and therefore can be regulated by 
buffer changes. 

15. The lower limit for the amount of RNA required to synthesize a PCR- 
amplifiable cDNA is beyond the limit of normal detection. We have made 
cDNAs starting with as little as 0.4 pg of measurable RNA, and with even 
less of RNAs too dilute to obtain an OD measurement (II, 19). Others have 



Delidow et al. 

used PCR to detected specific mRNAs in RNA/cDNA samples prepared 
from single cells (21). 

16. For some applications, such as tailing, synthesis of a double-stranded 
cDNA may be required. Second-strand synthesis is achieved by addition 
of RNase H and DNA polymerase. Procedures for this may be found in 
manufacturers’ information in kits sold for this purpose and in the follow- 
ing references (67). Homopolymerlc tailing is used to anchor a DNA 
sequence so that amplification may be performed from a known region out 
to the tailed end, which is unknown (18). Procedures for tailing may also 
be found in refs. 6,7. Finally, a procedure has been described for addition 
of a lmlcer to the 3’ end of a single-stranded cDNA (to the unknown 5’ end of 
an RNA) usmg RNA ligase. This allows subsequent PCR to be carried out 
between a known region of the cDNA and the linker, and is used to help 
define the 5’ ends of mRNAs. Other PCR applications require removal of 
the primers used to prepare the cDNA. Thts may be achieved by several 
rounds of ammonmm acetate precipitation or by purification out of gels. 

17. Although the efficiency may be reduced for very large target sequences, 
we have successfilly amplified sequences >6 kb in length. 

18. To label PCR products directly, alter the nucleotide mix to contain 625 @4 
dCTP, 1.25 mA4 dATP, 1.25 rnil4 dGTP, and 1.25 mM dTTP. To this mix 
add 5-10 PCi (0.5-l pL) of o132P-dCTP (3000 Ci/mmol)/lOO pL. 

19. For PCR programs that are allowed an initial denaturation before addition 
of the polymerase (“hot-started,” 22), the reactions are made up lacking a 
small volume and the Tag. The samples are loaded mto the block and put 
through an initial denaturatlon step, then held at annealing temperature for 
2 min. The temperature is then raised to 65’C and the Tuq is added in a 
small volume of sterile UV water; the timing of this step 1s set to allow 
addition of enzyme to all of the samples. The samples are then allowed to 
extend at 72°C for the appropriate time and then are cycled normally. 

20. More uniform heating and cooling may be achieved if the samples are clus- 
tered in the block and surrounded by blank tubes. 

2 1. Ammonium acetate precipitation removes primers and unincorporated 
nucleotides (23). 

22. If the samples are radioactive, be sure to dispose of wastes properly. 
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CHAPTER 35 

Inverse Polymerase Chain Reaction 

Daniel L. Hart1 and Howard Ochman 

1. Introduction 
The inverse polymerase chain reaction (IPCR) was the first extension 

of the conventional polymerase chain reaction to allow the amplification 
of unknown nucleotide sequences without recourse to conventional clon- 
ing. In the conventional polymerase chain reaction (PCR), synthetic oli- 
gonucleotides complementary to the ends of a known sequence are used 
to amplify the sequence (1,2). The primers are oriented with their 3’ ends 
facing each other, and the elongation of one primer creates a template for 
annealing the other primer. Repeated rounds of primer annealing, poly- 
merization, and denaturation result in a geometric increase in the number 
of copies of the target sequence. However, regions outside the bound- 
aries of the known sequence are inaccessible to direct amplification by 
PCR. Since DNA synthesis oriented toward a flanking region is not 
complemented by synthesis from the other direction, there is at most a 
linear increase in the number of copies of the flanking sequence. 

Nevertheless, the applications of a procedure that could selectively 
amplify flanking sequences are numerous. They include the detemina- 
tion of genomic insertion sites of transposable elements, in which case 
the sequence of the transposable element can be used to choose oligo- 
nucleotide primer sequences; as well as the determination of the upstream 
and downstream genomic regions flanking cDNA coding sequences, in 
which case the 5’ and 3’ sequences of the cDNA can be used to choose 
the primers. Another class of applications includes the determination of 
the nucleotide sequences at the ends of cloned DNA fragments, particu- 
larly DNA fragments as large as those in yeast artificial chromosomes 
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Digest 

Circularize 

Inverse PCR 

Fig. 1. Major applications of IPCR. The figure shows known DNA sequences 
by dark shading and unknown flanking sequences of interest by light shading. 
(A) The known sequence is contained within the unknown sequences; (B) the 
unknown sequence is contained within known sequences. The brackets indi- 
cate the possible positions of restriction sites that allow IPCR of either the left 
(L) or right (R) flanking sequence. After digestion with the appropriate restric- 
tion enzyme, molecules are circularized, bringing two positions in the known 
sequence into juxtaposition with the unknown sequence. The known 
sequences then serve as oligonucleotide priming sites (curved arrows) to 
amplify the unknown sequence. 

(3,4,, or bacteriophage P 1 (5,6); in these applications the primer sequences 
can be chosen based on the nucleotide sequence of the vector flanking 
the cloning site. 

The possibility of amplifying flanking sequences was sufficiently 
interesting that several groups undertook the challenge, and successful 
protocols were developed independently and nearly simultaneously by 
three research groups (7-9). All three methods are based on the same 
idea, which is outlined in Fig. 1. Panels A and B exemplify the two main 
types of application. The dark stippling denotes regions of known sequence, 
and the light stippling represents regions of unknown sequence. In panel 
A the known sequence (for example, a coding region) is continuous, and 
the problem is to amplify either the left (L) or right (R) flanking sequence 
in genomic DNA. In panel B the known sequence (for example, in a 
cloning vector) is interrupted, and the problem is to amplify the junction 
with the unknown sequence on either the left (L) or the right (R). For 
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convenience of further discussion, we will call the known sequence the 
“core” sequence and the unknown sequence the “target” sequence. 

The first step in the method is to identify restriction enzymes that will 
cleave within the core and target sequences in order to liberate DNA 
fragments containing core sequence juxtaposed with target sequence. The 
cutting sites of the restriction enzymes are denoted by the arrows in Fig. 
1, and normally each junction requires a different enzyme. For each junc- 
tion, a set of candidate restriction enzymes can be created by choosing 
enzymes that will cleave within the core sequence 504,000 bp from the 
junction. Final choice among the candidates is based either on trial and 
error or, more reliably, on a Southern blot (10) using the core sequence 
as a probe. Restriction enzymes with four-base cleavage sites are gener- 
ally preferred, since they are more likely to cleave at an acceptable point 
within the target sequence. 

After cleavage, the next step in the procedure is circularization, in 
which the ends of the fragment liberated by the restriction enzyme are 
ligated together. The circular molecule produced in this way has two 
core-target junctions, one of which was present in the original molecule, 
and a second one produced by the ligation. The ligation step is followed 
by a PCR using oligonucleotide primers that anneal to the core sequences 
near the core-target junctions. The “inverse” part of IPCR comes from 
the fact that the 3’ ends of the primers are oriented outward, toward the 
target sequence (curved arrows in Fig. 1). Because of the circular config- 
uration of the substrate, the product of each polymerization can serve as 
a template for annealing of the opposite primer. Hence, repeated rounds 
of annealing, polymerization, and denaturation result in a geometric 
increase in the number of copies of the target sequence. 

IPCR has proven useful in recovering genomic sequences flanking 
viral and transposable element insertions (7-9), in generating probes cor- 
responding to the ends of cloned inserts for use in chromosome walking 
(11~141, and in the direct cloning of unknown cDNA sequences from 
total RNA (IS). Since the time that IPCR was developed, a number of 
other methods have been proposed that can either serve as an alternative 
to IPCR or that are more suited to certain specialized applications. For 
example, one technique for human genomic DNA uses vector sequence 
for one primer and the Alu consensus sequence for the other primer in 
order to amplify the insert ends of YAC or cosmid clones (16), The most 
relevant of these techniques are discussed briefly (see Notes). 
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2. Materials 
2.1. Preparation of Restriction Fragments 

1. Restriction enzymes and buffers: These are generally supplied together. 
Digests are carried out as indicated by the manufacturer and differ 
according to the particular enzyme. 

2. To ,E: 10 mMTris-HCI, 0.1 mMEDTA, pH 8.0. 

2.2. Ligation to Form Circles 
3. 10X Ligation buffer: 500 mMTris-HCl, pH 7.4, 100 mM MgCl*, 100 mM 

dithiothreitol, 10 mM ATP. 
4. T4 DNA ligase: Supplied at a concentration 1,000 Weiss U/pL. 
5. TE: 10 mMTns-HCl, pH 7.5, 1 mMEDTA. 

2.3. PCR Amplification 
6. 10X PCR buffer: 100 mM Tris-HCl, pH 8.4, 500 mil4 KCl, 5 mA4 MgCl,, 

and 0.1% gelatin. 
7. dNTP mix: Combme equimolar amounts of each deoxynucleotide triphos- 

phate (dNTP) to produce a 100 mM stock solution (25 mM of each dNTP). 
8. Tuq polymerase: supplied at a concentration of 5 U/pL (see Note 1). 
9. Primers: The length of primers varies in each application but averages 20 

nucleotldes (see Note 2). Dilute stocks to 50 pmol/pL. 

3. Methods 
3.1. Preparation of Restriction Fragments 

The single largest variable in this step is the quality and complexity of the 
DNA. Best results are usually obtained with DNA that has been extracted 
with phenol, and with DNA extracted from simple genomes, such as bac- 
teria, yeast, nematodes, and Drosophila (see Notes 3-7). 

1. Restriction enzyme digest for 2 h at 37°C according to the 
manufacturer’s conditions. Usually l-5 pg of genomic DNA is used 
for the initial digestions that are carried out in a volume of 20-50 pL. 
Since the DNA sample is precipitated prior to legations, the reaction 
volume is not critical. 

2. Phenol extract by the addition of an equal volume of equilibrated phenol. 
Invert the sample, spin briefly in a mlcrofuge to separate phases, and remove 
the aqueous phase (see Note 8). 

3. Chlorofoxmisoamyl alcohol (24: 1) extract the aqueous phase from the pre- 
vious extraction as described in step 2. 

4. Ethanol precipitate by addition of 0.1 vol of 3Msodlum acetate, pH 5.3, to 
the DNA sample, followed by 2 vol of absolute ethanol. Precipitate the 
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DNA at -20°C for 30 min and harvest by centrifugation for 20 min at 4OC. 
Wash the DNA pellet with 70% ethanol and dry under vacuum. 

5. Resuspend the sample m T, tE at 100 ng/yL. 

3.2. Ligation to Form Circles 
It is advisable to carry out three simultaneous reactions with different 

DNA concentrations (20, 100, and 500 ng/nL) in order to increase the 
probability that one of the dilutions will be favorable for the formation of 
monomeric circles. 

1. Set up 3 tubes containing 0.2, 1.0, and 5.0 pL of digest. 
2. Add 10 pL of 10X ligation buffer and water to final volume of 95 pL (i.e., 

93.8, 93, and 89 pL of distilled H20, respectively). 
3. Add 0.05 Weiss U of T4 DNA ligase/pL. Incubate at 14°C for least 2 h. 

(Ligations generally proceed overnight.) 
4. Heat inactivate the ligation mixture at 65°C for 15 min and extract with 

phenol and chloroform as described m the previous section. Precipitate the 
DNA as described above and resuspend DNA in 10 pL of TE. 

3.3. PCR Amplification 
1. For each ligation product, add 4 J.JL of the DNA from the ligation (see Note 

9) to a tube suitable for PCR. Add 5 pL of 10X PCR buffer, 0.4 pL of the 
dNTP mix, 1 pL of each primer, and water to a final volume of 50 pL. 
Layer 50 pL of mineral oil on top of the reaction mix. 

2. Heat the reaction mixture at 95OC for 10 min. This facilitates ampliticatton by 
introducing nicks into the circular templates. Add 0.2 pL of Taq polymerase. 

3. Standard amplification conditions are 30 cycles of denaturation at 95OC 
for 40 s, primer annealing at 56°C for 30 s, and primer extension at 72°C 
for 100 s (see Note 10). 

4. Run l/l 0 of each sample on a 1% agarose gel to analyze amplification 
products. The IPCR products should be confirmed by Southern blotting 
and hybridization to a DNA probe derived from core (see Note 11). Once 
confirmed, the PCR product may then be either cloned (see Chapters 27 
and 37) or sequenced directly (see Chapter 49). 

3.4. Secondary Amplification of IPCR Products 
If nonspecific products are amplified, it is sometimes helpful to carry 

out a second amplification. This can be done in two different ways. 
3.4.1. Nested Primers 

In this case, one of the original primers is replaced with another, which 
anneals within the core sequence closer to the coretarget junction (i.e., 
still within the amplified fragment). 
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1. Take 1 uL of the first PCR reaction to be used as the amplification template. 
2. Repeat original PCR with the alternate primers, but reduce the number of 

cycles to 15. 

3.4.2. Gel Purification 
Alternatively, the products of the initial PCR reaction can be sepa- 

rated in an agarose gel. 

1. Run 5 pL of the first PCR reaction on a low melting point temperature 
agarose gel. 

2. Extract a fragment of the correct size by poking with the narrow end of a 
Pasteur pipet. This should remove an agarose plug of 5-10 uL. 

3. Dispense the agarose plug into 100 pL of distilled water and heat to 95°C 
for 5 mm to melt the agarose. 

4. Use 1 p.L to repeat the PCR with either both of the original primers or a nested 
primer. Follow the protocol for the nested primer, as in Section 3.4.1. 

4. Notes 
1. When amplifying fragments from enteric bacteria, we use Taq polymerase 

purified from Thermus aquaticus; cloned thermostable polymerase 
(AmpliTaq) is used m all other applications. 

2. Specificity of the PCR amplification depends heavily on the choice of oli- 
gonucleotide primers. We typically use oligonucleotrde primers 20 nucle- 
ottdes in length that are approx 50% in their G + C content, which yields a 
theoretical average melting temperature of 60°C using the empirical rule 
of thumb that the Td approximately equals 2x (number of As plus Ts) + 4x 
(number of Gs plus Cs). 

3. Choice of restriction enzyme is determined by the distribution of restriction 
sites in the target region, established, if necessary, by Southern blots (IO), 
and by the maximum size limit of PCR amplification. Fragments contam- 
mg <3 kb of target sequence are preferable, since these amplify best. Frag- 
ments of satisfactory size contaming either the left or right core-target 
junction (L and R m Fig. 1) can sometimes be obtained in a single restric- 
tion digestion by suttable choice restriction enzymes. 

4. In some cases digestion with two different restriction enzymes is required 
in order to generate a cor+target fragment of satisfactory size; if the 
restriction enzymes produce incompatible ends, then it is necessary to ren- 
der the ends of the fragments blunt using the Klenow polymerase or T4 
DNA polymerase prior to the ligation step. 

5. In parttcular applicattons of IPCR, we have had good success using PstI to 
recover sequences flanking insertion sequence ISZ in Escherichia coli (7), 
and using CZaI or TaqI to recover sequences flanking insertion sequence 



Inverse Polymerase Chain Reaction 299 

IS30 (17). Most common YAC vectors allow recovery of the msert junc- 
tion nearest the centromere using EcoRV and the recovery of the insert 
junction nearest the telomere using HincII (12). 

6. When using restriction enzymes that have convenient four-base cleavage 
sites within the core sequence, the usual experience in most laboratories is 
that IPCR is successfil m about half the cases without performing prelimr- 
nary Southern blots (10). The success rate probably results from the fact that 
four-base restriction sites are sufficiently frequent (theoretically, one in every 
256 base pans) that chance favors the target sequence having a site neither 
too close to the core sequence nor too far from it. Failing m an initial attempt, 
subsequent trials should be based on preliminary data from Southern blots to 
identify a suitable restriction enzyme (or a pair of enzymes). 

7. It should be emphasized again that the success of IPCR depends on the 
complexity of the starting material, with simpler genomes yielding more 
reliable results. The procedure has worked well with cloned material and 
with E. coli, Caenorhabditis, and Drosophila. Genome complexity increases 
the chance of spurious PCR products and decreases the efficiency of the 
circularization reaction. Recovery of flanking sequences from more complex 
genomes may be improved by enrichment of DNA fragments of a suitable 
size class. For example, restriction fragments of the desired size (deter- 
mined from prelimmary Southern blots), can be extracted from agarose 
gels with glass powder, electroelutron, or DEAE membranes. There should 
be a total of about 1 pg of cleaved DNA in order to conduct circularization 
at several DNA concentrations and PCR. 

8. In cases where the digested sample can be heat treated to inactivate the restric- 
tion endonuclease (68°C for 10 mm), samples may be diluted and ligation can 
often proceed without intermediate purification procedures (steps 2-5). 

9. Some reports indicate that the efficiency of IPCR is improved by the ampli- 
fication of linear rather than circular molecules (9). In this case, the circu- 
larized fragments are cleaved at a unique restriction site within the core 
sequence. However, finding the appropriate restriction enzyme introduces 
additional steps and potential comphcattons. 

10. When amplification products greater than about 3 kb are expected, the dena- 
turation time should be increased to 60 s and the extension time to 150 s. 

11. Do not use the PCR primers as a probe since they will hybridize to all 
products generated by these primers. 

12. Alternatives to IPCR: Among the alternatives to IPCR that may be consid- 
ered for recovering flanking sequences from genomic DNA are the follow- 
ing. Experimental details can be found in the original citations and 
additional general discussion m Ochman et al. (17). 
a. Ligation-mediated PCR employs a double-stranded cassette consisting 

of a 24-mer and an 1 I-mer complementary to the 3’ end of the 24-mer. 
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The blunt end of the cassette is ligated onto DNA fragments created by 
primer extension using an oligonucleotide that anneals to the core sequence. 
Experimental details can be found in refs. 28-20. 

b. Vectoret (or “bubble”) PCR has been used to recover the vector-insert 
junctions in YACs (21). DNA from yeast cells containing a YAC is 
digested with restriction enzymes that cleave at a convenient site in the 
core sequence. A double-stranded oligonucleotide cassette (“vectoret”) 
containing a “bubble” region of noncomplementary bases is ligated onto 
the end of the target sequence. Amplification proceeds from a primer 
specific to the YAC vector, which produces a newly synthesized strand 
complementary to one unpaired loop in the bubble, and polymerization 
in the reverse direction uses an ohgonucleotide that anneals to this region 
in the newly synthesized strand. 

c. Oligo-cassette mediated PCR employs a double-stranded 28-mer that is 
ligated onto the target sequence after digestion with an appropriate 
restriction enzyme (22). Approx 50 cycles of primer extension are car- 
ried out using a biotinylated primer complementary to the core region, 
and the blotmylated products are trapped with streptavadin-coated mag- 
netic beads. The isolated product is then subjected to conventional PCR 
using a nested primer within the core sequence and a reverse primer for 
the oligo-cassette. 
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CHAPTER 36 

Polymerase Chain Reaction 
with Degenerate 

Oligonucleotide Primers 
to Clone Gene Family Members 

Gregory M. Preston 

1. Introduction 
1.1. What Are Gene Families? 

As more and more genes are cloned and sequenced, it is apparent that 
nearly all genes are related to other genes. Similar genes are grouped into 
families. Examples of gene families include the collagen, globin, and 
myosin gene families. There are also gene superfamilies. Gene super- 
families are composed of genes that have areas of high homology and 
areas of high divergence. Examples of gene superfamilies include the 
oncogenes, homeotic genes, and a newly recognized gene superfamily of 
transmembrane proteins related to the lens fiber cells major intrinsic pro- 
tein, or the MIP gene superfamily (I). In most cases, the different mem- 
bers of a gene family carry out related functions. 

1.2. Codon Usage 
In particular organisms, certain amino acid codons are “preferred” and 

are utilized more often than others (2). For instance, the four codons for 
alanine begin with GC. In the third position of this codon, G is rarely 
used in humans (-10.3% of the time) or rats (-8.0%), but is often used in 
E. coli (-35%). This characteristic of codon usage may be advanta- 
geously used when designing degenerate oligonucleotide primers. 

From Methods m Molecular Biology, Vol 58 Basz DNA and RNA Protocols 
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N-Terminal Sequence of CHIP28 Protein. 
(M)ASEFKKKLFWRAWAEZ'LATTLFVFISIGSALGFK 

A WI 19b 
B step #1 

4 B -a 

b s*Pti 1 
Fig. 1. Two-step strategy for cloning the S-end of the CHIP28 gene. Listed 

on top is the N-terminal amino acid sequence of purified CHIP28 protein (8), 
with the addition of the inmating methionme (in brackets) deduced from the 
sequence of the 5’-clone, pPCR-2. Oligonucleotide primers are shown as lines, 
with arrowheads at their 3’-ends and - representing S-extensions containing 
restriction enzyme recognition sequences. In step 1, the sequence of the 19-bp 
separating degenerate primers A and B was determmed. The sequence was used 
to make the nondegenerate primer C. In step 2, a nested anchor amplification 
was made with primers B and C, anchoring with primer hgtl I-L. The 1 lo-bp 
product obtained contamed sequence corresponding to the N-terminal 22 amino 
acids, the mitiating methionme, and 38 bp of 5’untranslated sequence. 

1.3. Advantages of PCR Cloning 
of Gene Family Members 

There are several advantages of using PCR to identifl members of a 
gene family over conventional cloning methods. 

1. Either one or two degenerate primers can be used m PCR cloning. Since 
the sequences of conserved genes tend to diverge at their termini, the two 
degenerate primer approach usually can only provide the sequence of an 
internal fragment of a gene. Anchor PCR uses only a single degenerate 
primer and can be used to obtain sequence that stretches to the 5’- or 3’- 
terminus. For anchor PCR, the second primer site must be introduced to 
the sequence by ligation either mto a cloning vector (Fig. 1, step 2) or to a 
synthetic linker sequence (such as a poly-G tail as in RACE-PCR). This 
approach, however, may lead to a higher background of unspecific PCR 
products. Since the second primer is present in every gene of the starting 
material, this may be a particular problem when working with genes with 
low abundance in the starting material. This disadvantage can often in part 
be ameliorated by using a nested amplification approach to amplify desired 
sequences preferentially. In nested PCR, the products of the primary PCR- 
amplification are reamplifed using a second primer, which anneals to a site 
that is internal to the origmal primer. 
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2. It is possible to carry out a PCR reaction on first-strand cDNAs made from 
a small amount of RNA and, in theory, from a single cell. Several single- 
stranded “minilibraries” can be rapidly prepared and analyzed by PCR 
from a number of tissues or cell cultures under different hormonal or differ- 
entiation stages. Therefore, PCR cloning can potentially provtde mfor- 
mation about the timing of expression of an extremely rare gene family 
member, or messenger RNA splicing variants, which may not be present 
in a recombinant library. 

3. PCR cloning can be faster and cheaper than conventional methods and, in 
some cases, the only feasible cloning strategy. It takes at least 4 d to screen 
300,000 plaques from a hgtl0 library, whereas with PCR, an entire library 
containing lo* independent recombinants (-5.4 ng DNA) can be screened 
in one reaction. 

It is recommended, however, that after a clone is obtained by PCR it 
should be used to isolate the corresponding clone from a library, since 
mutations can often be introduced during PCR cloning. Alternatively, 
sequencing two or more PCR clones from independent reactions will 
also meet this objective. 

1.4. Degenerate Oligonucleotide Theory 
As the genetic code is degenerate, primers targeted to particular amino 

acid sequences must also be degenerate in order to encode all possible 
permutations. Thus, a primer to a six amino acid sequence with 64 possi- 
ble permutations can potentially recognize 64 different nucleotide 
sequences, only one of which will be in the target gene. If two such prim- 
ers are used in a PCR reaction, then there are 64 x 64 or 4096 possible 
permutations. Since PCR-amplifies the product exponentially, it can 
overcome the fact that with highly degenerate primers, only a small f?ac- 
tion of the primers recognize the target gene. A problem, however, is that 
some of the other 4095 possible permutations are likely to recognize other 
gene products and cause a background of nonspecific product. This can 
be ameliorated by performing a second nested PCR amplification with a 
second set of primers and by using “guessmers” as primers. A guessmer 
primer is made by considering the preferential codon usage exhibited by 
many species and tissues, and therefore does not contain all the possible 
permutations in the amino acid sequence. 

1.5. General Strategy 
The strategy for gene cloning that this author adopts is first to use two 

degenerate primers on a cDNA library template to clone a fragment of 
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the target gene. The sequence obtained from this fragment is then used to 
design specific primers that are oriented toward the S- and 3’-ends of the 
cDNA. The new primers in combination with those that anneal to 
sequences within the library vector are used to PCR-amplify the missing 
termini of the target gene. In both cases, a second round of amplification 
is used, either employing the original primers or nested primers to 
increase the amount of product. An example of how this strategy was 
used to clone CHIP28 is shown in Fig. 1. 

2. Materials 
1. Template: A heat-denatured cDNA library. Prior to PCR amplification, 

the DNA was heat-denatured at 99°C for 10 min. The author has found no 
significant difference in the PCR amplification of crude phage lysates and 
DNA isolated from the bacteriophage capsids. 

2. Double distilled water filtered in 0.2-p mtrocellulose filter (Millipore, 
Bedford, MA). Autoclave before storage. 

3. Degenerate oligonucleotide primers: At 20 pmol/pL in double-distilled 
water. The primers you choose will correspond to your ammo acid 
sequence (see Section 3.1.). 

4. 10X PCR reaction buffer: 100 mA4Tris-HCl (pH 8.3 at 25”C), 500 mA4 
KCl, 15 mM MgCl*, 0.1% w/v gelatin. This buffer should be incu- 
bated at 50°C to melt the gelatin fully and then filter-sterilized. Store 
at -20°C. 

5. dNTP stock solution: A 1.25-W solution of dATP, dCTP, dGTP, and 
dTTP. 

6. Thermostable DNA polymerase: I use Amplitaq DNA polymerase (Perkin 
Elmer Cetus, Norwalk, CT) supplied at 5 U/mL. 

7. Mineral oil. 
8. Chloroform. 
9. 7.5MAmmonmm acetate (AmAc): AmAc is preferred over sodium 

acetate because nucleotides and primers tend not to precipitate with 
it. Dissolve in double-distilled water and filter through 0.2-p 
membrane. 

10. 100% Ethanol: Store at -2OOC. 
11. 70% Ethanol: Store at room temperature. 
12. Spin dialysis columns: These are ideal for purifymg PCR products. They 

are available from a number of manufacturers (e.g., Millipore and 
Centricon). The author prefers Millipore Ultrafree MC microfilter units 
(30,000 mol wt cutoff) owing to the convenience of bemg able to spin the 
samples in a tabletop microfuge. 

13. TE: 10 mMTris-HCl, pH 7.4, 1 mMEDTA. Autoclave. 
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Table 1 
The Degenerate Nucleotlde Alphabet 

Letter Specifications 

A Adenosme 
G Guanosine 
R puRine (A or G) 
K Keto (G or T) 
S Strong (G or C) 
B Not A (G, C, or T) 
H Not G (A, C, or T) 
N aNy (A, G, C, or T) 
C Cytidine 
T Thymidme 
Y pyrimidine (C or T) 
M aMino (A or C) 
W Weak (A or T) 
D Not C (A, G, or T) 
V Not T (A, C, or G) 
I Inosinea 
OAlthough mosme IS not a true nucleo- 

tide, it IS included in this degenerate nucle- 
otlde list, since many researchers have 
employed mosine-contammg ohgonucle- 
otlde primers m cloning gene family 
members 

3. Methods 

3.1. Design of Degenerate Oligonucleotide Primers 
The design of the degenerate oligonucleotides is fundamental to the 

sucess of the cloning. I use the following steps as a guide. 

1. First write down the amino acid sequence, and then use it to predict the 
putative nucleotide sequence (or the complement of this sequence for a 
downstream primer), considering all of the possible permutations. For 
example, the degenerate nucleotide sequence of the amino acid sequence 
Leu-Ile-Gly-Glu is 5’-YTN-ATH-GGN-GAR-3’ (see Table 1). If the amino 
acid sequence 1s relatively long, two or more degenerate primers may be 
designed. If only one 1s made, use the sequences with the highest GC con- 
tent, since these primers can be annealed under more stringent conditions, 
such as higher temperature (see Note 1). 

2. Determine the number of permutations m the deduced nucleotide sequence. 
There are 192 permutations ([2 x 41 x 3 x 4 x 2) in the sequence 5’-YTN- 
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ATH-GGN-GAR-3’. The degeneracy can be reduced by makmg a guess- 
mer. If the primer is to a human gene, a potential guessmer for our example 
could be 5’-CTB-ATY-GGN-GAR-3’, which only contains 64 permuta- 
tions (2). The 3’-end of a primer should contain all possible permutations 
in the amino acid sequence, since Tag DNA polymerase wtll not extend 
from a primer with a mismatch at the 3’ end. 

3, The degeneracy of a primer can be reduced further by replacing “unguess- 
able” nucleotides with inosine, since this synthetic nucleotide will hydro- 
gen bond with all four naturally occuring nucleotides. In our example, this 
would result m the sequence S-CTB-ATY-GGI-GAR-3’, which contains 
only 12 permutations. Use of inosine, however, reduces the annealing tem- 
perature and may therefore result in a higher background on nonspecifc 
product. 

4. If possible, restriction endonuclease sites should be mcorporated at the 5’- 
ends of a primer to facilitate cloning mto plasmid vectors. If different 
restriction sites are added to each prtmer, the PCR product can be cloned 
directionally. Note that not all restriction enzymes can recognize cognate 
sites at the ends of a double-stranded DNA molecule. This difficulty can 
be ameliorated by the addition a 24-nucleotide 5’-overhang before the 
beginning of the restriction enzyme site (see Note 2). The best restriction 
enzyme sites to use are EcoRI, BumHI, and %a1 (3). An unforeseeable 
pitfall that can occur is when the same restriction site chosen for the primer 
is also found within the amplified product, in which case, only part of the 
amplified product would be cloned. 

5. The final consideration is the tdenttty of the 3’-most nucleotide. The 
nucleotide on the 3’-end of a primer should preferably be G or C, and not 
N, I, or T, since thymidme (and mosme) cannot specifically prime on any 
sequence. Guanosines and cytidine are preferred, since their three H-bonds 
are stronger than an A:T base pair. 

3.2. Degenerate Oligonucleotide PCR Cloning 
The first step in cloning is to determine the nucleotide sequence that 

lies between the degenerate primers (Fig. 1, step 1). Newly synthesized 
cDNA can be used as template for these reactions, but the author prefers 
to use a cDNA library (see Note 3). Vector DNA should also be PCR- 
amplified with the same primers as a negative control. 

1, Pipet mto 0.5-mL microcentrifuge tubes m the followmg order: 58.5 pL of 
double-distilled water that has been autoclaved; 5.0 pL of heat-denatured 
library DNA; 5.0 yL of each degenerate primer; 10 yL of 10X PCR reac- 
tion buffer; 16 pL of dNTP stock solution; and 0.5 pL of thermostable 
DNA polymerase. If several reactions are bemg set up concurrently, a 
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master reaction mix can be made up, consisting of all the reagents used in 
all of the reactions, such as the double-distilled water, primers, reaction 
buffer, dNTPs, and the polymerase. This reaction mix should be added last 
(see Notes 4 and 5). 

2. Briefly vortex each sample, and spin for 10 s in a microfuge. 
3. Overlay each sample with two to three drops of mineral oil. 
4. Amplify using the following cycle parameters: step 1: 94OC, 60 s (denatur- 

ation); step 2: 5O”C, 90 s (annealing; see Note 6); and step 3: 72”C, 60 s 
(extension). For 24 cycles, then: step 5: 72”C, 4 mm and step 6: 10°C hold. 

5. Remove the reaction tubes from the thermal cycler, and add 200 pL of 
chloroform. Spin for 10 s in a microfuge to separate oil-chloroform layer 
from the aqueous layer. 

6. Carefully transfer the aqueous layer to a clean microfuge tube. If any of the 
oil-chloroform layer is also transferred, it must be removed by extracting 
the sample again with another 100 uL of chloroform. 

7. Set up four secondary PCR-amplifications with 10 pL aliquots of the first 
reactions, using the same procedure and cycling parameters. Again extract 
all of the samples with chloroform to get rid of the oil, and pool all four 
reactions into a 1.5-r& microfuge tube. 

8. Add 150 pL of 7.5M ammomum acetate to 300 uL of the PCR reaction. 
Vortex briefly to mix. Precipitate the DNA with 1 mL of 100% ethanol. 
Vortex the samples for 5-l 0 s and ice for 15 min. 

9. Precipitate the DNA by spinning at 12,000g for 10 mm at 4OC in a 
microfuge. Decant the supematant, and wash in 500 yL of 70% ethanol. 
Vortex briefly, and spin another 5 min at 4OC. Decant the ethanol and allow 
the pellets to dry inverted at room temperature, or dry in a Speed-Vat for 
2-l 0 min. Resuspend the DNA in 100 yL of double-distilled water. 

The amplified DNA can be sequenced directly or cloned, If the degener- 
ate primers incorporate novel restriction enzyme sites, the DNA should be 
digested, gel-purified, and cloned into an appropriate plasmid vector. 
Alternatively, the DNA could be blunt-end-cloned using the T-vector 
approach (see Chapter 37). If the amplified product is >400 base pairs, it 
can be purified on an agarose gel (see Chapter 28). If it is smaller than this 
size, a polyacrylamide gel should be used (see Chapter 13). 

3.3. Anchor PCR to Clone the 5’. and 3’-cDNA Ends 

The initial degenerate PCR approach will only isolate a sequence 
within the conserved gene. Anchor PCR can be used to obtain the 
remaining S- and 3’-regions of the gene. Again vector DNA should also 
be PCR-amplified with the same primers as a negative control. 
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1, Pipet into OS-mL microcentrifuge tubes m the following order: 53.5 pL of 
double-distilled water that has been autoclaved; 10 pL of heat-denatured 
library DNA; 5.0 pL of the internal primer; 5.0 pL of primer homologous 
to the vector; 10 pL of 10X PCR reaction buffer; 16 pL of dNTP stock 
solution; 0.5 pL of DNA polymerase. 

2. Briefly vortex each sample, and then spin for 10 s in a microfuge. 
3. Overlay each sample with two to three drops of mineral oil. 
4. Amplify using the following cycle parameters: step 1: 94OC, 60 s (denatur- 

ation); step 2: 54OC, 60 s (annealing; see Note 6); and step 3: 72”C, 60 s 
(extension). For 3 1 cycles, then: step 4: 72OC, 4 min and step 5: 1 O°C hold. 

5. Remove the reaction tubes from the thermal cycler and add 200 pL of 
chloroform. Spin for 10 s in a microfuge to separate oil-chloroform layer 
from the aqueous layer. 

6. Carefully transfer the aqueous layer to a clean micromge tube. If any of the 
oil-chloroform layer is also transferred, it must be removed by extracting 
the sample again with another 100 pL of chloroform. 

7. Remove all unincorporated nucleotides and primers by spinning the sample 
through a spin dialysis column (see Note 6 and 7). The DNA will remain 
on top of the membrane, while nucleotides and primes will pass through. 
Wash the sample wrth an additional 400 pL of TE and respin to concentrate. 
Repeat wash one more time. Add TE to the remaining sample to bring the 
final volume of retained fluid to 50 pL. Transfer to a clean sterile tube. 

8. Reamplify a 5-pL aliquot of the PCR reaction usmg the original primers, 
or rf possible, replace the first primer with an second nested one. Purify the 
product as in Section 3.2., steps 8 and 9. 

4. Notes 
1. A critical parameter when attempting to clone by PCR is the selection of a 

primer annealing temperature. This IS especially true when using degener- 
ate primers. The primer melting temperature (r,,J is calculated by adding 
2OC for A:T base pairs, 3OC for G:C base pairs, 2°C for N:N base pairs, 
and l°C for 1:N base pairs. Most references suggest you calculate the 
T,,, and set the primer annealing temperature to 5-10°C below the lowest 
T,. Distantly related gene superfamily members have been cloned using 
this rationale (4). However, the author has found that higher annealing 
temperatures are helpful in reducing nonspecific priming, which can sig- 
nificantly affect reactions containing degenerate primers. 

2. When designing primers with restriction enzyme sites and 5’-overhangs, 
note that this 5’-overhang should not contain sequence complementary to 
the sequence Just 3’ of the restriction site, since this would facilitate the 
production of primer drmers. Consider the primer 5’-ggg.aaPctt. CCC 
AGCTAGCTAGCT-3’, which has a Hind111 site preceded by a 5’-ggg and 
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followed by a CCC-3’. These 12 nucleotides on the S-end are palindromic, 
and can therefore easily dimerize with another like primer. A better S- 
overhang would be 5’-cat. 

3. A possible problem with using a library as template is that certain 
sequences do not clone as well as the maJority and therefore may be 
underrepresented. If the initial cloning fails, either try a different library or 
amplify directly from the uncloned cDNA. 

4. A nonionic detergent, such a Nonident P-40, can be incorporated in rapid, 
sample preparations for PCR analysis without signidcantly affecting Tag 
polymerase activity (5). In some cases, such detergents are absolutely required 
m order to detect a specific product reproducibly (6) presumably owing to 
inter- and intrastrand secondary structure. Tetramethylammon~um chlo- 
ride has been shown to enhance the specificity of PCR reactions by reduc- 
ing nonspecific priming events (7). 

5. All PCR reactions should be set up in sterile laminar flow hoods using 
either positive displacement pipeters or pipet tips containing filters to pre- 
vent the contamination of samples, primers, nucleotides, and reaction buf- 
fers by DNA. Similarly, all primers, nucleotides, and reaction buffers for 
PCR should be made up and altquoted using similar precautrons. 

6. Removal of the primers from the previous reaction is essential before per- 
forming a nested PCR-amplification, but may not be necessary if the origi- 
nal primers are to be used. 

7. Extraction on glass beads (see Chapter 28) can also be used if the PCR 
product is larger than 500 bp. Because the glass beads bmd molecules 
smaller than this size only poorly, this effectively removes small contami- 
nating PCR products. 
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CHAPTER 37 

Cloning PCR Products Using T-Vectors 

Michael K. Dower and Greg S. Elgar 

1. Introduction 
The polymerase chain reaction (PCR) has revolutionized the way that 

molecular biologists approach the manipulation of nucleic acids through 
its ability to amplify specific DNA sequences (1-3). It has numerous 
applications (#), many of which require the cloning of amplified DNA 
products into vectors for further analysis. This is commonly achieved by 
so-called “sticky end” cloning, in which restriction endonuclease recog- 
nition sites are incorporated into the 5’ ends of the PCR primers (5). Fol- 
lowing amplification, the DNA fragment is purified, digested with the 
appropriate enzyme(s), and then ligated into an identically restricted vec- 
tor. Obtaining efficient cleavage at the extreme ends of linear PCR prod- 
ucts can be difficult (6), and moreover, their use can result in the 
restriction of sites that lie within the amplified DNA fragment. The one 
particular advantage to this method is that the PCR product can be force- 
cloned using designed restriction sites, so, for example, a DNA frag- 
ment, such as a leader signal sequence, can be fused in-frame to a 
structural gene for expression studies. 

Blunt-end cloning is an alternative procedure for cloning PCR prod- 
ucts when precise orientation is not required. The protocol is compli- 
cated by the inherent terminal transferase activity of Taq polymerase, 
which tends to add a template-independent single deoxyadenosine (A) 
residue to the 3’ ends of the PCR product (7). The PCR product, after 
purification, must therefore be “flush-ended” by treatment with a DNA 
polymerase having “proof-reading” 3’ to 5’ exonuclease activity, such as 

From. Methods m Molecular Biology, Vol 58 Basrc DNA and RNA Protocols 
Edrted by A Harwood Humana Press Inc , Totowa, NJ 

313 



314 Trower and Edgar 

Klenow or T4 DNA polymerase, prior to ligation into a blunt-ended vec- 
tor (8). Unfortunately, it is common to find on screening that a large 
proportion of the plasmids isolated lack an insert even when blue/white 
P-galactosidase color selection is available. 

Recently there have been reports of alternative procedures for cloning 
PCR products in which the terminal transferase activity of Taq polymer- 
ase is exploited (9,10). These methods are up to 50 times more efficient 
than blunt-ended cloning. The protocols rely on the creation of cloning 
vectors (T-vectors), which once linearized have a single 3’ deoxythy- 
midine (T) at each end of their arms. This allows direct “sticky end” 
ligation of PCR products containing Taq polymerase-catalyzed A exten- 
sions without further enzymatic processing. 

In the method of Smith et al. (9) the vector extensions are generated by 
endonuclease digestion of a specialized plasmid. By contrast, the proce- 
dure described by Marchuk et al. (10) utilizes the terminal transferase 
activity of Tag polymerase to add deoxythymidine (T) residues to blunt- 
ended restricted vectors (Fig. 1). The latter procedure has two general 
advantages: First, it can be used to generate T-vectors from many of the 
cloning vectors commonly found in molecular biology laboratories, and 
second, there is a very low background because of self ligation of the vector. 
It is this method that we describe in detail; covering primer design, setting up 
of a PCR reaction, product isolation, the steps involved in manufacturing 
T-vectors, and then their use for cloning the PCR products. 

2. Materials 
All reagents are prepared with sterile distilled water and stored at room 

temperature unless stated otherwise. 

2.1. PCR Reaction and Product Isolation 
1. PCR primers: synthetic oligonucleotides diluted to 10 mA4 (see Note 1). 

The design of these IS crmcal to the success of the PCR reaction (see Notes 
2 and 3). Store at -20°C. 

2. 10X PCR buffer: 100 n-A4 Tris-HCl, pH 8.3, 25°C 500 mA4 KCl, 15 mM 
Mg&, 0.1% w/v gelatin. This buffer should be incubated at 50°C to fully 
melt the gelatin and then filter sterthzed. Store at -20°C. 

3. dNTP mix: a mix m dtstilled water containing 2 mA4 of each dNTP. Liquid 
stocks of dNTPs are available from companies such as Pharmacia 
(Piscataway, NJ) and Boehringer (Indianapolis, IN), and we find these con- 
venient and reliable. Store at -20°C. 

4. Mineral oil. 
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Fig, 1, Schematic diagram demonstrating the principle of cloning PCR prod- 
ucts with plasmid T-vectors. 

5. Taq polymerase (5 U/pL). Store at -2OOC. 
6. PCR stop mix: 25% Ficoll400,lOO WEDTA, 0.1% (w/v) bromophenol blue. 
7. Agarose gels: Melt electrophoresis grade agarose in either TAE (50X TAE: 

242 g Tris base, 57.1 mL glacial acetic acid, 100 mL 0.5M EDTA, pH 
8.0 or TBE (10X TBE: 121 g Tris, 55 g orthoboric acid, 7.4 g/L EDTA) by 
gentle boiling (this can be carried out in a microwave). Cool until hand 
warm and pour into prepared gel former. Run small gels at around 100 V 
using the dye in the stop mix as an Indicator of migration (see Note 4). 

8. Phenol: Ultra-pure phenol is buffer-saturated in TE. Store at 4°C. 
9. Chloroform: 29: 1 mix of chloroform with isoamyl alcohol. 

2.2. T-Vector Preparation, Ligation, 
and Transformation 

10. Vector DNA: A suitable plasmid, such as pBluescript II (Stratagene, La 
Jolla, CA), prepared as a miniprep (12). Store at -20°C. 

11. Restriction endonucleases: EcoRV, SmaI, or other blunt-end cutter as required. 
Store at -2OOC. 
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12. dTTP: 100 mM dTTP stock. Store as small ahquots at -20°C. 
13. 10X Ligation buffer: OSMTris-HCl, pH 7.6, 100 mMMgC&, 500 mg/mL 

bovine serum albumin (BSA). Store at -20°C. 
14. DTT: 100 mM Dtthtothrettol stock. Store as small aliquots at -20°C. 
15. ATP: for ligation reactions. 10 mMstock. Store as small aliquots at-20°C. 
16. T4 DNA ligase: as available from numerous commercial suppliers. The 

unit activity of T4 DNA ligase may be assessed in Weiss units (a pyro- 
phosphate exchange assay), circle formation units, or by the supplier’s own 
unit assay (such as UHindIII fragment ligation). It is therefore best to refer 
to product mformatton, although generally 0.5 pL IS sufficient because T4 
DNA ligase is always added in excess. Store at -20°C. 

3. Methods 

3.1. PCR Reaction and Product Isolation 
It is difficult to define a single set of conditions that will ensure opti- 

mal specific PCR amplification of the target DNA sequence. We describe 
a basic protocol that has been successful in our hands for most applica- 
tions and that should be used first before attempting any variations. How- 
ever, we advise readers who are not familiar with PCR to refer to Notes 
5-8 and Chapter 35. 

Although aliquots from the PCR reaction mix can be used directly for 
T-vector ligation, we have found an improvement in efficiency if the 
DNA products are first purified. There are a number of options available, 
as described in steps 6 and 7. 

1. Prepare the PCR reaction mix as follows. To a 0.5-mL Eppendorf tube, 
add 5 p,L of each PCR primer, 5 yL of 1 OX PCR buffer, 5 PL of dNTP mix, 
1 pL of template DNA (see Note 9), and 29 pL of distilled water, giving a 
total volume of 50 pL. Overlay the mixed reaction mix with sufficient 
mineral oil to prevent evaporation. 

2. Transfer the tube to a thermal cycler and heat at 95°C for 5 min. “Hot start” 
the reaction by the addition of 0.3 pL of Taq DNA polymerase. 

3. Immediately initiate the followmg program for 30-35 cycles (see Note 
10): denaturation, 95°C for 0.5 mm; primer annealing, 5060°C for 0.5 
min; and primer extension, 72°C for 0.5-3 min. 

4. After the final cycle, carry out an additional step of 72°C for 5 mm. This 
will ensure that prtmer extension is completed to give full-length double- 
stranded product. 

5. Add 1 pL of PCR stop mix to 5 pL of PCR product and run on a 1.5% 
agarose gel to determine the yield and specificity of the PCR reaction. The 
anticipated yield of PCR products is 1 O-50 ng of DNA/pL reaction. 
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6. Where a PCR produces a single band or a number of bands, all of which 
could be the correct product, the entire reaction mix may be phenolkhloro- 
form extracted and precipitated. Resuspend in a volume of 10 PL of TE or 
distilled water (see Note 11). 

7. If unwanted bands are also present, the whole reaction should be run on a 
low melting point agarose gel and the bands of interest excised with a 
clean scalpel blade. When excismg gel slices It is preferable to use a UV 
box that emits longer wavelength UV light (365 run), because this causes 
less damage to the DNA. The resulting gel slices may be purified in a 
variety of ways (see Note 11). 

3.2. T-Vector Preparation, Ligation, 
and Transformation 

Preparation of T-vectors involves first digestion of the cloning vector 
with a restriction enzyme that generates blunt ends and then addition of 
T-residues to the cut vector utilizing the inherent terminal transferase 
activity of Taq DNA polymerase. The simplicity of this system allows T- 
vectors to be prepared using any cloning vector with blunt-end restric- 
tion sites, such as EcoRV or SmaI. The pBluescript II series of vectors 
(Stratagene) are excellent for this purpose since both these restriction 
sites are located within the polylinker. The T-vector is prepared in batch 
so it will last for a number of cloning reactions. For example, 5 pg of T- 
vector DNA is sufficient for 100 cloning experiments. 

The PCR product isolated following in vitro amplification is directly 
ligated into the prepared T-vector using the same conditions as for sticky- 
end cloning. The optimum amount of PCR product(s) to be added per liga- 
tion reaction is difficult to estimate because of variance in yield, 
complexity of the PCR product profile, and the efficiency of A addition 
to the DNA products by the Taq-polymerase-catalyzed terminal trans- 
ferase activity. To ensure that the PCR products are within a range that 
should ensure successful cloning, we usually set up two ligations, one of 
which involves a 1: 10 dilution of the purified DNA. 

1. Digest 5 pg of vector DNA with a restriction enzyme that generates a 
unique blunt ended site, for example, EcoRV or SmaI, for 2 h at 37°C (see 
Note 12). 

2. Run the digest on a 1% low-melting-point agarose gel. Excise the linear 
vector DNA under UV, phenol/chloroform extract, and ethanol precipitate 
(see Notes 11 and 13). Resuspend in a volume of 20 pL of water in a 0.5-mL 
Eppendorf tube. 
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3. Add 5 uL of 10X PCR buffer, 1 uL of 100 mM dTTP, 24 uL of distilled 
water, and 0.4 pL of Tug DNA polymerase. Overlay with 40 uL of mineral 
oil. Incubate at 72’C for 2 h. For convenience, a thermal cycler set at 72°C 
may be used. 

4. Purify the T-vector by phenol/chloroform extraction and ethanol preclpi- 
tatton. Resuspend the prepared T-vector in 100 uL of water or TE, giving a 
concentration of 50 ng/uL. 

5. Set up three tubes containing 1.0 pL of either undiluted PCR product; a 
1: 10 dilution of the PCR product or distilled water (a control that will mdt- 
cate the background of vector self ligation). Add to each tube 1 .O PL of 
prepared T-vector, 1 .O uL of 1 OX ligation buffer, 1 .O uL of DTT, 1 .O pL of 
ATP, 4.5 pL of distilled water and 0.5 uL of T4 DNA ligase. Incubate 
overnight at 16°C. 

6. Transform 5.0 uL of each ligation reaction into a suitable competent strain 
of E. coli (see Note 14). 

Typically up to several hundred colonies may be isolated following 
transformation (see Notes 15-l 7). If a blue/white colony selection has 
been used, we generally find a ratio of about 50%. The white colonies or, 
if no method of nonrecombinant differentiation has been used, random 
colonies, are then screened for inserts. Typical results from a PCR clon- 
ing experiment are shown in Fig. 2. 

4. Notes 
1. We have found tt unnecessary for primers of the size we have outlined to 

be gel or HPLC purified. We routinely precipitate the primers and resus- 
pend them in 20&500 pL of sterile distilled water or TE buffer. Their 
concentration can be obtained using a spectrophotometer (1 ODZeO = 20 pg 
of single-stranded oligonucleotide). The molarity is estimated, assuming 
an average molecular weight/base of 325 Daltons, and an aliquot of each 
stock is diluted to a concentratton of 10 p.M. 

2. The selection of a pair of oligonucleotide primers is the first step in prepar- 
ing a PCR reaction. Although there are no hard and fast rules one can 
follow to absolutely ensure a given pair of PCR primers will result in the 
tsolatton of a destred DNA fragment, we have outlined some guidelines 
that should be taken into account when designing your ohgonucleotides, 
and that will enhance your chances of achtevmg successful amphfication 
of the target DNA sequence. 
a. Some sequence Information (17-25 bp) is generally necessary at 

either end of the region to be amplified (see Note 3). The length of 
this segment should not exceed 3-4 kbp for practical purposes (see 
Note 10). 
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Fig. 2. (A) A pair of degenerate primers was used to PCR genomic DNA 
from a complex organism. Analysis by agarose gel electrophoresis of an aliquot 
of the PCR reaction revealed a complicated series of products with a dominant 
band of around 340 bp (B). Since the anticipated size of the target sequence was 
200-400 bp, the PCR reaction was purified as in Section 3.1.) step 6, and then 
directly ligated into a prepared pBluescript II SK(+) T-vector. The ligation was 
transformed into E. coli strain XLl-Blue and selection was made on enriched 
media plates (with 100 l,@nL ampicillin) in the presence of X-gal and IPTG. 
Approximately 200 colonies were isolated with a blue/white ratio of around 
50%. Nineteen white colonies and one blue were subjected to a PCR screen 
with flanking T3 and T7 Universal primers to determine both the size of the prod- 
ucts cloned and efficiency of the method (see Chapter 39). Agarose gel electro- 
phoresis (1.5% gel) (B) revealed that all nineteen white colonies carried cloned 
PCR products, with a predominant fragment of 500 bp. Because the polylinker of 
Bluescript II contributes an additional 166 bp, the actual insert size is approx 
340 bp. This confums cloning of the PCR products. (A) Product profile on a 1.5% 
agarose gel. Lane 1, 123&p ladder (Life Technologies); lane 2, PCR products. (B) 
PCR semen of 19 white colonies (lanes 2-20) and one blue control colony (lane 21) 
with T3 and T7 Universal primers. lanes 1 and 22,123&p ladder. 

b. For PCR from a complex genomic DNA source we have found 20-24- 
mers to be long enough to give specific amplification of the target region; 
when the template is less complex, for example, from a plasmid tem- 
plate, the primer length may be reduced to a 17-mer. Longer primers 
can be prepared, but this is usually unnecessary and costly. 

c. The primers should match their target hybridization sites well, espe- 
cially at their 3’ ends. If possible, keep the G/C content of each primer 
to about 50% and try to avoid long stretches of the same base. Both 
primers should be approximately the same length. 
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d. Check that the two primers do not have significant complementarity to 
each other, particularly at their 3’ ends, to avoid “primer dimers;” where 
two primers hybridize to one another formmg a very effective substrate 
for PCR that subsequently may become the dominant product (‘13). 

e. Where the aim of the PCR is to clone a known gene, or its homolog, 
check the primer sequences against the EMBL/Genbank database to try 
to ensure they are unique to the template DNA. 

f. It is worth bearing in mind that both length and G/C content of primers 
determine the optimum annealing temperature in the PCR reaction. 
There are now a number of computer programs available that will design 
primers for specific target sequences. 

3. One of the difficulties in primer design when cloning from complex genomes 
is that the precise sequence of the target region is often unknown, and 
therefore must be predicted from reported sequences of the same gene in 
different organisms or from sequence Information from simtlar genes. For 
structural genes, the known DNA sequence homologs should be first trans- 
lated mto protein and then aligned. There are a number of alignment pro- 
grams available on mainframe computers, such as CLUSTAL (14), that 
can assist in alignments and therefore allow identification of conserved 
regions. Within the conserved region, amino acids of low degeneracy are 
particularly sought after, such as those with one codon, methionine and 
tryptophan; and two codons, asparagine, aspartate, cysteine, glutamine, 
glutamate, histidine, lysine, phenylalanine, and tyrosine; which thereby 
lower the degeneracy of the primers. The amino acids arginine, leucine, 
and serine are encoded by six different codons and should be avoided if 
possible. When designing the primers one should also take mto account 
the codon usage for the particular organism under study for which codon 
usage tables are available (IS). Finally, try to locate the most conserved 
sequence information available at the 3’ ends of the primers. 

4. When making agarose gels it is worth remembermg that TAE gels are 
easier to use with kits, such as GeneClean. For products of 100 bp or less, 
it may be necessary to pour gels of >2%. Products above 300-400 bp can 
be run on 1.5% gels. It is useful to run PCR products against a low-mol-wt 
ladder, such as a 123-bp ladder (Life Technologies Inc., Gaithersburg, MD) 
or pBR322/MspI digest. 

5. There are many modifications that can be made to the basic PCR reaction 
mix in an attempt to improve the specificity of the amplification reaction. 
However, even after taking precautions, multiple PCR products may be 
generated because of nonspecific priming. The parameter that will give the 
greatest variation in product yield and complexity is the annealing tem- 
perature. By increasing the annealing temperature, the specificity of the 
reaction is increased because of more stringent binding of the primers. 
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However, if the temperature of annealing is raised too high, the yield of 
product will decrease and eventually disappear. By experimenting with a 
number of different annealing temperatures it is usually possrble to select 
the optimum PCR conditions for a partrcular pan of prrmers. Improve- 
ments in specificity may also be achieved by altering the Mg*+ concentra- 
tion m the PCR buffer over the range 0.5-5 nut4 final concentration. 
Another specific@ enhancer is DMSO, which may be included in the range 
540% (v/v). If all else fails, a second set of primers, which are located 
internally to the first pair (nested), may be used to reamplify the products 
obtained from the initial amplification (2). 

6. Even after optimizing the PCR reaction there may be a number of seem- 
ingly specific bands that may not correspond to the desired product. We 
have found that this is most often caused by specific double-priming of 
one of the primer pair so as to produce a PCR product. We therefore rou- 
tinely run parallel reactions that contain only one primer. By running these 
reactions side by side on a gel it is possible to determine which products 
are formed by the interaction of two primers and which are formed from 
one primer only. 

7. Tuq polymerase lacks a 3’-5’ proofreading exonuclease activity (16). 
Therefore, during enzymatic DNA amplificatton, errors can accumulate in 
the PCR product at rates as high as 2 x lo-4 (3) Errors occurrmg early m 
the PCR will be present in a substanttal number of the amplified molecules 
and therefore in many of the clones. In situations where unknown sequen- 
ces are being isolated, we suggest determining the sequence of clones from 
at least three independent PCR reactions. 

8. The exquisite sensitivity of the amplification reaction makes it liable to 
contamination by minute amounts of exogenous DNA. This is a particular 
problem for PCR reactions involving complex genomes when small 
amounts of template are present and which therefore need extra rounds of 
amplification. Measures can be taken to avoid this contamination, includ- 
ing the use of gloves, pipet tips with filters, UV treating solutrons, and 
tubes, but obviously not DNA, and if necessary carrying out the prepara- 
tion work in a lamma flow hood. 

9. The source of template DNA can vary from genomic DNA, cDNA, and 
DNA prepared from YACs, cosmids, h, plasmrds, and Ml3 phages, and 
may be single- or double-stranded. As a guide, use more DNA as the com- 
plexity of the source increases. For complex genomes use a DNA concen- 
tration of 1 O-l 00 pg/mL, whereas for plasmid DNA preparations use l-l 0 
pg/mL. The amplification efficiency is reduced m the presence of too much 
template. We have also successfully amplified by directly picking or 
aliquoting from single clone h phage stocks or plaques, plasmid colonies 
and glycerol stocks, and M 13 plaques. 
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10. As a very rough guide to annealing temperature, allow 4°C for G or C and 
2°C for every A or T. Thus, for an 18-mer with lO(G + C), annealing 
temperature is [lo x 41 f [8 x 2]= 56°C. The time allowed for the primer 
extension step is based on a rate of approx 1 kb/min; for practical purposes 
using Taq polymerase the maximum product size that can be visualized on 
a gel, purified, and cloned is around 3-4 kb. 

11. Two commonly used methods for purifying PCR products either directly 
or following agarose gel electrophoresis are: 
a. Phenol/chloroform extraction. Add an equal volume of phenol, mix and 

centrifuge 13,OOOg for 10 min, transfer the aqueous phase (upper phase) 
to a fresh tube, and add an equal volume of chloroform. MIX, respin, 
and then to the transferred aqueous phase (top) add l/10 vol3Mpotas- 
sium acetate and 2.5 vol of ethanol. Leave at either -20°C or on dry ice 
for 10 min, and then spm 13,000g for 10 min. Remove the supernatant 
and wash pellet with 200 uL of 70% ethanol. Dry the pellet either m the 
air or under vacuum and resuspend m the desired volume of TE or water. 
If extracting from low-melting-point agarose, weigh the agarose slice, 
add an equal volume of water, and heat to 65°C to melt the agarose 
completely before adding the phenol. 

b. DNA binding matrices in kits such as GlassMax (Gibco-BRL) may also 
be used to purify PCR products, again either directly or from agarose. 
Follow the protocols specified by the manufacturer. 

12. EcoRV is preferred to SmaI if available because it is more stable at 37°C 
and tends to give more efficient cleavage of vector DNA. If SmaI is the 
only blunt-end cleavage site available, then digestion should be carried out 
by mcubatton at 25’C. 

13. By gel purifying the T-vector any uncut vector is removed, reducing the 
background of colonies that lack inserts. 

14. Competent E. coli can be either prepared by the method of Hanahan (I 7; 
see Chapter 29) or purchased directly from commercial suppliers. 

15. If the cloning vector of choice has J3-galactosidase blue/white selec- 
tion, mclusion of IPTG and X-Gal in the plating mix on transformation 
will result in recombinant clones giving rise to white colonies. This is 
caused by insertional mactivation of the P-galactosidase gene, thereby 
preventing it from cleaving the chromogenic lactose analog X-Gal, 
which in turn prevents blue colony formation. White colonies do not 
defimttvely indicate recombmants because some may be caused by 
frameshift events or by misligation of noncompatible ends (18). Con- 
versely, some blue colonies may be recombinant clones that have left 
the P-galactosidase gene in frame in such a way that the enzyme still 
retains activity. 
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16. The lack of any colonies on a plate following transformation may be attrib- 
utable to either low competency of the E. coli or failure of the PCR product 
to ligate to the T-vector. For each set of transformations a control plasmid 
should also be included to monitor the transformation efficiency of the E. 
coli. In addition, confirm the concentration of both T-vector and PCR prod- 
uct, and whether successful ligation has taken place, by running samples 
on an agarose gel. 

17. An extremely high background of nonrecombmant colonies, either as blue 
colonies or as determined by the screening protocol, is most likely because 
of failure of the T addition to the vector arms. Repeat this step ensuring 
all the components are included and that the Taq polymerase 1s active. 
An indicator of successful T-vector preparation can be ascertained by its 
ligation in the absence of PCR product, which following transformation 
should result in the presence of only a small number of nonrecombinant 
(blue) colonies. 
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CHAPTER 38 

Direct Radioactive Labeling 
of Polymerase Chain Reaction 

Products 

Tim McDaniel and Stephen J. Meltzer 

1. Introduction 
Radioactively labeled polymerase chain reaction (PCR) products are 

being used in an increasing number of molecular biology research tech- 
niques. Among these are PCR-based polymorphism assays, such as link- 
age analysis (1) and detecting allelic loss in cancer cells (2). Other uses 
of radioactive PCR include generating probes for Southern and Northern 
blotting (3) and screening for polymorphisms and point mutations by the 
single-strand conformation polymorphism (SSCP) technique (4). 

The two most common methods for radioactively labeling PCR prod- 
ucts, adding radioactive deoxynucleotide triphosphates (dNTPs) to the 
PCR mixture (I) and end-labeling primers prior to the reaction (5), are 
problematic in that they risk radioactive contamination of the thermal 
cycler and extend the radioactive work area. The technique described 
here (6), based on the methods of O’Farrell et al. (7) and Nelkin (a), 
overcomes these problems because labeling is carried out after the PCR 
is completed, totally separate from the PCR machine. The technique is 
rapid, requires no purification of PCR products (e.g., phenol-chloroform 
extraction), and allows visualization of a tiny fraction of the product in 
under 2 h after labeling. 

The method employs the Klenow fragment of E. coli DNA polymerase 
I, exploiting both the 5’-3’ synthetic and 3’-5’ excision (proofreading) 
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functions of the enzyme. Briefly, unlabeled PCR product is mixed with 
Klenow fragment in the absence of dNTPs. Under these conditions, the 
enzyme lacks necessary substrates for its 5’-3’ synthetic function, and 
thus engages solely in its 3’-5’ excision activity, nibbling away bases at 
the 3’ end of the PCR fragments. After allowmg this reaction to proceed 
a short time, dNTPs, including [32P]-dCTP, are added, allowing Klenow 
fragment to fill in and thereby label the recessed 3’ ends. 

2. Materials 

1. PCR product. 
2. Klenow fragment (1 U/uL). 
3. 10X Klenow buffer: 500 mA4Tris-HCI, pH 7.8, 100 mMMgC12, 10 mMl3- 

mercaptoethanol. 
4. [a-32P]dCTP (deoxycytrdine 5’-[a-32P]triphosphate, triethyl ammomum 

salt, aqueous solution, 10 mCi/mL, 3000 Cl/mmol). 
5. dNTP solution (400 pJ4 each: dGTP, dATP, and dTTP). 
6. Sequenase stop solution: 95% formamide, 20 mA4 EDTA, .05% bromo- 

phenol blue, 0.05% xylene cyan01 FF. 
7. DNA sequencing apparatus (including glass plates, spacers, and combs). 

3. Methods 

1. Digest the 5’ ends of the PCR product by mixing 2 pL of PCR product 
(from a 100 PL reaction), 2 uL of 1 OX Klenow buffer, 1 pL of Klenow 
fragment, and 15 pL of H20 in a microfuge tube. 

2. Let stand for 10 min at room temperature. 
3. Initiate fill-m of the digested ends by adding 0.5 pL of [a-32P]dCTP and 1 pL 

of dNTP solution. 
4. Let stand 10 mm at room temperature (see Note 1). 
5. Destroy the enzyme by incubating at 70°C for 5 min. 
6. At this point, labeled DNA can be incorporated into whatever assay requires 

it, or can be visualized by running on a denaturing polyacrylamide gel as 
follows. 

7. Mrx 8 pL of the final labeling reaction mixture with 2 pL of sequenase 
stop solution. 

8. Denature double-stranded DNA by heating for 5 min at 90°C. 
9. Load samples mto prerun 8% acrylamide, 50% urea sequencmg gel and 

run 1 l/2 h at a voltage that maintains a surface temperature of 50°C (this 
voltage varies among sequencing apparatuses). 

10. Autoradtograph the gel 1 l/2 h at -70°C with an intensifying screen. (See 
Note 2). 
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4. Notes 
1. To ensure complete fill-in of the 3’ ends, it may be desirable to chase the 

reaction with 1 pL of 400 w dCTP for 5 min just before destroying with 
the 70°C incubation. However, we have found this step to be unnecessary. 

2. To verify the size of the labeled PCR products, run them along with DNA 
size markers that have been labeled by the same method. To label marker 
DNA, run the aforementioned protocol substituting 2 pL (2 pg) of marker 
DNA for the PCR product. 
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CHAPTER 39 

A Rapid PCR-Based Colony Screening 
Protocol for Cloned Inserts 

Michael K. mower 

1. Introduction 
Following transformation of a ligation reaction into competent E. cob 

cells, successful subclones are conventionally identified by two meth- 
ods. The first involves preparing “mini-prep” plasmid DNA from a num- 
ber of colonies and then identifying the desired recombinant plasmid on 
the basis of either its unique restriction enzyme digest pattern or by direct 
DNA sequencing. The second, often used when large numbers of puta- 
tive recombinants are involved, is by colony hybridization with a labeled 
probe. In this chapter an alternative PCR-based method for direct screen- 
ing of transformants is described that is both facile and rapid, completely 
circumventing time-consuming DNA plasmid preparations. In its sim- 
plest form described below, transformed colonies are directly tooth- 
picked into a small volume of PCR reaction mix that includes primers 
that flank the cloning site. This is usually achieved with Universal prim- 
ers from the vector polylinker (1). Following in vitro amplification, ali- 
quots of each reaction are analyzed by agarose gel electrophoresis, which 
reveals both the presence and size of cloned inserts. 

2. Materials 
The protocol described is based on the use of thermostable microtiter 

plates, although it can be adapted to 200-500 PL volume thin-walled 
tubes if required. All reagents are prepared with sterile distilled water 
and unless stated otherwise are stored at room temperature. 
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1. PCR primers: Synthetic ohgonucleotide primers (17-Z I-mers) prepared as 
10 @4 stocks. Store at -20°C. 

2. 1 OX PCR buffer: 100 mA4Tris-HCl, pH 9.0, 500 rmJ4 KCl, 15 mMMgCl,, 
1% Triton X-100. Store at -20°C. 

3 dNTP mix: stock containing 2 mM dATP, dCTP, dGTP, and dTTP. Store 
at -20°C. 

4. Taq DNA polymerase (5 UIyL) (Amplitaq from Applied Biosystems, Fos- 
ter City, CA). Store at -20°C. 

5. Theromostable 96well microtiter plate (see Note 1). 
6. Enriched culture medium. 
7. Sterile cocktail sticks. 
8. Sterile culture microtiter plates. 
9. Mineral oil. 

10. 1 OX Gel loading dye: 25% Ftcoll 400, 100 mM EDTA, 0.1% bromo- 
phenol blue. 

3. Methods 
1. Determine the number of screening reactions to be performed (see Note 2). 

Prepare a stock PCR reaction mix contaming, for each colony to be ampli- 
fied: 0.5 pL of forward and reverse Universal primers (see Note 3), 1 .O pL 
of dNTP stock, 1 .O pL of 1 OX PCR buffer, 0.04 pL Taq DNA polymerase, 
and 6.96 pL of distilled water. 

2. Aliquot 10 pL of the stock PCR reaction mix into each designated well of 
the microtiter plate. 

3. For each colony to be screened, pipet 100 PL of an enriched culture 
medium (supplemented with antibiotic or other selective agent), mto the 
wells of a second sterile microtiter plate. Carefully number the wells so 
that after analysis of the amplified products, a particular clone can be 
readily identified. 

4. Pick each colony with a sterile cocktail stick and swirl it first in the PCR 
reaction mix and then its correspondmg abquot of fresh culture medium 
(see Notes 4 and 5). Place the culture microtiter plate in a 37°C incubator 
for at least 6 h. 

5. Seal the thermostable plate accordmg to the manufacturer’s instruc- 
tions. If a thermal cycler is being used without a heated lid, overlay 
each reaction with sufficient mmeral oil to prevent evaporation (typi- 
cally 40-50 uL). 

6. Transfer the plate to a thermal cycler with a microtiter plate block, and 
heat at 95°C for 1 mm. Then initiate the following program for 30-35 
cycles: Denaturation, 95°C for 30 s; primer annealing, 50-55°C for 30 s 
(for 17-mer oligonucleotides use 50°C); primer extension, 72°C for 30 s- 
3 min (allow for a rate of 1 kbp DNA polymerized/mm) (see Note 6). After 
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Fig. 1. A mixture of DNA fragments of varying length were ligated into the 
SrjI site of pCRscript SK(+) and the products transformed into E. coli strain 
XLl-Blue. Selection was made on ampicillin plates (100 pg/mL) contain- 
ing X-gal and IPTG, and 28 colonies were analyzed by PCR (lanes l-28) with 
T3 and KS Universal polylinker primers, using the protocol described. The 
results showed the presence of an insert in each clone and the differences in 
sizes can be clearly resolved. Two nonrecombinants are present (lanes 5 and 8), 
generating a control band of 123 bp derived from the vector polylinker. A double 
pick resulting in the generation of two PCR products is revealed in lane 11. 

the final cycle, carry out an additional step of 72OC for 5 min to ensure full- 
length double-stranded products. 

6. Add 1 pL of 10X gel-loading dye to each reaction and analyze by agarose 
gel electrophoresis (1% gel) (see Notes 7 and 8). 

7. Positive clones can then be taken from the culture microtiter plate and used 
to inoculate cultures in order to prepare plasmid DNA for further analyses. 

The same Universal primers used for PCR can be employed depending on 
their distance from the cloning site (between 10 and 50 bases is suitable) as 
initial primers for sequencing the cloned DNA fragments (see Note 9). 
Typical results from a PCR cloning experiment are shown in Fig. 1. 

Modifications to the above protocol allow DNA sequences altered by 
site-directed mutagenesis to be screened (2); also the direct sequencing 
of the urzpurzj?ed PCR products generated may be undertaken (3). 

4. Notes 
1. Such plates are available for a number of thermal cyclers, including those 

from Hybaid (Middlesex, UK), MJ Research (Watertown, MA) (PTClOO 
and 200), and Perkin-Elmer (Norwalk, CT) (9600), which can operate with- 
out the need for an oil overlay. 
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2. This may vary between 10 and 96 (the capacity of a microtiter plate), and 
will depend on the complexity of the DNA used for subcloning and whether 
a single or multiple species of DNA fragment is sought after. 

3. A particular advantage of using flanking Universal primers is that even 
in the absence of an insert, a dsDNA product is generated, demonstrat- 
ing that the PCR reaction was successful. Other primer combinations 
may be used, including one Universal primer and an insert-specific 
primer that will define orientation of the cloned DNA fragment. Alter- 
natively, in the absence of any Universal primers, or when the desired 
cloned fragment is >4 kbp in size, two insert-specific primers may be 
employed. 

4. The screening protocol can be adapted for recombinant Ml 3 phage 
clones. The only modification is that the culture medium is supple- 
mented with l/100 vol of an overnight culture of E. coli. The host 
strain must carry the F’ episome so that the phage can infect the cells; 
common laboratory strains that are suitable include JM109, TGl, 
NM522, and XL 1 -Blue. 

5. If large numbers of colonies are to be screened, they may be first picked 
into the culture microtiter plates and grown overnight. A 96-pronged 
hedgehog may then be used to inoculate from the culture wells to micro- 
titer plates containing PCR reactton mix. 

6. For practical purposes, the upper limtt of the screening protocol is 3-4 kb. 
For inserts smaller than 500 bp a rapid two-step cycling program may be 
invoked involving 30-35 cycles of denaturation at 95OC for 30 s or primer 
annealing at 50-55OC for 30 s. The Tag DNA polymerase has sufficient 
time to generate a product durmg the ramping phase between the primer 
annealing and denaturation temperatures. 

7. Nonrecombinant PCR products on screenmg will be the size of the dis- 
tance between the two prtmers in the cloning vector. Recombmant PCR 
products, however, will be increased m size by this value if a single restric- 
tion site was used for subcloning. This contribution should be taken into 
account when estrmating insert size. 

8. Alternatively, remove an ahquot of each reaction, add gel-loading dye, 
and submit to agarose gel electrophoresis. If a single band of known 
sequence is the product of the PCR reaction, then further confirmation can 
be provided by restriction mappmg of a small ahquot (2-5 uL) in 20-50 
ltL of digestion mix. 

9. Even if a single band is visible after PCR, it is possible that there is more 
than one species of product present. It is always wise, therefore, to 
sequence a number of recombinant clones to ensure that the desired frag- 
ment is present. 
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CHAPTER 40 

Use of Polymerase Chain Reaction 
to Screen Phage Libraries 

Lei Yu and Laura J. Bloem 

1. Introduction 
Isolating a clone from a cDNA or genomic library often involves 

screening the library by several rounds of plating and filter hybridiza- 
tion. This is not only laborious and time-consuming, but also is prone to 
artifacts, such as false positives commonly encountered in filter hybrid- 
ization. These problems can be alleviated by using polymerase chain 
reaction (PCR) in the early rounds of screening prior to conventional 
filter hybridization. The advantages of PCR screening are threefold: (1) 
Positive clones are identified by DNA bands of correct sizes in gel, thus 
avoiding the confusion from false positive spots in filter hybridization; 
(2) it saves time, especially in initial rounds of screening; and (3) screen- 
ing of multiple genes can be performed in the same PCR by using appro- 
priate primers for these genes. After the complexity of the phage pool is 
reduced and the existence of true positives in the pool confirmed, indi- 
vidual clones can be isolated by conventional methods. 

The basic method consists of three steps, as shown in Fig. 1: 

1, Lifting membrane filters from library plates; 
2. Rinsing off phage particles from the filters; and 
3. Using the phage eluate for PCR. 

After a positive signal is identified from a particular plate, another 
round of PCR screening may be carried out by repeating these steps with 
smaller sectors of that plate to reduce further the size of the phage pool. 

From* Methods m Molecular B/ology, Vol 58. Basic DNA and RNA Protocols 
Edlted by A Harwood Humana Press Inc , Totowa, NJ 

335 



336 Yu and Bloem 

PLATE PHAGE LIBRARY 

J 

r- LIFT FILTERS 

1 
RINSE OFF PHAGE PARTICLES 

CUT FILTER 
INTO SECTIONS 

1 
PCR WITH PHAGE ELUATE 

GEL ELECTROPHORESIS 

1 
FILTER HYBRIDIZATION 

Fig. 1. Basic method of using PCR to screen phage libraries. 

Alternatively, another filter can be lifted from the positive plate and used 
in conventional filter hybridization. 

2. Materials 
1. Phage dilution buffer: 100 mMNaC1, 8 mMMgS04, 50 mMTris-HCl, pH 7.5, 

and 0.1% gelatm. Sterilize by autoclaving and store at room temperature. 
2. Filter membranes (see Note 1). 

3. Method 
See Notes 2-4. 

1. Begin with plated phage cDNA or genomic library with appropriate host 
bacterial strain on 150~mm agar plates with top agarose using standard 
protocols (I). After the phage plaques have grown to the desired size at 
37OC, chill the plates at 4°C for at least 1 h. 

2. Place a mtrocellulose filter on the plate, making sure there are no air 
bubbles trapped between the filter and the agar. The filter will be wet in a 
few seconds if the plate is fresh. For plates stored for a period of time and 
for later rounds in multiple lifting, longer time may be required to wet 
the filter completely. 

3. Carefully lift the filter with a pair of flat-ended forceps, making sure not to 
rip the top agar layer. Place the filter, with the phage side down, onto a 
sterile 150~mm Petri dish (either the bottom part or the lid) containing 3 
mL of phage dilution buffer. Rinse off the phage particles by lifting the 
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filter up and down a couple of times. Finally, lift the filter and let the solu- 
tion drip for a while (usually 1 O-20 s is sufficient). Then discard the filter. 

4. Transfer 20 uL of phage eluate to a PCR tube, close the cap tightly, place 
in a boiling water bath for 5 min, chill on ice, and use as template in a 
100 uL PCR (see Chapter 34 for conditions of the standard PCR and Notes 
5 and 6). Save some phage eluate m an Eppendorf tube if you consider 
doing more PCR later on (see Note 7). 

5. Analyze the PCR products by agarose gel electrophoresis (see Note 8). If a 
plate has one or more positives, its corresponding lane on the gel will have 
a band of expected size. This plate is then considered a positive plate. 

6. At this point, one can take the positive plates and proceed to screen 
them for positive phage plaques by conventional filter hybridization. 
Alternatively, one can carry out another round of PCR screening as 
described herein to reduce further the complexity of the phage pool on 
a positive plate. 

7. Put a new nitrocellulose filter on a positive plate (see Note 9). With a ster- 
ile scalpel, cut the filter and the agar underneath it into several sections. 
Sections can be any number or shape, although we found that the radial- 
shaped (pie-shaped) sections between four and eight per plate can be 
handled easily. 

8. Lift each filter sector and rmse in phage dilution buffer as in step 2. Owing 
to the smaller size of the filter sector, rinsing can be done either on smaller 
Petri dishes, such as the 100~mm ones, or on a piece of plastic film such as 
Saran WrapTM. An aliquot of 0.2-0.5 mL of phage dilution buffer is used 
for rinsing depending on the size of the filter sector. 

9. Do PCR with the section eluate as in step 4. 
10. After a sector containmg the positive phage signal is identified by PCR, 

another membrane filter can be lifted from this sector and used in conven- 
tional filter hybridization. Alternatively, the top agar of this sector can be 
scraped off for replating as described in the following. 

11. To replate the phage from a positive section, use a rubber policeman to 
scrape off the top agar into a 50-mL conical tube containing 20 mL of 
phage dilution buffer. The rubber policeman should be rinsed extensively 
with sterile water between each scraping to prevent cross-contamination 
among sections. 

12. The tube is vortexed vigorously and the top agar is soaked for 2 h to over- 
night. The tube is then centrifuged at 8000g for 15 min to pack the agar. 
Save a portion of the supernatant in an Eppendorf tube and discard the 
conical tube containing the agar. Determine the phage titer and plate at 
desired density for another round of PCR screening or conventional filter 
hybridization. 
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4. Notes 
1. Different brands of noncharged membrane all work well for this proce- 

dure, be they mtrocellulose or nylon. However, we have experienced diffi- 
culty with charged membranes, presumably because the charges on the 
membrane interfere with rinsing off of the phage particles. 

2. The main advantage of using PCR to screen a phage library IS to reduce 
complexity before starting conventional filter hybridization. Multiple 
plates of a library can be processed and screened by the method described 
here. To screen one million phage plaques, for example, plating at 50,000 
pfu/plate will give 20 plates. Although considerable time and effort 
would be needed to screen these plates by conventional filter hybrtdiza- 
tion, they can be easily screened m a few hours by PCR screening. Fur- 
thermore, by cutting a positive plate mto eight sections and performing 
another round of PCR screening, positive phage plaques can be located 
to a pool of approx 6250 pfu. This pool can be readily handled by con- 
ventional filter hybridization. 

3. Before screening a library, it is highly recommended to do a PCR with an 
aliquot of the whole hbrary. This serves two purposes: to ensure that the 
desned clone is present m the library and to ascertain that the conditions 
used for PCR can amplify the expected signal. It can be done by heat dena- 
turing 5 pL of the library and using it m a 1 00-pL PCR. It is also prudent to 
sequence the amplified fragment to confirm its identity and the specificity 
of PCR conditions. This can be done either before or in parallel with the 
PCR screening of the library. 

4. Another useful thing to do before screening the library is to estimate the 
abundance of the desired clone m the library. This can be combmed with 
the whole library amplification by PCR (see Note 3) by amplifying various 
library dilutions in addition to the undiluted library. If the desired clone is 
present in a pool of 20,000 clones, for example, rt would not be necessary 
to screen one million clones. 

5. From time to time, PCR may fail with no apparent reason. To prevent such 
an occasional “system failure” from being interpreted as negative, it is 
desirable to include controls in PCR. Two types of controls may be used: 
internal and parallel. For internal control, primers can be included in the 
same PCR tube that will amplify vector sequence, a stretch of the h arm if 
the library is in a h vector. Alternatively, the library can be spiked with a 
known clone and the primers for this clone can be used in the same PCR. If 
an internal control is not desired, a PCR to amplify a known clone m an 
adjacent tube can be used as a parallel control. 

6. In simultaneous screening of multiple genes, several pairs of primers can 
be used in the same PCR, provided that the expected PCR products are of 
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different lengths and can be distinguished from one another on a gel. The 
major limitation of this technique is the need for sequence information for 
making primers before library screening can be undertaken. Nonde- 
generate primers based on definitive sequence mformation are best for 
PCR screening. It may be possible to use degenerate primers to search for 
related genes, although we have not tried this approach. 

7. Because the phage eluate can be stored, the same set of plates can be used 
for several screenings, either for the same gene or for different genes. 

8. If screening for a small fragment, it may be necessary to amplify more than 
the standard 30 rounds. For a 200-bp fragment, we amplified 35 rounds to 
achieve a high enough DNA concentration for band visualization on a 3% 
agarose gel. 

9. Because of the sensitivity of PCR, the plated library can be screened sev- 
eral times without losing the positive signal. Also, plates can be stored at 
4OC for several weeks before subsequent lifts. We have made five lifts 
from the same plates, both fresh and after 3-wk storage, and the phage 
eluate amplified well. The same goes for the phage eluate, which can be 
stored for several weeks or longer before amplification. 
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CHAPTER 41 

Cloning into Ml3 Bacteriophage Vectors 

Qingzhong Yu 

1. Introduction 

The bacteriophage Ml3 has been developed as a cloning vector sys- 
tem to obtain single-stranded DNA templates that are used for the 
dideoxy chain termination method of sequencing DNA (1,2). General 
aspects of bacteriophage M 13 as a cloning vector system are reviewed in 
ref. 3, and the preparation of foreign DNA fragments (insert DNA) for 
Ml3 cloning is described in Chapters 27 and 28. This chapter describes 
the preparation of Ml3 vectors and the ligation of foreign DNA frag- 
ments (inserts) into them. 

2. Materials 
2.1. Preparation of Replicative Form (RF) Ml3 DNA 

1. L-broth: 1% bacto-tryptone, 0.5% bacto-yeast extract, 1% NaCl. Sterilize 
by autoclaving. 

2. M9 minimal agar: M9 salts: 12.8 g of Na2HP04 * 7H20, 3 g of KH2PO4, 
0.5 g of NaCl, 1 .O g of NH&l, 20 mL of 20% glucose in Hz0 to 1 L. 
Sterilize by autoclaving. 

3. Bacteriophage M13: A single blue plaque from a plate of freshly trans- 
formed bacteria. 

4. E. coli JM103 or JM109: a colony grown on an M9 minimal agar plate. 
5. Solution 1: 50 mM glucose, 25 miVTris-HCl, pH 8.0, 10 rnA4 EDTA, pH 

8.0, autoclaved and stored at 4OC. 
6. Solution 2: 0.2M NaOH, 1% SDS, Mix together equal volumes of 0.4M 

NaOH and 2% SDS stocks before use. 
7. Solution 3: 60 mL of 5Mpotassium acetate, 11.5 mL of glacial acetic acid, 

28.5 mL of HzO. Store at 4”C, but place on ice Just before use. 
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8. TE: 10 mMTris-HCl, pH 8.0, 1 mM EDTA, pH 8.0. 
9. Phenol-chloroform: Mix equal volumes of TE-saturated phenol (nucleic 

acid grade) and chloroform (AR grade), stored at 4OC in a dark glass bottle. 
10. Chloroform: AR grade. 
11. Ethanol: 100% ethanol, stored at -20°C. 
12. RNase: 1 mg/mL DNase-free pancreatic RNase A. 

2.2. Preparation of Ml3 Vectors 
1. Appropriate restriction enzymes: Store at -20°C. 
2. 10X restriction enzyme (RE) buffers: These are usually supplied with 

restriction enzymes. 
3. 3M Sodium acetate, pH 5.2. Store at 4OC. 
4. Calf intestinal alkaline phosphatase (CIP). Store at 4°C. 
5. 1 OX CIP dephosphorylation buffer: 500 mMNaC1, 100 mMTris-HCl, 100 

mM MgCl*, 10 mM dithiothrietol. 
6. Proteinase K: Store at -20°C as a 10 mg/mL stock. 
7. 10% SDS. 
8. 0.5M EDTA, pH 8.0. 
9. 10X TBE: 108 g of Tris-base, 55 g of boric acid, 9.5 g of EDTA * 2H20, 

water to 1 L. 
10. 0.8% Agarose gel in 1X TBE. 

2.3. Ligation of Inserts into Ml3 Vectors 
1. T4 DNA ligase: Store at -20°C. 
2. 10X ligation buffer: 500 mMTris-HCl, 100 miUMgC&, 10 &dithiothrietol. 
3. 10 mM ATP: Store at -20°C. 

3. Methods 
A number of Ml 3 vectors have been constructed (1,4) and are com- 

mercially available. It therefore may be more convenient to purchase 
them than to prepare them oneself. Sometimes, however, you may need 
an Ml3 vector with an unusual cloning site to fit your cloning strategy. 

3.1. Preparation of RF Ml3 DNA 
1. Inoculate 5 mL of L-broth in a 20-mL sterile culture tube (e.g., universal) 

with a single bacterial colony of an appropriate Ml3 phage host (e.g., 
JM 103 or JM 109) picked from a freshly streaked M9 minimal agar plate. 
Incubate at 37°C in an orbital shaking incubator overnight (see Note 1). 

2. Add 50 uL of the bacterial culture to 2 mL of L-broth in a 5-mL culture 
tube (e.g., bijou). Inoculate this culture with Ml3 bacteriophage by touch- 
ing a single blue plaque from a transformation plate with a sterile tooth- 



M 13 Bacteriophage Vectors 345 

pick and washing its end in the culture (see Note 2). Incubate the infected 
culture at 37°C for 4-5 h in an orbital incubator. 

3. Transfer 1.0-l .5 mL of the culture to a microfuge tube, and centrifuge at 
12,000g for 2 min at room temperature. Remove the supernatant to a fresh 
tube, being careful not to disturb the pellet. Smgle-stranded M 13 (ss-M13) 
DNA may also be prepared from the supernatant (see Chapter 43). 

4. Remove any remaining supernatant by aspiration (see Note 3). Resuspend 
the pellet in 100 PL of solution 1 by pipeting up and down or by vigorous 
vortexing. Leave at room temperature for 5-l 0 min. 

5. Add 200 pL of solution 2. Close the tube, and mix the contents by inverting 
the tube rapidly five times. Do not vortex. Place the tube on ice for 5 min. 

6. Add 150 JJL of ice-cold solution 3. Vortex the tube gently in an inverted 
position for 10 s. Place on ice for 5 min. 

7. Centrifuge at 12,000g for 5 min, and transfer the supernatant to a 
fresh tube. 

8. Add an equal volume of phenol:chloroform, and mix by vortexing for 
20-30 s. Spin as in step 7, and transfer the aqueous phase (top layer) to a 
fresh tube. 

9. Add an equal volume of chloroform, and mix by vortexing for 20-30 s. 
Spin as in step 7, and transfer the aqueous phase (top layer) to a 
fresh tube. 

10. Add 2 vol of ethanol, mix by vortexing, and stand for 5 min at room tem- 
perature. Spin as in step 7, and remove the supernatant by gentle aspiration 
(see Note 4). 

11. Wash the pellet with 1 mL of 70% ethanol. Spin for 2 min with tubes in the 
same orientation in centrifuge as before so as not to disturb the pellet. 
Remove the supernatant as in step 10. Air-dry for 10 min. 

12. Dissolve the pellet in 20 yL of TE, pH 8.0, containing RNase (20 pg/mL) 
to remove RNA, and vortex briefly. 

The double-stranded RF Ml3 DNA is now ready for analysis by 
digestion with restriction enzymes. 

3.2. Preparation of Ml3 Vectors 

The RF M 13 DNA must be digested by a restriction enzyme and then 
dephosphorylated by treatment with CIP to reduce the background of 
nonrecombinant molecules formed by recircularization of the vector 
alone during ligation. If the insert DNA can be generated with incompat- 
ible cohesive ends by using two different restriction enzymes, then a 
double-digested vector can be prepared that does not require dephospho- 
rylating (see Note 5). 



1. Digest RF Ml3 DNA with a single restriction enzyme in the following 
reaction: 10 pL of RF M 13 DNA (approx 400 ng), three- to fivefold excess 
restriction enzyme, 2 PL 10X appropriate buffer, and water made up 
to 20 pL total volume. Incubate for 2 h at 37OC. 

2. Remove 2 pL of the reaction and analyze the extent of digestion by elec- 
trophoresis through 0.8% agarose gel, using undigested Ml3 DNA as a 
marker (see Note 3). If digestion is mcomplete, add more restriction 
enzyme, and continue the incubation. 

3. When digestion is complete, extract the Ml3 DNA with phenohchloro- 
form and precipitate DNA with 0.1 vol of 3MNaAc and 2.5 vol of ethanol 
at -2OOC for 1 h or longer. 

4. Recover the DNA by centrimgation at 12,000g for 10 min in a microfuge. 
Wash the pellet with 70% ethanol and vacuum dry Dissolve the pellet in 
20 pL of TE. 

5. To 20 pL of linerized Ml3 vector add: 5 pL of 10X CIP buffer, 1 unit of 
CIP, and water made up to 50 PL total volume. Incubate for 30 min at 37°C 
(see Note 6). 

6. At the end of the incubation period, add the following to the reaction: 2.5 
pL of 10% SDS (final concentration 0.5%), 0.5 pL of 0.5MEDTA, pH 8.0 
(final concentration 5 mM), and 0.5 pL of 10 mg/mL proteinase K (final 
concentration 100 pg/mL). Incubate for 30 min at 56OC to inactivate the 
CIP (see Note 7). 

7. Cool the reaction to room temperature, and extract with phenol:chloroform 
twice and once with chloroform (see Section 3.1.) steps 8 and 9). Add 0.1 
vol of 3Msodium acetate, pH 7.0 (see Note 8), mix well, and add 2.5 vol of 
ethanol. Mix and place at -20°C for 1 h or longer. 

8. Recover the DNA as m step 4. Dissolve the pellet in 20 pL of TE. It is now 
ready to use for ligation with inserts. 

3.3. Ligation of Inserts into Ml3 Vectors 
1, Set up ligation reaction in the following order: 1 pL of Ml 3 vector (approx 

20 ng), 1 pL of 10 mMATP, 1 PL of 10X ligation buffer, l-4 pL of insert 
DNA (three- to fivefold molar excess), 1 U of T4 DNA ligase for cohesive 
terrmni (see Note 9), and water made up to 10 pL total volume. Include 
two control reactions, one with water replacing the insert DNA and the 
other containing an appropriate amount of a test DNA that has been previ- 
ously successfully cloned into the M 13 vector. Incubate at 14OC over- 
mght. Then store at -20°C or use directly for transformation. 

2. After ligation, analyze 1 yL of each ligation reaction by electrophoresis 
through 0.8% agarose gel to check that the ligation has been successful 
(see Note 10). Use the same amounts of the Ml3 vector, and insert DNA 
without hgase as controls. 
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3. Transform 5 pL of the remaining ligation sample into competent bacteria 
of the appropriate strain of E. coli, e.g., JM103 or JM109 (see Chapters 29 
and 30). 

4. Notes 
1. M9 minimal medium selects for the presence of the F’ episome in bac- 

terial strains, such as JM103 or JMlO9. They only grow slowly in M9 
minimal medium and do not survive prolonged storage at 4OC. It is 
therefore better to streak a master culture of the bacteria on the M9 
minimal agar plate every month, from which to seed L-broth cultures. 
The master stock of bacteria should be stored at -70°C in L-broth con- 
taining 15% glycerol. 

2. Bacteriophage Ml 3 can diffuse a considerable distance through the top 
agar on the transformation plate. Therefore, it is important to pick up a 
single plaque that is well separated from its neighbors to avoid cross- 
contamination with others. For good yields of RF M 13 DNA, it is better to 
pick a plaque from a freshly transformed plate. 

3. Smce RF Ml3 DNA remains inside the infected bacteria and Ml 3 phage 
progeny containing ss-Ml3 DNA is released to the medium, removing the 
remaining supernatant minimizes ss-M 13 DNA contamination. Even so, 
ss-Ml3 DNA contamination may sometimes occur and can confuse analy- 
sis by restriction enzyme digestion. It is important therefore always to run 
an undigested DNA control when analyzing RF Ml3 DNA by restriction 
enzyme digest and gel electrophoresis. Since ss-Ml3 DNA cannot be 
digested by restriction enzymes, its mobility will not change between 
digested and undigested lanes. 

4. When recovering Ml3 DNA, sometimes the Ml3 DNA pellet is not vis- 
ible. Therefore, it is necessary to remove the supernatant carefully and 
leave a small amount (20-30 pL) behind in the tube to minimize the loss of 
the DNA. Do likewise when washing with 70% ethanol, and then an-dry. 

5. A double-digested vector can be generated that has incompatible cohesive 
ends and therefore gives little background owing to vector recir- 
cularization. The RF Ml3 DNA can be digested simultaneously with two 
different restriction enzymes if they work in the same enzyme buffer. To 
monitor the extent of the digestion, set up two reaction mixtures with each 
restriction enzyme alone as controls. After the RF Ml3 DNA has been 
completely digested, follow Section 3.2., steps 3 and 4. The final pellet is 
dissolved in 20 pL of TE and is ready to use for ligation. If the two restric- 
tion enzymes cannot be used simultaneously, then after digestion with one 
of the enzymes, the DNA should be recovered as in Section 3.2., steps 3 
and 4 and resuspended m 10 l.t.L of TE. The DNA should then be digested 
with the second enzyme and again recovered in the same way as after the 
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first. To follow the digestion of the second restriction enzyme, set up a 
parallel digest of the enzyme and uncut RF M 13 DNA. 

The small fragment removed by the double digest may cause background 
problems if it religates into the vector. If such problems are encountered, the 
vector DNA should be gel-purified (see Chapter 28). 

6. For blunt or recessed termini, use 1 U/2 pmol of CIP and incubate for 
15 mm at 37°C. Then add the same amount of CIP, and contmue the incu- 
bation for a further 45 min at 55OC. 

7. The presence of active CIP will inhibit the subsequent ligation of Ml3 
vectors with insert DNA. An alternative method to the one described is to 
inactivate the CIP by heating at 70°C for 10 min in the presence of 5 mM 
of EDTA and then extracting with phenol:chloroform. 

8. Since EDTA precipitates from solution at acid pH when its concentration 
exceeds 5-l 0 mM, the commonly used 3MNaAc at pH 5.2 must be replaced 
with 3MNaAc at pH 7.0 during ethanol precipitation. 

9. The efficiency of ligation of blunt termmi is lower than for ligation of 
cohesivetermini. To improve the efficiency of the ligation of blunt ter- 
mini, a higher concentration of insert DNA and T4 DNA ligase is required. 
Use 5 U in reaction for blunt termim. 

10. The extent of ligation of M 13 vectors with inserts can be checked by elec- 
trophoresis through 0.8% agarose gel, using unligated Ml3 vectors and 
inserts as control. Normally, the ligated M 13 vectors with inserts will migrate 
slowly through the gel owing to the increased molecular weight, sometimes 
giving fuzzy or smeared bands, which indicates the extent of the ligation. 
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CHAPTER 42 

Ordered Deletions 
Using Exonuclease III 

Denise CZark and Steven Henikoff 

1. Introduction 

An important manipulation in molecular genetics is to make ordered 
deletions into a cloned piece of DNA. The most widely used application 
of this method is in DNA sequencing. Ordered deletions can also be used 
in delineating sequences that are important for the function of a gene, 
such as those required for transcription. The prmciple behind using dele- 
tions for sequencing is that consecutive parts of a fragment cloned into a 
plasmid vector are brought adjacent to a sequencing primer site in the 
vector. Deletions are generated by digesting DNA unidirectionally with 
Escherichia coli exonuclease III (ExoIII) (I). ExoIII digests one strand 
of double-stranded DNA by removing nucleotides from 3’ ends if the end 
is blunt or has a 5’ protrusion. A 3’ protrusion of 4 bases or more is resis- 
tant to ExoIII digestion. 

We present two procedures, outlined in Fig. 1, for preparation of the 
template for ExoIII digestion. Procedure I begins with double-stranded 
plasmid DNA, The DNA is digested with restriction endonucleases A 
and B, where A generates a 5’ protrusion or blunt end next to the target 
sequence and B generates a 3’ protrusion next to the sequencing primer 
site. The linearized plasmid DNA is digested with ExoIII, with aliquots 
taken at time-points that will yield a set of deletions of the desired lengths. 
Procedure II (2) begins with single-stranded phagemid DNA. A nicked 
double-stranded circle is generated by annealing a primer to the 
phagemid so that its 5’ end is adjacent to the insert and synthesizing the 
second strand with T4 DNA polymerase. 
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Procedure I Procedure II 

P 1 mill 
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\ 2) Em Ill digmat 

1 min 3 min 5 min 

Fig. 1. Outline of the method. 

The 3’ end of the nicked strand is then digested with ExoIII. The 
remaining undigested single strands are digested with Sl nuclease. The 
deletion reactions are examined by electrophoresis in a low melting point 
agarose gel and the desired deletion products are isolated in gel slices 
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(3,4). This step serves to eliminate DNA products that do not contain the 
desired deletion. Repair of ends with Klenow DNA polymerase and liga- 
tion to circularize are performed on the DNA in diluted agarose. Follow- 
ing transformation into E. coli, clones are selected for sequencing. 

An advantage of Procedure I is that deletions can be made into the 
insert from either end, so that both strands of the insert can be sequenced 
starting with a single plasmid clone. However, the requirement for mul- 
tiple unique restriction sites in the vector polylinker cannot always be 
met, which is where Procedure II is advantageous, since no restriction 
sites are necessary. This also means that, with Procedure II, a set of nested 
deletions can be made from any fixed point using a custom primer. A 
disadvantage of Procedure II is that to sequence both strands of an insert, 
two clones with the insert in either orientation are required. Neverthe- 
less, the two procedures can be used together to obtain the sequence of 
both strands from a single parent clone, reducing the need for multiple 
unique restriction sites. When planning a sequencing strategy, it is impor- 
tant to realize that although either single- or double-stranded templates 
for sequencing are possible for Procedure I, only double-stranded tem- 
plates are possible for Procedure II. The reason is that for most phagemid 
vectors the primer for synthesis of the second strand of the nicked circle 
anneals to a site on the other side of the insert from the primer site that 
would be used for sequencing a single-stranded template. 

2. Materials 
2.1. General 

Solutions are made with distilled water that when used for enzyme buf- 
fers is sterilized by autoclaving. Store solutions at room temperature, unless 
otherwise specified. Store enzymes as directed by the manufacturer. 

2.1.1. Restriction Enzyme Digestion 
1. Ten micrograms of double-stranded DNA: The fragment should be cloned 

into the multiple cloning site (polylinker) of a plasmid or phagemid vector, 
such as Bluescript (Stratagene, La Jolla, CA). DNA can be prepared 
using an alkaline lysis procedure (5; see Note 1). A IO-mL liquid culture 
incubated overnight in LB media with the appropriate selection (e.g., 
ampicillin) should yield a sufficient amount of DNA. 

2. Restriction enzymes and buffers as supplied by manufacturer. Select a 
restriction enzyme (A in Fig. 1) that cuts the plasmld only in the polylinker 
adjacent to the insert and yields a 5’ protrusion or blunt end. Restriction 
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enzyme B must also cut at a unique site in the polylinker and yield a 4- 
base 3’ protrusion to make the end of the linearized fragment nearest the 
sequencing primer site resistant to ExoIII. If such a site is not available, a 5’ 
protrusion can be generated that is filled in with a-phosphorothioate nucle- 
otides using Klenow fragments (6). 

3. Phenol:chloroform solution: 1: 1 mix; store at 4°C. 
4. 1 OM Ammonium actetate. 
5. Ethanol: both 95% and 70% (v/v). 
6. 10X ExoIII buffer: 660 mA4 Tris-HCl, pH 8.0, 6.6 mM MgC&. 

2.1.2. Procedure II: Synthesis of a Nicked Circular Plasmid 
7. Template: 2.5 l.tg single-stranded phagemid DNA, 0.2-2.0 l.tg/pL. A small- 

scale preparation (2-3 mL culture) should yield a sufficient amount of DNA (5). 
8. Primer: a-T3 20-mer (5’ CCCTTTAGTGAGGGTTAATT 3’), or the equi- 

valent, e.g., reverse hybridization 1 ‘I-mer (5’ GAAACAGCTATGACCAT 
3’) at 4 pm0Vl.t.L; store at -2OOC. 

9. T4 DNA polymerase: l-10 U/pL, cloned or from T4-infected cells. 
10. 10X TM: 660 mMTris-HCl, pH 8.0,30 mM MgC12. 
11. 2.5 mMdNTPs: 2.5 &each of the 4 deoxynucleoside triphosphates; store 

at -2OOC. 
12. BSA: 1 mg/mL bovine serum albumin (nuclease-free); store at -20°C. 

2.2. Exonuclease III and Sl Nuclease Digestion 
13. E. coli exonuclease III: 150-200 U/pL (1 U = amount of enzyme required 

to produce 1 nmol of acid-soluble nucleotides m 30 min at 37’C). 
14. S 1 buffer concentrate: 2.5M NaCl, 0.3M potassium acetate (titrate to pH 

4.6 with HCl, not acetic acid), 10 mA4 ZnS04, 50% (v/v) glycerol. 
15. Sl nuclease: e.g., 60 U/pL from Promega (1 U = amount of enzyme 

required to release 1 l.tg of perchloric acid-soluble nucleotides per minute 
at 37’C). Mung bean nuclease may also be used. 

16. S 1 mix: 27 l.rL S 1 of buffer concentrate 173 mL of H,O, 1 PL (60 U) of Sl 
nuclease. Prepare just before use and store on ice. 

17. Sl stop: 0.3MTris base (no HCl), 50 mMEDTA. 

2.3. Gel Purification, End Repair, 
Ligation, and Transformation 

18. Agarose: Low melting point agarose. Use a grade appropriate for cloning, 
e.g., Seaplaque GTG agarose (FMC). 

19. Ethidmm bromide: 10 mg/mL; store m a dark container. 
20. 50X TAE gel running buffer: 1 L = 242 g of Tris base, 57.1 mL of glacial 

acetic acid, 100 mL of 0.5M EDTA, pH 8.0. When diluted this gives a 1X 
buffer of 40 mM Tris-acetate, 1 mM EDTA. 
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21. 1 OX Gel-loading buffer: 0.25% bromophenol blue, 50% (v/v) glycerol in 
distilled water. 

22. 1 OX Klenow buffer: 20 mM Tris-HCl, pH 8.0, 100 mM MgCl,. 
23. Klenow enzyme: the large fragment of the E coli DNA polymerase 

(2 U/pL). Store at -2OOC. 
24. Klenow mix: For every 10 l,tL of 1 OX Klenow buffer, add 1 U of Klenow 

enzyme. Prepare just before use and store on ice. 
25. dNTPs: 0.125 mM of each deoxyribonucleoside; store at -2OOC. 
26. 1 OX Ligase buffer: 0.5M Tris-HCl, pH 7.6, 100 mM MgC12, 10 mM ATP; 

store at -2OOC. 
27. PEG: 50% (w/v) polyethylene g1yco16000-8000 fraction, store at 4OC. 
28. DTT: O.lMdithiothreitol; store at -2OOC. 
29. T4 DNA ligase: (1 U/ltL). Store at -20°C. 
30. Ligation cocktail (1 mL): 570 l.tL of H,O, 200 PL of ligase buffer, 200 PL 

of PEG, 20 p.L of 0. 1M DTT, 10 U of T4 ligase. Prepare just before use and 
store on ice. 

3 1. Host E. coli cells: Competent recA- cells, e.g., DHSa. 
32. Growth media: LB medium (5). 

3. Methods 

3.1. Preparation of ExoIII Substrate 
3.1.1. Procedure I: Restriction Enzyme Digestion 

1. Digest 10 pg of plasmid to completion m a 100 l.tL volume. At least 200 ng 
is required for each ExoIII digestion time point (see Note 1). 

2. To extract the DNA, vortex in 100 pL of phenol:chloroform and remove 
the aqueous layer to a fresh tube. 

3. Add 25 ltL of 1OM ammonium acetate and 200 ltL of 95% ethanol. Chill 
on ice for 15 min and pellet the DNA in a micromge (12,OOOg) for 5 min. 

4. Wash pellet with 70% ethanol and air dry. Resuspend the DNA pellet in 90 
PL of distilled H20 and 10 pL of 10X ExoIII buffer (i.e., 100 ng/pL). 

3.1.2. Procedure II: Synthesis 
of a Nicked Circular Phagemid 

1. Mix in a volume of 22 PL: approx 2.5 pg single-stranded phagemid DNA, 
4 l,tL of 10X TM, 1 l.tL (4 pmol) of a-T3 primer (or equivalent). 

2. Heat to 75°C for 5 min, then cool slowly over 30-60 min. Evaporation and 
condensation can be minimized by placing a piece of insulating foam over 
the&.tbe in an aluminum tube-heating block. Remove a 2 l,tL aliquot for 
subsequent gel analysis. 

3. Mix in a volume of 20 l,tL: 2 pL of DTT, 4 l.tL of 2.5 mA4 dNTPs, 4 PL of 
BSA, and 5 U of T4 DNA polymerase. 
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Ml2 3 4 56 7 8 9lOM 

Fig. 2. Low-melting-point agarose gel electrophoresis of a set of deletions pre- 
pared following Procedure II. The size of the phagemid is 9.5 kb. Lane 1: Single- 
stranded phagemid. Lane 2: Double-stranded nicked circle after overnight 
extension with T4 DNA polymerase. Depending on the gel, one occasionally sees 
a minor band below the nicked circle that may be the result of extension of single- 
stranded linear molecules that are primed by their own 3’ end (2). Lanes 3-10: 
ExoIII digestion of the material in Lane 2 for 1,2, . . ., 8 min. Lane M: 1 -kb ladder 
(BRL), with the 7-kb band comigrating with the 8 min time-point. 

4. Prewarm to 37OC and add to the primed DNA at 37OC. Incubate 2-8 h. An 
example of a nicked circle is shown in Fig. 2. When the plasmid is as large 
as this one, we recommend supplementing the extension reaction with an 
additional 0.4 mA4 dNTPs and 0.1 U&L polymerase after 4-6 h, and then 
incubation overnight. Extension can be monitored by removing a OS-PL 
aliquot and electrophoresing it on an agarose gel. 

5. Inactivate polymerase by heating for 10 min at 70°C and store on ice. 

3.2. ExoIII Digestion 
Deletions separated by 200-250 bases are required for obtaining con- 

tiguous sequence with some overlap, therefore to sequence a 4-kb insert, 
1620 time-points are desirable (see Note 2). The following protocol is 
written to give 16 time-points. 
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1. Prepare 16 7.5pL aliquots (see Note 3) of S 1 nuclease mix on ice, one for 
each time-pomt. 

2. Place 40 PL of DNA (from Section 3.1.4. or 3.2.5.) into a single tube. 
Warm the DNA to 37°C in a heating block (see Note 3). Add l-2 uL of 
ExoIII (5-l 0 U/uL), and mix rapidly by pipeting up and down. 

3. Remove aliquots of 2.5 PL at 30-s intervals and add into the S 1 mix tubes on 
ice. Mix by pipeting up and down and hold on ice until all aliquots are taken. 

4. Remove samples from ice and incubate at room temperature for 30 min. 
5. Add 1 l.tL of Sl stop and heat to 70°C for 10 min to inactivate the enzymes. 

3.3. Gel Purification, End Repair, 
Ligation, and Transformation 

1. Add 1 pL of 1 OX gel loading buffer to each sample and load onto a 0.7% 
low melting pomt agarose gel in IX TAE gel running buffer containing 0.5 
pg/mL ethidium bromide. Electrophorese for about 2 h at 3-4 V/cm until 
the deletion time-points can be resolved (see Note 4). Usmg a 300~nm 
wavelength ultraviolet light source, remove the desired bands from the gel 
with a small spatula or scalpel. 

2. Dilute gel slices m approx 2 vol of distilled water and melt at 68°C for 5 
min. Transfer l/3 of the diluted DNA to a new tube containing 0.1 vol 
Klenow mix at room temperature and mix by pipeting up and down. Incu- 
bate at 37OC for 3 min. Add 0.1 vol of dNTPs and mix. Incubate for 5 min 
at 37’C (see Note 5). 

3. Add an equal volume of ligatton cocktail, mix, and incubate at room tem- 
perature for at least 1 h. The yield of transformants 1s greatest if ligations 
are incubated overnight. 

4. Transform E. colz by combmmg half of each ligation with 2-3 vol of com- 
petent cells that have been thawed on me. Incubate for 30 min on ice, heat 
shock at 42°C for 90 s, and further incubate the cells m 0.2 mL of LB 
medium for 60 mm at 37°C. Plate using the appropriate selection and incu- 
bate at 37°C overnight. The yield from each transformation can be up to 
500 colonies, depending on ligation time and competence of the cells. Store 
the remaining ligation mixtures at -2O’C. 

5. Set up cultures to prepare plasmid DNA from one colony from each time- 
point and verify that each one contains a deletion of expected size before 
sequencing. 

4. Notes 
1. ExoIII digestion occurs at nicks in the DNA as efficiently as at ends. This 

gives rise to a background of undesired clones. Nicks can be introduced by 
impurities in the DNA and by restriction enzymes. Gel purification elimt- 
nates this background. As a result of the gel purification step, plasmid DNA 
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can be prepared wtth a standard alkaline lysis procedure, including a 
phenol:chloroform extraction (4). If nicking proves to be a problem, super- 
coiled DNA may be column purified using the premade columns from 
Qiagen, Inc. (Chatsworth, CA). Restriction enzymes can also occasionally 
have excesstve nicking or “star” activity. Often this problem can be over- 
come by trying different suppliers. 

2. At 37°C ExoIII digests 400-500 bases/mm, with the rate changing directly 
with temperature about 10%/l°C in the 3040°C range (7). It is advisable 
to perform a test run of the ExoIII digestion on your DNA, picking a few 
time-points. The three reasons for this are: 
a. You can confirm that both enzymes cut to completion if using Proce- 

dure I (see also Note 4); 
b. You can get an accurate rate of digestion for your parttcular batch of 

ExoIII; and 
c. You can confirm that there is not excessive nicking of your DNA (see 

Note 3). 
3. When processing a large number of time-points, it is much more efficient 

to use a conical bottom microtiter plate with a hd rather than microfuge 
tubes. These plates can be used for the Sl nuclease step, collecting and 
diluting gel slices, end repair, ligation, and transformation. 

4. Occasionally, an ExoIII resistant fragment is seen. This results from incom- 
plete digestion by enzyme A (Fig. 1). Provided this is not a dominant band, 
the gel tsolation of the digested fragment should eliminate this as a prob- 
lem. Alternatively, a second fragment that digests at a higher rate may be 
present. This results from incomplete digestion by enzyme B and subse- 
quent ExoIII digestion of the fragment from both ends. Again, if this is not 
a dominant product, gel isolation should alleviate this problem. 

5. An alternative method for in-gel ligation mcorporates end repair and ligation 
into one step. For 1 mL of cocktail, mix 560 pL of water, 200 pL of ligation 
buffer, 200 l.tL of PEG, 20 PL of DTT, 20 pL each of dNTP (2.5 mM), 1 U of T4 
DNA polymerase, and 10 U of T4 DNA ligase. Mix one-third of the DNA in the 
diluted gel slice with an equal volume of the cocktail. Incubate at room 
temperature 1 h to ovemtght. Transformation is done following step 6. 
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CHAPTER 43 

Ml3 Phage Growth 
and Single-Stranded DNA Preparation 

Fiona M. lbmley 

1. Introduction 
M 13 bacteriophage has a single-stranded DNA (ssDNA) genome, and 

has proven an extremely useful vector from which to derive single- 
stranded templates for sequencing and site-directed mutagenesis. During 
infection of its host cell, the phage DNA replicates as a double-stranded 
intermediate from which the ssDNA containing phage particles are pro- 
duced. Infected cells do not lyse, but instead phage particles are continu- 
ously released. Cells infected with M 13 phage, however, have a longer 
replication cycle, which means that as the infection proceeds, the areas 
of slower-growing cells can be visualized as turbid plaques on the lawn 
of unaffected E. coli (I). Recombinant Ml3 phage can be cloned from 
well-separated plaques and used as a source of SSDNA. 

This chapter describes a miniprep method for the production of Ml3 
ssDNA that is suitable for sequencing. There are two elements to the 
method: Packaged particles are recovered from the medium of cells 
growing in liquid culture and then phenol is used to remove their coat 
proteins (2,3). This method can be easily used to purify multiple samples 
at the same time and takes a single day, provided that an overnight cul- 
ture of host bacteria is available. 

2. Materials 
1. An E. coli strain suitable for propagating bacteriophage M 13 vectors. Rec- 

ommended strains include JM 10 1, JM 103, JM 107, JM 109, TG 1, and TG2. 
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2. 2X TY broth: 1% tryptone, 1% yeast, 100 mA4NaCl. Sterilize by autoclav- 
ing in 50-mL aliquots. 

3. Sterile culture tubes for growing up 1.5mL cultures, e.g., disposable lo-mL 
Falcon tubes or glass/plastic universal bottles and an orbital incubator for 
shaking the tubes vigorously at 37OC. 

4. A microfuge and 1.5-mL microfuge tubes. 
5. PEG/NaCl: 20% PEG, 2.5MNaCl. Make up 100 mL at a time and sterilize 

by filtration. Store at 4°C. 
6. TE: 10 mMTris-HCl, 1 rniVEDTA, pH 8.0. For convenience, store lMTris- 

HCl, 100 mA4 EDTA, pH 8.0, in 1-mL aliquots at -20°C. When needed, 
thaw, dilute to 100 mL, check the pH, filter, and store at room temperature. 

7. Phenol: Use high-grade redistilled phenol stored at -20°C in aliquots of 
100-500 mL. To equilibrate, warm to room temperature, then melt at 65°C 
and add hydroxyquinoline to 0.1%. To the melted phenol, add an equal 
volume of 0.5M Tris-HCl, pH 8.0, mix for a few minutes to allow phases 
to separate, and take off the upper layer (buffer). Repeat extractions with 
0. lMTris-HCl, pH 8.0, until the pH of the phenolic phase gets up to around 
7.8. Extract once with TE, remove the aqueous phase, and then store the 
phenol at 4°C in a dark bottle under a layer of fresh TE (around 20 mL for 
100 mL phenol). Fresh phenol should be prepared once a month. 

8. Chloroform: Use high-grade chloroform that has not been exposed to the 
air for long periods of time. Mix 24: 1 with isoamyl alcohol, and store in a 
tightly capped bottle at room temperature. 

9. 3M sodium acetate, pH 5.2: Dissolve solid sodium acetate in water, adjust 
the pH to 5.2 with glacial acetic acid, dispense into aliquots, autoclave, 
and store at room temperature. 

10. Ethanol: For convenience, store in tightly capped bottles at -2OOC. 
3. Method 

1. Pick a single colony from a freshly streaked plate of a suitable E. coli host 
strain, dispense into 10 mL of 2X TY in a 250~mL conical flask, and grow 
with shaking at 37°C overnight. 

2. Dilute the overnight culture by 1 in 100 in 2X TY to give sufficient fresh 
culture for 1.5 ml/sample. For each sample, prepare a 1.5~mL aliquot of 
culture in a sterile tube. 

3. Carefully touch a sterile toothpick into a well-separated single plaque, and 
wash the end of the toothpick in a 1.5-mL aliquot of fresh cells (see Notes 
1 and 2). This is sufficient to transfer infected cells from the plaque to the 
new culture. Incubate the 1.5~mL cultures with vigorous shaking at 37OC 
for 4.5-5.5 h (see Notes 3 and 4). 

4. Transfer cultures to 1.5-mL microfuge tubes, and spin for 5 mm in a 
microfuge. 
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5. Transfer supernatants to clean tubes, making sure the pellet is undisturbed. 
Add 200 pL of PEG/NaCl to each, vortex well, and leave at room tempera- 
ture for at least 15 min. 

6. Spin for 5 min m microfuge to pellet the phage particles. Remove the PEG- 
containing supernatant with a pipet, respin the tubes for a few seconds, and 
carefully remove all remaining traces of supernatant from around the phage 
pellet using a drawn-out Pasteur pipet (see Note 5). The phage pellet should 
be visible at the bottom of the tube. 

7. Add 100 pL of TE to each phage pellet, and vortex vigorously to ensure 
that they are properly resuspended. Then add 50 pL of phenol, vortex well, 
and leave for a few minutes. Vortex again and spin for 2 min to separate 
the phases. 

8. Carefully remove the upper aqueous layer into a fresh 1.5-mL tube, being 
careful to leave behind all the precipitated material at the interface. 

9. Add 50 pL of chloroform, vortex, and spin for 1 min to separate the phases 
(see Note 6). 

10. Carefully remove the upper aqueous layer into a fresh 1.5~mL tube, add 
0.1 vol of 3M sodium acetate and 2.5 vol of absolute ethanol, and precipi- 
tate the DNA. 

11. Spin in mrcrofuge for 5 min, and remove the ethanol by aspiration, being 
careful not to disturb the DNA pellet, which is often barely visible at this 
stage. Add 200 pL of 70% ethanol, spm for 2 min, remove the ethanol very 
carefully, and dry the pellet either under vacuum for a few minutes or by 
leaving the open tubes on the bench until dried by evaporation. 

12. Dissolve the pellet m 30 pL of TE. At this stage, a few microliters (2-5 pL) 
can be removed and run on a minigel to check the quality and yield of 
DNA (see Note 7). The remamder of the DNA should be stored at -20°C 
until required. 

4. Notes 
1, If plaques have been picked and regrown on plates as colonies (e.g., because 

of the need to screen inserts by hybridization), cultures for ssDNA preps 
are prepared by touching the toothpicks onto the colonies and washmg in 
the 1.5~mL fresh cells. 

2. Once plaques have been obtained, tt is best to grow phages and purify the 
DNA as quickly as possible, since there is an increase in plaque contamination 
and a deterioration in quality of DNA obtained if plaques are stored at 4OC. 

3. Do not grow up 1.5-mL cultures for extended periods of time, since 
this results in increased cell lysis causing higher levels of contaminat- 
ing host chromosomal DNA and increases the probability of mutant 
phage arising. 
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4. Do not grow at temperatures above 37”C, because although the host cells will 
grow, the yields of Ml 3 phages drop rapidly with increasing temperature. 

5. Make sure all the PEG is removed, since this causes high backgrounds in 
sequencing. 

6. The chloroform extraction can be omitted, but the highest-quality tem- 
plates are obtained if it is included. 

7. A yield of ssDNA of between 5 and 10 pg/mL IS normal. If the final pellet 
is suspended in 30 pL of TE, approx 4-8 pL are ample for obtaining high- 
quality sequence using standard dideoxy methods. 
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CHAPTER 44 

Preparation of ssDNA 
from Phagemid Vectors 

Michael K. lkower 

1. Introduction 
Our ability to generate single-stranded DNA (ssDNA) templates has 

been invaluable for procedures involving DNA sequencing and site- 
directed mutagenesis. Conventionally, this is carried out by subcloning 
the DNA region under analysis into vectors that are based on the single- 
stranded DNA bacteriophages, the most popular being M 13. However, 
although these vectors are suitable for the production of ssDNA, they 
are less convenient to use than plasmids, giving lower yields of double- 
stranded dsDNA and lacking a positive selectable marker. The develop- 
ment of the so-called phagemid vectors combined the advantages of both 
plasmids and bacteriophages and stemmed from the work of Zinder (I,), 
who demonstrated that a plasmid carrying that intergenic region of fl 
filamentous phage is packaged as ssDNA when the host cells are super- 
infected with helper phage. The first generation of phagemids, the 
pEMBL vectors, however, gave poor and n-reproducible ssDNA yields. 
This problem was resolved in two main ways: First, deletions within the 
intergenic region enhanced the replication of phagemids (2), and second, 
the packaging ratio of phagemid to helper phage was greatly improved 
by the use of helper phage with weak replication origins (3). As a result 
of these investigations, a new generation of phagemid vectors are avail- 
able that impart both the stability and convenience of plasmid dsDNA 
cloning vectors and that may be readily mobilized to generate high yields 
of ssDNA. 
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2. Materials 
Solutions are stored at room temperature unless stated otherwise. 

1. Phagemid transformed into an appropriate E. coli host contaming an F’ 
episome, such as the common laboratory strains JM109, NM522, TGl , or 
XL 1 -Blue (see Notes l-3) 

2. Helper phage: M 13K07 or VCSM 13. These typically have a titer of 10’ r- 
10’2 pfll/mL. 

3. TBG medium: To make 1 L, add 12 g of tryptone, 24 g of yeast extract, and 
4 mL of glycerol m a total volume of 882 mL of distilled water and auto- 
clave. When cool, add 100 mL of sterile 0.17M KH2POQ, 0.72M K2HP04 
solutron, and 18 mL of 20% (w/v) glucose solution. The 20% glucose solu- 
tion should be prepared and autoclaved separately. 

4. Kanamycin: a 75 mg/mL stock m water. Store at -2O’C. 
5. PEGNaCl solution: 20% (w/v) polyethylene glycol 6000 or 8000, 2.5M 

NaCl. 
6. TE buffer: 10 mM Trrs-HCl, pH 7.4; 1 rnA4 EDTA. Autoclave. 
7. Phenol: double-distilled and saturated with TE buffer. Store at 4OC. 
8. 3M Sodium acetate, pH 5.2. 

3. Methods 
1. From a freshly streaked plate ptck an isolated colony into 2 mL of TBG 

medmm. Add approx 1 07-1 OS pfu/mL of either VCSM13 or M 13KO7 helper 
phage. This gives a multiplicity of infection (moi) of 10-20 (see Notes 4 and 
5). If the plasmid can be selected with an antibiotic, such as ampicillin 
(100 pg/mL), this should also be included. Grow with vigorous aeration at 
37°C for 2 h. 

3. Add 2 p.L of kanamycm (75 mg/mL), since both VCSM13 and M13K07 
phage confer resistance against this antibiotic and then continue growth 
overnight. Since the helper phage does not lyse the infected cells, the over- 
night culture should be saturated. 

4. Transfer 1.4 mL of the overnight culture to a 1.5-mL Eppendorf tube and 
centrifuge at 13,000g for 5 min. Pour the supematant into a fresh tube 
taking care not to transfer any cells. Respin for 5 min once more and again 
transfer the supematant to a fresh tube. If the ssDNA cannot be processed 
at this time, the supematant may be stored for 24 h at 4”C, although it must 
be then recentrifuged before continuing with the protocol. The pellet can 
be discarded. 

5. Add 200 pL of PEG/NaCl solution, mix and stand for 20 mm on ice, and 
then centrifuge for 5 mm. At this stage a small pellet should be visible. 
Discard the supematant and then recentrifuge at 13 ,OOOg for 2 min. Care- 
fully remove any residual PEG/NaCl solution with a mtcroptpet tip. 
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6. Resuspend the pellet in 150 pL of TE buffer and add an equal volume of 
TE-saturated phenol. Vortex for 10-15 s and then stand the tubes for 5 min. 
Revortex and centrifuge at 13,000g for 5 min. Remove the upper phase 
and transfer to a fresh tube. Do not be concerned if the upper phase is very 
cloudy. This is quite common with these preparations. 

7. Add 150 PL of chloroform, vortex for 10-15 s, and stand for 5 min. 
Revortex and then spin for 3 min. Remove the upper phase once more and 
again transfer to a fresh tube. 

8. Add 15 l.tL of 3Msodium acetate, pH 4.8-5.2, and 300 pL of ethanol. Place 
the tube in either dry ice for 10 mm or at -20°C overnight. Centrifuge at 
13,OOOg for 10 min and pour off the liquid. Recentrifuge for 2 min, remove 
any remaining liquid with a micropipet tip, and then either vacuum or air 
dry. A small pellet should be visible. Redissolve the pellet in 50 l.tL of 
water or TE. If not used immediately store at -2OOC. 

The yield of ssDNA is usually around 10 yg of DNA/n& of broth. 
Confirmation of template isolation and yield can be achieved by running 
a small aliquot (2-5 pL) on a 1% agarose gel. Two bands, the helper 
phage ssDNA and the phagemid ssDNA, should be visible following 
ethidiutn bromide staining. The helper phage ssDNA should not inter- 
fere with sequencing or mutagenesis reactions. 

4. Notes 
1, The E. coli strain used must contam an F’ episome to allow the helper phage 

to infect the host cells. 
2. Phagemids include the pUCl18/9 (31, pBluescript II (Stratagene), and 

pGEMZf (Promega) series of cloning vectors. 
3. The orientation of the fl origin of replication determines which DNA 

strand of the phagemid is generated following helper phage infection. This 
is usually denoted for a given phagemid by the designation (+) or (-) and 
in the pBluescript II phagemids refers to the recovery of the sense and 
antisense strands of the ZacZ gene, respectively. Such information is clearly 
critical when designing both sequencing and mutagenic primers to ensure 
that they will hybridize to the rescued ssDNA template. 

4. Moi refers to the ratio of helper phage to cells present in the culture. For 
example, a moi of 10 means there are 10 helper phages for each bacterial 
cell. Generally a moi of 10-20 generates good yields of the phagemid 
ssDNA. 

5. R408 helper phage may also be used, but the antibiotic addition in step 
3 should not be carried out since R408 lacks resistance against 
kanamycin. 
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CHAPTER 45 

A Rapid Plasmid Purification Method 
for Dideoxy Sequencing 

Annette M. Grifln and Hugh G. Grifln 

1. Introduction 
The dideoxy chain-termination method of DNA sequence analysis 

involves the synthesis of a DNA strand from a single-stranded template 
(I). The enzymatic synthesis is initiated at the site where an oligonucle- 
otide primer anneals to the template. Traditionally, sequencing was per- 
formed on templates produced by single-stranded phage Ml3 (2,3), or 
phagmid (4). Sequencing plasmid DNA has the advantage of eliminating 
the need to subclone fragments into M13, and also enables both 
strands to be sequenced from the same plasmid by the use of reverse 
primers. The most consistently satisfactory sequencing results for 
most purposes are probably obtained by using linear amplification tech- 
niques (cycle sequencing) either in manual procedures (5) or in auto- 
mated sequencing machines (6). However, plasmid DNA that has been 
denatured can also serve as satisfactory template DNA for manual, 
nonamplified procedures (7). It is particularly important when preparing 
plasmid DNA for sequencing to give the utmost care and attention to the 
DNA isolation and purification techniques. Most problems that occur 
with plasmid sequencing are related to poor quality template. 

CsCl-ethidium bromide gradient preparations of plasmid DNA (8) can 
be used as template for sequencing but do not necessarily provide better 
results than miniprep DNA. Many plasmid miniprep methods are avail- 
able for preparing the template for sequencing (9). Denaturation is usu- 
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ally achieved with the use of alkali or by boiling (in the presence of 
primer). Prior denaturation is not necessary for linear amplification 
sequencing because the plasmid is heat denatured during the thermal 
cycling process. 

This chapter presents a miniprep method that involves an alkaline lysis 
procedure (10) followed by DNA purification by GeneClean@-a com- 
mercial kit for the purification of DNA. The GeneClean kit is based on 
the principle that DNA will bind to a silica matrix, whereas DNA con- 
taminants will not bind and can be removed by repeated washing of the 
silica-DNA matrix (11). The DNA can be used directly as a template for 
cycling sequencing or can be denatured by alkali and sequenced using 
Sequenase@’ DNA polymerase Version 2.0. 

2. Materials 
2.1. DNA Preparation 

1. GET buffer: 50 mM glucose, 10 mM EDTA, 25 mM Tris-HCl, pH 8.0. 
This solution should be autoclaved for 15 min at 10 lb/in* (68.9 kPa) and 
stored at 4°C. 

2. Lysozyme buffer: 20 mg/mL lysozyme in GET buffer. Make up fresh. 
3. Alkaline SDS: 200 mMNaOH, 1% SDS. Make up fresh as follows: 200 

pL of 5MNaOH, 500 pL of 10% SDS in 4.3 mL water. 
4. 3Msodium acetate, pH 4.8. Adjust pH to 4.8 with glacial acetic acid. 
5. Phenol-chloroform: This is prepared by mixing equal amounts of phe- 

nol and chloroform. If desired, the mixture can be equilibrated by 
extracting several times with O.lM Tris-HCl, pH 7.6, although this is 
not essential. 

2.2. DNA Purification (Using GeneClean-II Kit) 
6. GeneClean- kit. This is available from BIO 101 Inc. (La Jolla, CA), or 

from Stratech Scientific (Luton, Bedfordshire, England). Alternatively, a 
homemade version can be used (see Chapter 28). 

2.3. Alkali Denaturation 
7. 100% Ethanol. 
8. 70% Ethanol. 

2.4. Primer-Annealing 
9. Plasmid reaction buffer: (5X concentrate) 200 mM Tris-HCl, pH 7.5, 100 

mM MgCl,, 250 mMNaC1. 
10. Primer, 0.5 pmol/pL. 
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3. Methods 
3.1. DNA Preparation 

1. Harvest the cells from 5 mL of overnight broth culture by centrifugation at 
12,000g for 5 mm (see Note 1). 

2. Resuspend the pellet in 100 p.L of lysozyme buffer and transfer to a 1 S-mL 
microcentrifuge tube, then incubate on ice for 30 min (see Notes 2-5). 

3. Add 200 uL of alkaline SDS. Vortex, then incubate on ice for 5 min. 
4. Add 150 uL of 3Msodium acetate, pH 4.8. Vortex, then incubate on ice for 

20 min. 
5. Centrifuge at 12,000g in a microcentrifuge for 10 min and transfer 0.4 mL 

of supernatant to a new tube. 
6. Extract twice with an equal volume of phenol-chloroform. 

3.2. DNA Purification (Using GeneClean-II Kit) 
1. Add 3 vol of NaI stock solution from the GeneClean- kit (see Notes 6 and 

7) to the phenol-chloroform extracted miniprep. Use a 2-mL micro- 
centrifuge tube if necessary. 

2. Add 5 JJL of GLASSMILK from the GeneClean kit suspension. Mix, and 
incubate for 5 min at room temperature. 

3. Centrifuge for 5 s m a microcentrifuge. 
4. Remove the supernatant and wash the pellet three times with NEW WASH 

from the GeneClean kit. 
5. Carefully remove the last traces of NEW WASH from the pellet. 
6. Elute the DNA in 100 pL of water. 

3.3. Alkali Denaturation 
Alkali denaturation is not necessary for cycle sequencing. 

1. To 86 pL of the purified DNA, add 4 pL of 5MNaOH, and 10 PL of 2 n-&f 
EDTA, then incubate at 37°C for 30 min (see Note 8). 

2. Neutralize by adding 10 pL of 3M sodium acetate, pH 4.8. 
3. Precipitate with 2 vol of 100% ethanol at -70°C for 15 min. 
4. Centrifuge for 2 mm m a microcentrifuge to pellet precipitated DNA. 
5. Wash pellet with 70% ethanol. 
6. Dry under vacuum and redissolve the pellet in 7 uL of water. 

3.4. Primer-Template Annealing Reaction 
This procedure is not necessary for cycle sequencing. 

1. In a small microcentrifuge tube, set up the following reaction: 1 PL of 
primer (0.5 pmol/uL), 2 uL of 5X plasmid reaction buffer, and 7 PL of 
denatured plasmid DNA (see Note 9). 
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2. Place in a 65OC waterbath for 2 min. Allow to cool slowly to 30°C over a 
period of about 30 min. Place on ice (see Note 10). 

3. Sequence with Sequenase Version 2 T7 DNA polymerase as described in 
Chapter 46. Cycle sequencing is performed as described (5, 6,9 and Chap- 
ter 50) (see Notes 11 and 12). 

4. Notes 

1. It is important to remove all the broth supernatant from the cell pellet fol- 
lowmg centrifugation of the bacterial culture. 

2. It is important to ensure that the bactertal pellet is fully resuspended m 
lysozyme buffer. This can be achieved by vigorous vortexing. 

3. Some authors point out that lysozyme is unnecessary for alkaline lysis- 
based mmipreps (8). We have found that although lysozyme 1s not essen- 
tial, better lysis is achieved by its use. 

4. An RNase step IS not necessary m this protocol. 
5. This protocol is designed for use with the high copy-number pUC series of 

plasmids (12) and their dertvatives. If lower copy-number plasmids are to 
be used (such as pBR322 and derivatives) it may be necessary to scale up 
the procedure to achieve the same yield of plasmid DNA. 

6. Miniprep plasmid DNA is often contaminated by small oligodeoxyribonu- 
cleotides and ribonucleotides that can act as primers and produce faint 
background bands, stops, and other artifacts m the gel. Inhibitors of DNA 
polymerase may also be present. In our experience, purification of the 
DNA prep by the GeneClean procedure, combined with the use of 
Sequenase@ DNA polymerase Verston 2.0 for sequencing, alleviates these 
problems. 

7. Other commercial kits, such as US Bioclean (available from United States 
Biochemtcal Corp. [Cleveland, OH], or from Amersham Life Science 
[Little Chalfont, England]) or noncommercial procedures and protocols 
based on similar prmciples as GeneClean (9,IZ) may also work satisfactorily. 

8. Double-stranded supercoiled DNA is best denatured by the alkaline dena- 
turation method. Linear DNA can be successfully denaturated by boiling 
(in the presence of primer). 

9. A small excess of template DNA may be helpful when sequencing plasmid 
DNA with Sequenase DNA polymerase. Aim to use about 5 pg. 

10. Annealing can also be achieved by warming the annealing reaction mix to 
37°C for 15-30 mm. 

11. The use of longer primers (25-29 nucleotides) may help reduce artifactual 
bands when sequencing denatured double-stranded DNA. 

12. Sequenase DNA polymerase Version 2.0 works well for double-stranded 
DNA sequencing. 
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CHAPTER 46 

DNA Sequencing 
Using Sequenase Version 2.0 T7 

DNA Polymerase 

Carl W. Fuller, Bernard F. McArdZe, 
Annette M. Grifln, and Hugh G. Griffin 

1. Introduction 
The dideoxy chain-termination method of DNA sequence analysis 

involves the synthesis of a DNA strand by enzymatic extension from 
a specific primer using a DNA polymerase (1). Several different 
enzymes are available for this purpose, each having different quali- 
ties and properties. 

Bacteriophage T7 DNA polymerase is a two-subunit protein (2-4). 
The smaller subunit, thioredoxin (mol wt 12,000) is the product of the E. 
coli trxA gene. The larger subunit (mol wt 80,000) is the product of the 
T7 gene 5. The polymerase has two known catalytic activities, DNA- 
dependent DNA polymerase and 3’-5’ exonuclease activity, that are 
active on both single-stranded and double-stranded DNA. The level of 
exonuclease is so high that this polymerase is not suitable for DNA 
sequencing. Tabor and Richardson (S,6) reported an oxidation procedure 
that inactivates the exonuclease activity with little effect on the poly- 
merase activity (7,s). This chemically modified form of T7 DNA poly- 
merase is known commercially as SequenaseTM Version 1.0 T7 DNA 
polymerase. A genetically engineered form of T7 DNA polymerase lack- 
ing 28 amino acids in the exonuclease domain of the catalytic subunit 
has also been produced (9,lO). This enzyme also has excellent proper- 
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ties for DNA sequencing and has the commercial name Sequenase Ver- 
sion 2.0 T7 DNA polymerase. 

The chemically modified and genetically engineered enzymes have 
similar properties and are used in similar ways (5-11). Thus, only proto- 
cols and results for the Sequenase Version 2.0 T7 DNA polymerase will 
be discussed here. 

1.1. Properties of Modified T7 DNA Polymerase 

The methods used and the quality of the results of a DNA sequencing 
experiment depend on the properties and capabilities of the DNA poly- 
merase. These properties include the speed and processivity of the poly- 
merase, its ability to displace strands annealed to the template to read 
through template secondary structures, and the ability to use nucleotide 
analogs as substrates. Low-exonuclease forms of T7 DNA polymerase, 
unlike the native, high-exonuclease activity form, have potent strand- 
displacement activity (9, 12), giving modified T7 DNA polymerase the 
ability to sequence templates with secondary structures. 

Modified T7 DNA polymerase catalysis is rapid (300 nucleotides/s) 
and highly processive, remaining bound to the primer-template for the 
polymerization of hundreds or thousands of nucleotides without dissoci- 
ating (5). This property helps eliminate background terminations that 
might interfere with reading sequence. 

DNA sequencing, as currently practiced, makes extensive use of 
nucleotide analogs for labeling, resolution of compressions, and for chain 
termination. The rate of incorporation of a-thio dNTPs for labeling 
sequences with 35S is essentially equal to that of normal dNTPs (7,12). 
Similarly, the dGTP analogs used to eliminate compression artifacts in 
sequencing gels (including 7-deaza-dGTP and dITP) are readily incor- 
porated by moditied T7 DNA polymerase (7,13). Among the DNA poly- 
merases used for sequencing, it requires the lowest concentration ratio of 
dideoxy- to deoxy-nucleotide, indicating the high reactivity with these 
chain-terminating nucleotides. It has also been found to work well with 
dye-labeled nucleotide terminators for fluorescent sequencing (14). 

One important aspect of the reactivity of terminators is the variability 
of termination rate that shows up in sequence results as variation in band 
intensities. Band intensities obtained with modified T7 DNA polymerase 
vary over a relatively small range of about fourfold. For comparison, 
band intensities in sequencing gels generated using Klenow enzyme have 
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been observed to vary over a 14-fold range (7,15-18). Tabor and 
Richardson reported observations made when sequencing reactions were 
run in the presence of Mn2+ instead of (or in addition to) Mg2+ (l&16). 
When modified T7 DNA polymerase is used with Mn2+, a lower concen- 
tration ratio of dideoxy- to deoxy-nucleotide is required and the bands 
generated are considerably more uniform than those generated with Mg2+ 
(1617). In the presence of Mn2+, over 95% of the bands fall within 10% 
of the mean corrected band intensity. This high degree of uniformity in 
band intensity improves the interpretation of sequences read by machine 
(16,19,20). Modified T7 DNA polymerase in the presence of Mn2+ can 
be used in conduction with either fluorescent labeled primers or specifi- 
cally designed fluorescent labeled dideoxy terminators to generate 
sequencing data (14,20). 

1.2. Use of Pyrophosphatase in Sequencing Reactions 
All DNA polymerases, including T7 DNA polymerase, catalyze pyro- 

phosphorolysis (21,22). Pyrophosphorolysis is the reversal of the poly- 
merization wherein the 3’ terminal base of the DNA and pyrophosphate 
react to form a deoxynucleoside-triphosphate, leaving the DNA one base 
shorter. Under the conditions normally used for DNA synthesis (i.e., high 
dNTP concentrations and low pyrophosphate concentration), the forward 
reaction (polymerization) is greatly favored over the reverse reaction 
(pyrophosphorolysis). However, pyrophosphorolysis does occur under 
some conditions (particularly when dITP is used in place of dGTP) given 
enough time (7). The rate of pyrophosphorolysis varies with the neigh- 
boring sequence, reducing the intensity of some bands but leaving others 
unchanged (12,21,22). The addition of inorganic pyrophosphatase (from 
yeast) to DNA sequencing reactions completely stabilizes all band inten- 
sities, even when incubating the reactions for 60 min and when dITP is 
used in place of dGTP. The addition of pyrophosphatase is beneficial or 
at worst harmless for all T7 sequencing protocols. 

1.3. Glycerol in DNA Sequencing Reactions 
A glycerol content of 5% or more in sequencing reactions has been 

shown to be advantageous in several circumstances. The simplest case is 
the use of DNA polymerase, which is stored at a concentration that does 
not require dilution prior to use. In addition, reactions can be run suc- 
cessfully at increased temperatures in the presence of S-20% glycerol, 
conditions that may improve sequencing results. For example, the tem- 
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perature of the labeling reaction can be increased to 37°C without signi- 
ficant loss of enzyme activity further increasing the stringency of primer 
annealing (23). Termination reactions can also be run for longer periods 
of time (10-30 min) and at warmer temperatures (37-50°C) in the pres- 
ence of glycerol. Polymerization will be more rapid at the elevated tem- 
peratures, and some template secondary structures may be eliminated at 
temperatures above 45°C (see Note 1). 

1.4. Glycerol-Tolerant Sequencing Gels 

The presence of glycerol (typically 25 l.tg or more per lane) in the 
samples applied to DNA sequencing gels causes conspicuous distortions 
in the shape and spacing of the bands (7,2#). This distortion occurs about 
300-500 bases from the primer, rendering this region of the sequence 
unreadable. This phenomenon is important because glycerol is widely 
used for the storage of enzymes, such as the DNA polymerases used for 
DNA sequencing. It is known that glycerol and boric acid react to form a 
charged complex that migrates through the sequencing gel (25). When 
boric acid in TBE buffer is replaced by a different weak acid that does 
not react with glycerol, no distortion is seen. One good substitute for 
boric acid is taurine (aminoethanesulfonic acid). A 20-fold concentrate 
of Tris/taurine/EDTA buffer can be made easily. This is simply used in 
place of the usual TBE (5- or IO-fold concentrate) in conventional 
sequencing gels (23). 

1.5. Annealing Template and Primer 

Chain-termination sequencing methods originally used single-stranded 
template DNAs. This requirement was met through the use of bacterio- 
phage Ml3 as a cloning vector. Single-stranded phage DNA is simply 
mixed with an oligonucleotide primer and annealed briefly at 37-70°C. 
If double-stranded plasmid DNA is to be used for sequencing template, it 
must first be denatured. Several early methods for sequencing plasmid 
DNAs were developed, but none proved satisfactory until the introduc- 
tion of alkaline denaturation methods (2631). The original alkaline 
denaturation method typically involves four steps: mixing the DNA with 
alkali, neutralizing with concentrated acetate buffer, precipitation with 
ethanol, and redissolving the DNA in reaction buffer. The precipitation 
step serves both to concentrate the DNA and to separate it from the salts 
added in prior steps. These steps work quite well to generate single-strand 
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template suitable for sequencing, but the precipitation and redissolving 
steps are time-consuming and laborious. 

Two simple and efficient denaturation methods that do not require 
precipitation of plasmid DNA are described here. In the first method, 
sodium hydroxide is added directly to a mixture of concentrated, puri- 
fied plasmid DNA and primer, denaturing the double-stranded DNA (32). 
After a brief incubation at 37”C, a carefully measured equimolar amount 
of hydrochloric acid is added to the mixture, thereby neutralizing the 
alkali. Then concentrated reaction buffer is added (fixing the pH at an 
appropriate value) and the mixture incubated briefly at 37°C to allow the 
primer to anneal to the appropriate sequence within the template. The 
sodium hydroxide and hydrochloric acid combine to form sodium chlo- 
ride, which is normally a component of the DNA sequencing reaction 
mixtures. As long as the concentration of sodium chloride is kept below 
approx 0.2M, the polymerase works well and high-quality sequence is 
obtained. 

In the second method, double-stranded plasmid DNA and primer are 
mixed with a glycol reagent (50% glycerol, 50% ethylene glycol) so that 
the final concentration of glycols is approx 40%. This concentration is 
sufficient to decrease the melting temperature of most plasmids to <9O”C. 
The mixture then is incubated at 90-100°C for 5 min, denaturing the 
plasmid. Following denaturation, buffer is added and the mixture is 
incubated briefly at 37°C to allow the primer to anneal to the appropriate 
sequence within the template. A glycerol-tolerant sequencing gel is 
required when using this method (33; see Note 1). 

1.6. The Tzuo-Step Reaction Protocol 

After annealing template and primer, the polymerase is typically used 
both for labeling sequencing products as well as sequence-specific ter- 
minations. The most commonly used method for sequencing with modi- 
fied T7 DNA polymerase consists of two sequential steps; the labeling 
step and the termination step (7,18). This method differs from the one ori- 
ginally used by Sanger, wherein labeling and termination were achieved in 
a single reaction that necessitated a “chase” step to reduce background (I). 

In the labeling step, the primer is extended using limiting amounts of the 
deoxynucleoside triphosphates, including one radioactively labeled dNTP. 
Most of the nucleotide present, including the labeled nucleotide, is incorpo- 
rated into relatively short (<50 nucleotides) DNA chains. Thus, the label is 
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efficiently and quantitatively incorporated into the DNA. (The labeling step 
can be omitted entirely when labeled primers are used). The termination step 
is initiated by transferring four equal aliquots of the labeling step reaction 
mixture to termination reaction vials. These vials have been prebilled with a 
supply of all the deoxynucleoside triphosphates and one of the four 
dideoxynucleoside triphosphates. The temperature and concentrations of 
nucleotides are chosen so that polymerization will be rapid and processive, 
so that the resulting sequence will have low background and the reaction 
time is minimized. The reactions are stopped by the addition of EDTA and 
formamide, denatured by heating, and loaded onto electrophoresis gels. 

2. Materials 
2.1. Annealing Template and Primer 

1. Reaction buffer (5X concentrate): 200 & Tns-HCl, pH 7.5, 100 mM 
MgCl, 250 mM NaCl. 

2. Primer: OS-2 5 pm0Vp.L. 

2.2. Labeling Step 
3. Modified T7 DNA polymerase, either chemically or genetically modified 

(12,18). These should be adjusted to a concentration of 13 U/pL or approx 
1 .O mg/mL. 

4. Yeast morgamc pyrophosphatase, 5 U/mL in 10 mMTris-HCl, pH 7.5,0.1 
mM EDTA, 50% glycerol. Note: pyrophosphatase can be premixed with 
modified T7 DNA polymerase at a ratio of about 0.004 U pyrophosphatase 
for each 3 U of polymerase. (One unit of pyrophosphatase hydrolyses 1 @4 
of pyrophosphate/mm at 25’C.) 

5. Enzyme dilution buffer: 10 rniWTrls-HCl, pH 7.5,5 mMDTT, 0.5 mg/mL 
BSA. 

6. Glycerol enzyme dilution buffer: 20 mM Tris-HCl, pH 7.5, 2 mJ4 DTT, 
0.1 WEDTA, 50% glycerol. Can be used to keep glycerol concentration 
high (see Section 1.3.). 

7. Dlthlothreltol solution: O.lM. 
8. Labeled dATP-either [a-32P]-dATP, [u-~~P]-~ATP, or [a-35S]-dATP is 

required for autoradiographic detection of the sequence. The specific activ- 
ity for 35S,33P, or 32P should be 1000-l 500 Wmmol. 

9. Labeling mix for labeled dATP (dGTP reactions): 1.5 J..IJ~ dGTP, 1.5 @4 
dCTP, and 1.5 pJ4 dTTP (see Note 2). 

2.3. Termination Step 
10. ddG termination mix: 80 MdGTP (or 7-deaza-dGTP), 80 @4dATP, 80 pA4 

dCTP, 80 @dTTP, 8 @4ddGTP, 50 mMNaC1. 
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11. ddA termmation mix: 80 piVdGTP (or 7-deaza-dGTP), 80 @4dATP, 80 
WdCTP, 80 WdTTP, 8 WddATP, 50 mMNaC1. 

12. ddT termination mix: 80 @4 dGTP (or 7-deaza-dGTP), 80 pJ4 dATP, 80 
pk! dCTP, 80 pM dTTP, 8 luV ddTTP, 50 mM NaCl. 

13. ddC termination mix: 80 PL MdGTP (or 7-deaza-dGTP), 80 w dATP, 80 
@4 dCTP, 80 @4 dTTP, 8 pJ4 ddCTP, 50 mM NaCl. 

14. Stop solution: 95% formamide, 20 miWEDTA, 0.05% bromophenol blue, 
0.05% xylene cyan01 FF. 

2.4. Sequencing Plasmid DNA 
15. Plasmid reaction buffer: (5X concentrate) 200 mMTris-HCl, pH 7.5, 100 

mA4 MgC12, 250 mM NaCl. 
16. NaOH solution: 1 .OO + 0.03M (must be accurate). 
17. HCl solutton: 1 .OO + 0.03M (must be accurate). 
18. Plasmtd denaturing reagent: 10 mA4Tris-HCl, pH 7.5, 1 WEDTA, 50% 

glycerol, 50% ethylene glycol 
19. 20X glycerol-tolerant gel buffer: 1.78M Tris, 0.58M taurine, O.OlM 

NazEDTA * 2Hz0. 

2.5. Improving Band Intensities 
Close to the Primer 

20. Mn buffer: 0.15M sodium isocitrate, 0. 1M MnC12, 

2.6. Extending Sequences 
Beyond 400 Bases from the Primer 

21. Sequence extending mix (for dGTP reactions): 180 @4 dGTP, 180 @4 
dATP, 180 @4 dCTP, 180 @4 dTTP, 50 mM NaCl. 

2.7. Compressions 
22. Labeling mix for labeled dATP (7-deaza-dGTP reactions): 1.5 pJ47-deaza- 

dGTP, 1.5 @4 dTTP, and 1.5 p.k! dCTP; (dITP reactions): 3.0 pA4 dITP, 
1.5 PMdCTP, and 1.5 @dTTP. 

Termination mixes for dITP reactions: 

23. ddG termination mix: 160 PM dITP, 80 l.tM dATP, 80 @ dCTP, 80 pJ4 
dTTP, 1.6 pJ4 ddGTP, 50 mit4NaCl. 

24. ddA termination mix: 160 w dITP, 80 @4 dATP, 80 l&V dCTP, 80 pJ4 
dTTP, 8 @4 ddATP, 50 mA4 NaCl. 

25. ddT termination mix: 160 pA4 dITP, 80 @4 dATP, 80 pJ4 dCTP, 80 pJ4 
dTTP, 8 pJ4 ddTTP, 50 mM NaCl. 

26. ddC termination mix: 160 luV dITP, 80 @4 dATP, 80 w dCTP, 80 @V 
dTTP, 8 p.A4 ddCTP, 50 mA4 NaCl. 
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27. Sequence extending mix (for dITP reactions): 360 MdITP, 180 @VdATP, 
180 luV dCTP, 180 @4 dTTP, 50 mMNaC1. 

3. Methods 
3.1. Annealing Template and Primer 

For each set of four sequencing lanes, a single annealing (and subse- 
quent labeling) reaction is used. See Section 3.4. for denaturing and 
sequencing plasmid DNA templates. 

1, In a centrtfuge tube, combine the following: 1 uL of primer (0.5 pmol), 2 FL 
of reaction buffer, 1 pg of DNA (denatured tf dsDNA), and 7 pL of ddH20 
to a total volume of 10 uL. 

2. Warm the capped tube to 65% for 2 min, then allow the temperature of the 
tube to cool slowly to room temperature (about 30 mm). 

3. After annealing, place the tube on ice and use within 4 h. 

3.2. Labeling Step 
1. Dilute modified T7 DNA polymerase to working concentration (1 .G U/pL) 

using the enzyme dilution buffer. 
2. To the annealed template-primer add the followmg (on ice): 10 pL of template- 

primer, 1 pL of DTT (0. lM), 2 uL of labeling mix, 0.5 uL of [a-35S]dATP 
(see Note 3), 2 pL of diluted enzyme (always add enzyme last). Total vol- 
ume is 15.5 pL. 

3. Mix thoroughly and incubate for 2-5 mm at room temperature (see Note 4). 

3.3. Termination Step 
Steps 1 and 2 are best done before beginning the labeling reaction. 

1. Have on hand 4 tubes labeled G, A, T, and C. 
2. Place 2.5 PL of the ddGTP termination mix in the tube labeled G. Similarly 

till the A, T, and C tubes with 2.5 pL of the ddATP, ddTTP, and ddCTP 
terminatton mixes, respectively. Cap the tubes to prevent evaporation. 

3. Prewarm the tubes at 37OC at least 1 min before adding labeling reaction 
aliquot. 

4. When the labeling incubation is complete, remove 3.5 pL and transfer it to the 
tube labeled G. Continue incubation of the G tube at 37°C. Similarly transfer 
3.5 PL of the labeling reaction to the A, T, and C tubes, returning them to the 
37°C bath. Continue the incubations for a total of 3-5 mm. 

5. Add 4 uL of stop solution to each of the termination reactions, mix thor- 
oughly, and store on ice until ready to load the sequencing gel. Samples 
labeled with 35S can be stored at -20°C for 1 wk with little degradation. 
Samples labeled with 32P should be run the same day. 
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6. When the gel is ready for loading, heat the samples to 75-80°C for 2 min 
and load immediately on the gel. Use 2-4 pL in each lane. 

3.4. Sequencing PZasmid DNA 
It is important to use high-quality plasmid DNA for best sequencing 

results. Preparations that contain large fractions of nicked or cut plasmid 
DNAs may produce sequences with high backgrounds and false bands 
resulting from the strand breaks. Double-stranded plasmid DNA must be 
denatured prior to sequencing. Two convenient and rapid methods of 
denaturing plasmids are presented here. 

1. Denature double-stranded templates with either of the fast denaturing pro- 
tocols below: 
a. Alkaline denaturation (without precipitation): Combine the following 

in a microcentrifuge tube: l-8 pL of DNA (l-3 pg), 2 pL of 1 .OM 
NaOH, 1 pL of primer (0.5-5 pmol), Hz0 to adjust to a total volume of 
11 pL. Mix thoroughly and incubate for 10 mm at 37°C. Place the mix- 
ture on ice. Then add 2 pL of l.OMHCl and 2 pL of plasmid reaction 
buffer for a total volume of 15 pL. Continue with annealing in step 2 
below. 

b. Heat/glycol denaturation: Combme the following in a microcentrifuge 
tube: l-7 pL of DNA (l-3 pg), 5 pL of plasmid denaturing reagent, 1 
l.tL of primer (0.5-5 pmol), H,O to adjust to a total volume of 13 pL. 
Mix thoroughly (the mixture is VISCOUS). Incubate at 9&100°C for 5 min. 
Chill the mixture in an ice water bath. Then add 2 pL of plasmid reac- 
tion buffer to bring to a total volume of 15 pL. Continue with annealing 
in step 2 below (see Note 1). 

2. Anneal by incubating the template/primer/buffer mixture at 37°C for 10 
min. Chill on ice. 

3. Proceed to the labeling step (Section 3.2.). Using these protocols, the vol- 
ume of the labeling reaction will be larger than outlined above. Therefore, 
transfer 4.5 pL of labeling reaction mix to each termination tube (G, A, T, 
and C), and continue with the protocol (see Note 1). 

4. Electrophorese through a gel made with glycerol-tolerant gel buffer. 

3.5. Running Sequencing Reactions 
in 96-Well Microassay Plates 

Heat-resistant plates with 96 U-bottom wells are ideal for running sev- 
eral sets of termination reactions at the same time. Care should be taken 
not to allow reactions to evaporate to dryness. Unless reagents are spe- 
cifically designed for sequencing reactions using a plate format, anneal- 
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ing and labeling reactions are best performed in small centrifuge vials 
while termination reactions are run in the plate as follows: 

1. Prepare the plate by adding 2.5 p.L of termination mixes to appropriate 
wells in the plate. 

2. When the labeling reactions are nearly finished, place the 96-well plate on 
a 37°C heating block or in a 37°C water bath to prewarm the termmatlon 
reactions. 

3. When the labelmg reactions are done, transfer 3.5 pL of the labeling reac- 
tion product into each of the four termination wells, mixing as usual. 

4. Allow the termmation reactions to incubate at 37°C until all of the reac- 
tions have run at least 2 min and no more than 10 mm. 

5. Remove the plate from the 37’C bath and add 4 pL of stop solution to each 
reaction 

6. Immediately prior to loading the gel, denature the reaction products by 
heatmg the plate on a 75°C heating block for 2 min. 

3.6. Improving Band Intensities Close to the Primer 
The addition of Mn2+ to the reaction buffer changes the ratio of reac- 

tivities of dNTPs to ddNTPs by approximately fivefold, even when both 
Mg2+ and Mn2+ are present (15,16). Thus, adding Mn2+ to the sequencing 
reaction buffer has the same effect as increasing the relative concentra- 
tions of all four ddNTPs. This makes terminations occur closer to the 
priming site, emphasizing sequences close to the primer. This is useful since 
reactions that contain less than the normal amount of template DNA result in 
weak bands near the primer. Running the sequencing reactions in the pres- 
ence of Mn2+ will usually restore the sequences close to the primer even 
when less template is available. To use Mn2+, simply add 1 pL of Mn buffer 
(Section 2.5 .) to the labeling reaction prior to the addition of diluted enzyme. 

Sequence close to the primer also can be obtained by using less deoxy- 
nucleotide in the labeling step. Simply diluting the labeling mix described in 
Section 2.2. to a fourfold lower concentration of deoxynucleotide to 0.38 pJ4 
results in average extensions from the primer of only a few nucleotides. 

3.7. Extending Sequences 
Beyond 400 Bases from the Primer 

Sequence 300400 bases from the primer should be readily obtained 
following the above procedure. To extend the sequence further, use the 
sequence-extending mix to increase the ratio of deoxy- to dideoxy-nucle- 
otides in the termination step, thereby increasing the average length of 



Sequencing with Sequenase DNA Polymeruse 383 

extensions. This method can extend the length of extensions thousands 
of bases without necessarily sacrificing information closer to the primer. 
It is important to remember that although it is possible to extend the 
primers in sequencing reactions to lengths of thousands of bases, the 
current gel technology is incapable of resolving DNA molecules greater 
than about 700 bases m length. To use extending mix, reduce the amount 
of each termination mix from 2.5 to 1.5 p.L and add 1 PL of extending 
mix. This increases the ratio of deoxy- to dideoxy-nucleotide concentra- 
tion about 2.5-fold. Experiment with other ratios as needed. 

3.8. Compressions 

The final analysis step in DNA sequencing involves the use of a dena- 
turing polyacrylamide electrophoresis gel to separate DNA molecules 
by size. Separation based solely on size requires complete elimination of 
secondary structure from the DNA, typically by using high concentra- 
tions of urea in the gel and running at elevated temperatures, Compres- 
sion artifacts are caused whenever stable DNA secondary structures exist 
in the gel during electrophoresis. Compression artifacts are recognized 
by anomalous band-to-band spacing on the gel. Several sequence bands 
run closer together than normal, unresolved, and the spacing of several 
bands above is larger than normal. It is important to look for both the 
unresolved (compressed) bands and the wider-spaced (“expanded”) 
bands to confidently recognize a compression artifact. 

Compression artifacts are overcome in one of two ways; either by the 
use of an analog of dGTP during the sequencing reactions, or by chang- 
ing to a stronger denaturing condition in the gel. The use of nucleotide 
analogs for dideoxy-sequencing is simple and usually quite effective. 
Recommended nucleotide mixtures for sequencing with dITP (7,34) or 
‘I-deaza-dGTP (13) are described in Section 2. When these analogs replace 
dGTP, the product DNA forms only weaker base pairs with dC, which 
are more readily denatured during gel electrophoresis. Even the most 
difficult compression artifacts are resolved by dITP, whereas 7-deaza- 
dG may not resolve all compressions (7,34). It is essential, however, to 
run dGTP sequences alongside dITP sequences since the analog sequences 
are more prone to other artifacts. 

A good alternative is to use gels with stronger denaturing composition. 
We routinely use gels containing both 7A4 urea (not 8A4) and 2040% 
formamide. Polymerization of these gels requires the use of 3-5 times 
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more N,N,N’JV-tetramethylethylenediamine (TEMED) than gels with- 
out formamide. 

3.9. Resolving Bands in All Four Lanes 
Another frequently observed artifact in sequencing gels is “bands in 

all four lanes,” also known as “stops” or “pauses” in the sequence. This 
can be distinguished from compression artifacts by observing that the 
band-to-band spacing on the gel does not change. Stops can be the result 
of one or a combination of several different factors. Polymerases can 
pause at sites of exceptional secondary structure in the DNA template, 
particularly when nucleotide analogs such as dITP are used. Impurities 
in the DNA template preparation, the temperature at which the various 
steps of a sequencing reaction are performed, or even incomplete mixing 
of reactants can lead to ineffective polymerization. Generally, both the 
labeling and termination reaction mixtures must be carefully and com- 
pletely mixed by repeated pumping of the pipet. The labeling step should 
be run at low temperature (4-20°C) and for 6 min. The termination 
reactions should be run by prewarming the termination mixes at 37-45”C 
prior to adding labeling reaction products and continued for 5-20 min. A 
few suggestions for reducing stops are presented (see Note 4). 

4. Notes 
1, The use of the increased glycerol in sequencing reactions in the form of plas- 

mid denaturing reagent, glycerol enzyme dilution buffer, or otherwise added 
glycerol will necessitate the use of a glycerol-tolerant gel buffer in your 
sequencing gel system since glycerol severely distorts ordinary sequencing 
gels. See 20X glycerol-tolerant gel buffer in Sections 1.4. and 2.4. 

2. The concentratton of the labeling mtxes for labeled dATP given here are 
equivalent to 15 dilution of those in the commercial kit. 

3. The amount of labeled nucleotide can be adjusted according to the needs 
of the experiment. Nominally, 0.5 & of 10 @r&L and 10 I,uV( 1000 Wmrnol) 
should be used. 

4. Suggestions for reducing stops (bands m all four lanes). 
a. Reduce the temperature and/or duratton of the labeling step (e.g., 4”C, 

5 min). 
b. Reduce the concentratton of dNTPs (to one-half or one-fourth of the 

normal amount) to keep extensions during this step from reaching the 
pause site. 

c. Using more polymerase (i.e., 3-8 times more than usual) on difficult 
templates can be effective at resolving stops. Be certain that at least the 
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recommended amount of polymerase 1s carefully and completely mixed 
(by repeated pumping of the plpet) into the labeling reaction. 

d. The addition of 0.5 pg of E. coli ssb protein during the labeling reaction 
can sometimes be effective m eliminating the stops. When using ssb, it is 
necessary to inactivate it prior to running the gel. Add 0.1 p.g of protein- 
ase K and incubate at 65OC for 20 min after adding the stop solution. 

e. A chase step using high concentrations of dNTPs and terminal 
deoxynucleotidyl transferase can reduce stops in sequencing reactions, 
especially those involving dITP (34). Prepare a 1 mM stock solution of 
all four dNTPs in TE buffer. Dilute terminal deoxynucleotldyl trans- 
ferase (TdT) in this stock solution to a concentration of 2 U/L and keep 
on ice (dilute only enough for immediate use). Sequence according to 
the two-step protocol using the either the dGTP or the dITP labeling 
and termination mixes, respectively. Do not add stop solution. After 
the termination reaction is complete, add 1 PL of the TdT dilution to 
each termination reaction tube and incubate 30 min at 37°C. Add 4 PL 
of stop solution to each reaction tube. Heat denature and load on a 
sequencing gel as usual. 

f. For difficult plasmid templates, denaturing by boiling in the presence 
of glycerol has been observed to be very effective in resolving stops. 
See Section 3.4., step lb for plasmid sequencing. 

g. Make a new primer either for the other strand or to prime 50 bases 
farther from the site of the stop. 
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CHAPTER 47 

Pouring Linear and Buffer-Gradient 
Sequencing Gels 

Paul Littlebury 

1. Introduction 
The products of sequencing reactions are separated on thin, low 

percentage (usually 6%) polyacrylamide gels. Normally, these gels are 
40-50 cm in length, 20 cm wide, and between 0.3 and 0.4 mm thick. 
Longer gels (to enable more sequence to be read from a single run) up to 
100 cm in length can be poured, as can wider gels (to enable more clones 
to be loaded onto a single gel). However, these larger gels are more diffi- 
cult to handle after electrophoresis, i.e., during fixation, drying, and auto- 
radiography. The methods given in this chapter deal only with the 
“standard” size of sequencing gels, but the principles are the same for 
larger gels, except that more gel mix will be needed, and different sizes 
of combs, spacers, and glass plates may also be needed. 

Sequencing gels are poured between two plates of glass, separated by 
two thin spacers, ensuring that a constant thickness of gel is maintained 
(changes in the thickness of the gel will alter the migration rate of the 
samples). The gel is also loaded and run while still in this mold, since the 
glass plates provide support for the fragile gel. As a consequence, a notch 
that is several centimeters deep and almost the width of the plate must be 
cut in one of the plates to provide an electrical contact with the running 
buffer at the anode. Sample wells are also formed at this end by inserting 
a comb, made from material of the same thickness as the spacers, into the 
gel immediately after pouring. Both the combs and the spacers can be 
bought commercially, or they can be made using a modeling card (PlastikardTM) 
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that is cut according to requirements. A typical comb for a 20-cm wide 
gel would have 50 teeth (2 mm wide; 3 mm deep) to enable 12 clones to 
be loaded/gel. This chapter describes how to pour both linear and buffer 
gradient gels. 

Linear gels are the simplest to pour, but usually only 200-250 bases of 
sequence can be read/clone, since the resolution of the gel varies along 
its length. At the bottom of the gel, bands are widely spaced and well 
resolved, but toward the top they coalesce and cannot be read. Buffer 
gradient gels (I) increase the amount of readable sequence in compari- 
son to a linear gel by slowing the migration rate of DNA molecules within 
the bottom 30% of the gel. This retains the small molecules on the gel 
and enables the molecules at the top of the gel to be run for longer peri- 
ods of time, and hence they are better separated. The gradient is achieved 
by having a higher ionic concentration in the bottom of the gel. Buffer 
gradient gels are, therefore, poured using two gel mixes of differing ionic 
concentration, the mix with the higher ionic concentration being poured 
first, followed by the mix with the lower ionic concentration. As a conse- 
quence, pouring buffer gradient gels takes a little practice, since care 
must be taken when pouring the gel to ensure that the gradient forms 
properly in order to avoid distortion of the resultant sequence. 

2. Materials 
1. 10X TBE: 108 g of Trizma base (Tris), 55 g of boric acid, and 9.3 g of 

EDTA (dr-sodium salt). Make up to 1 L with deionized water. Discard 
when a precipitate forms. 

2. 40% Acrylamrde (19:l): 380 g of acrylamide (Electran-BDH), 20 g of 
iV,N’-methylene bis-acrylamide (Electran-BDH). Make up to 1 L with 
deionized water. Add 20 g of Amberlite MB 1 resin, and stir gently for 
10 min. Filter and store at +4”C (see Note 1). 

3. 0.5X TBE gel mix: 75 mL of 40% acrylamide (19: l), 25 mL of 1 OX TBE, 
and 230 g of urea (ultrapure grade). Make up to 500 mL with deionized 
water. Filter and store at +4”C for up to 1 mo. 

4. 5X TBE 6% gel mix: 30 mL of 40% acrylamide (19:1), 100 mL of 10X 
TBE, and 92 g of urea (ultrapure grade). Make up to 200 mL with deron- 
ized water. Filter and store at +4”C for up to 1 mo. 

5. 25% Ammonium persulfate: 25% (w/v) in deionized water. Can be stored 
at +4”C for several months. 

6. TEMED: N,iV,N:N’-tetramethyl- 1,2-diaminoethane. Store at +4’C. 
7. Dimethyl dichlorosrlane solution: for silanizing glass plates. 
8. Glass plates: 50 x 20 cm. 
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9. Spacers: 50 x 0.5 cm x 0.35 mm thick Plastikard. 
10. Combs: 5 x 15 cm x 0.35 mm Plastikard. 
11. Waterproof tape and “Bulldog” or “Foldback” clips. 

3. Methods 
3.1. Preparation of Sequencing Plates 

1. Wash one pair of plates in warm water, and then rinse them with distilled 
water. If the plates are cleaned after each use, there will be no need to use 
detergents on them. Allow the plates to air-dry. 

2. Working in a fume hood, silanize one surface of each plate (see Note 2). To do 
this, spread approx 2 mL of silanizing solution over the selected surface using 
paper tissue, taking care to ensure that the entire surface of the glass plate 
is covered. The plates are then left to dry m the fume hood for 5-10 min. 

3. Wipe each plate with a small quantity of ethanol. Ensure that the plates are 
well polished and free of dust, which may encourage the formation of air 
bubbles when the gel is poured (see Note 3). 

4. Lay one spacer along each of the long edges of one plate (usually the 
unnotched one). Lay the second plate directly onto the first plate so that 
the two silanized sides form the inner surfaces of the mold assembly. 

5. Clamp the plates together on one side using Foldback clips, and seal along 
the other side and the bottom of the plates with gel-sealing tape. Transfer 
the clips to the sealed side, and then seal the remaining side. If desired, a 
second layer of tape could be used along the bottom and the corners of the 
plates to reduce the risk of leaks further. 

3.2. Pouring a Linear Sequencing Gel 
1. Allow 50 mL of 0.5X TBE 6% gel mix to warm to room temperature. 
2. Add to this gel mix 100 uL of 25% ammonium persulfate and 100 PL of 

TEMED. Mix by swirling. 
3. Take the gel mix up into a 50-mL syringe (without a needle), and inject the 

mix between the plates, maintaining a steady flow. The rate of flow of gel 
mix into the mold can be controlled by altering the angle at which the 
plates are held. 

4. Once the gel mold has been filled to the top, insert the comb just past the 
teeth. Clamp the edges of the plates at the top and bottom to ensure that a 
uniform thickness of gel IS maintained. Leave the gel to polymerize for 
30 mm (see Note 4). 

3.3. Pouring a Buffer Gradient Gel 
1. Warm the gel mix to room temperature. For a buffer gradient gel, 50 mL 

of 0.5X TBE gel mix and 10 mL 5X TBE gel mix are required. 
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2. Add 100 pL each of TEMED and 25% ammonium persulfate to the 0.5X 
TBE gel mix, and 20 pL of each to the 5X TBE gel mix. 

3. Using a 25-mL pipet, take up 7 mL of 0.5X TBE gel mix, followed by 
7 mL of 5X TBE gel mix (see Note 5). The two gel mixes should be mixed 
together at the interface by introducing a few air bubbles into the pipet and 
letting them rise through the gel solutions. 

4. Pour this mix into the mold either down one side or down the center. 
5. As soon as the pipet is empty, lower the mold to the horizontal to stop the 

flow of gel mix. Take the remanring 0.5X TBE gel mix into a 50-mL syringe, 
and fill the gel mold to the top, washing the gradient mix to the bottom. Insert 
the comb, clamp the plates, and leave the gel to polymerize for 30 min. 

4. Notes 
1. Acrylamide is a potent neurotoxin, the effects of which are cumulative. 

Gloves and a mask should always be worn when weighing out solids and 
when handling solutions containing acrylamide. Gels should be poured in 
plastic trays to contain spillages and leaks. Polymerized acrylamide is con- 
sidered to be nontoxic, although gloves should still be worn, since there 
may be residual unpolymerized acrylamide present. 

2. Many workers silanize only one of the glass plates, the theory being that 
the gel will stick to the nonsilanized plate. In practice, the gel seems to 
stick to either plate with equal frequency, and silanizing both plates seems 
to aid the pouring of the gels. 

3. Bubbles, should they occur, can be removed in one of two ways. Raise the 
gel assembly to a vertical position and lightly tap the top of the glass to 
dislodge the bubble, which should then rise to the top of the gel. Altema- 
tively, an old piece of used X-ray film can be used to push the bubble to the 
side, where it will not affect the running of the samples. 

4. The rate at which the gel polymerizes can be altered by changing the amount 
of TEMED added to the gel mix. It is often helpful, when first pouring buffer 
gradient gels, if the amount of TEMED is reduced by 10-20 pL. This will 
give the inexperienced worker a little more time to pour the gel, and remove 
any bubbles that may have occurred during pourmg. 

5. When using buffer gradient gels, it is possible to change the gradient sim- 
ply by altering the relative ionic concentration of the two mixes. For exam- 
ple, if more 5X TBE mix is added, the gradient becomes steeper. 
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CHAPTER 48 

Electrophoresis 
of Sequence Reaction Samples 

Alan I! Bankier 

1. Introduction 
The underlying principle of DNA sequencing by either the Sanger (I) 

or Maxam and Gilbert method (‘2), is the ability to fractionate and re- 
solve long, single-stranded DNA molecules that differ in length by only 
one nucleotide. Denaturing polyacrylamide gels have been reported to 
give interpretable separation of molecules up to 0.6 kb in length, on 1 -m 
long gels (3). 

More practical systems for extended readings employ shorter buffer 
gradient gels (see Chapter 47), multiple loadings (giving run lengths of 
around 3 and 6 h), and reduced acrylamide concentration down to as 
low as 3.5%. Even using these techniques, a more reasonable estimate 
of the limit to accurate sequence that can be obtained on a routine basis is 
450-500 nucleotides/template. The redundant nature of shotgun proce- 
dures, where gel running tends to be the rate-limiting step, make it more 
efficient to accept a reading of up to 350 nucleotides from each single 
run on a buffer gradient gel or a wedge gel (4-6). Following electro- 
phoresis, the gel is subjected to autoradiography, where the position 
of each band can be visualized by virtue of the radioactive nucleotide 
incorporated during polymerization. Samples visualized by chemilu- 
minescence currently use similar exposure to film for detection (7). 
Fluorescence-based automated procedures use direct in-gel detection 
without the need for gel handling and autoradiography (see Chapter 5 1). 
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Direct autoradiography of wet gels, covered with Saran Wrap@, is pos- 
sible with 32P-labeled sequence reactions, but a considerable improve- 
ment in resolution is observed when the gel is dried. Particles from 
radioactive emissions in the lower part of the gel radiate outward in all 
directions and the resulting exposure on the film, positioned on the upper 
surface of the gel, appears broad and diffuse. If the gel is dried before 
autoradiography, this radiant “spread” is dramatically reduced. When 35S 
label is used, drying is essential because of the lower energy of emission. 
Drying is most conveniently carried out on a heated, vacuum gel drier, 
and takes 4 h. 

Having negotiated all of the pitfalls of subcloning, risked one’s health 
handling hazardous materials, fiddled with almost nonexistent volumes 
of reagents, and successfully manipulated a very fragile gel that often 
seems bent on self-destruction to produce an autoradiograph, perhaps 
the hardest part remains. Reading sequencing films accurately is a skilled 
process. Although some broad guidelines can be learned from a chapter 
like this, there is no substitute for practical experience gained from com- 
paring deduced sequences with known sequences and reconciling any 
differences. Several film scanners are available, with software intended 
to interpret sequencing data, notably the Amersham Autoreader (Amer- 
sham, Arlington Heights, IL). The accuracy of these devices is continu- 
ally improving, but they are totally dependent on being “fed” good 
quality input. At the end of it all, it can be very difficult to accept that the 
film may be truly unreadable. 

2. Materials 
1. A gel electrophoresis apparatus. This need not be too comphcated, since 

satisfactory results can be obtained using very cheap and simple systems. 
2. A high voltage power supply capable of at least 2000 V (DC output). For a 

20 x 50 cm x 0.3~mm thick gel, the running conditions are around 1500 V 
at 30 mA. 

3. 10X TBE: 108 g Tris base, 55 g boric acid, 9.3 g Na,EDTA dissolved and 
made up to 1 L m deionized water. 

4. Formamide dye mix: 100 mL deionized formamide, 0.1 g xylene cyan01 FF, 
0.1 g bromophenol blue, 2 mL 0.5MNa2EDTA. There seems to be little or 
no deterioration of results using dye mix that has been stored at ambient 
temperatures for several months, but it is recommended that aliquots be 
stored frozen. Formamide is hazardous and may cause irritation to skin 
and eyes. 
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5. Narrow or flattened pomt, disposable pipet tips for gel loading. A small 
volume Hamilton syringe with a fine gage needle can also be used. Expe- 
rienced users frequently prefer to use drawn-out capillaries fitted to a 
mouth pipet, but this practice should be avoided on safety grounds. 

6. Whatman (Maidstone, UK) 3MM paper, cut just larger than the size of the gel. 
7. Saran Wrap or equivalent, nonporous food wrap. 
8. Slab gel drier, Savant (Hicksville, NY) SGD4050 or BioRad (Richmond, 

CA) SE1 125B. 
9. A high-vacuum pump. Oil pumps require considerable maintenance and 

are quickly damaged by acetic acid if the gels are fixed before drying. 
Teflon diaphragm pumps are cheaper and are low maintenance (e.g., 
Vacuubrand GMBH). 

10. Fuji RX or equivalent, X-ray film. Some films are considerably faster (and 
more expensive) but may not be suitable for automatic processors. 

11. Light-tight film cassettes for autoradiography. 
12. Chemicals for film processing. 

3. Methods 

The process described in this chapter can be broadly categorized under 
three headings: gel running, autoradiography, and film reading. 

3.1. Gel Running 

1. Remove any sealmg tape from the bottom of the polymerized gel, remove 
the well former from the top of the gel, and wash the well(s) under running 
deionized water (see Note 1). 

2. If using a “shark’s tooth” comb, carefully insert it until the teeth just enter 
the gel surface evenly across the full width of the gel. 

3. Assemble the gel in the electrophoresis apparatus with the well recess of 
the glass plate facing the upper buffer chamber and fill the upper and lower 
chambers with 1X TBE. 

4. Thoroughly flush the top of the well with TBE, using a Pasteur pipet or 
syringe, to remove any unpolymerized acrylamide. It is not absolutely nec- 
essary to prerun the gel, but if desired, put the cover on the apparatus, 
connect it to a high voltage power supply, and run it at around 30 V/cm for 
30 min (see Note 2). 

5. If the samples have been stored at -20°C allow them to thaw and add 
2 uL of formamide dye mix to each. Immediately before loading, 
denature the samples and place them on me. Samples prepared in tubes 
should be denatured for 3 min at 70°C. 

6. Isolate the gel running apparatus from the power supply and flush the wells 
at the top of the gel to remove the urea that will have diffused out of the gel. 
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7. Using a narrow polypropylene tip fitted to a small volume pipet, load around 
2 pL of sample into each well. The same tip can be used repeatedly by rinsing 
the tip once in the bottom buffer chamber. If difficulty is encountered with 
air pockets trapping some residual sample in the tip, it is easier to discard it 
into the radioactive waste and to use a clean tip (see Notes 3 and 4). 

8. When all the samples are loaded, put the cover on the apparatus and con- 
nect it to a high voltage power supply. Electrophorese the gel at around 30 
V/cm, until the bromophenol blue reaches or has migrated off the bottom 
of the gel (see Notes 5 and 6). 

3.2. Gel Drying and Autoradiography 
1. When the run is complete, disconnect the electrophoresis unit from the 

power supply, discard the top buffer, and dispose of the radioactive bottom 
buffer in the recommended manner. Remove the gel/glass assembly from 
the unit and remove any remainmg sealing tape. 

2. With the notched plate uppermost, pry the two glass plates apart by 
insertmg a thin spatula between them and carefully twisting or levering it. 
Should the gel prefer to stick to the notched plate, simply remove the 
spatula, turn over the whole gel/glass assembly, and pry off the backplate. 
If the gel persists m sticking equally to both plates, the whole assembly 
is best submerged in water or 10% acetic acid where the gel is free to 
float off the upper glass plate when pried open. The gel can be held in 
position during subsequent handling, using a piece of firm plastic netting 
(see Note 7). 

3. Submerge the gel in around 1 L of 10% acetic acid in a seed tray for 10-l 5 
min to dialyze out the urea. If the tray does not have a ridged base, gently 
agitate the solution periodically. Remove the gel, still on the glass plate, 
and drain off as much liquid as possible (see Note 8). 

4. Transfer the gel to 3MM paper by placing a sheet smoothly and evenly on 
top of the gel by “rolling” the curved paper across from one end, or out- 
ward from the center. Gently ensure complete direct paper/gel contact over 
the whole gel and then peel the paper back and away from the glass. 

5. Cover the gel with a layer of Saran Wrap and cut off any excess 3MM 
paper or plastic wrap. Trim the top and sides of the gel to fit into a slab gel 
drier and dry the gel for 15 min under vacuum at 80°C. 

6. Remove the plastic wrap from the dry gel and place it in a light-ttght X-ray 
film cassette m direct contact with X-ray film. Exposure times will vary 
depending on which label has been used. If the entire sample has been loaded 
and the label was 35S, exposure times between 18-36 h should be adequate. 
When using 32P, the ideal exposure can be as short as 1 h (see Note 9). 

7. Process the X-ray film according to the supplier’s recommendations. 
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3.3. Film Reading 
In principle, the interpretation of a single sequence from four tracks on 

an autoradiograph should be simple. Because the individual molecules 
are separated according to size, all that is required is that the positions of 
successive bands from bottom to top are noted. If the next band is in the 
A track, then the next base in the sequence must be an A. 

Several different problems may disrupt this idealized situation. It 
may not be clear which band comes next, particularly if the bands in 
question are in the outer tracks. Two or more bands may appear to 
occupy the same vertical position, or spurious bands may even pre- 
vent an absolute assignment at a particular position. Some positions 
expected within an even “ladder” of bands may appear to be vacant. 
Superimposed on this will be the effects of poor template quality, less 
than perfect sequence reactions, and gel running and autoradiography 
problems. 

Probably the most important lesson to learn when reading sequence 
films is when not to read. Most mistakes are made by trying to read 
sequences of inferior quality or by reading too far up the gel into regions 
of poor resolution. Eventually sequence-reading mistakes will have to be 
reconciled with other, more accurate readings, which can be very time 
consuming. Very often, some weeks or months later, when the film is 
read again, the first impression is one of disbelief that it could have been 
read at all. 

Guidelines on reading sequence films range from the general to a 
description of the very specific artifacts expected from particular cloning 
or sequencing strategies. Only the more relevant points will be listed 
here and then in a general way. Many of the artifacts can be attributed to 
specific reagents and can be verified using a control system. 

3.3.1. General Tips on Reading Sequences 

1. Since many of the anomalous mobility problems associated with gels are 
predominantly related to high G/C sequences, it makes sense to have these 
two tracks adjacent to each other. The most commonly used track orders 
are ACGT and TCGA. 

2. Before starting, make a general assessment of the quality of the data and 
decide whether or not It is worth reading. This overall inspection should 
consider the sharpness of the bands, the presence of background smear, 
and whether extra bands are present. 
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3. Ensure an optimum exposure. Too short an exposure can conceal the pres- 
ence of weak bands. Too long an exposure will increase the background smear 
and accentuate artifact bands. If 32P is used, over-exposure will dramati- 
cally reduce resolution. 

4. Mark out or mask the four lanes to avoid confusion with other tracks, and 
mark the end-point. This may be the point where the quality or resolution 
falls below the required standard, or where a short insert meets the vector. 

5. Reading the spaces between bands can be as important as reading the bands 
themselves. It should always be considered whether or not there is “space” 
for the band m question. Where there is ambiguity regarding the exact 
order of bands, it can often be deduced from the comparative spacing of 
consecutive bands wtthm a track m the immediate vicinity. One should 
have some idea of how many bands to expect m a particular gap. 

6. If consistent difficulty is encountered in interpreting the correct register of 
bands, a sharkstooth comb may prove to be beneficial. When these are 
used, there is often a small overlap between adjacent tracks, making order 
interpretation simpler. 

7. Do not stop reading in “mid-sequence.” Once started, read the entire sequence 
from bottom to top. It is quite common, after a break, to recommence read- 
ing from the wrong point, particularly when the sequence is of a repetitive 
nature. 

8. Speckles and streaks on autoradtographs usually arise from particles or 
small bubbles in the gel and can generally be avoided. Ensure that the glass 
plates are scrupulously clean before pouring the gel, and avoid using tis- 
sues that drop particles to wipe down their surfaces. 

9. Patches of fuzziness can be attributed to regions of the gel not being in 
direct, intimate contact with the film, or with differential polymerization 
of the gel matrix. These patches can also be caused by regions of overheat- 
ing m the gel by running it too fast. 

3.3.2. Common Problems and Artifacts in Sequences 
1. A high background smear is generally specific to the template DNA. Fur- 

ther purification of the template, using phenol or chloroform extractions 
and ethanol precipitation, is not always successful. 

2. Variations in band intensity usually are an intrinsic property of the enzymes. 
These are generally base sequence-specific and occur in a predictable man- 
ner. Sequenase used m the presence of manganese produces a very even 
band intensity. 

3. “Pile-ups,” where bands appear in the same position in all four tracks, result 
from nonspecific terminations. Typical causes are secondary structure 
within the template that the polymerase has difficulty passing through (dif- 
ferent polymerases and different batches of the same polymerase can cope 
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with this to varying degrees), and renaturation of a double-stranded tem- 
plate causing a block to polymerization. This is quite common in sequenc- 
ing PCR products. Both of these problems can often be reduced by 
destabilizing the structure, for example, by increasing the temperature of 
the extension reaction or reducing the salt concentration in the reaction. 
Failing this the polymerase has to be changed, since the most likely cause 
will then be poor quality enzyme. 

4. Faint extra bands, or “shadow” bands, in other tracks can have one of sev- 
eral causes. If the shadow bands appear only in adjacent tracks, a sample 
may have spilled over between wells. A random distribution of faint bands 
can indicate a second background sequence. This may be caused by a 
contaminating plaque inadvertently picked off the agar plate, a lower abun- 
dance template resulting from a deletion during phage growth, or nonspe- 
cific priming. Finally, some faint artifact bands are polymerase-specific 
and appear at base sequence-dependent positions. 

5. A generally clean, but very weak, sequence is caused by low template or 
primer concentration, or by inefficient priming resulting from too high an 
annealing temperature. 

6. Compressions, where band spacings are reduced or nonexistent at a spe- 
cific point in a sequence, followed by a region of abnormally large spac- 
ing, result from secondary structure during gel electrophoresis. 

7. An uneven distribution of band intensity is indicative of an incorrect 
dideoxy:deoxy nucleotide ratio. A peak of intensity at a shorter length 
implies too high a dideoxy concentration, and a high intensity at longer 
lengths too low a dideoxy nucleotide concentration. When using a two- 
step labeling procedure, as recommended for Sequenase, a similar inten- 
sity problem is caused by variations in template concentration, such as low 
template concentrations producing an increase in intensity of the longer 
molecules. 

8. No signal at all in a single track is usually caused by accidentally missing 
the addition of a single ingredient. No signal in a set of four tracks, on the 
other hand, would indicate that the primer or buffer was omitted from 
the annealing, no template was recovered from the DNA preparation, the 
primer is inappropriate, or a deletion has occurred during growth of the 
recombinant that encompassed the primmg site. 

4. Notes 
1. It is important to rinse the wells immediately after removing the slot 

former, because any unpolymerized acrylamide may subsequently poly- 
merize and leave an uneven gel surface. Flushing the wells just before 
loading removes any urea that may have dialyzed out of the gel, making it 
easier to load the samples as a tight band. 
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2. The presence of “smihng,” where samples toward the edge of the gel migrate 
slower than those in the center, is a consequence of variations of heat loss 
(and hence temperature) across the width of the gel. This can be mini- 
mized m two simple ways: first, by not loading samples m the outermost 2 
cm on each side of the gel, because this is where the temperature differ- 
ence is greatest, and second, by placing an aluminum sheet on the outer 
surface of the glass plate, because this evens out the temperature across the 
gel. More sophisticated and expensive methods of temperature control are 
available, but except for particular situations, such as m automated sys- 
tems, it is unlikely they will be needed. 

3. If possible, it is better to load the sample around l-2 mm from the bottom 
of the well, giving a sharp sample band, rather than to let it trickle down 
from the top. 

4. An extended denaturation period (20 mm at SOY) can be used with 
microtiter trays to reduce the volume so that the entire sample can be 
loaded. The duration can be altered to adjust this volume. For example, fan- 
assisted ovens will require a much shorter time. Only a fraction of samples 
denatured m tubes can be loaded since then volume IS not reduced consid- 
erably. Do not attempt to overload the wells. As a guide, the sample height 
should be less than the well width, but ideally much less. 

5. The conditions described in this method refer to running the gel at a constant 
voltage. In practice, though, it is best to run denaturing gels at constant 
power because the gel temperature is the most important factor to control. 
An internal gel temperature of 60-70°C should be attained. For 20 x 50 cm 
x 0.3 mm thick gels a constant power of 35-40 watts is sufficient. In cases 
where compressions still exist this may need to be even higher to increase 
the gel temperature. 

6. The precise time at which to stop electrophoresis will, of course, depend 
on the length of the primer and the distance from the primer that sequence 
is to be read, as well as the concentration of acrylamide in the gel. On 6% 
gels the M 13 cloning sites correspond approximately to the position of the 
bromophenol blue marker dye when the universal primer is used. 

7. When opening the glass plates, do not lever against the “ears” of the 
notched plate. These tend to be fairly fragile and easily broken. 

8. There is no need to fix gels before they are dried. Without fixing they will 
take 45-60 mm to dry on a vacuum gel drier at 80%. If no drying facilities 
are available, it is possible to au- dry them overnight. 

9. The mtroduction of thin gels and 35S label was designed to improve resolu- 
tion. Using single-sided film can improve the resolution of autoradio- 
graphs, although care must be taken to ensure that the emulsion side faces 
the dried gel and the Saran Wrap is removed, 
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CHAPTER 49 

Direct Sequencing of PCR Products 

Janet C. Hamood and Geraldine A. Phear 

1. Introduction 
The development of the polymerase chain reaction (PCR) has allowed 

the rapid isolation of DNA sequences utilizing the hybridization of two 
oligonucleotide primers and subsequent amplification of the intervening 
sequences by Taq polymerase. There are many applications of this tech- 
nique. One of the most useful is the screening of large numbers of 
samples in the search for mutations at a defined locus, for example in 
clinical studies or in the analysis of cultured cell lines (1-3). In the 
absence of PCR, this can only be achieved by isolating DNA from each 
individual, and making and screening a library. The use of PCR means 
that whereas previously it may have taken a month to examine each indi- 
vidual sample, it is now possible to examine many samples in a few days. 
In addition, by using redundant primers, it is even possible to isolate 
related novel genes. 

To make full use of this technique, it is necessary to be able to sequence 
the amplified fragments rapidly. There is, however, a major technical 
problem encountered when sequencing PCR products. The oligonucle- 
otide primers used for the PCR reaction also act as primers in the 
sequencing reaction. This makes the sequencing gels unreadable owing 
to the overlaying of multiple sequences. A number of methods have been 
used to address this problem. Initially, PCR products were cloned into a 
vector suitable for sequencing (4). This, however, has two disadvantages: 
(1) It is time-consuming, and (2) each clone represents only a single 
molecule from the population of PCR products. Therefore, several clones 
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must be sequenced to avoid artifacts resulting from the infidelity of Taq 

polymerase. By sequencing the PCR product directly, these errors are 
minimized, since the template comprises a sample of the whole popula- 
tion of molecules generated by the PCR reaction. 

Two general approaches to direct sequencing have been taken. First, 
the double-stranded template may be purified from the oligonucleotide 
primers. A number of methods have been devised to do this. They include 
gel purification and isolation by the use of size exclusion of DNA mol- 
ecules using such materials as GeneCleanTM or CentriconTM columns. 
Second, the double-stranded PCR product can be used as a template to 
make single-stranded DNA. This can be achieved by asymmetric PCR 
(.5,6). Alternatively, the PCR reaction may be modified so that one of the 
primers is biotinylated and then the single-stranded template can be puri- 
fied from it by binding the biotinylated strand to streptavidin coated mag- 
netic beads (7). Although many of these methods have been used 
successfully, they all involve additional manipulations to the PCR tem- 
plate prior to sequencing. 

The protocol presented here is a simple and rapid way of sequencing 
PCR products directly. It is based on two previously described methods 
(4,8). It is ideal for sequencing PCR products that are ~2 kb in length, 
where an internal sequencing primer is available. The double-stranded 
template is denatured in the presence of an end-labeled primer by boil- 
ing, and then snap-chilling in ice/water. This prevents reassociation of 
the template, favoring primer-template annealing. Subsequent sequenc- 
ing is a modification of the dideoxy-nucleotide sequencing technique (9). 

The end-labeled oligonucleotide used as a sequencing primer is situ- 
ated internally to the PCR primers, i.e., is a “nested” primer. This has 
several advantages. 

1, There is no need to remove the PCR primers from the template. The prod- 
ucts of the sequencing reaction primed by the excess of PCR primers will 
not be detected, since the PCR primers are not radioactively labeled. This 
minimal purification of the template material reduces loss of material and 
is sufficient for sequencing purposes. 

2. The sequencing primer is a third oligonucleotide that is “nested” to the 
PCR primer and specific to the desired PCR product. It will not anneal to 
nonspecific PCR products, and therefore, sequence specificity is maximized. 

3. The sensitivity of the technique is such that only 150 ng of template are 
required/sequencing reaction. 
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The one drawback of this protocol is the requirement of a “nested” 
sequencing primer. The method, however, can be adapted to sequence 
PCR products using one of the PCR primers, provided the oligonucle- 
otides used in the PCR reaction are removed from the template first. 

This protocol is optimized to sequence a PCR product of approx 250 
bp using a 20-mer as a primer. It is applicable for different lengths of 
PCR products and primers. However, the quantity of material used must 
be adjusted to maintain the molar ratio of 1 pmol of template to 3 pmol of 
primer (see Note 1). 

2. Materials 
All solutions should be made to the standard required for molecular 

biology. Use molecular-biology-grade reagents and sterile distilled water. 
The reagents for sequencing are available commercially as kits. 

2.1. End-Labeling Oligonucleotide Primers 
1. Y-[~~P] ATP: 5000 Ci/mmol, Amersham (Arlington Heights, IL). This is a 

high-energy p-emitter. Therefore, adequate safety precautions must be 
taken (see Note 2). 

2. 10X polynucleotide kinase buffer: 0.5M Tris-HCl, pH 7.6, O.lM MgC12, 
50 miI4 DTT, 1 mM spermidine, 1 mM EDTA, pH 8.0. Store m ahquots at 
-20°C. 

3. Nested oligonucleotide primer specific to PCR sequence: 0.1 pg/pL in 
water (see Note 3). 

4. Polynucleotide kinase (10,000 U/n& New England Biolabs, Beverly, MA). 
5. TE: 10 mMTris-HCl, 1 WEDTA, pH 8.0. 
6. Sephadex G50 (Pharmacia, Piscataway, NJ) column in TE (see Note 4). 

2.2. Purification and Sequencing 
of the PCR Product 

1. 3M Sodium acetate, pH 5.2. 
2. 100% Ethanol. 
3. 5X Sequenase buffer: 200 mMTris-HCl, pH 7.5, 100 mA4MgC12, 250 mil4 

NaCl. 
4. O.lM DTT. Store at -2OOC. 
5. Labeling mix: A 7.5-w solution of each deoxynucleotide triphosphate 

(dNTP). To make up the stock labeling mix: 7.5 PL 1 miWdATP, 7.5 PL 1 
miW dCTP, 7.5 PL 1 mA4 dGTP, 7.5 PL 1 rniW dTTP, and 970 PL water. 
Store at -2OOC. Dilute eightfold in water for the working labeling mix. 

6. Sequenase (Version 2.0 USB, 14 U/pL): dilute eightfold to 1.75 U/pL in 
cold TE just before use. 
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7. Termination mixes: A termination mix is required for each nucle- 
otide (i.e., A, C, G, and T). These comprise solutions of 80 uM of 
each dNTP and 8 pA4 of the respective dideoxynucleotide (ddNTP) 
in 50 mM NaCI. 

The termination mixes can be made as follows (all amounts in pL): 

A mix C mix G mix T mix 

10 mMdATP 
10 mA4dCTP 
10 mMdGTP 
10 mA4dTTP 
1 mMddATP 
1 mMddCTP 
1 mMddGTP 
1 mMddTTP 

1M NaCl 
water 

- 

8 
8 
8 
8 

- 
8 

- 
- 
50 

910 

8 
50 

910 

8. Formamide dye mix: 95% formamide (v/v), 20 mM EDTA, 0.05% bro- 
mophenol blue (w/v), 0.05% xylene cyan01 (w/v). 

9. Sequencing gel: A 0.4~mm thick, 6% denaturing polyacrylamide gel. 
10. Fix solution: 10% acetic acid/l 0% methanol (v/v). The fix can be stored at 

room temperature and reused 4-5 times. 
11. Autoradiographic film: e.g., Kodak XARS. 

3. Methods 

3.1. End-Labeling the Sequencing Primer 

We describe labeling of 200 ng of oligonucleotide. This is sufficient for 
ten sequencing reactions. The labeling reaction can be adapted for 100 ng 
(see Note 5). 

1. Dry down 100 uCi Y-[~~P] ATP in a 1.5-mL Eppendorf tube. 
2. Place on ice, and add sequentially 5 pL of water, 1 pL of 1 OX polynucleo- 

tide kinase buffer, 200 ng (2 JJL) of oligonucleotide, and 2 pL of poly- 
nucleotide kinase (20 U). 

3. Incubate at 37°C for 1 h. Add 90 uL of TE to the reaction. Spin the labeled 
oligonucleotide through a Sephadex G50 spun column, and collect it in a 
1.5-n& Eppendorf tube. 

4. Dry the sample down and resuspend in water to 10 ng/pL. Freeze the 
sample at -2OOC until required. 

The labeled oligonucleotide is stable for several weeks at -2O”C, but 
its use is limited by its radioactive half-life. 
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3.2. Preparation and Sequencing 
of the PCR Product 

The yield of the PCR product should be estimated on an agarose gel 
before sequencing the template. At least 150 ng of PCR product is required 
for each sequencing reaction. 

1. Spur the whole PCR reaction through a Sephadex G50 spun column in TE. 
Take care not to load any paraffin oil. If necessary, this can be removed by 
chloroform extraction. Collect the eluate in a 1.5-mL Eppendorf tube. This 
procedure removes the excess of dNTPs from the PCR reaction. 

2. Measure the volume of the reaction, and add 0.1 vol of 3Msodium acetate, 
pH 5.2, and 2.5 vol of ethanol to precipitate the PCR product. Cool on dry 
ice for 15 min or leave at -2OOC overnight. 

3. Spin m a microfuge at 12,000g for 15 min at 4°C. Remove the supernatant, 
and briefly dry the pellet. Resuspend the pellet m sterile distilled water to 
give a final concentration of 150 ng/pL. 

4. Mix 1 ltL (150 ng) of prepared PCR product, 2 PL (20 ng) of labeled 
primer, 2 pL of 5X sequenase buffer, and 5 PL of water in a 0.5-mL 
Eppendorf tube. 

5. Anneal the template to the oligonucleotide by boiling the tube for 5 min 
and then immediately plunging it into ice/water (see Notes 6 and 7). Leave 
in ice/water for 5 mm. 

6. Spin for a few seconds in a microfuge to collect any liquid on the tube 
walls. Add 1 uL of 0. lMDTT, 2 uL of working labeling mix, and 2 pL of 
diluted sequenase. Incubate at room temperature for 5 min (see Note 8). 

7. While the labelmg reaction is proceeding, label four 1.5-mL Eppendorf 
tubes, one for each termination mix, i.e., A, C, G, and T. Add 2.5 PL of the 
relevant termination mix to each tube. 

8. At the end of the first 5-min incubation, add 3.5 p.L of the labeling reaction 
to each termination mix. Incubate at 37OC for 5 min. 

9. Add 4 PL of formamide dye mix. Store at -2OOC until required. These 
reactions are fairly stable for a week at -2OOC. 

10. Heat the sequencmg reactions to 95°C for 3 min before loading onto a 
sequencing gel. Run the gel until the bromophenol blue has just run off 
the bottom. This will allow the excess of labeled primer to run off the 
gel, but it will be possible to read the sequence within 20 bp of the 
primer. 

11, Transfer the gel to a piece of 3MM paper (Whatman, Clifton, NJ). Alterna- 
tively it may be fixed on the glass sequencing gel plate. Place the gel in fix 
solution for at least 10 mm. Remove the gel from the fix solution. Cover 
the surface of the gel m cling film and dry. 
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12. Autoradiograph at -70°C overnight. As a rough guide, if the reaction has 
worked well, it should be possible to obtain a reading of 50 cps on a dry gel 
using a series-900 mini-monitor (Mini Instruments, Ltd.) at the position 
where the xylene cyan01 runs. 

A typical result is shown in Fig. 1A. A number of common problems 
that may arise are discussed in Notes 9-14 (see Fig. 2). 

4. Notes 
1. The limit in template size for sequencmg using this method is about 2 kb. 

It is important to alter the amount of template when using larger templates 
to keep the molar ratio of template to primer constant. For example, I pmol 
of a 250-bp template corresponds to 150 ng but for a 1.6-kb template this 
would be 1 pg. 

2. It is possible to end-label the sequencmg primer using [35S]-y-ATP or [33P]- 
y-ATP. This gives improved resolution toward the top of the gel and 
reduces the radiation exposure to the experimenter. The end-labeling reac- 
tion with [35S]-y-ATP takes 4 h and the reduced signal intensity means that 
autoradiography may take several days. 

3. It is important that the sequencing primer does not contain sequences that 
are likely to form any secondary structure, that tt does not contam a long 
run of G-residues, and that there are no mismatches at the 3’ end. 

4. Sephadex G50 spun columns can be made quickly and simply. Add 
Sephadex G50 to TE, pH 8.0, and allow it to stand at room temperature 
overnight. Plug a I-mL disposable syringe with polymer wool, fill it 
with the Sephadex G50, and allow the TE to drain out (the syringe 
should be full to the top with Sephadex G50 before it is spun). Put the 
syringe into a centrifuge tube (a 15-mL Falcon tube 2095 will do). 
Spin for 3 min at 200g (1000 rpm in a bench centrifuge). The column 
should pack to 1 mL volume. Load the sample on to the top of the 
column and spin it again (at the same speed for 3 min) collectmg the 
sample in an uncapped Eppendorf tube. 

5. To label 100 ng (15 pmol) of oligonucleotide primer, use 50 pCi of y-ATP. 
It IS not necessary to dry the label down in this case. The final reaction 
volume remains at 10 pL, but the amount of polynucleotide kmase should 
be reduced to 1 pL (10 U). 

6. For most PCR products 5 mm of boiling are sufficient, but in some cases, 
for example, human DNA and DNA rich in guanme and cytosine residues, 
better denaturation may be achieved by boiling for as long as 10 min. 

7. It is essential to plunge the annealing reaction into ice water without delay, 
since slow cooling of the primer-template mix ~111 allow the template 
strands to reanneal. 
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Fig. 1. (A) Autoradiograph of a PCR product sequenced using a 32P-labeled 
nested primer. (B) The upper region of the gel showing the fully extended prod- 
uct produced by primer annealing and extension, but not termination. (C) The 
bottom of the sequencing gel showing the free end-labeled primer, which has 
not extended. 
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Fig. 2. (A) Bands appear in all four lanes. This is probably because the polymerase halts because of a region of 
secondary structure in the template. (B) Dots on the sequencing gel may be caused by degradation of the end- 
labeled primer. The left panel shows the extreme case where the primer is degraded to such an extent that it does 
not prime the sequencing reaction. The right panel shows the case where it is still possible to read the sequence. 
(C) The result of using an end-labeled PCR primer for sequencing rather than a nested primer. The picture shows 
an unreadable sequence since multiple sequences are superimposed on each other. This is generated by the end- 
labeled primer annealing to nonspecific PCR products. 
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8. An elghtfold dilution of the labeling mix will allow the sequence to be read 
as close as 20 bp to the primer. Addition of manganese buffer (0.15M sodium 
isocitrate, O.lM MnC12) to the annealing reaction allows the sequence to 
be read very close to the primer. One microliter of this buffer is added to 
the annealed primer-template mix at step 4 of Section 3.2. To read further 
from the primer, a more concentrated labeling mix may be used. 

9. Loss of sequence, but a strong band at the top of the gel results from exten- 
sion, but no termination of the template. This is likely to be the result of 
degradation of old termination mixes or their improper dilution. There- 
fore, fresh solutions should be made (Fig. 1 B). 

10. Loss of sequence, but a strong band at the bottom of the gel is the result 
of failure of the primer to anneal to the template (Fig. 1C). The strong band 
is the free end-labeled primer. This may result from mutations in the 
template where the primer anneals. Try another primer. An alternative 
explanation is that the template is not fully denatured (see Notes 6 and 7). 

11. Faint sequences may be the result of (a) insufficient template or (b) poor 
labeling of the primer. In the latter case the Y-[~~P] ATP may be too old or 
the efficiency of the kinase reaction may not be high enough to achieve the 
required mcorporation (1 O* cpm/pg). 

12. Secondary structure may cause premature termination of the sequence in 
all lanes (Fig. 2A). This may be solved by incorporating nucleotide ana- 
logs, such as dITP or 7-deaza-2’dGTP (ZO), mto the sequencing mixes, or 
by sequencing using Tuq polymerase (I I, 12). More recently a method has 
been reported that couples PCR and sequencing usmg end-labeled primers 
(13), which may prove to be valuable m this respect. 

13. The sequence may become too faint to read after a short distance. This is 
caused by either the labeling mix being too dilute or the concentration of 
dldeoxynucleotlde m the termination mixes being too high. 

14. Black spots on the autoradiograph (Fig. 2B) are usually the result of degra- 
dation of the primer, probably occurring during the labeling reaction. This 
is not a serious problem, unless the primer is degraded to such an extent 
that it is very short and does not prime the sequencing reaction. 
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CHAPTER 50 

Thermal Cycle Dideoxy 
DNA Sequencing 

Barton E. Slatko 

1. Introduction 
Since DNA sequencing has rapidly become standard practice in many 

laboratories, a large variety of new cloning vectors, sequencing strate- 
gies, and techniques have been developed to allow more efficient sequen- 
cing of a large variety of DNA templates. Despite a current focus on the 
automation of DNA sequencing procedures, other methods are still 
required until automated DNA sequencing is in more general use. 
One recent addition to this repertoire of sequencing methods is termed 
thermal cycle sequencing. 

Thermal cycle DNA sequencing protocols are based on the dideoxy- 
nucleotide chain termination method of Sanger et al. (I). In the reaction, 
an appropriate primer DNA molecule is annealed to a complementary 
single-stranded stretch of DNA. This primer template complex is incu- 
bated with a highly thermostable DNA polymerase, such as the exonu- 
clease-deficient DNA polymerase from Thermococcus Zitoralis, VentRTM 
(exe-) DNA polymerase (2,3), or from Thermus aquaticus (Taq) poly- 
merase (4-7) in the presence of deoxynucleotide triphosphates (dNTPs) 
and dideoxynucleotide triphosphates (ddNTPs). Four separate reaction 
mixes, each with all four dNTPs and one of the four ddNTPs, generate 
four different sets of fragments, each set corresponding to terminations 
at specific nucleotide residues. Repetitive cycles of denaturation, anneal- 
ing, and chain extensions from small amounts of template molecules in 
the presence of primer excess, Vent,TM (exe-) DNA polymerase, dNTPs, 
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Fig. 1, Diagram of the thermal cycle sequencing reaction, demonstrating the 
annealing, extension, and denaturation steps that generate the dideoxy-termi- 
nated DNA fragments. Reprinted with pernnsston from New England Btolabs, Inc. 

and ddNTPs achieve a linear amplification of reaction products and a 
strong sequencing signal (Fig. 1). In each cycle, the reaction is raised to 
95°C to denature double-stranded templates or secondary structure 
regions of single-stranded DNA templates, lowered to 55OC for the 
annealing of the primer to the template, and subsequently raised to 72OC 
for the elongation step of enzymatic synthesis. Subsequent cycles of 
denaturation, annealing, and extension occur in which the excess primer 
anneals to the identical denatured template molecules as in the first cycle. 

Thermal cycle sequencing offers several important advantages over 
previously developed techniques (4-8). 

1. The reactions are rapid, easy to perform, efficient, and useful for both 
manual and automated DNA sequencing. 

2. The method requires much less template than does a standard reaction, 
owing to the linear amplification of labeled product. 

3. There is no need to denature (“collapse”) double-stranded DNA templates 
before initiating the sequencing reactions. 

4. There is no separate annealing step preceding the reactions. 
5. The use of a highly thermostable DNA sequencing enzyme allows 

sequencing at high temperatures, an advantage for obtaining DNA sequence 
information from DNA templates that have high degrees of secondary 
structure and that may be recalcitrant with lower temperature sequencing 
methods. 
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The method can be used to sequence single-stranded DNA templates, 
such as those derived from Ml 3, fl, fd phage, or from phagemid vectors, 
and double-stranded templates, such as plasmid DNA, PCR products, or 
large linear double-stranded DNA, such as bacteriophage h. In addition, 
sequencing directly from phage plaques and bacterial colonies is also 
feasible (8-10). 

In order to visualize the dideoxy-terminated chains on the gel, various 
means of labeling have been developed. Conventionally, 32P, 33P, and 
35S have been used for incorporation into the nascent cham by using 
a-labeled deoxynucleotide triphosphates in the reaction mixture. Alter- 
natively, a second approach utilizes end-labeled primers, wherein T4 
polynucleotide kinase can be used to transfer a Y-[~~P] (or Y-[~~P]) from 
rATP to the 5’ end of a primer. Similarly, primers can be modified for 
chemiluminescent DNA sequencing (II), or end-labeled with fluores- 
cent dyes for automated DNA sequencing (8,12). 5’ end-labeling with 
32P or 33P is used in thermal cycle sequencing when using lesser amounts 
of template DNA (see Section 3.2.). 5’ end-labeled primers are also rec- 
ommended for sequencing large templates (such as hgtl 1) or for tem- 
plates that yield less than optimal results with incorporated label 
techniques. 

The sequencing reaction products, DNA strands of varying lengths, 
are separated on a denaturing polyacrylamide gel. The gel is subsequently 
processed for exposure to X-ray film, when utilizing radioactively labeled 
DNA molecules or when using chemiluminescent (nonradioactive) 
detection. The resultant autoradiogram is analyzed for sequence infor- 
mation. The data is collected “in real time” when using automated DNA 
sequencers and no “postprocessing” of the gel is required. 

This chapter provides a set of methods for sequencing nanogram 
amounts of single-stranded and double-stranded DNA templates by ther- 
mal cycle sequencing, using 5’ end-labeled primers (32P, 33P, or modified 
for chemiluminescent detection) or by 35S, 32P, or 33P [dATP] radiolabel 
incorporation. 

2. Materials 
1. 10X VentRTM (exe-) DNA polymerase sequencing buffer: 100 rniI4 

(NH&S04, 100 mMKC1,200 mA4Tris-HCl, 50 mMMgS04, pH 8.8 (room 
temperature). Store at -2OOC. 

2. VentRTM (exe-) DNA polymerase deoxy/dideoxy sequencing mixes: Make 
up in 1 X VentRTM (exe-) DNA polymerase sequencing buffer (see Note 1). 
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pA4Concentrations 
A Mrx C Mix G Mix T Mix 

ddATP 900 - - - 
ddCTP - 400 - - 
ddGTP - - 360 - 
ddTTP - - - 720 
dATP 30 30 30 30 
dCTP 100 37 100 100 
dGTP 100 100 37 100 
dTTP 100 100 100 33 

Store at -20°C. 
3. 30X Triton X-100. 3% Trlton X-100. Store at -2OOC. 
4. Radiolabel: (see Note 2). Use a-[35S]-dATP, 500 Cr/mmol; a-[32P]-dATP, 

400 Cl/mmol, or a-[33P]-dATP, 3000 Ci/mmol for labeled dATP incorp- 
oration as described in Section 3. I. Use 3000 Ci/mmol y-[32P]-rATP or 3000 
Ci/mmol y-[33P]-rATP for end-labeled primers as described in Section 3.2.). 
Store at -2OOC. 

5. VentRTM (exe-) DNA polymerase: 2 U/pL (New England Biolabs, Inc., 
Beverly, MA). Store at -2OOC. 

6. Stop/loading dye solution: Deionized formamide containing 0.3% 
xylene cyan01 FF, 0.3% bromophenol blue, and 0.37% EDTA, pH 7.0. 
Store at -20°C. 

3. Methods 
3.1. Thermal Cycle Sequencing 

with Labeled dATP Incorporation 
1. Label four microcentrifuge tubes A, C, G, T. Using the Vent,‘” (exe-) 

DNA polymerase deoxy/dideoxy sequencing mixes, add 3 pL of A mix to 
the bottom of the tube A, and 3 pL of the C, G, and T mixes to the bottoms 
of the tubes C, G, and T, respectively. 

2. Mix together the following in a 0.5-mL microcentrifuge tube: 0.04 pmol of 
single-stranded template DNA or 0.1 pmol of double-stranded template 
DNA (see Notes 3 and 4), 0.6 pmol primer for a single-stranded template 
DNA or 1.2 pmol primer for a double-stranded template DNA, 1.5 PL of 
10X VentRTM (exe-) DNA sequencing buffer, 1 pL of 30X Triton X-100 
solution and distilled water to a total vol of 12.0 pL. Mix the solutron by 
gentle pipeting. 

3. Individually process each template/primer tube through this step. When all 
sets of reactions are complete, proceed to step 4. To the tube containing the 
template, primer, buffer, Trlton X- 100, and water, add 2 pL of radiolabel. 
Add 2-4 U of VentRTM (exe-) DNA polymerase and mix the solution by 
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gentle pipeting. Immediately distribute 3.2 pL of this reaction to the deoxyl 
dideoxy tube labeled A, and mix the solution by gentle pipeting. Changing 
pipet tips each time, repeat this addition to the C, G, and T tubes. 

4. Overlay each reaction with one drop of sterile mineral oil. Place the tubes 
in the thermal cycler, which has been preset for reaction times and temper- 
atures (see Note 5). Start the thermal cycler. 

5. After completion of the thermal cycling, add 4 pL of stop/loading dye 
solution to each tube, beneath the mmeral oil. The reactions are now com- 
plete and ready to be electrophoresed in appropriate denaturing sequenc- 
ing gels (see Note 6). The reactions may be stored at -20°C. 

3.2. Thermal Cycle Sequencing 
with 5’ End-Labeled Primers 

1, Label four microcentrifuge tubes A, C, G, and T. Using the VentRTM (exe-) 
DNA polymerase deoxy/dideoxy sequencing mixes, add 3 pL of A mix to 
the bottom of the tube A, and 3 pL of the C, G, and T mixes to the bottoms 
of the tubes C, G, and T, respectively. 

2. Mix together the followmg in a OS-mL microcentrifuge tube: 0.004 
pmol of single-stranded template DNA or 0.01 pmol of double-stranded 
template DNA (see Notes 3, 4, and 7), 0.6 pmol of end-labeled primer 
for single-stranded template DNA or 1.2 pmol of end-labeled primer 
for double-stranded template DNA (see Note S), 1.5 uL of 10X 
VentRTM (exe-) DNA polymerase sequencing buffer, 1 pL of 30X Tri- 
ton X-100 solution, and distilled water to a total volume of 14.0 uL. 
Mix the solution by gentle pipeting. 

3. Individually process each template/primer tube through this step. When all 
sets of reactions are complete, proceed to step 4. Add 2-4 U of VentRTM 
(exe-) DNA polymerase to the tube containing the template, primer, buffer, 
Triton X-100, and water and mix the solution by gentle pipeting. Immedi- 
ately distribute 3.2 pL of this reaction to the deoxy/dideoxy tube labeled 
A, and mix the solutions by gentle pipetmg. Changing pipet tips each time, 
repeat this addition to the C, G, and T tubes. 

4. Overlay each reaction with a drop of sterile mineral oil. Place the tubes in 
the thermal cycler that has been preset for reaction times and temperatures 
(see Note 5). Start the thermal cycler. 

5. After completion of the thermal cycling, add 4 pL of stop/loading dye 
solution to each tube beneath the mineral oil. The reactions are now com- 
plete and ready to be electrophoresed in appropriate denaturing sequenc- 
ing gels (see Note 6). The reactions may be stored at -2OOC. 

Typical results are shown in Fig. 2. Potential problems are described 
in Notes 9 and 10. 
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Fig. 2. Autoradiograms of VentRTM (exe-) DNA polymerase thermal cycle 
sequencing reactions, as described in the text. (A) DNA sequence obtained 
directly from a bacterial colony containing pUC19 double-stranded plasmid 
DNA with a 32P 5’ end-labeled (kinased) M 13 forward sequencing primer (NEB, 
New England Biolabs, Inc. #1224); (B) DNA sequence obtained directly from 
an Ml 3mpl8 phage plaque with a 32P 5’ end-labeled (kinased) Ml 3 forward 
sequencing primer (NEB #1224); (C) DNA sequence obtained from 0.0 1 pmol 
double-stranded PCR template with a 32P 5’ end-labeled (kinased) 20-mer 
primer; @) DNA sequence obtained from 0.004 pmol ( 10 ng) M 13mpl8 single- 
stranded DNA template (NEB #404C) sequenced with the Ml3 forward uni- 
versal primer (NEB #1224) and a-[35S] dATP incorporation; (E) DNA sequence 
obtained from 0.0 1 pmol(20 ng) double-stranded pUC 19 double-stranded DNA 
template (NEB#304- 1) sequenced with the M 13 forward universal primer (NEB 
#1224) and CL-[~~S] dATP incorporation; (F) DNA sequence obtained from a 
minipreparation of double-stranded cosmid DNA template with a 32P 5’ end- 
labeled primer. All lanes loaded left to right: G, C, A, T. All exposures over- 
night without an intensifying screen, except for (D) and (E), which were 36 h 
exposures. 

4. Notes 
1. Improved sequencing of high secondary structure regions may be 

accomplished by substituting an equal molar amount of ‘I-deaza dGTP (7- 
deaza-2’-deoxyguanosine-5’-triphosphate) for the deoxyguanosine triphos- 
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phate or by substituting an equal molar amount of 7-deaza dATP (7-deaza- 
2’-deoxyadenosine-5’-triphosphate) for the deoxyadenosine triphosphate. 
dITP (2’-deoxyinosine-5’-triphosphate) is not recommended as a substitute 
for deoxyguanosme triphosphate because it is not incorporated as effi- 
ciently and because it tends to show shadow banding (premature termina- 
tions) in all four sequencing lanes. 

2. For sequencing small amounts of DNA template (0.004401 pmol) or for 
sequencing directly from bacterial colonies or phage plaques, use 33P or 
32P end-labeled primers. For all other applications, including sequencing 
PCR products, 35S, 33P, or 32P can be effectively utilized. Because 35S is 
not efficiently incorporated in the kinase reaction, it is not recommended 
for sequencing smaller amounts of template DNA. When preparing end- 
labeled primers by the kinase reaction, it is recommended to use the higher 
specific activity (3000 Ci/mmol) rATP, since it provides a stronger signal. 
In all protocols it IS recommended that all radioactive material be used 
within two radioactive decay half-lives. 

3. The following template and preparations have given good results: 
a. Plasmid templates should be purified by CsCl gradient, standard 

minipreparation methods (13), mini-column chromatography proce- 
dures, or by more recent methods, such as Insta-PrepTM (5 prime-+3 
prime, Inc., Boulder, CO). 

b. Single-stranded Ml3 templates should be purified by PEG precipita- 
tion methods (13) or solid support purification procedures (14). 

c. h (hgtl0, 11, and so forth) and cosmid templates should be purified by 
CsCl gradient protocols or by minipreparation methods (13). 

d. Double-stranded and single-stranded (asymmetric) PCR products must 
have the excess primers and nucleotides removed after completion of 
the PCR reaction. Phenol/chloroform extract and alcohol precipitate the 
PCR product from the reaction. Resuspend the dried pellet in 50 pL 
water. Drop dialyze the reaction (1.5) using a PVDF membrane (0.025 p) 
(Millipore Corp., Bedford, MA) (1 h against 200 mL of water), or purify 
the product by gel purification, glass bead procedures, or by exclusion 
methods (i.e., “spin” columns). 

e. For direct sequencing from bacterial colonies (8,10) resuspend the 
colony m 12 pL of freshly prepared colony/plaque lysis solution (10 
mM Tris-HCl, pH 7.5, 1 rnA4 EDTA, 50 mg/mL proteinase IS; prepare 
fresh each time. A protemase K stock solution may be prepared and 
aliquots stored at -20°C.). Briefly vortex the solution, incubate 15 min 
at 55”C, and then 15 min at 80°C. Place on ice 1 mm and microcentri- 
fuge 3 mm. Use 9 pL of the supernatant as the template in the end- 
labeled primer sequencing reaction, 
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f. For direct sequencing of M 13 or 3L plaques @J-10), transfer with a tooth- 
pick the top agar containing a plaque, to a 1.5-mL centrifuge tube con- 
taining 12 l..tL of freshly prepared colony/plaque lysis solution (10 mM 
Tris-HCl, pH 7.5, 1 mA4EDTA, 50 mg/mL protemase K; prepare fresh 
each time. A protemase K stock solution may be prepared and aliquots 
stored at -20°C). Briefly vortex the solution, incubate 15 min at 55°C 
and then 15 min at 80°C. Place on ice 1 mm and microcentrifuge 3 mm. 
Use 9 PL of the supernatant as the template in the end-labeled primer 
sequencing reaction. 

4. Molar ratio calculations: The followmg formulae can be used to calculate 
pmol amounts of primer and template: 

Single-stranded DNA (Ml 3 phage, ss PCR products, oligonucleotide prim- 
ers, and so on.)* 

# pmol = (# pg DNA x lo6 pg/pg)/(# bases x 330 pg/pmol) 

Double-stranded DNA (ds PCR products, plasmids, h DNA, restriction 
fragments, and so on.)** 

# pmol = (# pg DNA x lo6 pg/pg)/(# base pairs x 660 pg/pmol base pair) 

* 40 pg = 1 OD260; # yg oligonucleotide = # 0Dz6s x 40 pg/OD260 
** 50 ltg = 1 OD260; # pg oligonucleotide = # OD26c x 50 l.~/OD26c 

Useful numbers: 
0.04 pmol of a 7.25-kb single-stranded DNA template = -100 ng 
0.004 pmol of a 7.25-kb single-stranded DNA template = -10 ng 

0.1 pmol of a 3-kb double-stranded DNA template = -200 ng 
0.01 pmol of a 3-kb double-stranded DNA template = -20 ng 

5. Thermal cycler parameters: For most thermal cyclers, including the Techne 
(Duxford, UK) PHC-2 and the Perkin-Elmer-Cetus (Norwalk, CT) 480 
thermal cycler, use 20 cycles: 

95°C 20 s 
55°C 20 s 
72°C 20 s 

It is possible to alter the cycling conditions of the reaction and still achieve 
excellent results. One may reduce the number of cycles in the reaction, 
especially if the amount of template DNA being used exceeds the recom- 
mendations of the protocol guideline. However, increasmg the number of 
cycles to more than 30 has not been successful in sequencing smaller 
amounts of DNA; it often increases the shadow banding on the resultant 
autoradiograms. It is also possible to alter the cycle temperatures and/or 
times for the reaction. Templates may be sequenced using only a two-step 
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cycle, a 95OC denaturation step plus a 72°C annealing and extension step, 
using primers with apparent melting temperatures (T,,, values) of as low as 
55OC. The signal intensities with this approach may be weaker than with 
the more standard three-step recommendation. It is also possible to lower 
the annealing/extension temperature, correspondmg to the primer T,, to 
perform sequencing cycles consisting of two steps, for example, a 95°C 
denaturation step and a 55OC annealing and extension step. If weak sequence 
signal is observed when using the standard three-step method, the recom- 
mended annealing temperature may be too high for the primer being used. 
The annealing step can be lowered to correspond to the individual primer 
T,. Successful use of some thermal cyclers requires longer reaction times 
(increasing each step from 20 s to 1 min in each cycle). 

6. A brief (5 s) microcentrifugation of the completed reaction helps ensure the 
aqueous layer fully separates from the oil layer. Immediately before loading 
the sequencing gel, heat the completed samples at 80°C for 2 min. For each 
loading, insert the pipet tip underneath the oil covering the reaction and remove 
a 2.5 pL sample. It may be necessary to briefly touch the pipet tip to a tissue 
to remove residual oil before loading the sample on the gel. Alternatively, 
one can remove the oil before loading the reaction on a gel by using silicone 
oil to cover the reactions followed by precipitation of the reaction products 
from the oil (16) or by using Parafilm TM to remove the oil (17). Another 
approach is to use a “hot-top” apparatus, set 15°C hotter than the warmest 
step in the cycle reaction (~115OC), which eliminates evaporation and pre- 
cludes the requirement for oil on the reactions. It should be emphasized that 
we have never observed any sequence aberration caused by overlay oil con- 
taminating the reaction in the sequencing gel lane. 

7. As much as 1 O-fold greater quantity of template DNA can be successfully 
used in this protocol. 

8. For end-labeling with Y-[~~P] or r-[33P] rATP, the following protocol works 
well: 
a. Mix the following in a 0.5-mL microcentrifuge tube: 13.5 yL water, 2.5 

ltL 1 OX T4 polynucleotide kinase buffer (1 OX buffer = 500 mM Tris- 
HCl, pH 7.6, 100 mMMgC12, 50 mMDTT), 10.5 pmol primer (1 ltL of 
stock primer solution; stock = 2.5 pg 24-mer primer resuspended in 
30 PL of water), 7 pL Y-[~*P] rATP (11.5 pmol), and 1 l.tL (10 U) T4 
polynucleotide kinase (10,000 U/mL). 

b. Allow the reaction to proceed at 37OC for 30 min. 
c. Terminate the reaction at 95OC for 5 min. Briefly microcentrifuge at 

room temperature. Store at -20°C. 
This protocol provides 10.5 pmol of 5’ end-labeled primer in a 25 pL reac- 
tion. The final concentration of primer is thus 0.4 pmol/pL. 
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9. The following sequencing patterns are characteristic of VentaTM (exe-) 
DNA polymerase: 
a. The first C of a run of Cs IS darker than the following Cs. 
b. The second A of a run of As is darker than the preceding (and/or fol- 

lowing) As. 
c. G followmg an A tends to be darker than other Gs. 
d. T following an A tends to be darker than other Ts. 

10. When DNA sequencing results are less than optimal, several factors might 
be considered. Often the problem lies with template preparation. A phe- 
nol/chloroform extraction step or alcohol precipttation followed by a 70% 
alcohol rinse will often eliminate the problem. A second common problem 
is the use of too much or too little primer and/or template m the reaction; 
the pmol amounts m the protocols have been empirrcally determined to 
provide optimal results. 

Another potential problem mvolves suboptimal performance of thermal 
cyclers. Some may require longer reaction times, may also cause prob- 
lems, and are often indicated by one or two lanes of a reaction that are 
lighter than the others or by failure of one lane. If one or two lanes of a 
reaction are lighter than the others, or tf failure of one lane occurs, a prob- 
lem wtth the cycler 1s indicated. 
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CHAPTER 51 

Using the Automated DNA Sequencer 

Z@n Du and Richard K. Wilson 

1. Introduction 
Efficient completion of large DNA sequencing projects has been 

greatly facilitated by the development of fluorescence-based dideoxynu- 
cleotide sequencing chemistries and instruments for real-time detection 
of fluorescence-labeled DNA fragments during gel electrophoresis (I- 
6). Besides eliminating the use of radioisotopes, these systems automate 
the task of reading sequences and provide computer-readable data that 
may be directly analyzed or entered into a sequence assembly engine. In 
this chapter, we describe DNA sequencing using the first commercially 
available fluorescent instrument, the Applied Biosystems, Inc. Model 
373A Automated DNA Sequencer. This sequencer, originally introduced 
in 1987 as the Model 370A, utilizes a multispectral approach in which 
four distinct fluorescent tags are detected and differentiated in a single 
lane on the sequencing gel (6). The four tags are incorporated during 
the DNA sequencing reactions and may be present on either the 5’ end of 
the sequencing primer (“dye primers”) or on the dideoxynucleotide tri- 
phosphate (“dye terminators”). Since the 373A requires only one lane 
per sample, up to 36 samples may be analyzed per run. By compari- 
son, the Pharmacia ALF sequencer supports only a one-dye, four-lane 
approach with dye-labeled primer, and can analyze up to ten samples per 
run. The ability of the 373A to use both dye-primer and dye-terminator 
chemistries greatly facilitates the completion of projects that require both 
shotgun and primer-directed sequencing phases. 
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We have used the 373A for DNA sequence analysis of M 13, plasmid, and 
phagemid subclones, as well as templates produced by PCR. A sequencing 
protocol using modified T7 DNA polymerase and fluorescent dye-primers is 
described for use with single-stranded Ml 3 and phagemid DNA. A second 
sequencing protocol described here utilizes Taq DNA polymerase and ther- 
mal cycling, and may be used with dye-primers and both single- and double- 
stranded templates. A third sequencing protocol utilizes T7 DNA polymerase 
and fluorescent dye-terminators and may be used with single-stranded M 13 
and phagemid DNA. This third method requires that special hardware be 
installed in the 373A. An alternative dye-terminator chemistry using Tag 
DNA polymerase is available from Applied Biosystems, although it has not 
been reliable in our hands and hence is not included in this chapter. 

2. Materials 

1. A thermal cycler is required for the linear amplification sequencing method 
and for the PCR template preparation methods (see Note 1). In our hands, 
the GeneAmp 9600 Thermal Cycler from Perkm-Elmer (Norwalk, CT) and 
the PTC-200 thermal cycler from MJ Research (Boston, MA) have worked 
very well. Both offer the advantages of a 96-well microtiter plate format, 
sigmficantly faster ramping times, and a heated plate cover that eliminates 
the need to overlay reactions with mineral oil. The Techne MW-1 thermal 
cycler also works well for linear amplification sequencing reactions in 
96-well microtiter plates (M. Craxton, personal communication). 

2. The automated fluorescent DNA sequencing system described here is the 
Applied Biosystems, Inc. (Foster City, CA) Model 373A. The current con- 
figuration includes a Macintosh IIci computer with 8 MB RAM and a 100 
MB fixed disk drive. 

3. Thermus aquatzcus (Taq) DNA polymerase may be purchased from one of 
several enzyme suppliers. It is our experience that the Sequi-therm enzyme 
from Epicentre (Madison, WI) gives the best results. 

4. Modified T7 DNA polymerase (Sequenase) should be purchased from 
United States Biochemical (Cleveland, OH); version 1.0 enzyme is best 
for dye-prtmer sequencing, version 2.0 enzyme containing pyrophospha- 
tase is best for dye-terminator sequencing. 

5. Deoxynucleottdes (dNTPs) and dideoxynucleotides (ddNTPs): 
a. Stocks: 100 mM dNTP solutions and 5 mM ddNTP solutions may be 

purchased from Pharmacla (Piscataway, NJ). Prepare 20 mMstocks of 
each dNTP in TE buffer. Store at -20°C. 

b. For PCR: Prepare a mix containing 1.25 miVof each dNTP in TE buffer. 
Store at -2OOC. 
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c. For dye-primer sequencing with modified T7 DNA polymerase: 
i. Prepare 8 mM dNTP mixes: 100 p.L each of 100 mM dATP, dCTP, 

dGTP, and dTTP in TE buffer to a final vol of 1.25 mL (store at -20°C). 
ii. Prepare 50 pA4 ddNTP solutions: 

ddA: 2 pL of 5 rx% ddATP + 198 pL of TE buffer. 
ddC: 2 pL of 5 mM ddCTP + 198 pL of TE buffer. 
ddG: 4 p.L of 5 mM ddGTP + 396 pL of TE buffer. 
ddT: 4 p.L of 5 mMddTTP + 396 pL of TE buffer. 

iii. Sequencing mixes: Combine equal volumes of the 8 mMdNTP mix 
and one of the four 50 fl ddNTP solutions. For 100 reactions, 
prepare 100 uL of A and C mixes and 200 uL of G and T mixes. 

d. For dye-primers sequencing using linear amplification: 
i. Prepare stock dNTP mixes (sufficient for 200 reactions) (see Note 2): 

dATP mix: 1.25 JJ.L of 20 mMdATP, 5.0 pL ofeach 20 mMdCTP, 
dGTP, dTTP, 184.75 uL of TE. 

dCTP mix: 1.25 uL of 20 mMdCTP, 5.0 p.L ofeach mMdATP, 
dGTP, dTTP, 184 75 pL of TE. 

dGTP mix: 2.50 uL of 20 rruJ4 dGTP, 10.0 pL of each 20 mA4 
dATP, dCTP, dTTP, 367.50 pL of TE. 

dTTP mix: 2.50 pL 20 mM dTTP, 10.0 pL each 20 mM dATP, 
dCTP, dGTP, 367.50 pL of TE. 

ii. Prepare ddNTP solutions (sufficient for 167 reactions): 
ddATP (3.0 mM): 100 uL of 5 mM ddATP + 67 pL of TE. 
ddCTP(1.5mM): 50pLof5mMddCTP+ 117pLofTE. 
ddGTP (0.25 mA4): 16.7 pL of 5 rnA4ddGTP + 317.3 pL of TE. 
ddTTP (2.5 rnA4): 167 pL of 5 mMddTTP + 167 pL of TE. 

iii. Prepare dNTP/ddNTP working mixes (sufficient for 100 reactions): 
50 pL of dATP mix + 50 pL of 3.0 mMddATP. 
50 pL of dCTP mix + 50 pL of 1.5 mM ddCTP. 
100 pL of dGTP mix + 100 pL of 0.25 mM ddGTP. 
100 pL of dTTP mix + 100 pL of 2.5 mM ddTTP. 

e. For dye-terminator sequencing with modified T7 DNA polymerase: 
i. 2 mM [aS]dNTPs, 10 mM Tris-HCl, pH 7.2, 0.1 rmW EDTA. 

ii. ZL 1.1.1.2 dye-terminator mix: 2.2 I.uV ddT-6fam, 9.0 pA4 ddC-5zoe, 6.0 
pJ4 ddA-lou, 16.0 @4 ddG-nan (purchase from ABI; store at -20°C). 

6. Oligonucleotide dye primers: For M 13 and phagemid sequencing, univer- 
sal, reverse, T7, and SP6 primers are available from Applied Biosystems. 
The sequences of these primers are: (-2 1 M 13) 5’ TGT-AAA-ACG-ACG- 
GCC-AGT 3’, (M13RPl) 5’ CAG-GAA-ACA-GCT-ATG-ACC 3’. (See 
Note 3.) 
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7. 40% A&B: 380 g of acrylamide, 20 g of bisacrylamide, distilled water to 
1 L. Deionize by stirring for 1 h with Amberlite MB-1 (50 g/L), filter, store 
at 4OC in an opaque bottle. 

8. 20X TBE buffer: 324 g of Tris base, 55 g of boric acid, 18.6 g of EDTA, 
distilled water to 1 L. 

9. 15% Ammonium peroxysulfate. 
10. 5X HindlDTT (+Mn2+; make fresh): 

a. 50 mMTris-HCl, pH 7.5, 300 mMNaC1, 5 mM DTT. 
b. Immediately before sequencing, add 3 uL of 1M MnC12 to 197 pL of 

5X Hind/DTT buffer. 
11, 5M ammonium acetate, pH 7.4. 
12. 5X LASR buffer: 400 mMTris-HCl, pH 8.9, 100 mM(NH4)2 S04, 25 mM 

MgC12. 
13. 1 OX Mn2+ buffer: 50 mM MnC12, 150 mA4 sodium isocitrate. 
14. 10X MOPS buffer: 400 mM MOPS, pH 7.5, 500 mM NaCl, 100 mM 

MgCl,. 
15. 9.5M ammonium acetate, pH 7.4. 

3. Methods 

3.1. DNA Sequencing Reactions 
3.1.1. T7lmT7 DNA Polymerase Sequencing Method 

with Fluorescent Dye Primers 

In this procedure, reactions are performed using the modified T7 DNA 
polymerase chemistry (7,8) as adapted for sequencing with fluorescent 
dye primers (9). The reactions are conveniently performed in 96-well U- 
bottom plates (Falcon, Becton Dickinson Co., Rutherford, NJ, No. 391 l), 
either by hand or using an automated pipeting station (IO). Since the 
fluorescent dyes used in the G and T reactions produce a weaker signal, 
the reaction volumes are doubled. 

1. Annealing reactions should be set up as follows: 

A C G T 

5X Hmd/DTT (+Mn2+; make fresh) 1 PL 1 pL 2 PL 2j.tL 
Template DNA 3 PL 3 PL 6pL 6pL 
Individual dye primer (0.4 pmol/pL) 1 PL 1 PL 2pL 2pL 

The reactions are heated to 55°C for 3-5 mm, then cooled slowly to 
room temperature for 10-15 mm. If the reactions are performed in a 96- 
well plate, a dry block heater may be modified to effectively heat all 96 
wells (I I, 12). 
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2. To each annealing reaction is added: 
A c G T 

8 mA4 dNTPs + 50 @4 ddXTP mix 2PL w- 4pL 4lJL 
Modified T7 DNA polymerase 1.5 nL 1.5 ltL 3 pL 3 l.tL 

(1.5 U/llL) 

The reactions are incubated at 37°C for 5-10 mm. 
3. After extension and termination, the four reactions must be stopped before 

they may be combmed and concentrated for electrophoresis. A simple 
method for stopping the reactions is to place 6 l,tL of 5M ammonium 
acetate, pH 7.4, and 120 p.L of 95% ethanol in 1.5-mL microcentrifuge 
tubes (one tube for each template). For each template set, 8 nL of the A 
reaction is transferred to the tube and two quick cycles of up-and-down 
pipetmg are used to rmse the tip and mix the sample with the ethanol solu- 
tion. Without changing the pipet tip, 8 ltL of the C reaction and 16 l.tL of 
the G and T reactions are transferred to the tube, with up-and-down 
pipeting following each addition. The ethanol solution effectively stops 
further enzymatic acttvtty. This procedure is repeated for each template 
set. The combined reactions are placed at -20°C for 30 min to precipitate 
the DNA products. 

4. The DNA is pelleted by centrifugation at 13,OOOg for 15 min at room tem- 
perature, washed once with 300 n.L of 70% ethanol (room temperature), 
and dried briefly under vacuum. The dried sample may be stored at -20°C 
for several days. 

3.1.2. Linear Amplification Sequencing Method 
(Taq DNA Pol ymerase) with Fluorescent Dye Primers 

1. Sequencing reactions should be set up in either 0.5 mL microcentrifuge 
tubes or in 0.2-n& Micro-Amp TM tubes and should contam the following 
components: 

A C G T 

5X LASR buffer 1 PL 1 yL 2PL 2PL 
dNTP/ddXTP mix 1 PL 1 jJL 2YL +J-+ 
Individual dye primer (0.4 pmol/ltL) 1 l.tL 1 ltL 2PL w- 
Template DNA (approx 250 ng/pL) 1 ltL 1 l.tL 2PL 2PL 
Tag DNA polymerase (0.7 U&L) 1 PL 1 /JL 2PL 2PL 

Total volume 5 PL 5 pL 1OpL 1OpL 

2. If necessary, overlay each reaction with 50 pL of light mineral oil. The 
thermal cycler is preheated to 95”C, and the samples are placed m the pre- 
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heated block. Wtth the Perkm-Elmer mstruments, thermal cycling is per- 
formed using the following parameters (see Note 4): 

DNA thermal cycler 9600 thermal cycler 

95°C for 30 s 95°C for 4 s 
55OC for 30 s 55OC for 10 s 
70°C for 60 s 70°C for 60 s 
for 15 cycles, then for 15 cycles, then 

95°C for 30 s 95°C for 4 s 
70°C for 60 s 70°C for 60 s 
for an additional 15 cycles for an additional 15 cycles 

At the end of thermal cycling, the samples are maintained at 4OC. 
3. As described for the modified T7 DNA polymerase chemistry, the four 

sequencing reactions must be stopped before they may be combined 
and concentrated for electrophoresis. Again, a simple method for stop- 
ping the reactions is to transfer each sample to a 1.5-mL microcentri- 
fuge tube containing the ammomum acetate/ethanol solution, After 
ethanol precipitation, the dried samples may be stored at -2OOC for 
several days. 

3.1.3. mT7 DNA Polymerase Sequencing Method 
with Fluorescent Dye Terminators 

This procedure requires that the 373A DNA sequencer be equipped with 
a special five-color (53 l/545/560/580/610) filter wheel. The sequencing 
reactions require single-stranded DNA, either M 13 or phagemid. 

1. For each sample, set up an annealing reaction in 1.5 mL microcentrifuge 
tubes as follows: 2 ltL of 10X MnZ+ buffer, 2 yL of 10X MOPS buffer, x 
uL of ssDNA (2.5 ug), 0.5 pL of primer (3.2 pmol/pL), andy PL of ddH20, 
for a total volume of 11 uL. 

2. Incubate at 55OC for 5 min, then cool to room temperature and let stand for 
7 mm. Briefly centrifuge to collect the condensatton. 

3. Add the following reagents to the annealing reaction: 4 pL of 2 mM 
[aS]dNTPs, 4 uL of ZL l-1.1.2 dye-terminator mix, and 1 pL of sequenase/ 
pyrophosphatase (13 U/pL). 

4. Mix gently and incubate at 37°C for 10 mm. 
5. To each reaction, add 20 uL of 9.5M ammonium acetate and 90 PL of 

ethanol. Mix gently and place on ice for 10 min. 
6. Pellet the reaction products by centrifugation at 13,OOOg for 15 min at room 

temperature. Wash twice with 300 pL of 70% ethanol, and dry briefly 
under vacuum. Typically, a DNA pellet will not be observed. 



DNA Sequencing Reactions 431 

3.2. Preparation of Sequencing Gels 

1. Careful cleaning of the glass plates (supplied by Applied Biosystems, Inc.) 
is crucial with the fluorescent sequencing since dust and scratches will 
cause light scatter. The plates should be carefully washed with a dilute 
solution of Alconox using a soft paper wiper (a large KimwipeTM works 
well), rinsed with warm water, and then thoroughly rinsed with distilled 
water. The plates are then rinsed with absolute ethanol, and the inner sur- 
faces are wiped with isopropanol and allowed to air dry. Spacers and combs 
should also be washed and dried thoroughly. It is important to maintain 
each plate with a designated “inner” side to minimize gel bubbles caused 
by small scratche-o do this, the “outer” side of the plate may be marked 
on one comer by a glass etcher, with tape, or permanent ink. 

2. Lay the unnotched plate, outer side down, on a flat stable platform (a sty- 
rofoam tube rack works well). Lay gel spacers along each long edge of the 
plate. Gently place the notched plate over the unnotched plate and spacers. 
Make sure the plate edges are all flush and that the spacers are properly 
positioned between the plates. Using two large binder clamps on each long 
side, clamp the assembly together. 

3. Prepare the gel solution by combining the following in a 250-mL beaker: 
22 g of urea, 8 mL of 40% A&B, 2.5 mL of 20X TBE, and distilled water 
to 50 mL. Warm the solution at 55OC for a few minutes to dissolve the 
urea, and stir until the solution becomes clear. Filter the gel solution 
through a 0.45~pm membrane (see Note 5). 

4. To the gel solution, add 245 l.tL of 15% ammonium peroxysulfate and 30 l.tL 
TEMED. Swirl the beaker to mix and till a 60-mL syringe with the solution. 
With the gel plate assembly flat on the platform, inject the gel solution between 
the plates along the notched edge of the top plate. Start at one side of the 
assembly and slowly move the syringe across the top, allowing capillary action 
to pull the solution mto the form. If bubbles begin to form, tap on d~e top of 
the plates with a finger to force gel solution across the trouble spot. When the 
front edge of the gel solution flows to the open end of the gel form, cease 
injecting solution and insert the straight-edged casting comb into the notch 
at the top of the gel form. Place three bmder clamps across the top of the 
notched plate. Allow the gel at least 2 h to polymerize. 

5. Remove the clamps and the casting comb. There will be a thin strip of 
polyacrylamide along the inner bevel of the notched plate; remove this by 
runnmg the edge of the casting comb along the bevel. Rinse the outside 
surface of the plates with water to remove any gel material, rinse again 
with absolute ethanol, and allow to an dry. Wipe the outside of the plates 
with TexwipeTM glass cleaner or rsopropanol. Place the gel assembly in the 
electrophoresis chamber of the 373A DNA sequencer. 
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6. Restart the Macintosh computer. Make sure that the ABI Data Collection 
and Data Analysis programs are launched automatically on startup (auto- 
matic startup of Multifinder, Data Collection, and Data Analysis should be 
preconfigured under “Set startup”). On the 373A sequencer, perform the 
plate check functron to ensure that the glass plates have been properly 
cleaned and are free of dirt or gel material. The scan of the plates should be 
observed in the “Scan” window of the Data Collection program. Four flat 
lines, one for each “color” of the four fluors, should be observed. If blue 
peaks are observed, these indicate dust or smudges on the glass plates; 
carefully clean the dirty area of the plates with isopropanol or TexwipeTM 
glass cleaner and repeat the plate check as needed. If four-color peaks are 
observed, these indicate light scattering caused by contaminants present in 
the gel itself. In this latter case, the peaks may disappear as the gel 1s prerun. 
However, if contaminant peaks persist after cleaning the plates and 
prerunmng the gel, it is recommended that the gel be replaced or that 
samples not be loaded into the wells that correspond to the problem area. If 
wells are skipped, be sure to check sample tracking when the run is completed 
to ensure that the contaminant peak has not been tracked and analyzed. 

7. Set the upper buffer chamber and the lucite alignment brace in place. Care- 
fully insert the sharkstooth comb between the glass plates, centering the comb 
with the numbers printed on the alignment brace. The teeth of the comb 
should just barely pierce the top of the gel. Tighten the two screw clamps on 
the upper chamber to secure the alignment brace. Fill the upper and lower 
buffer chambers with 1X TBE. Using a Pasteur pipet, flush urea out of the 
sample wells. Connect the buffer chamber electrodes to the 373A and close 
the electrophoresis chamber door. Prerun the gel at 30 W constant power and 
40°C for 30 min. At some point during the prerun, a new Sample Sheet (under 
the “File” menu) should be opened, and the appropriate data entered. 

3.3. Electrophoresis and Data Collection 
1. Dissolve the dried sequencing reaction products in 5 pL of loadmg solu- 

tion. Heat at 98OC for 3-5 mm. 
2. Carefully flush urea out of all sample wells using a Pasteur pipet. Load all 

odd-numbered samples mto the odd-numbered wells (e.g., 1, 3, 5). Close 
the electrophoresis chamber door and electrophorese samples into the gel 
at 30 W constant power and 40°C for 2-5 min. Open the electrophoresis 
chamber door, and load the even-numbered samples into the even-num- 
bered wells (e.g., 2, 4, 6). Close the electrophoresis chamber door and 
begin electrophoresis at 30 W constant power and 40°C for 10-14 h. 
Because of salt effects as samples enter the gel, this odd/even loading 
scheme will leave a small space between lanes, thereby facilitating proper 
lane tracking by the analysis software. 
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3. Using the mouse, click on the “Collect” button to begin data collection, 
The computer will collect data for 10-14 h. During this time, it is recom- 
mended that the host Macintosh not be used for any other function. See 
Notes 6-14 for problems that may occur during the gel run. 

4. At the completion of the run, open the electrophoresis chamber door and 
siphon some of the buffer from the upper buffer tank. Disconnect the elec- 
trode cables and unlatch and lower the laser stop. Carefully lift the upper 
buffer tank and gel assembly out of the instrument. Buffer remaining in the 
upper tank can be discarded. The glass plates should be carefully sepa- 
rated, cleaned, and stored in a safe location. Avotd using a razor blade to 
remove the gel; instead, press a paper towel against the gel, then peel the 
towel and gel off of the plate and discard. Rinse the upper and lower buffer 
tanks and invert on paper towels to dry. 

3.4. Data Analysis and Assessment 
At the conclusion of data collection, the Macintosh computer will auto- 

matically launch the Data Analysis program. At this time, a gel file and a 
Results folder containing individual sample and sequence files will be 
created. Occasionally, problems will arise during the initial analysis 
phase that result in the absence of analyzed data. If this occurs, data can 
be salvaged using the recovery procedures described in Note 15. Data 
can be viewed by opening any of the sample files, selecting “Analyzed 
data” from the “Window” menu, and using the custom view magnifier 
located on the floating “Analysis” controller. If the host Macintosh has 
been connected to a color printer or plotter, the analyzed data may be 
printed. Alternatively, data may be archived by transferring sample files 
over a network connection to another Macintosh, or a Sun computer using 
a communications program such as NCSA Telnet. If data must be retrieved 
later for further work on a Macintosh, sample files should be transferred 
with the MacBinary protocol selected. 

Typically, data analysis begins imrnediately following the large four- 
color mass that represents unincorporated dye-labeled sequencing 
primer. However, the occasional sample will be analyzed from an earlier 
point if an extraneous fluorescent signal is detected. These samples may 
be reanalyzed manually; a new starting coordinate may be determined by 
viewing the raw data for that sample. “Call bases” is selected from the 
“Analysis” menu, and the new starting coordinate is entered in the appro- 
priate box. The “Analysis queue,” located under the “Window” menu, 
may be opened to monitor the analysis process. Note that several samples 
may be reanalyzed simultaneously. 



434 Du and Wilson 

Clues as to data quality may be found in several places. The most 
obvious is the appearance and range of the analyzed data. Fairly uniform 
signal intensity, decreasing slightly over the length of the read, should be 
observed. Although base calls will be made for the entire read, experi- 
ence has shown that the accuracy of machine base assignment falls off 
significantly after 400 bases. In a sample of fairly high quality, “no calls” 
(“N”) should be infrequent in the first 400 bases. Background noise, vis- 
ible as small peaks along the baseline, should not be so high as to inter- 
fere with base calling. Excessive noise often is caused by impure 
sequencing template (see Notes 16-l 8). Additional information as to data 
quality can be obtained from the “File info” window. Here, the signal 
and base spacing data is displayed. Typically, signal strength for a sample 
of high quality should be greater than 40-50 for the lowest of the four 
dyes. Base spacing should be 9-l 1; if base spacing falls outside of this 
range, accurate base calling can be affected. Base spacing can be opti- 
mized by adjusting gel and running buffer composition and electrophore- 
sis conditions. The gel file, which contams a computer-generated color 
“autoradiograph” of the entire run, is also useful for assessment of data 
quality. Here, straight and separate lanes should be observed, with easily 
visible bands extending late into the run. Gel-related problems are often 
most apparent on observation of the data contained in the gel file. Track- 
ing may be assessed by observing the white tracker lines that should 
bisect all visible samples. If a tracker line does not seem to properly 
follow sample bands, the sample should be tracked manually. This can 
be done by choosing “Track a lane” from the “Analysis” menu and click- 
ing on several points along the sample lane. At the conclusion of retracking, 
the sample will be analyzed automatically. 

4. Notes 

1. Template production using PCR: 
(i) PCR is performed using bacteriophage lysate, DNA (0.01-l .O pg), or 

bacterial colonies or bacteriophage plaques that have been prcked and 
transferred to a small amount of water or TE buffer. The reactions 
should contain the following components: x pL of distilled water, 5 pL 
of 1 OX PCR buffer, 8 pL of 1.25 nM dNTPs, 2.5 PL of primer 1 (20 
p.M), 2.5 & of pruner 2 (20 CLM), y PL of template (typically l-5 PL), and 
0.2 pL of Tuq DNA polymerase (5 U/pL) for a total volume of 50 pL. 

(ii) If necessary, overlay each reaction with 80 l,rL of light mineral oil. The 
thermal cycler is preheated to 95”C, and the samples are placed in the pre- 
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heated block and incubated at 95OC for 2 min. With the Perkm-Elmer 
mstruments, thermal cycling is performed using the following parameters: 

DNA thermal cycler 9600 thermal cycler 

94°C for 30 s 92°C for 10 s 
55°C for 30 s 55OC for 60 s 
72OC for 60 s 72OC for 60 s 
for 35 cycles for 35 cycles 

At the conclusion of thermal cyclmg, the samples are maintained at 
4°C. 

(iii) The samples are removed from the reaction tubes and transferred to 
1.5-mL microcentrifuge tubes containing 8 pL of 3A4 sodium acetate, 
pH 4.8, and 20 uL of 40% (w/v) PEG-8000, 10 mM MgCl,. If the 
samples were covered with mineral oil, it is important to avoid transfer- 
ring any of the oil. The samples are mixed by vortexing and allowed to 
stand at room temperature for 10 mm. 

(iv) The DNA is pelleted by centrifugation at 13,000g for 15 min at room 
temperature. All of the supernatant is carefully and completely removed 
by aspiration. The DNA pellets are washed twice with 250 p,L of 100% 
ethanol (room temperature) and dried briefly under vacuum. 

(v) Each sample is dissolved in 20 ltL of 10 mM Tris-HCl, pH 8.0,O. 1 mM 
EDTA. One to two microliters of each sample may be analyzed on an 
agarose gel. For DNA sequence analysis using the linear amphficatron 
sequencing method described below, 1 PL of the PCR-prepared DNA is 
used m the A and C reactions and 2 uL in the G and T reactions. 

This method can be used to directly prepare template from cosmid 
and h phage clones. 

2. Nucleotide analogs, such as 7-deaza-dATP and 7-deaza-dGTP, are useful 
for resolving some sequence compressions and may be purchased as 10 
mM solutions from Boehringer-Mannheim Biochemicals (Indianapolis, 
IN). 7-deaza-dATP and 7-deaza-dGTP may be substituted for dATP and 
dGTP in all mixes. For dATP mix, use 2.5 uL of 7dc-dATP and 10 PL of 
10 mM 7dc-dGTP; for dCTP mix, use 10 pL each of 10 miV 7dc-dATP and 
10 mM7dc-dGTP; for dGTP mix, use 5 PL of 5 mM 7dc-dGTP and 10 PL 
of 10 mM 7dc-dATP; for dTTP mix, use 20 PL each of 10 mM 7dc-dATP 
and 10 mM 7dc-dGTP. 

3. Some preparations of pUC 18 and pUC 118 have deleted one nucleotide at 
the 3’ end of the priming site for the M 13RPl primer; for sequencing 
subclones based in these vectors, a reverse primer that lacks the 3’ C should 
be used, (T7) 5’ TAA-TAC-GAC-TCA-CTA-TAG-GG 3’, (SP6) 5’ ATT- 
TAG-GTG-ACA-CTA-TAG 3’. 
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4. If the fluorescent dye-labeled SP6 sequencing primer is used, the anneal- 
mg temperature should be reduced from 55 to 50°C. Similarly, for other 
sequencing primers, the melting temperature (r,) should be calculated, 
and the thermal cyclmg conditions adjusted accordingly. 

5. If sequencing gels are to be run daily, a working gel solution may be pre- 
pared and stored at 4°C. Combine 110.3 g of urea, 40 mL of 40% A&B, 13 
mL of 20X TBE, and 125 mL of distilled water. Dissolve the urea and 
filter as above. If stored in an opaque bottle, this solution can be used for 
2-3 wk. Use 50 n&/gel. 

6. No scan lines appear in the Scan window. Make sure “Start scan” button 
on the 373A has been pressed. Main menu window should read “Stop 
scan,” If scan has been started and no scan lines appear, abort the run and 
restart. If scan lines still do not appear, reset the 373A by pressing the 
delete key on mam keypad and selecting “total reset” on the LCD menu 
(Note: This reset will erase two settings-the current date and time, and 
the PMT voltage; re-enter these values after the reset has been completed). 
If resetting the 373A does not solve the problem, check the cable connect- 
ing the 373A to the host computer. If none of the above solves the prob- 
lem, ABI field service should be contacted. 

7. Scan lines are approx 25% full scale. When the scan window is viewed at 
the beginning of a run, the flat scan lines should 25-33% of full scale. If 
the scan lines are lower than this, PMT voltage should be increased. The 
PMT voltage setting is accessed by selecting “calibration” and then “con- 
figure” on the LCD menu, and moving through the next few selections. 
The proper PMT voltage setting will differ by machine and may change 
as the laser ages. Typically a setting of 540-560 works well. 

8. Electrophoresis power failure. When electrophoresis power fails, the 373A 
will alert the user with a loud beep. Stop the run or prerun and restart 
electrophoresis. If no current value is observed, open the electrophoresis 
chamber door and check electrode cable connections. Check the platinum 
wires and their connections. If the electrophoresis power still fails, press 
the delete key on the 373A mam keypad and select “elect only” on the 
LCD. If none of the above solves the problem, ABI field service should be 
contacted. 

9. Stage motor failure. The electric motor that drives the scanning stage has a 
finite lifespan. Failure of this unit is often preceded by screeching sounds. 
This problem is not easily remedied by the user; ABI field service should 
be contacted. 

10. Laser failure. The argon laser also has a finite lifespan, although there 
appears to be a wide range to this lifespan. To ensure against sudden laser 
failure, a weekly diagnostic test should be performed. Under the “Self test” 
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11. 

12. 

13, 

14. 

15. 

menu on the 373A LCD, press “more” until the “laser” test option is dis- 
played. Press “laser” and enter “40” as the target power (e.g., 40 mW); 
record the actual laser output and the current drawn by the laser. As the 
laser ages, it will draw more current to produce the necessary power. When 
laser failure is imminent, the amount of current the laser draws will 
increase noticeably. At this point, ABI field service should be contacted. 
Incomplete polymerization. Characterized by distorted patterns in the gel 
file. The sequencing gel should be allowed to polymerize for no less than 2 
h. If sufficient polymerization time had been allowed, preparation of fresh 
15% APS and TEMED may remedy the problem. 
Sample crosstalk. This can be seen by observing the gel file, and can be 
caused by failure to properly insert the sharkstooth comb. The comb should 
be inserted so that the points of the teeth pierce about l-2 mm into the gel. 
Additionally, leakage can occur between wells if the comb was inserted, 
partially removed, and reinserted. If the comb damages part of the gel, 
avoid loading m that region or replace the gel. Sample leakage also may 
occur with mcompletely polymerized gels (see Note 11). 
Sample lanes overlap. This can occur when samples are not loaded in 
alternating lanes as described above. If samples overlap, lane tracking can 
be impeded. Additional problems can occur if too much time elapses 
between the second loading. Here, the fluorescence signal that accompa- 
nies the primer/salt front preceding the reaction products can interfere with 
proper detection and tracking. No more than 5 min should elapse before 
the even-numbered samples are loaded. 
Gel runs too fast or too slow. Unincorporated dye primers or dye termina- 
tors should become visible in the Gel view after 60-80 mm. If these peaks 
are seen much earlier or later, data analysis can be severely affected. Check 
the electrophoresis conditions on the 373A; we routinely run gels at 30 W 
constant power. The gel and buffer compositions also should be checked. 
Polyacrylamide gel compositions other than 6% are incompatible with the 
373A. 
Computer problems. Problems with data analysis can occur when the fixed 
disk drive of the host Macintosh computer becomes over 75% full. To 
avoid these problems, sample files should be backed-up, either on a floppy 
disk or by transfer to a remote fixed disk, and promptly removed. Addi- 
tionally, the host Macintosh should be viewed as a dedicated computer and 
should not be used for word processmg, graphics, or any other purpose. 
Placing various INITs and cDevs (control panel devices) on the computer 
can cause severe problems. To avoid problems caused by disk fragmenta- 
tion, a disk repair program, such as Apple’s Disk First Aid, should be run 
at least once a month. If Problems arise with data analvsis. check the “loe 
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file” located under the “Windows” menu in either the Data Collection or Data 
Analysis programs. This file contains an event list of data collection and 
analysts and can provide clues as to intermittent computer problems. If 
data analysts has failed and an error message is present, complete recovery 
of data is possible using one of several recovery procedures. A complete list of 
error messages and their causes is available from Applied Biosystems, along 
with detailed instructions for data recovery; it is highly recommended that 
all 373A users obtain this list and post it near the sequencer. 

16. Sequence data termmates early. Several factors can be responsible for trun- 
cated sequence data. If an RNase step was used m the template prepara- 
tion, the presence of contaminating DNase will result m truncated sequence 
data. This problem often is accompanied by an increase in background 
peaks. Reactions performed with insufficient template DNA result in trun- 
cated data; a stgmficantly decreased signal strength also will be observed 
in the File info window. Too much template in the sequencing reaction can 
also produce truncated data. If certain resins are used to remove RNA from 
the template preparation, contaminants may copurify with DNA that inten- 
sify this problem. Here, the proper amount of DNA necessary for obtain- 
mg high quality sequence data should be titrated. Another common cause 
of truncated data is mcorrectly formulated dNTP/ddNTP mixes. 

17. Low signal strength. This problem may be caused by msufficient template 
DNA or insufficient primer in the sequencing reaction. Check that the con- 
centration of primer is correct. For some sequencing primers, the standard 
55°C annealing temperature may be too high, and should be reduced. This 
is especially true for the linear amplification sequencing method. For 
example, the SP6 primer gives very good results with an annealing tem- 
perature of 50°C but almost no signal is observed when the primer is used 
with a 55OC annealing temperature. Low signal also can be caused when 
sequencing reagents are incorrectly formulated or stored. 

18. High background. DNA that contains a large amount of RNA will produce 
sequence data with high background. This is especially true for the linear 
amplification sequencing method. Another common cause of high background 
is the presence of more than one template in the DNA preparation. This often 
happens because more than one colony or plaque has been inadvertently 
picked, and can be avoided by carefully picking only single colonies or 
plaques. Other background problems can originate when contaminated 
reagents are used for either template preparation or sequencing reactions. 
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CHAPTER 52 

Terminal Labeling of DNA 
for Maxam and Gilbert Sequencing 

Eran Pichersky 

1. Introduction 
There are two basic enzymatic activities that are used to end-label 

DNA with radioactive phosphate (32P). The enzyme T4-polynucleotide 
kinase will use the substrate ATP to add a phosphate group (the gamma- 
phosphate of the ATP molecule) preferentially to the 5’ ends of the mol- 
ecule. The enzyme DNA polymerase will “fill-m” recessed 3’ ends with 
the complimentary nucleotides, and can also create recessed 3’ ends from 
“blunt” ends or even 3’ overhanging ends by its 3’-5’ exonuclease activ- 
ity, then fill in such ends as well. However, the polymerase enzyme usu- 
ally used for the fill-in reaction, the Klenow fragment of E. coli DNA Pol 
I, has very low 3’-5’ exonuclease activity, and therefore its fill-in activity 
on blunt and 3’ overhanging ends could in principle be ignored for the 
purpose of end-labeling DNA for sequencing (see Note 1). 

A linear double-stranded DNA molecule produced by digestion with a 
restriction enzyme, almost always the starting material for end-labeling 
DNA (since virtually all restriction enzymes work on double-stranded 
DNA), has in effect two 5’ ends and two 3’ ends. Thus, labeling with 
the T4 DNA polynucleotide kinase will label the two 5’ ends (at opposite 
ends of the double-stranded DNA molecule), and labeling with the 
Klenow enzyme will produce two labeled 3’ ends, again at opposite ends 
of the double-stranded molecule. Note, however, that each strand is 
labeled on one end only. 
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There are two alternatives to obtaining labeled DNA suitable for 
chemical sequencing. One method is to denature the double-stranded 
molecule and isolate the two strands (each of which is labeled at one end 
only) separately. Although it is in principle sometimes possible (for 
example, by a long electrophoretic run on a denaturing gel), the alterna- 
tive method is much easier and therefore isolating end-labeled single- 
stranded DNA for sequencing is almost never done. The alternative is to 
digest the double-stranded DNA molecule, labeled at both ends, with 
another restriction enzyme that cuts in between the two ends, producmg 
two fragments (hopefully of unequal length) each labeled at only one 
end of the four ends of the double-stranded molecule. The two fragments 
can then be separated on a nondenaturing acrylamide gel, reisolated, and 
used directly for sequencing. Although such a fragment is a double- 
stranded molecule, only one strand in this molecule is labeled, and that 
strand is labeled on one end only. All the chemical reactions are carried 
out as usual. The sample is then denatured and electrophoresed (see 
Chapter 53); the degradation products of the unlabeled strand do not show 
up on the autoradiograph and otherwise have no effect on the sequencing 
process (1). 

An important issue for consideration is the starting material for the 
labeling reaction. The DNA of interest may be cloned in a plasmid, or it 
may be a recombinant phage, or a PCR product. We find that CsCl gradi- 
ent-purified DNA is the best source, although plasmids obtained by vari- 
ous “mini-prep” procedures are also suitable. The DNA has to be cut 
with a restriction enzyme, producing a minimum of one linear fragment 
or more. If the source of the DNA produces more than one fragment on 
restriction digest and one wishes to sequence only one particular frag- 
ment, it would appear to be advantageous to isolate this fragment prior to 
the end-labeling reaction, for example by electroelution from an agarose 
gel. However, each purification step results in some loss of DNA (and it 
is always advantageous to reisolate the fragments again after the labeling 
reaction, to remove the unincorporated label and, in cases where more 
than one fragment is labeled, to separate the fragments from each other). 
In addition, fragments that have been eluted from agarose gels do not 
label as well as fragments still in the original restriction enzyme reaction 
tube. Thus, for the highest yield and specific activity, it is best to do all 
the steps in one reaction tube without any successive purification steps 
or buffer changes. The fragments are then reisolated by separating them 



DNA End-Labeling 443 

on acrylamide gels, meaning that they should be in the range of 100-1000 
nucleotides (see Note 2). 

How can a DNA fragment labeled on one end only be produced in a 
single reaction tube without any buffer changes? To label DNA on one 
end only we take advantage of the fact that the Klenow fragment of E. 
culi’s DNA polymerase I will label a recessed 3’ end (“fill-in” reaction) 
but will not label a recessed 5’ end (=overhanging 3’ end) or a blunt end 
(in principle, the enzyme will label the latter two ends also, but to a much 
lower extent than the recessed 3’ end, so the fragment is practically 
labeled at one end only; see Notes 1 and 3). Thus, if a restriction site 
giving a recessed 3’ end is present and we wish to label it for sequencing, 
all that is required is to find a second site nearby that is cut by an enzyme 
producing ends that will not label. For example, the restriction enzymes 
PstI, SacI, SphI (3’ overhang), and DraI, HaeIII, and RsaI (blunt end) 
produce sites that under the conditions we use are practically unlabeled 
in the reaction described below. It should be noted that because the 
labeled fragments need to be separated on acrylamide gels, there is an 
upper size limit to the fragment that should be produced (fragments > 1 
kb will not be resolved well on the gel, and will also not diffuse out 
efficiently). When there is no known useful site nearby the site that is 
being labeled, we simply use a frequent 4-bp cutter, such as HaeIII, on 
the assumption that a site does occur at some not-too-great distance from 
the site being labeled. If that is not the case, additional 4-bp cutters can 
be used until the appropriate one is found. Also, when a small fragment 
is cloned into the polylinker site of a plasmid, one can take advantage of 
the restriction sites of the polylinker, so that two enzymes are chosen, 
one at each end of the cloned fragment, with one enzyme producing a 3’ 
recessed end and the other a 3’ overhanging end. In this way the fragment 
can be labeled on one end only, and by choosing a different pair of 
enzymes in a separate reaction, the other end of this fragment can be 
labeled as well. 

2. Materials 
1. DNA: CsCl-purified plasmid, 1 pg/p.L. 
2. Restriction enzymes. 
3. Restriction enzyme buffer (supplied by the manufacturer). 
4. Klenow fragment of DNA Pol I. 
5. [cx-~~P]~ATP; Specific activity = 3000 Ckntnol. 
6. IO m.MdCTP. 
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7. 10 mM dTTP. 
8. 10 mMdGTP. 
9. Loading dye: 50 &EDTA, 10 mMHC1, pH 7.5,O. 1% (w/v) bromophenol 

blue, 0.1% (w/v) xylene cyan01 FF, 50% glycerol. 
10. 10X TBE buffer: 0.5M Tris-HCl, 0.5M boric acid, 10 mM EDTA, pH 

7.5 (2). 
11. Acrylamide. 
12. Bisacrylamide. 
13. 100% ethanol. 
14. 0.5MNH4Acetate, 1 mJ4 EDTA, pH 7.5. 
15. Glass pipets. 
16. Glasswool. 
17. ddH20 (dd = double-distilled). 

3. Method 
1. Digest 1 pg of DNA m 30 yL total volume that includes l-3 U of each 

enzyme (e.g., 2 U EcoRI and 2 U HueIII). Incubate at 37°C for 30 min. 
2. Mix the following: 1 pL of dTTP, 1 pL of dCTP, 1 pL of dGTP, 1 pL of 

32P(a)-dATP, and 1 U of Klenow enzyme, then add to the reaction tube 
and incubate for 20-30 min at 37OC. 

3. Stop the reaction by adding 20 pL of loading dye (Note: This is the same 
dye used for agarose gels, but is not the dye used in sequencing gels). 

4. Load sample on a 15-cm long, 0.3~mm thick nondenaturing 5% acrylamide 
gel (20: 1 acrylamide:bisacrylamide, 1X TBE buffer) with well width of 3- 
4 cm. Run the gel until the bromephenol blue dye is at the bottom. Stop the 
gel, take one glass plate off, then cover the gel with Saran WrapTM. In the 
darkroom, put an X-ray film over the covered gel, mark the film’s position 
on the gel, and expose for 5-10 min. Then develop the film. 

5. By putting the developed X-ray film against the gel, locate the position of 
the labeled DNA fragments, cut and remove the appropriate gel region, 
and place it in a 1.5-mL Eppendorf tube. Do not cut the gel piece into 
smaller pieces. Overlay with 0.6 mL 0.5MNH,Acetate, 1 mMEDTA, pH 
7.5 solution, shake well, and make sure the entire gel piece is submerged, 
then incubate at 37°C for a minimum of 8 h (or overnight). 

6. Pipet out the contents of the tube into a second tube, passing the solution 
through a pipet fitted with glasswool at the bottom. Add 1 mL 100% etha- 
nol to the tube, shake well, and immediately centrifuge for 10 min. Decant 
the supernatant, fill the tube again with ethanol, spm for 2 min, then decant 
again and aspirate the rest of the solution with a drawn Pasteur pipet. Dry 
in vacuum for 10 min. Add ddHzO (50-l 00 pL, depending on the amount 
of radioactivity) and resuspend the sample. The DNA is ready for sequenc- 
ing (see Chapter 53). 
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4. Notes 

1. The labeling reaction with the Klenow enzyme is done directly in the 
restriction digest tube, without any change of buffer. The restriction 
digests are done with either low-, medium-, or high-salt buffers, according 
to the requirement of the enzymes, and all these buffers also contain Mg2+. 
The Klenow enzyme works well in all these buffers, so for labeling all that 
is required is the addition of the cold and radioactive nucleotides, and the 
Klenow enzyme. It is also possible to do the entire process at once-add 
the restriction enzymes and the nucleotides and the Klenow enzyme together. 
However, I prefer to do the labeling reaction for only 20-30 min, and the 
restriction of 1 ltg of DNA should usually be allowed to proceed for about 
1 h. Hence, the labeling mix should be added about 30 min after the start of 
the restriction reaction. 

I prefer to use 32P-dATP when possible, since this is the standard radio- 
active nucleotide used for all other purposes in my lab. Almost all 3’ 
recessed sites can be labeled with dATP. It is essential to add the other 
nucleotides that occur in the site as cold nucleotides. If they occur upstream 
to the position of the A nucleotide, the latter nucleotide cannot be added 
until the others are. If they occur downstream to the position of the A nucle- 
otide, it is nevertheless advantageous to include them in the reaction 
because they are present at much higher concentrations than the 32P-dATP, 
so once the A nucleotide is added, the positions downstream are added 
with almost 100% efficiency, and the Klenow enzyme cannot go back and 
remove the A nucleotide with its 3’-5’ exonuclease activity. As a matter of 
routine I add all three cold nucleotides (dTTP, dCTP, dGTP) even when one 
or another of these nucleotides do not occur at the site. The unneeded nucle- 
otide has no effect on the labeling reaction, Another beneficial effect of the 
cold nucleotides is that at the other end (usually a 3’ overhanging end or a 
blunt end), even if the 3’-5’ exonuclease activity of the Klenow enzyme 
produced a 3’ recessed end, it would instantaneously be filled in with a 
cold nucleotide, except, of course, when that position requires an A nucle- 
otide. It would seem that in this latter case one would get a higher back- 
ground in the sequencing autoradiograph, but I have not found this to be 
a problem, possibly because of the slowness of the 3’-5’ exonuclease acti- 
vity of the Klenow enzyme and the relative shortness (20 min) of the 
fill-in reaction. 

2. I use 5% nondenaturing acrylamide gels to purify labeled fragments. The 
fragments to be isolated are in the 100-1000 bp range. It is not worth the 
effort to sequence shorter fragments, although it is possible to isolate such 
fragments on acrylamide gels, and fragments >l kb do not resolve well on 
such gels. Although large fragments can be isolated from agarose gels, in 
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my hands I have never been able to sequence fragments that have been 
directly isolated from agarose gels. (The DNA could go through agarose 
gel prior to labeling if it is subsequently reisolated from acrylamide gels 
prior to sequencing, but fragments sequenced directly after isolation from 
agarose gels do not yield readable sequence.) 

To elute the fragments, I simply incubate the gel slice, without any fur- 
ther maceration, m the elutton buffer overnight at 37°C. The DNA frag- 
ment diffuses out quite well, although larger fragments diffuse more 
slowly. After overnight incubation, tubes contammg fragments of approx 
1 kb will have at least 50% of the radioactivity m solution, and that frac- 
tion is higher for smaller fragments. The solution is then passed through 
glasswool to remove large pieces of acrylamide gel. The remaining 
acrylamide (monomers or small polymers) does not interfere with any of 
the sequencing reactions or subsequent manipulations of the DNA, even 
though it does precipitate together with the DNA. 

To precipitate the labeled DNA, I add 2 vol of 100% ethanol at room 
temperature, mix, and immediately centrifuge. There is no need to use any 
other concentration of ethanol. The goal is to get the DNA to precipitate 
with as little salt coprecipitation as possible. Thts is accomplished by 
aspuatmg all the hquid after the ethanol precipitation step, and again after 
the ethanol wash step. The pellet forms nicely on the side of the tube, and 
it is easy to put the end of the stretched Pasteur pipet all the way to the 
bottom of the tube and aspirate all the liquid. Repeated cycles of 
resuspension and precipitations are unnecessary and madvisable. Pro- 
longed incubation at low temperatures is also strongly discouraged. DNA 
precipitates well at room temperature, but one gets more salt precipitation 
at low temperature, thus makmg things worse, not better. 

3. The DNA-labeling procedure involving T4-polynucleotide kinase 1s 
lengthy and requires the use of a substantial amount of radioactivity and 
several changes of buffers. Because of these disadvantages, I never use 
this enzyme for end-labeling for sequencing. 
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CHAPTER 53 

DNA Sequencing by the Chemical Method 

Eran Pichersky 

1. Introduction 
The chemical method of sequencing DNA (I) has some advantages 

and some disadvantages compared with the enzymatic method (2). The 
major disadvantage is that it takes more time to produce the same amount 
of sequence. This is so for two main reasons. First, the DNA has to be 
end-labeled and then reisolated prior to the actual chemical sequencing 
reactions, a process that usually requires an additional day (see Chapter 
52). Also, because more DNA is used in the reaction and because the 
lower specific activity of the sequenced DNA requires the use of an inten- 
sifying screen in the autoradiography, bands are not as sharp as in the 
enzymatic method and therefore it is difficult to obtain reliable sequence 
past about nucleotide 250 (unless very long gels are run). 

Nevertheless, the chemical method is often useful for several reasons. 
It enables one to begin sequencing anywhere in the clone where a restric- 
tion site that can be labeled occurs without any further subcloning. The 
sequence thus obtained can then be used to synthesize oligonucleotide 
primers for enzymatic sequencing. In addition, in cases of regions that 
give poor results in the enzymatic reactions (because of secondary struc- 
tures that inhibit the polymerase enzyme), the chemical method almost 
always resolves the problem and yields the correct sequence. 

The chemical sequencing reaction has acquired a reputation of being 
difficult. I believe this reputation is undeserved. In my hands, the chemi- 
cal method is consistently successful in producing results as reliable as 
those obtained by the enzymatic method. It has been my experience that 
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many protocols in molecular biology include unnecessary steps. The 
likely explanation is probably that when researchers encountered diffi- 
culties, they added these steps as a solution to the problem, often on the 
assumption that the additional steps would not hamper the process, even 
if they did not help. This is clearly not the case here. In developing the 
method presented here from pre-existing protocols, many steps have been 
eliminated. In general, I have found that the quality of the sequence has 
improved with the progressive elimination of these steps. It is still pos- 
sible that some steps included here are not necessary; certainly no addi- 
tional steps need to be added. And, of course, the end result has been that 
the protocol as presented here is very short and the entire process of 
sequencing (starting with end-labeled DNA) and gel electrophoresis can 
be accomplished in one (long) day. 

2. Materials 
1, G Buffer: 50 mM sodium cacodylate, pH 8.0. 
2. CT/C Stop: 0.3M sodium acetate, 1 mM EDTA, pH 7.0. 
3. GA Stop: 0.3M sodmm acetate, pH 7 0. 
4. G Stop: 1.5M sodmm acetate, 1M 2-mercaptoethanol, pH 7.0. 
5. 10% Formic acid. 
6. Dimethyl sulfate (DMS) (see Note 1). 
7. Hydrazine (95% anhydrous) (see Note 1). 
8. 100% ethanol. 
9. 5MNaCl. 

10. ddHzO (dd = double distilled). 
11. Carrier DNA: 1 mg/mL in ddHzO (any DNA will do; we use plasmid 

DNA). 
12. 10 mg/mL tRNA in ddHzO (any tRNA). 
13. The DNA fragment to be sequenced, end-labeled at one end only, in 

ddHzO (see Chapter 52). 
14. 10% piperidme (dilution prepared on the day of the experiment). 
15. Loading buffer: 100% formamide, 0.1% (w/v) bromophenol blue, 0.1% 

(w/v) xylene cyan01 FF. 

3. Method 
1. For each DNA fragment to be sequenced, mark four 1.5-mL Eppendorf 

“reaction” tubes and add the following solutions: 
“G” tube: 1 uL of carrier DNA, 200 FL of G buffer, 5 PL of labeled 

DNA. 
“GA” tube: 1 uL of carrier DNA, 10 pL of ddHzO, 10 uL of labeled 

DNA. 
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“CT” tube: 1 PL of carrier DNA, 10 pL of ddH20, 10 pL of labeled 
DNA. 

“C” tube: 1 pL of carrier DNA, 15 pL of 5M NaCl, 5 pL of labeled 
DNA. 

2. Mark four 1.5mL Eppendorf “stop” tubes and add the following 
solutions: 

“G Stop” tube: 2 pL of tRNA, 50 pL of “G Stop” solution, 1 mL of 
ethanol. 

“AG Stop” tube: 2 PL of tRNA, 200 pL of “AG Stop” solution, 1 mL of 
ethanol. 

“CT Stop” tube: 2 pL of tRNA, 200 pL of “CT/C Stop” solution, 1 mL 
of ethanol. 

“C Stop” tube: 2 pL of tRNA, 200 pL of “CT/C Stop” solution, 1 mL of 
ethanol. 

3. To start the reactions (see Note 2), add the following: 
“G” tube: 1 pL of DMS, mix, and let the reaction proceed for 5 min at 

room temperature. 
“AG” tube: 3 pL of 10% formic acid and mix (15 mm at 37°C). 
“CT” tube: 30 pL of hydrazine and mix (9 min at room temperature). 
“C” tube: 30 pL of hydrazine and mix (11 min at room temperature). 

4. Stop each reaction by pipeting the contents of the correspondmg stop tube 
into the reaction tube (use the same Pasteur pipet; slight crosscontamina- 
tion of stop solutions has no effect, but do not touch the contents of the 
reaction solutions with the pipet). Cap the reaction tubes, shake briefly but 
vigorously, and place in a dry ice-ethanol bath (-8O’C) for 3-l 0 min (3 min 
are enough, but the tubes can be left there for up to 10 min if other reactions 
are not done yet; do not leave for longer than 10 mm) (see Note 3). 

5. Centrifuge at 4*C for 7 min, discard supernatant, aspirate the rest of the 
liquid with a drawn Pasteur pipet, and then add 1 mL of 100% ethanol to 
the tube, invert twice, and centrifuge for 2 min at room temperature. Aspi- 
rate as before, and dry in a vacuum for 10 min. 

6. To each reaction tube, add 100 pL of the 10% piperidine solution (do not 
shake the tubes because there is no need to resuspend the DNA) and place 
the uncapped tubes m a 90°C heat-block. After 15-30 s, cap the tubes and 
let stand for 30 min. 

7. Remove the tubes from the heat-block, let stand at room temperature for 
2-5 min, and centrifuge briefly to get the condensation to the bottom. 
Puncture one hole in the cap with a syringe, then place in dry ice-ethanol 
bath for 5 min. 

8. Place the tubes in a SpeedVac machine and lyophilize for 2 h. Vacuum 
should be below 100 millitorr. 
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9. Prior to gel electrophoresis, add 10 pL of loading buffer to each tube, resus- 
pend the sample by shakmg and then a brief centrifugation, and place the 
tubes in the 90°C heat-block for 10 mm. Load l-2 pL per sample (see 
Notes 4 and 5). 

4. Notes 
1. Quality of chemicals: In general, the standard laboratory grade chemicals 

should be used. Some chemicals, however, could be the cause of problems 
when not sufficiently pure or when too old (presumably degradation prod- 
ucts are the culprits). I have only had problems with two chemicals (see 
below): dimethyl sulfate and hydrazme. Note also that these two chemi- 
cals, together with ptperidme, are hazardous chemtcals. In addition to 
observing the rules per-taming to the handling of radloactrve chemicals, all 
reactions involving these three chemicals should be carried out in the hood, 

2. I typically do all chemical reactions together, timing them so that they end 
at the same time. If one is sequencing 5 different fragments, all 20 tubes 
can be spun together in a single run (we have a microcentrifuge with 20 
slots). When stopping all 20 reactions at about the same time, some reac- 
tions are mvarlably going to run longer than the allotted time. This is usu- 
ally not a problem, because the reaction times mdtcated above are general, 
and they can be extended by up to 30% without much noticeable effect. 

3. I always use 100% ethanol. There is no need to use any other concentration 
of ethanol at any step of the process, and 100% ethanol has the advantage 
because it evaporates fast. The goal is to get the DNA to precipitate with as 
little salt coprecipitation as possible. This is accomplished by aspirating 
all the liquid after the ethanol preclpttation step, and again after the ethanol 
wash step. The pellet forms nicely on the side of the tube, and it is easy to 
put the end of the stretched Pasteur pipet all the way to the bottom of the 
tube and aspirate all the liquid. Repeated cycles of resuspension and pre- 
cipitations are inadvzsable. Prolonged incubation in the dry ice-ethanol 
bath is also strongly discouraged. DNA precipitates well at room tempera- 
ture, but one gets more salt precipitation at low temperature, thus making 
things worse, not better. I almost always precipitate DNA at room tem- 
perature; the only reason step 4 calls for incubation at -80°C is to inhibit 
further reaction with the reactive reagents that at this stage have not yet 
been removed. 

4. Gel electrophoresrs: I use a 60 x 40 cm (0.3-mm thick) gel of 6% 
acrylanude (20: 1 acrylamlde:bisacrylamlde, 50% urea, 50 mMTns, 50 rnM 
borate, 1 r&4 EDTA [.?I). I run the gel at constant power (65 W), with an 
alummum plate to disperse the heat. The samples are loaded twice (a “long 
run” and a “short run”)* The second loading is done when the xylene cyan01 
dye of the first sample is approximately two-thn-ds of the way down the 
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gel, then electrophoresis is halted when the bromophenol blue of the sec- 
ond sample reaches the bottom of the gel. The complete run takes 5-6 h, 
and it allows us to read, in the “short run,” the sequence from about nucle- 
otide 25 to nucleotide 120450, and m the “long run” the sequence from 
nucleotide 100 to about 220-250. Additional sequence may be obtained by 
running longer gels, by loading the sample a third time, or by a variety of 
other methods if so desired. 

5. Troubleshootmg: 
G reaction: This reaction is usually very clean, but it is the reaction most 

sensitive to prolonged incubation and to the quality of the reactive 
reagent, DMS. If reaction proceeds longer than the allotted time or if 
old or bad quality dimethyl sulfate is used, excesstve and nonspecific 
degradation of DNA will occur. Also, when several Gs occur m a 
row, the 3’-most Gs (lower bands rf the 3’ end was labeled with the 
Klenow enzyme) may appear weaker. 

AG reaction: This is usually a trouble-free reaction. 
CT and C reactions: The quality of the hydrazine should be good (it does 

not have to be exceptional), otherwise excessive and nonspecific deg- 
radation will occur. Sometimes faint bands will be seen m the C and 
CT lanes when the base is G (a strong band is then observed in the G 
lane). The likely explanation is that the pH in the reaction tubes is too 
low (there is no buffer m the C and CT reaction tubes, but carryover 
with the DNA sample might cause this to happen). However, these 
faint bands are not nearly as strong as the signal in the G lane or as 
bona fide bands of C and T bases. Also, the T bands in the CT lane are 
often not as strong as the C bands-this is probably caused by inhibi- 
tion of the reaction by residual salt (in the C reaction, salt is added 
specifically to obtain complete inhibition). 
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CHAPTER 54 

Site-Directed Mutagenesis 
of Double-Stranded Plasmids, 

Domain Substitution, 
and Marker Rescue by Comutagenesis 

of Restriction Enzyme Sites 

Jac A. Nickoloff, Win-Ping Deng, 
Elizabeth M. Miller, and F. Andrew Ray 

1. Introduction 
Oligonucleotide-directed mutagenesis can be used to introduce spe- 

cific alterations in cloned DNA, including base-pair substitutions, inser- 
tions and deletions. It is an important procedure in studies of gene 
expression and protein structure/function relationships. A variety of pro- 
tocols have been developed to mutate specific bases in plasmid DNA, all 
of which involve annealing oligonucleotide primers with specific muta- 
tions to target sequences (1-4; reviewed in 5). Primer-directed DNA 
synthesis creates a DNA strand containing the desired mutation that may 
segregate from the wild-type template strand during DNA replication 
following transformation into an E. coli host. Although the theoretical 
yield of mutant products is 50%, the actual yield is usually much lower, 
necessitating strategies for enriching for products derived from the 
mutant strand. Two successful strategies for mutant enrichment involved 
the in vivo degradation of wild-type strands containing uracil bases in 
place of thymidine (3,6; see Chapter 55) and selection of mutant strands 
carrying a second mutation that creates a functional selectable marker, 
such as the P-lactamase gene (7). Systems that involve secondary select- 
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able mutations depend on coupling of two primers during DNA synthe- 
sis, and are improved by the use of T4 DNA polymerase rather than the 
Klenow fragment of E. coli DNA polymerase, since the T4 enzyme does 
not displace the mutagenic primers (8,9). The efficiency of coupled- 
primer mutagenesis is also improved if mismatch repair-deficient (mut 
S) hosts are used (IO), since this increases the probability that the select- 
able and nonselectable (desired) mutations cosegregate during the first 
round of DNA replication. 

Although these earlier procedures produce mutations at high eftici- 
ency, they impose limitations on targets and primer design, and require 
steps to prepare single-stranded templates. Described here are two related 
procedures involving comutagenesis of restriction sites that are also eff- 
cient, but that offer increased speed and greater flexibility with respect to 
target choice, primer design, and strategies for introducing multiple 
mutations (11,12; Fig. 1). Both procedures are effective with virtually 
any plasmid, including double- and single-stranded plasmids. Single- 
stranded templates are produced by heat denaturation of double-stranded 
plasmids, and mutagenic primers are annealed that eliminate nonessen- 
tial restriction site(s) (selectable mutations) and that introduce desired, 
nonselectable mutations. Selection against nonmutant plasmids occurs 
when a mixture of mutant and nonmutant plasmid DNA is treated with 
the restriction enzyme that recognizes the target nonessential site before 
transformation into E. coli. Such treatment reduces nonmutant plasmids 
and reduces their transformation efficiency lo- to lOOO-fold below that 
of mutant plasmids, which are resistant to digestion and remain circu- 
lar. Desired mutations are obtained when selected mutations are linked 
to desired mutations during primer-directed DNA synthesis, which nor- 
mally occurs at frequencies >80%. The two procedures differ in the way 
the mutagenic primers are linked in vitro. In the original procedure, 
termed Unique Site Elimination (USE) mutagenesis, mutagenic primers 
complementary to one strand are linked during second-strand synthesis (I 1). 
In the second procedure, primers complementary to opposite strands are 
linked during PCR; subsequently, the denatured PCR product (a “long 
primer”) directs second-strand synthesis (LP-USE mutagenesis; 12). 

Selection for the elimination of restriction sites is both simple to per- 
form and highly general. Most plasmids carry one or more restriction sites 
that are suitable targets for introducing selectable mutations (USE sites), 
or suitable USE sites may be engineered. Because circular single- 
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Fig. 1. Site-directed mutagenesis by comutagenesis of restriction sites. The 
target plasmid with a unique, nonessential restriction site (open bar) is shown at 
top. USE and LP-USE mutagenesis are diagrammed on the left and right, 
respectively. Mutagenic primers are shown by black arrows and mutations by 
black bars. Target DNA is heat-denatured, and primer-directed DNA synthesis 
(dashed lines) links two mutagenic primers or extends PCR product with linked 
primers. Mutations introduced by USE primers are selectable. DNA is trans- 
formed into an E. coli mut S strain to increase cosegregation of the two muta- 
tions. DNA prepared from mut S transformants grown en matwe is digested 
with the restriction enzyme that recognizes the unique site and transformed into 
a standard E. coli strain. Recovered products usually have both mutations. 
Selection power may be increased by using additional USE primers targeted to 
different sites. 

stranded templates can be produced simply by heat denaturation of 
double-stranded plasmid DNA, virtually any double-stranded plasmid 
can be efficiently mutated with these procedures. Circular single- 
stranded DNAs produced from M 13 phage or phagemids are also suit- 
able templates. Since target genes can be mutagenized without being 
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subcloned, these procedures are well suited to mutagenesis of genes in 
expression vectors. An additional benefit of starting with double-stranded 
plasmids is that the mutagenic primers can be complementary to either 
strand. This feature facilitates the design of multipurpose primers for use 
in mutagenesis, DNA sequencing, hybridization, and PCR amplification. 
Furthermore, primer pairs can be either complementary to one strand 
(11) or they may be complementary to opposite strands, if PCR is per- 
formed first (12). 

General selection primers are designed to eliminate restriction sites in 
sequences shared by most vectors. With this strategy, a small set of selec- 
tion primers is required for mutagenizing most plasmids. USE sites can 
be present outside or within genes, including essential genes, such as 
those conferring antibiotic resistance. If target sites are within an essen- 
tial gene, phenotypically silent mutations are introduced by changing 
bases in the third position of a codon or by creating inframe insertion 
mutations. Another valuable feature of some selection primers is that 
they eliminate a restriction site by converting it to another site. If the 
newly created site is also unique, multiple mutations can be introduced 
into target genes sequentially by “cycling” between unique sites. Table 1 
lists a set of USE primers with these features. Alternatively, multiple 
mutations can be introduced simultaneously with USE mutagenesis 
simply by adding more mutagenic primers to synthesis reactions. The 
frequency of simultaneous multiple mutagenesis is approximately equal 
to the product of individual mutagenesis frequencies. Although it is 
possible to introduce multiple mutations simultaneously with the PCR- 
based procedure (by adapting a PCR-based mutagenesis procedure; see 
ref. 13), it is simpler to introduce simultaneous mutations with the stan- 
dard procedure. 

These procedures were originally termed USE mutagenesis since the 
simplest versions involved selecting for the loss of a single, unique 
restriction site. However, additional flexibility and selective power can 
be gained if multiple sites are eliminated. It is possible to select for the 
elimination of two (or more) identical or nonidentical sites. When multi- 
ple sites are mutagenized, selection pressure against nonmutants is increased, 
a factor that may be important if very large plasmids (> 10 kbp) are employed. 

Restriction site comutagenesis procedures can be adapted to transfer 
mutations from a gene in any genome to a cloned copy of the gene or 
from one plasmid context to another. In these adaptations, mutations are 
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Table I 
General Unique Site Elimination Primers 

Target site 

la. AatII 
1 b. SaZI 
2a. Aj7111 
2b. BglII 
3a. ScaI 
3b. Mu1 
4a. SspI 
4b. EcoRV 

5 AZwNI 
6. XmnI 
7. BsaI 
8. ScaI 
9 EcoRI 

10 Hind111 

New site 

Sal1 
Auf11 
BglII 
AjZIII 
Mu1 
ScaI 
EcoRV 
SspI 
PVUII 
None 
None 
None 
EcoRV 
h4luI 

Sequence 

GTGCCACCTGTCGACTAAGAAACC 
GTGCCACCTGACGECTAAGAAACC 
CAGGAAAGAAGATCTGAGCAAAAG 
CAGGAAAGAACATGTGAGCAAAAG 
CTGTGACTGGTGACGCGTCAACCAAGTC 
CTGTGACTGGTGAGTACTCAACCAAGTC 
CTTCCTTTTTCGATATCATTGAAGCATTT 
CTTCCTTTTTCAATATEATTGAAGCATTT 
CTGGCAGCAG 4 CTGGTAACAG 
TTGGAAAACGCTCTTCGGGGCG 
TGATACCGCGGGACCCACGCTC 
CTGGTGAGTATTCAACCAAGTC 
CGGCCAGTGA’&$TCGAGCTCGG 
CAGGCATGCACGC_GTGGCGTAATC 

Vectors 

124 
124 
l-6 
l-6 
l-6 
l-6 
124 
124 
l-6 
1,3-d 
l-6 
l-6 
1 
1 

Target restrtction sites and newly created sites are given for mtergemc and polylmker target 
sites. Target codons are gtven for sttes m the p-lactamase gene (lower-case letters) Sequences 
are complementary to the sense strand of the @lactamase gene Newly formed restriction sites 
(or mutant target restrtctton sites tf no new site 1s formed) are m bold type, and mutant bases are 
underlined Vectors. 1, pUC19, 2, pBR322, 3, pBluescrtpt and pBluescrtptI1, 4, pSP6/T3 and 
pSP6/T7-19, 5, pT7/T3a-19, 6, pTZ19R Prtmer pairs (1 e , la and lb) cycle new mutant and 
weld-type sites for sequenttal procedures Primer 1 b will work with mdtcated vectors tf wild-type 
MI sues are destroyed Prtmer 2b will work wtth pSP6/T3 only if the wild-type BggI site 1s 
destroyed. Primer 4b will work with pBR322 tfthe wild-type EcoRV site 1s destroyed The AlwNI 
primer deletes the nucleottdes CCA (A) EcoRI and find111 prtmers ehmmate polylmker sites 
and cannot be used If DNA 1s Inserted into sues present m mutagenic prtmers 

transferred without fragment subcloning so there are no requirements for 
natural or engineered restriction sites in the DNA from which mutations 
are to be transferred. The three adaptations of LP-USE mutagenesis described 
here represent powerful systems, applicable to any organism, for analyz- 
ing the function of specific genes or domains within genes. For example, 
starting with a cloned copy of a gene, specific mutations may be pro- 
duced by USE or LP-USE mutagenesis (Fig. 1). Mutant genes may be 
transferred to a host cell to assay for phenotypic effects of the mutation 
(i.e., by transfection), and the presence of the mutation is then confirmed 
by using the first adaptation of LP-USE mutagenesis (Fig. 2). The fimc- 
tional analysis of specific domains in related genes in gene families or 
from different species (e.g., ref. 14) is facilitated by the second adapta- 
tion of LP-USE to effect domain substitution. Domain substitution is 
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Fig. 2. Confirmmg mutations m transfected genes. A plasmid carrying a 
mutant gene (thin lmes) IS shown integrated mto genomrc DNA (heavy lines). 
PCR is performed with a USE primer and a second primer flanking the muta- 
tion, producing a fragment with three mutations (bars). The PCR product then 
directs second-strand synthesis with a plasmld carrying the wild-type gene as a 
template. Remaining steps are as shown in Fig. 1. The second primer may also 
carry a mutation that creates a new restriction site. Products that have lost the 
USE site and gained the new restriction site will carry the mutation originally 
present m the transfected gene, whtch is identified by DNA sequence analysis. 

also convenient for transferring mutations from one plasmid context to 
another. Thus, mutations in a gene may be transferred from an expres- 
sion vector with a constitutive promoter to one with an inducible pro- 
moter (Fig. 3). The third adaptation of LP-USE may be used to transfer 
unknown mutations efficiently in any gene for which a cloned copy of 
the gene or cDNA is available (marker rescue). In this procedure, muta- 
tions are copied from genomic DNA (or mRNA) by PCR amplification 
using primers flanking the gene of interest. A cloned copy of the gene or 
cDNA is engineered with USE sites flanking the region of interest. These 
USE sites are not present in the genomic DNA or mRNA, and will be 
absent in PCR products. Mutagenesis of the cloned gene with the PCR 
product directing DNA synthesis removes both USE sites and transfers 
to the cloned gene any mutations present in the mutant gene at high eff- 
ciency (Fig. 4). Mutations are then identified by DNA sequence analysis. 
Since cloned copies of genes may be present in expression plasmids, the 
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Fig. 3. Domain replacement. Mutations (black bars) are transferred from a 
copy of a gene in one type of plasmtd (“A”) to another type (“B”), which in this 
case is an expression vector with an inducible promoter. The denatured PCR 
amplification product of the mutant domain is linked to a USE primer during 
second-strand synthesis with circular single-stranded plasmid B as template. 
Remaining steps are as shown in Fig. 1. 

Mutant gene Cloned gene wth two 
- engmeered USE sites 

- - 

i 
PCR 

I , 

PCR product 
L J 

MIX and denature 
Synthesldhgatlon 

w - - ‘q product Cloned mutant gene 

Fig. 4. Marker rescue. A mutation m a gene (black bar) IS amplified with two 
wild-type PCR primers. The PCR product directs second-strand synthesis with 
a plasmrd template carrying a cloned copy of the weld-type gene engineered 
with USE sites at either end of the gene (black bars). The USE sites may be 
created by inserting linkers into natural sates, or they may be created de nova by 
site-directed mutagenesis. Selection against both USE sites (as shown in Fig. 1) 
produces plasmids with the genomic mutatron. 
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resulting mutant genes may be reintroduced into cells to confirm their 
phenotype. If a gene has many exons and a cDNA is not available, muta- 
tions in specific exons for which clones are available are first identified 
by SSCP analysis (15). Exons with mutations are then amplified, and the 
mutations are transferred to a cloned copy of that exon and sequenced. 
Although mutations may be directly identified by sequencing PCR prod- 
ucts, marker rescue has the advantage that rescued mutations may then 
be reintroduced into cells for phenotypic analysis. 

2. Materials 
2.1. Phosphotylating Mutagenic Primers 

1. 10X kinase buffer: 700 mA4Tris-HCl, pH 7.6,lOO mMMgCl,, 50 mM dithio- 
threitol. 

2. 10 mM ATP: Store at -2OOC. 
3, Mutagenic oligonucleotide primers: 100 pmol of ollgonucleotides in dis- 

tilled Hz0 or PCR product with linked mutagenic prtmers (approx 0.005- 
1.5 pmol). (see Note 1) 

4. T4 polynucleotide kmase: 10 U/pL, store at -2OOC. 

2.2. Site-Directed Mutagenesis 
5. Plasmid DNA with one or more nonessential restriction sites. 
6. E. coli mut S strain, e.g., BMH 71-18 mut S (10) 
7. 10X annealing buffer: 200 mM Tris-HCl, pH 7.5, 100 mA4 MgCl*, 500 

mA4NaCl. 
8. 10X synthesis/ligation buffer: 100 mM Tris-HCl, pH 7.5, 5 nuI4 each of 

dATP, dTTP, dGTP, dCTP, 10 mM ATP, 20 mM dithiothreitol. 
9. T4 DNA polymerase: (10 U/pL). 

10. T4 DNA ligase: (400 U/pL). 
11. 10X stop mix: 50% glycerol, 0.5% SDS, 10 m1I4 EDTA, 0.25% brom- 

phenol blue, 0.25% xylene cyan01 FF. 
12. Sepharose CL-6B: see Chapter 27. 
13. Reagents and equipment for preparation and transformation of competent 

cells, preparation and restriction digestion of plasmid DNA, and spin-col- 
umn chromatography. 

3. Methods 
3.1. Phosphorylation of OLigonucleotide Primers 

or PCR Product (see Note 2) 
1. To a 1.5-mL tube, add 2 pL of 10X kinase buffer, 2 pL of 10 mA4 ATP, 

100 pmol of oligonucleotide (about 0.2 pg of a 2 1 -base oligonucleotide) or 
0.005-l .5 pmol of PCR product, and Hz0 to 20 pL. 
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2. Add 10 U of T4 polynucleottde kmase, and incubate for 2 h at 37OC. 

There is no need to purify phosphorylated oligonucleotides or PCR 
products before use in second-strand synthesis. 

3.2. Site-Directed Mutagenesis 

The procedure is performed in three phases: 

a. In vitro second-strand/ligation reaction, transformation of E. coli mut S 
host, and overnight growth en masse, 

b. Plasmid DNA purification, restriction enzyme digestion, and transfor- 
mation of a normal E. colz host, and 

c. Purification and identification of mutant plasmids. 

Controls important for assessing the efficiency of individual steps are 
included in the following description. 

1. To anneal the mutagenic primers to the target plasmid, add to a 1.5~mL 
microcentrifuge tube 5 PL of phosphorylated primers (25 pmol) or 5 JJL of 
phosphorylated PCR product, 0.025 pmol of plasmid DNA (about 0.1 pg), 
2 pL of 10X annealing buffer, Hz0 to 20 pL (see Note 3). 

2. MIX solution, and heat to 100°C for 3 min. Quickly place tube in an ice 
bath for 1 min, and then spin for 5 s in a microcentrifuge to collect conden- 
sation. Incubate at room temp for 30 min. 

3. Add to the annealing mixture: 3 pL of 10X synthesrs/ligation buffer, 3 U 
of T4 DNA polymerase, 400 U of T4 DNA hgase, Hz0 to 30 PL (add 
enzymes last). MIX solution and incubate for 30 min at 37°C if oligonucle- 
otide primers are used, or 5 min at 37°C if PCR products >lOOO bp are 
used (see Note 4). 

4. Stop the reaction by adding 3 pL of 10X stop mix, vortex briefly, and 
incubate for 5 min at 65OC. Purify DNA by passing the solution through a 
Sepharose CL-6B spin column. 

5. Transform E. coli strain BMH 71-18 mut S (or other appropriate mut S 
strain) by electroporation or another standard procedure (see Note 5). Sus- 
pend cells in I mL of SOC, and incubate for 1 h at 37°C. Assay transfor- 
mation efficiency by inoculating 100 pL of the cell suspension on an LB 
agar dish containing an appropriate antibiotic, and incubate overnight at 
37°C. To the remaining cells, add 5 mL of LB containing antibiotic and 
incubate overnight at 37OC with vigorous shaking. One-tenth of the trans- 
formation mixture is spread on an agar dish to determine the number of 
primary transformants in the liquid culture. This assay is important because 
the number of pnmary transformants defines the maximum complexity of 
the subsequent plasmld DNA preparation (see Note 6). 
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6. Isolate plasmid DNA from the 5-mL culture (see Chapters 3 l-33). 
7. Digest 0.25 ltg of plasmid DNA with the restriction enzyme(s) that recog- 

nizes the targeted USE site(s) in a volume of 20 pL. Monitor the digestion 
by electrophoresis of 15 PL and comparison to an equivalent amount of 
undigested DNA on an agarose gel. The digested DNA sample should show 
little or no circular forms (see Notes 7 and 8). 

8. Transform an ahquot of the digested DNA mto a normal E. cob host (i.e., 
HB 10 1 or DHSa). Isolate plasmtd DNA from individual transformants and 
screen for the loss of USE sites. Among those with mutations in USE selec- 
tion sites, approx 80% will carry the desired, nonselectable mutations, 
which are normally identified by DNA sequence analysis (see Note 9). 

Typically, 50-100% of secondary transformants will be mutant at USE 
sites (see Notes 10 and 11). When desired mutations are Introduced by 
oligonucleotide-directed second-strand synthesis, about 80% of the prod- 
ucts that are mutant at USE sites will carry desired, nonselected mutations 
(see Notes 12 and 13). If two or more nonselected mutations are intro- 
duced using multiple primers, mutations are produced independently, each 
with about 80% efficiency. With the PCR-based procedure, desired muta- 
tions are often present m 100% of isolates with mutations in USE sites (see 
Notes 13-l 7). 

4. Notes 
1. Multiple nonselected mutations are introduced by using additional prim- 

ers, each of which must anneal to the same strand as the selectable USE 
primer. For LP-USE mutagenesis, the two primers must be complemen- 
tary to opposite strands to effect PCR amplification. 

2. The ligation reaction in Section 3.2., step 3 requires phosphorylated 
primers or PCR products. Mutants can be recovered without ligation. How- 
ever, this is not recommended, since even though strand displacement in 
vitro is avoided by using T4 DNA polymerase (8,9), strand displacement 
may occur in vivo. 

3. The success of these procedures depends on the cosegregation in vivo of 
two mutations that are linked in vitro. Several factors influence the forma- 
tion and maintenance of linked mutations. First, linkage of mutagenic prim- 
ers during second-strand synthesis requires that both primers anneal to a 
single template molecule and direct synthesis of a complete second strand, 
with ligation sealing the nicks. Annealing of both primers is aided by high 
primer:template ratios. Typically, ratios of 1000: 1 are used, but adjust- 
ments may be required depending on the number and types of mismatches 
formed when primers anneal to the target. Ratios of PCR product to 
template are less critical, since PCR links selected and nonselected 
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mutagenic primers before second-strand synthesis. Effective molar ratios 
of PCR product: template range from 0. l-l 00: 1. 

4. T4 DNA polymerase synthesizes a complete second-strand, and DNA ligase 
seals the nick producing a covalently closed double-stranded circular plas- 
mid. T4 DNA polymerase IS more processive tf T4 gene 32 protein is added 
to the synthesrs/hgation reaction; this optional component may be helpful 
for some primer-template combmattons. Use 1.5 pL of a fresh 1 OX dilu- 
tion (in TE; about 15 pmol) for 0.025 pmol of a 5-6 kbp template. Thus 
achieves about 50% saturation, smce one gene 32 monomer binds to 10 nucle- 
otides. DNA synthesis may be affected by template quality and self-anneal- 
ing of template or primers. 

5. E. ~011 mut S strains are used because they are defective in mismatch repair, 
increasing the probability that mismatched bases cosegregate at the first 
round of plasmid replication m the host. However, mut S strains are 
mutator strains and may spontaneously acquire undesired traits, including 
reversion to mismatch repair proficiency, which will reduce mutagenesis 
efficiencies. Therefore, competent mut S cells should be prepared from 
frozen stocks instead of from serially passaged cultures. Normal E. coli 
strains should not be used for the mitial transformation, since mutagenesis 
efficiencies are reduced dramatically (7). 

6. It IS important to determine the number of primary transformants expanded 
in liquid culture (Section 3.2., step 5), because this number defines the maxi- 
mum complextty of the subsequent plasmid DNA preparation. Since the per- 
centage of mutants at this stage can vary from 5 to <I%, cultures expanded 
from fewer than 100 primary transformants may have few or no mutants. 
Note that even a single primary transformant will yield a stationary-phase 
culture during an overnight incubation. Therefore, culture expansion to 
stationary phase cannot be used to judge the number of primary transfor- 
mants. Although any procedure that yields a sufficient quantity of 
transformants may be used, transformation effictencies are usually highest 
with electroporation. 

7. The selection against nonmutant plasmids depends on the complete diges- 
tion of DNA isolated from primary transformants (or secondary transfor- 
mants if a second round of selection is used; see Note 10). Digesting large 
amounts of DNA 1s not recommended, smce this increases the chance of 
incomplete digestion and may produce an unacceptably htgh background 
of normmtant plasmids. Incomplete digestions may be avoided by using a 
large excess of restriction enzyme. Since the percentage of mutant plasmids 
among primary transformants is usually low (l-5%), nearly all the DNA 
should be converted to linear molecules. Therefore, the mutant (circular) 
species IS usually not visible on ethidium bromide-stained agarose gels. 
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8. Selection and mutagenesis efficiencies have not been found to be influ- 
enced by the type of restriction site eliminated (i.e., blunt-end, S- or 3’- 
extensions) or by the distance separating primers. 

9. Screening plasmtds for loss of restriction sites IS a rapid and convement 
way to estimate the mutagenesis efficiency before proceeding with DNA 
sequence analysis. 

10. If fewer than 30% of isolates fail to lose the USE site, enrichment is pos- 
sible with a second round of selectton. This can be done by repeating steps 
6-8 with plasmid DNA isolated from secondary transformant colomes 
(Section 3.2., step 8) suspended in 5 mL of LB medium (without further 
growth). A second round of selection works best if two conditions are met. 
(a) At least 200 primary transformants were expanded in liquid culture 
(Section 3.2., step 5), as determmed in control plating assays, and (b) plas- 
mid DNA is prepared from a pool of at least 200 secondary transformants 
(Section 3.2., step 8). As the number of primary or secondary transformants 
decreases, the risk of isolating siblings increases, and additional rounds of 
selection may only serve to enrich for siblings that have lost the USE site, 
but do not contain desired mutations. Secondary selections are effective 
because plasmids mutant at USE sites are enriched by the first selectton, 
and because plasmids prepared from standard E coli strams are of higher 
quality than plasmtds from mut S strains and are therefore easier to digest 
to completion. 

11. Another way to decrease the wild-type background frequency is to apply 
USE selection pressure twice: before the first transformation into mut S 
cells and, as outlined in Fig. 1, before the second transformatton. 

12. If selected mutations are recovered with high efficiency, but nonselected 
mutations are recovered rarely or not at all, increase the nonselected 
primer:selected primer ratio. 

13. As with any primer-directed synthesis reaction, inefficient annealing or 
primer extension may cause problems. When circular species with nicks in 
one strand are denatured, the desired single-stranded circular templates are 
produced. Therefore, it is not necessary to start with highly supercoiled 
preparations. However, single-stranded circular templates are not produced 
if nicks are present m both strands, so highly mcked preparations do not 
produce suitable templates. 

14. When PCR products are used, it is important to sequence the entire ampli- 
fied region because PCR may generate unwanted mutations (16). This 
problem can be diminished by using thermostable enzymes with high fidel- 
ity and by minimizing the number of PCR cycles. Occasionally, unwanted 
mutations are found near or within mutagenic primer sequences, and these 
may arise from residual error-prone repair in mut S strains (22). However, 
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such mutations are easily identified durmg DNA sequence analysis. Unwanted 
mutattons are not common elsewhere. 

15. When confirming the presence of a mutation in transfected genes, design 
one PCR primer to be complementary to vector sequences if there is a 
possibility that endogenous genes will be amplified (Fig. 2). 

16. The efficiency of linking PCR products lacking a selectable mutation to a 
USE primer (Fig. 3) depends on the PCR product:USE primer:template 
ratios. In this case PCR product:USE primer ratios >l are recommended. 

17. If many mutations are present in a single mutagenic primer, products may 
contam some, but not all of the desired mutations, possibly because many 
closely spaced mismatches may provide a strong signal to recruit residual 
mismatch repair enzymes in mut S strains. 
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CHAPTER 55 

A Protocol for Site-Directed Mutagenesis 
Employing a Uracil-Containing 

Phagemid Template 

Michael K. Bower 

1. Introduction 
Site-directed mutagenesis is a powerful technique by which specific 

changes can be generated m a target DNA molecule for either structure- 
function investigations or for creating and deleting endonuclease restric- 
tion sites. There have been several oligonucleotide-directed mutagenesis 
procedures described in the literature that allow for selection against the 
wild-type DNA, thereby giving enrichment in those sequences carrying 
the desired mutation (I-$). Collectively, these methods suffer from a 
number of drawbacks, including multi-enzymatic steps, the necessity for 
DNA precipitation, the need for convenient restriction sites, and a 
requirement for specialized vectors. An elegant method for achieving 
site-directed mutagenesis has been described by Kunkel et al. (5,6) that 
avoids these problems and at the same time produces a high percentage 
of DNA molecules with the designed mutation. This process is schemati- 
cally outlined in Fig. 1. It relies on the observation that an E. coli strain 
lacking two key enzymes, dUTPase (dut) and uracil N-glycosylase (ung), 
will synthesize DNA with a small number of uracil bases substituted for 
thymine. Uracil containing single-stranded DNA (ssDNA) prepared from 
this dut, ung- host strain can be used as a template for a mutagenic oli- 
gonucleotide to prime in vitro DNA synthesis of a complementary strand. 
When this heteroduplex is transformed into a wild-type (dut+, ung+) E. 
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Mutagenic pnmer 

Prepare uracil 
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Fig. 1. Site-directed mutagenesis based on the Kunkel method. A uracil-con- 
taining ssDNA is prepared by passage through a due, ung- E. colz host strain. 
The template is primed in vitro with the mutagenic oligonucleotlde and then a 
dsDNA heteroduplex IS generated following the addition of a DNA polymerase 
and T4 DNA hgase. The heteroduplex IS transformed into a dut”, ung+ wild- 
type E. colz that selects for the newly synthesized mutagenic DNA strand 
through preferential inactivation of the uracil-containmg DNA strand. 

coli the uracil template strand is selectively inactivated, resulting in a 
majority of the progeny having the designed mutation. Described below 
is a protocol that is based on the Kunkel method, but uses a phagemid as 
the source of single-stranded DNA rather than the more usual M 13 bac- 
teriophage. This has the distinct advantage that it reduces the amount of 
subcloning required during the site-directed mutagenesis process. 
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2. Materials 
Solutions are stored at room temperature unless stated otherwise. 

1. E. coli strains: 
a. CJ236, a dut, ung- strain contammg the F’ episome or other host with 

the same genotypic features. 
b. Wild-type dut+, ung+ strain, such as DHSa, JM109, NM522, TGl, or 

XLl-Blue. The wild-type host need not have a F’ episome. 
2. T4 polynucleotide kmase (10 U/n.L). 
3. 10X T4 polynucleotide kinase buffer: O.SMTris-HCl, pH 7.5, 0.1MMgC12, 

50 mMDTT, 0.5 mg/mL nuclease-free bovine serum albumin (BSA). Store 
at -20°C. 

4. Klenow: the large fragment of DNA polymerase I (5 U/pL). 
5. 10X Klenow polymerase buffer: 0.5M Tris-HCl, pH 7.4,O. 1M MgC12, 10 

mM DTT, 0.25 mg/mL nuclease-free BSA. Store at -2OOC. 
6. dNTP stock: 4 mM each of dATP, dCTP, dGTP, and dTTP. Store at -20°C. 
7. ATP: 10 rniV solution. Store at -20°C. 
8. T4 DNA hgase: 400 U/pL. 
9. Mutagenic primer (see Note 1): a synthetic oligonucleotide at 0.5 l&f. 

3. Methods 
For mutagenesis, a uracil-containing ssDNA template must be pre- 

pared. The E. coli strain CJ236 is an ideal host because it is both dut-, 
ung- and contains the F’ episome, allowing the helper phage to infect the 
host cells. 

1. Transform 1 O-50 ng of phagemid plasmid DNA, containing the insert with 
the target DNA sequence, into the stram CJ236 and select on an appropri- 
ate medium (see Note 2). Prepare phagemid ssDNA using the protocol 
described in Chapter 44 (see Note 3). 

2. Mix 1.0 PL of 10X T4 polynucleotide kinase buffer, 1.0 pL of ATP, 1.0 
pL of mutagenic primer, 6.5 PL of distilled water, and 0.5 pL of T4 poly- 
nucleottde kinase. Incubate for 60 mm at 37°C and then inactivate the 
kinase at 70°C for 5 mm. 

3. While the phosphorylated oligonucleotide is still at 70°C, add 2 pL of the 
uracil containing template (approx 20-50 ng DNA) and place the reaction 
tube mto 200-300 mL of water at 7O’C. Allow to cool to room temperature. 

4. Add 2.0 pL of 1 OX Klenow polymerase buffer, 1 .O l.tL of dNTP stock, 2.0 
pL of ATP, 3.0 l.tL of distilled water, 1 .O p.L of Klenow enzyme, and 1 .O 
pL of T4 DNA hgase. Incubate at 16°C overnight (see Note 4). 

5. Transform l-10 l.tL of the extension/ligation reaction into a competent 
wild-type dut+, ung+ E. coli host strain and plate out on selective media. 
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A NcoI recognition site 
b 1 

S'GAGGATCGTTTCCCATGGTTGAACAAGATG 3' 

AphA-2 gene start codon 

B Ll * 10 L 

Fig. 2. (A) Design of the mutant oligonucleotide to introduce a NcoI restric- 
tion enzyme site (CCATGG) at the start codon of the Tn5 A&4-2 kanamycin 
phosphotransferase gene. This generates two changes from the wild-type 
sequence (highlighted in bold); a G to C at -2 and A to G at +4 with respect to 
the AphA-2 start codon. Reading 5’ to 3’, the 30-mer has 12 bases flanking each 
side of the two point mutations. The arrow on the figure indicates direction of 
transcription of the AphA-2 structural gene. (B) Site-directed mutagenesis was 
carried out and plasmid DNA was prepared from ten of the several hundred 
colonies on the transformation plates. Seven of the ten digested with NcoI to 
generate two fragments of 3.75 kbp and 560 bp (lanes 1, 2, 4-7, 9). This is 
consistent with the introduction of a second ZVcoI recognition sequence into the 
vector; in clones lacking the designed mutation a single linearized 4.3-kb band 
of the plasmid DNA is formed (lanes 3,8, 10). L, I-kb ladder (Stratagene). 

Following transformation it is common to find ten to several hundred 
colonies present on the plates. Typically the efficiency of mutagenic site 
incorporation is >50% (see Notes 5-8), which allows direct screening of 
a small number of clones by DNA sequencing to identify those carrying 
the designed mutation. Moreover, if the site-directed changes create or 
delete a restriction site, then these can initially be investigated by endo- 
nuclease restriction analysis, as shown in Fig. 2. All site-directed 
changes, including those involving restriction sites, should be confirmed 
by DNA sequencing (see Note 9). 
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C wt mutant 
TCGATCGA 

I -AtaG 

- .e 
*. I 

I 

G to C 

Fig. 2. (C) Sequencing of wild-type and mutated plasmid DNA. A 17-mer 
oligonucleotide that hybridizes 55 bases upstream of the AphA-2 start codon 
was used as a primer to obtain the sequences for both wild-type and NcoI 
mutated vectors. 

4. Notes 
1. A mutagenic primer should consist of a region of mismatch flanked by 

sequences complementary to the template to ensure the oligonucleotide 
anneals efficiently to the specified target. Mismatches can involve inser- 
tions, deletions, and substitutions, or a combination of these. If a single or 
double change is introduced, 10 flanking bases on either side of the mutation 
site are usually sufficient. This can be extended up to 15 bases and more if 
the flanking regions are either rich in A + T residues or if substantial altera- 
tions to the target sequence are to be incorporated. Whenever possible, 
include one or more G or C residues at the 5’ terminus of the primer to pro- 
tect the oligonucleotide from displacement following extension by the DNA 
polymerase, even if this extends the primer length. Avoid primers that 
include inverted repeats because this can lead to primer duplex formation 
preventing their hybridization to the target sequence. Do not be afraid to design 
primers that loop out significant regions of DNA. For instance, using the proto- 
cols described, a 237-bp region of the human cytomegalovirus IE, coding 
sequence was specifically deleted with a 30-mer containing 15 bp flanking 
each side of the deletion site (Stephen Walker, personal communication). 
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2. Competent cells of CJ236 and wild-type host stram can be prepared by the 
Frozen Storage Buffer (FSB) method of Hanahan (7, see Chapter 29). This 
method 1s convement since it enables aliquots of competent cells to be 
stored at -70°C unttl required. 

3. Kunkel(5,6) incorporates a uridine supplement (0.25 ug/mL) m hts proto- 
col for the preparation of M 13 ssDNA, but I have found this addition to be 
unnecessary with phagemid preparations. 

4. Klenow IS the DNA polymerase used for primer extension m this protocol 
It lacks ssDNA 5’ exonuclease activity and therefore is unable to degrade 
the mutagenic primer T4 and T7 DNA polymerases may also be used. 
Both have the advantage of higher processivrties compared to Klenow, 
and their use can considerably reduce the primer extension reaction time- 
period. In my hands, however, I have found Klenow to be a much more 
reliable enzyme in ultimately isolatmg clones with the desired site-directed 
changes and it is this enzyme that I recommend. 

5. A lack of any colonies present on the plate after transformation is usually 
attributable to low competency of the host strain. For all transformations a 
control plasmid should be transformed at the same time to confirm that the 
E. colz strain used is competent. 

6. Lack of colonies may also arise from failure to form heteroduplex DNA. 
In these circumstances, first check that dsDNA 1s being generated from the 
ssDNA template by comparing a sample of the oligonucleotide extension/ 
ligation to a control sample of the ssDNA template on a 1% agarose gel 
The phagemid ssDNA band should have disappeared from the extenston/ 
ligation sample and a new band of greater intensity formed that runs sig- 
nificantly slower than the ssDNA template. This band should be either the 
closed circular relaxed dsDNA (form IV) heteroduplex, or through failure 
of the ligation reaction the nicked circular dsDNA (form III). 

The presence of only a phagemid ssDNA band m the extension/ligation 
reaction sample indicates that no heteroduplex DNA has been formed. This 
may be caused by one of a number of problems: mactive DNA polymerase 
or the presence of inhibitory contaminants, failure of the mutagenic primer 
to anneal, or the presence of secondary structures, such as hairpin loops, m 
the template. In the first instance use a new batch of Klenow, check the 
dilutton of the mutagenic primer, and reprectpitate the ssDNA template to 
remove any contaminants. Confirmation that the mutant oligonucleotide is 
hybridizing to the correct site on the template can also be demonstrated by 
using it as a primer m a sequencing reaction with the uracil-contaming 
phagemid ssDNA containing the cloned target sequence The DNA 
sequence obtained should be located Just downstream of the mutagenic 
priming site. 
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7. Mutant colonies should still be isolated, although probably at a lower effi- 
ciency, in a situation where the T4 DNA ligase is working mefficiently 
and not removing the nick between the newly synthesized strand and the 5’ 
end of the mutagenic oltgonucleotide. The DNA repair systems of the host 
strain will complete circularization of the mutant strand in vivo. 

8. A low frequency of mutagenesis is likely to result from lack of uractl in the 
ssDNA template so that it is not inactivated following transformation into 
the weld-type host strain, mutant ohgonucleottde displacement by the 
advancing DNA polymerase, or DNA impurities in the phagemid ssDNA 
preparatton that prime the template for DNA synthesis. 

The incorporation of uracil into the template can be tested by transfor- 
mation of 10 ng of the ssDNA template into both CJ236 and a wild-type 
dut+, ung+ E. colz. A >105-fold reduction would be expected between 
CJ236 and the wild-type strains, because a template containing uracil 
should be selectively degraded. 

Displacement of the primer may be reduced by increasing the number 
of template complementary G/C base pairs in the 5’ end of the primer. 
Alternatively, either T4 or native T7 DNA polymerase (not Sequenase) 
may be used as a replacement for Klenow since these enzymes lack strand 
displacement activities. 

Priming on the second strand because of DNA contaminants can be iden- 
tified by carrying out the extension/ligation step m the absence of muta- 
genic ohgonucleotide. If the phagemid ssDNA is converted to a dsDNA 
product, fresh template should be prepared. 

9. The whole site-directed mutagenesis procedure, Including sequencing to 
identify clones with the designed mutation, can be completed m a week. 
Furthermore, since only l/25 of the uracil-containing ssDNA is consumed 
per reaction, the same template can be used to generate other mutations in 
the cloned insert, thereby reducing the time window by a day. 
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CHAPTER 56 

In Vitro Translation of Messenger RNA 
in a Rabbit Reticulocyte Lysate 

Cell-Free System 

Louise Olliver and Charles D. Boyd 

1. Introduction 
The identification of specific messenger RNA molecules and the char- 

acterization of the proteins encoded by them has been greatly assisted by 
the development of in vitro translation systems. These cell-free extracts 
comprise the cellular components necessary for protein synthesis, i.e., 
ribosomes, tRNA, rRNA, amino acids, initiation, elongation and termi- 
nation factors, and the energy-generating system (I). Heterologous 
mRNAs are faithfully and efficiently translated in extracts of HeLa cells 
(2), Krebs II ascites tumor cells (2), mouse L cells (2), rat and mouse 
liver cells (3), Chinese hamster ovary (CHO) cells (2), and rabbit reticu- 
locyte lysates (2,4), in addition to those of rye embryo (5) and wheat 
germ (6). Translation in cell-free systems is simpler and more rapid (60 
min vs 24 h) than the in vivo translation system using Xenopus oocytes. 

The synthesis of mRNA translation products is detected by their 
incorporation of radioactively labeled amino acids, chosen specifically 
to be those occurring in abundance in the proteins of interest. Analysis of 
translation products usually involves specific immunoprecipitation (7), 
followed by polyacrylamide gel electrophoresis (8) and fluorography (9) 
(see Fig. 1). 

In vitro translation systems have played important roles in the identifi- 
cation of mRNA species and the characterization of their products, the 
investigation of transcriptional and translational control, and the cotrans- 

From Methods m Molecular Bology, Vol 58 Basrc DNA and RNA Protocols 
Edited by A Harwood Humana Press Inc , Totowa, NJ 

477 



478 Olliver and Boyd 

Fig. 1. SDS polyacrylamide gel electrophoretic analysis of in vitro transla- 
tion products. In vitro translation products were derived from exogenous mRNA 
in an mRNA-dependent reticulocyte lysate cell-free system. Following electro- 
phoresis on 8% SDS polyacrylamide gels, radioactive protein products were 
analyzed by fluorography. Lane 1: [ 14C]-labeled proteins of known molecular 
weights, i.e., phosphorylase A (93K), bovine serum albumin (68K), ovalbumin 
(43K), c+chymotrypsinogen (25.7K). Lanes 2-5 represent [3H]-proline-labeled 
translation products of the following mRNAs: Lane 2: endogenous reticulocyte 
lysate mRNA, Lane 3: 0.3 l.tg of calf nuchal ligament polyadenylated RNA. 
Lane 4: 0.3 l.tg of calf nuchal ligament polyadenylated RNA, and immtmopre- 
cipitated with 5 pL of sheep antiserum raised to human tropoelastin, Lane 
5: 0.3 pg calf nuchal ligament polyadenylated RNA and cotranslationally pro- 
cessed by 0.3 AZ6s run microsomal membranes. 

lational processing of secreted proteins by microsomal membranes added 
to the translation reaction (IO, II). This chapter describes the rabbit 
reticulocyte lysate system for in vitro translation of MA. 

Although the endogenous level of m.KNA is lost in reticulocyte lysates, 
it may be further reduced in order to maximize the dependence of trans- 
lation on the addition of exogenous mRNA. This reduction is achieved 
by treatment with a calcium-activated nuclease that is thereafter inacti- 
vated by the addition of EGTA (4). The system is thus somewhat dis- 
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rupted with respect to the in vivo situation and is particularly sensitive to 
the presence of calcium ions. The resulting lysate, however, is the most 
efficient in vitro translation system with respect to the exogenous 
mRNA-stimulated incorporation of radioactive amino acids into transla- 
tion products. It is therefore particularly appropriate for the study of 
translation products. The system is sensitive, however, to regulation by a 
number of factors, including hemm, double-stranded RNA, and deple- 
tion of certain metabolites. The effects of these factors on regulation of 
translation of various mRNAs may therefore be investigated. Despite the 
efficiency of reticulocyte lysates, the competition for initiation of transla- 
tion by various mRNA species may differ from the in vivo situation. Prod- 
ucts therefore may not be synthesized at in vivo proportions; the wheat 
germ extract cell-free system (see Chapter 57) reflects the in vivo situation 
more faithfully. Nuclease-treated rabbit reticulocyte lysate cell-free sys- 
tems are available as kits from a number of commercial suppliers. 

2. Materials 

All in vitro translation components are stored at -70°C. Lysates, 
microsomal membranes, and [35S]-labeled amino acids are particularly 
temperature-labile and therefore should be stored in convenient aliquots 
at -70°C; freezing and thawing cycles must be minimized. Solutions are 
quick-frozen on dry ice or in liquid nitrogen prior to storage. 

1. Folic acid; 1 mg/mL folic acid, 0.1 mg/mL vitamin Blz, 0.9% (w/v) NaCl, 
pH 7.0; filtered through a 0.45~pm filter and stored in aliquots at -2OOC. 

2. 2.5% (w/v) phenylhydrazine, 0.9% (w/v) sodium bicarbonate, pH 7.0 (with 
NaOH). Stored no longer than 1 wk at -20°C in single dose aliquots. 
Thawed unused solution must be discarded. Hydrazine degrades to darken 
the straw color. 

3. Physiological saline: 0.14MNaC1, 1.5 mMMgCl*, 5 mMKC1. Stored at 4°C. 
4. 1 mIl4 hemin. 
5. O.lMCaCl. 
6. 7500 U/n& micrococcal nuclease m sterile drstilled water. Stored at-20°C. 
7. Rabbit reticulocyte lysate. Thts is prepared essentially as described by 

Pelham and Jackson (4). Rabbits are made anemic by intramuscular injec- 
tion of 1 mL fohc acid solution on d 1, followed by six daily injections of 
0.25 n&/kg body weight of 2.5% phenylhydrazme solutton (see Note 1). 
At a reticulocyte count of at least 80%, blood is collected on d 7 or 8 by 
cardiac puncture into a 200-mL centrifuge tube containing approx 3000 U 
of heparin, and mixed well. Preparation should continue at 24OC. 
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a, Blood is centrifuged at 12Og, 12 mm, 2”C, and plasma removed by 
aspiration. 

b. Cells are resuspended in 150 mL zce cold saline and washed at 650g for 
5 min. Washing 1s repeated three times. 

c. The final pellets are rotated gently m the bottle, then transferred to Corex 
tubes (which are only half-filled). An equal volume of saline is added, the 
cells gently suspended, then pelleted at 102Og for 15 min at 2°C. The leu- 
kocytes (huffy coat) are then removed by aspiration with a vacuum pump. 

d. In an ice bath, an equal volume of ice-cold sterile deionized distilled 
water is added and the cells lysed by vigorous vortexing for 30 s (see 
Note 2). The suspension is then mnnediately centrifuged at 16,OOOg for 
18 min at 2°C. 

e. At 4’C the supernatant is carefully removed from the pellet of mem- 
branes and cell debris. This lysate is then quick frozen m liquid nitro- 
gen in aliquots of approx 0.5 mL. 

The optimum hemm concentration 1s determined by varying its concentra- 
tion from O-1000 ~JJV during the micrococcal nuclease digestion. Lysate 
(477.5 l.tL), 5 l.tL of O.lM CaC12, and 5 PL of nuclease (75 U/r& final 
concentration) is mixed. A 97.5 pL volume of this is incubated with 2.5 pL 
of the relevant hemin concentratton at 20°C for 20 min. A 4 pL 0.05M 
solution of EGTA is added to stop the digestion (see Note 3). The optimum 
hemin concentration is that allowing the greatest translational activity 
(incorporation of radioactive ammo acids) in a standard cell-free incuba- 
tion (see Section 3.). A quantity of 25 p.iV is generally used to ensure effi- 
cient chain initiation. 

Lysates are extremely sensitive to ethanol, detergents, metals, and salts, 
particularly calcium. Stored at -70°C, reticulocyte lysates remain active 
for more than 6 mo. 

8. L-[~H]- or L-[35S]-amino acids. A radioactive amino acid, labeled to a high 
specific activity (140 Ci/mmol trttiated, or approx 1 Ci/mmol [35S]-labeled 
amino acids), is added to the translation incubation to enable detection of 
the translation products. An amino acid known to be abundant in the pro- 
tein of interest is chosen. Radioactive solutions should preferably be aque- 
ous; those of low pH should be neutralized with NaOH; ethanol should be 
removed by lyophilization, and the effect of solvents on lysate activity 
should be tested. [35S] degrades rapidly to sulfoxide and should be 
aliquoted and stored at -7OOC to prevent interference by sulfoxides. 

9. Messenger RNA. Total RNA may be extracted from various tissues by a 
number of methods (see Chapters 1 and 16). RNA stored in sterile dl&O at - 
70°C is stable for more than a year. Contamination by ions, metals, and 
detergents should be avoided. 
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Phenol may be removed by chloroform:butanol(4: 1) extractions; salts are 
removed by preclpltatlon of RNA 1n 0.4Mpotassmm acetate, pH 6.0, in etha- 
nol. Ethanol should be removed by lyophihzatlon. Convement stock concen- 
trat1ons for translation are 1.5 mg/mL total RNA or 150 @mL polyA+ RNA. 

10. Translation cocktail: 250 mM HEPES, pH 7.2, 400 mA4 KCl, 19 amino 
acids at 500 rnA4 each (excluding the radioactive amino acid), 100 mA4 
creatine phosphate. 

11. 20 mM magnesium acetate, pH 7.2. 
12. 2.OMpotassium acetate, pH 7.2. 
13, Sterile distilled H20. 

Sterile techniques are used; RNase contamination is avoided by heat- 
treatment of glassware (25O”C, 12 h) or by treatment of heat-sensitive 
materials with diethylpyrocarbonate, followed by rinsing in distilled 
water. Sterile gloves are worn throughout the procedure. 

3. Methods 
In vitro translation procedures are best carried out in autoclaved plastic 

rnicrofuge tubes (1.5 mL); a dry incubator is preferable to waterbaths for 
provision of a constant temperature. All preparations are performed on ice. 

1. Prepare (on ice) the following reaction mix (per inculcation): 0.7 uL of 
dH20, 1.3 PL of 2,OMpotasslum acetate (see Note 4), 5 uL (10-50 @) of 
radioactive amino acid (see Note 5), and 3 uL of translation cocktail. 
Components are added in the above order, vortexed, and 10 PL 1s aliquoted 
per incubation tube on 1ce (see Note 6). 

2. Add 10 yL (300 mg) of total mRNA (see Notes 7 and 8). A control incuba- 
tion without the addition of exogenous mRNA detects translation products 
of residual endogenous reticulocyte mRNA. 

3. A 10 uL volume of lysate is added last to initiate translation. If required, 
0.5 Az6,, mn U of microsomal membranes are also added at this point for 
cotranslational processing of translation products (see Notes 9 and 10). 

4. The mixture is vortexed gently prior to incubation at 37OC for 60 min. The 
reaction is stopped by placing the tubes on ice (see Note 6). 

5. Detection of mRNA-directed incorporation of radioactive amino acids into 
translation products 1s performed by determmauon of acid-precipitable counts 

At the initiation and termination of the incubation, 5-pL aliquots are 
spotted onto glass fiber filters that are then air-dried. Filters are then placed 
into 10 ml/filter of the following solutions: 
a. 10% (v/v) cold trichloroacetic acid (TCA) for 10 min on ice. 
b. 5% (v/v) boiling TCA for 15 min, to degrade primed tRNAs. 
c. 5% (v/v) cold TCA for 10 m1n on ice. 
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The filters are then washed m 95% (v/v) ethanol, then in 50% (v/v) 
ethanol-50% (v/v) acetone, and finally m 100% (v/v) acetone. The filters 
are dried at 80°C for 30 mm. TCA-precipitated radioactivity IS determined 
by immersing the filters in 5 mL of toluene-based scintillatron fluid and 
counting in a scintillation counter. 

Exogenous mRNA-stimulated translatton can be expected to result m a 
five- to 30-fold increase over background of mcorporation of [3H]- or 
[35S]-labeled ammo acids, respectively, into translation products. 

6. An equal volume of 2% (w/v) SDS, 20% (w/v) glycerol, 0.02% (w/v) 
bromophenol blue, 1Murea is added to the remaming 20 ).JL of translatron 
mixture, This is made O.lM with respect to dithiothreitol, heated at 95OC 
for 6 min, and slowly cooled to room temperature prior to loading onto a 
polyacrylamide gel of appropriate concentration (between 6 and 17%). After 
electrophoresis, radioactive areas of the gel are visualized by fluorography 
(Fig. 1). 

4. Notes 
1, Maximum anemia may be achieved by reducmg the dose of phenylhydra- 

zine on d 3, then mcreasmg tt on followmg days. The reticulocyte count is 
determined as follows: 
a. 100 uL of blood IS collected m 20 uL of 0.1% heparm m saline. 
b. 50 p.L of blood heparm is incubated at 37OC for 20 mm with 50 uL of 

1% (w/v) bnlliant cresyl blue, 0.6% (w/v) sodium citrate, 0.7% (w/v) 
sodium chloride. 

c. Reticulocytes appear under the mrcroscope as large, round, and with 
blue granules. Erythrocytes are small, oval, and agranular. 

2. The volume of water (in mL) required to lyse the rettculocyte preparation 
is equal to the weight of the pellet in the tube. 

3. Endogenous mRNAs of lysates are degraded by a calcnun-activated nuclease 
that is inactivated by EGTA. Lysates are therefore senstttve to calcium 
ions, the addition of which must be avoided to prevent degradatron of added 
mRNAs by this activated nuclease. 

4. Optimum potassmm concentrations may vary from 30-100 &depending 
on mRNAs used and should be determined prior to definitive translations. 
Similarly, specific mRNAs may require altered magnesium concentratrons, 
although a concentration of 0.6-l .O mIt4 is generally used. 

5. Specific activities greater than those described in Section 2. may result in deple- 
tion of the ammo acid concerned, with subsequent inhibition of translation. 

6. Vrgorous vortexing decreases efficiency of translation, therefore do so 
gently when preparing the reaction mix. 

7. The optimum mRNA concentration should be determined prior to defini- 
tive experiments by varying the mRNA concentrations while keeping other 
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variables constant. Care should be taken to avoid excess mRNA; poly- 
adenylated RNA in excess of 1 pg has been noted to inhibit translation. 

8. Heating of mRNA at 70-80°C for 1 mm followed by quick cooling n-r an 
ice bath, prror to addition to the incubation mixture, has been shown to 
increase the efficrency of translation of GC-rich mRNA; for example, heat- 
ing elastin mRNA at 70-8O”C prior to translation resulted in a 100% Increase, 
compared with unheated mRNA, of incorporation of radioactivity into 
translation products (12). 

9. Cotranslational processing of translation products may be detected by the 
addition of dog pancreas mrcrosomal membranes to the translation incuba- 
tion. These may be prepared as described by Jackson and Blobel (II) or 
may be ordered with a commercial translation kit. Mrcrosomal membranes 
should be stored m aliquots of approx 5 AZhO nm U m 20 miI4 HEPES, pH 
7.5, at -70°C. Repeated freezing and thawing must be avoided. 

10. The addition of spermidme at approx 0.4 nnI4 has been noted to increase 
translation efficiency in certain cases (12), possibly by stabilizing relevant 
nucleic acids. However, this effect may also be lysate-dependent and 
should be optlmlzed rf necessary for individual lysate preparations. 
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CHAPTER 57 

In Vitro Translation of Messenger RNA 
in a Wheat Germ Extract 

Cell-Free System 

Louise Olliver, Anne Grobler-Rabie, 
and Charles D. Boyd 

1. Introduction 

The wheat germ extract in vitro translation system has been used 
widely for faithful and efficient translation of viral and eukaryotic mes- 
senger RNAs in a heterologous cell-free system (I-9). With respect to 
the yield of translation products, the wheat germ extract is less efficient 
than most reticulocyte lysate cell-free systems. There are advantages, 
however, of using wheat germ extracts: 

1. The in vlvo competitlon of mRNAs for translation is more accurately rep- 
resented, making the wheat germ system preferable for studying regula- 
tion of translation (I). 

2. Particularly low levels of endogenous mRNA and the endogenous nuclease 
activity (IO) obviate the requirement for treatment with a calcnnn-acti- 
vated nuclease. There is, therefore, less disruption of the in vivo situation 
and contamination with calcium ions is less harmful. The identification of 
all sizes of exogenous mRNA-directed translation products is facilitated 
because of the low levels of endogenous mRNA present, 

3. There is no posttranslational modification of translation products; primary 
products are therefore investigated, although processmg may be achieved 
by the addition of microsomal membranes to the translation reaction. 

4. The ionic conditions of the reaction may be altered to optimize the transla- 
tion of large or small RNAs (2) (see Note 1). 
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Translational activity is optimized by the incorporation of an 
energy-generating system of ATP, GTP, creatine phosphate, and creat- 
ine kinase (3). Wheat germ is inexpensive and cornrnercially available 
(see Note 2); preparation of the extract is rapid and simple, resulting in 
high yields. Wheat germ extract cell-free system kits are also commer- 
cially available. 

2. Materials 
Components of the wheat germ in vitro translation system are heat- 

labile and must be stored in aliquots of convenient volumes at -70°C. 
Freeze-thaw cycles must be minimized. Sterile techniques are used 
throughout. RNase contamination is prevented by heat-sterilization 
(25O”C, 8 h) of glassware and tips, and so on, or by diethyl pyrocarbonate 
treatment of glassware, followed by thorough rinsing of equipment in 
sterile distilled water. 

1, Wheat germ extract: This IS prepared essentially as described by Roberts 
and Paterson (4). The procedure must be carried out at 4”C, preferably in 
plastic containers since initiation factors stick to glass. Fresh wheat germ 
(approx 5 g) (see Note 2) is ground with an equal wetght of sand and 28 mL 
of 20 mMHEPES, pH 7.6, 100 mM KCI, 1 mMmagnesmm acetate, 2 mM 
CaCI,, and 6 mM2-mercapteothanol, added gradually. This mixture is then 
centrifuged at 28,OOOg for 10 min at 2°C pH 6.5. This pH prevents the 
release of endogenous mRNA from polysomes and therefore removes 
the requirement for a premcubatron to allow polysome formation (4,5). 
The supernatant (S-28) IS then separated from endogenous amino acids 
and plant pigments that are inhibitory to translation, by chromatography 
through Sephadex G-25 (coarse) m 20 mMHEPES, pH 7.6,120 mMKC1, 
5 mMmagnesmm acetate, and 6 mM2-mercaptoethanol. Reverse chroma- 
tography will prevent the loss of amino acids. Fractions of more than 20 
AZ6s nm/mL are pooled before being stored m aliquots at a concentration 
of approx 100 AZ6s nrn/mL, at -70°C. The extract remains translationally 
active for a year or more. 

2. L-[~H]- or L-[35S]-ammo acids: 10-50 ~0 of an approprrate amino acid 
(abundant in the protein[s] of interest) is added to the reactron to allow 
detection of translation products. Convenient specific activities are 140 
Ci/mmol tritrated, or 1 Ci/mmol [35S]-amino acids, respectively (see Note 
3). Aqueous solutions should be used since ethanol, salts, detergents, and 
various solvents interfere with translation. Ethanol should be removed by 
lyophihzatron and the effects on translation of other solutrons should be 
determined prior to their use. [35S]-labeled amino acids must be stored in 
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small aliquots at -70°C where they remain stable for up to 6 mo, after 
which time sulfoxide products of degradation inhibit translation. 

3. Messenger RNA: The extraction of both total and polyadenylated RNA 
has been described by a number of authors (1 O-22). Total RNA (1.5 mg/mL) 
or 150 pg/mL polyadenylated RNA (in sterile distilled water) are conven- 
ient stock concentrations. RNA is stable for more than a year at -70°C. 
Contamination with potassium (see Note l), phenol, and ethanol must be 
prevented by 70% (v/v) ethanol washes, chloroformbutanol(4: 1) extrac- 
tions, and lyophilization respectively. 

4. 1 OX energy mix: 10 mM ATP, 200 pA4 GTP, 80 mA4 creatine phosphate. 
Potassium salts of the nucleotide triphosphates should be used and the final 
pH adjusted (if necessary) to 7.4-7.6 with sodium hydroxide. 

5. 0.5-l .OM potassium acetate (see Note l), 25 mM magnesium acetate. 
6. 20 mM dithiothreitol. 
7. 0.6-l .2 mM spermme or 4.0-8.0 mM spermidine (see Note 4). 
8. 0.2M HEPES, pH 7.4-7.6 (see Note 5). 
9. 200-500 pg/mL creatme kmase (see Note 6). 

3. Method 
All preparations are carried out on ice. After use, components are quick- 

frozen on dry ice. Reactions are carried out in sterile plastic microfuge tubes. 

1. Mix the following solutions (all components are v/50 yL): 5 ltL of energy 
mix, 5 pL of potassium and magnesium acetate, 5 pL of dithtothreitol, 5 pL 
of HEPES, 5 PL of spermme, 10 pL of 0.3-8.0 pg mRNA in dI$O, (see Note 
7), 10 pL of wheat germ extract, 10 pL of creatine kmase (0.8-l .O AZ6s U), 
and 5 pL of creatme kmase. If a number of incubations are to be made, a 
master mix of the first five solutions may be prepared and 25 pL aliquoted 
into each reaction tube. Creatine kmase is added last to ensure that no en- 
ergy is wasted. The solutions are mixed by tapping the tube or by gentle 
vortexing. Microsomal membranes (0.5 AZhO U) may be added before the cre- 
attne kmase to detect cotranslatronal modification of translation products 
(see Note 8). 

2. Incubate at 28°C for 1 h (see Note 9). The reaction is terminated by placing 
the tubes at 4°C. 

3. Incorporation of radioactive amino acids into mRNA-derived translation 
products is detected by TCA precipitation of an aliquot of the reaction (see 
Chapter 56 and Note 10). Incorporation of radioactivity into translation 
products is generally not as well-stimulated by mRNA added to wheat germ 
extracts as it is in described reticulocyte lysates. 

4. The remaining in vitro translation products may be analyzed further by 
standard techniques, including tryptic mapping and ion-exchange chroma- 
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tography, but specific products may be analyzed by imnmnoprecipitation 
followed by SDS-polyacrylamide gel electrophoresis. 

4. Notes 
1. Wheat germ extract translational acttvity is partrcularly sensitive to varia- 

tion m the concentration of potassmm ions. At concentrations lower than 
70 mM, small mRNAs are preferentially translated, whereas larger mRNAs 
are completely translated at potassium acetate concentrattons of 70 mM or 
greater (2,s) Polypeptides of up to 200 kDa are synthesized under correct 
ionic conditions (9). Furthermore, chloride ions appear to inhibit transla- 
tion such that potassium acetate should preferably be used (5). In thts con- 
text, residual potassium should be removed from RNA preparations, by 
70% (v/v) ethanol washes. 

2. Inherent translational activity varies with the batch of wheat germ. Israeli 
mills (for example “Bar-Rav” Mill, Tel Aviv) supply wheat germ, the 
extracts of which are usually active. 

3. Most of the endogenous ammo acids are removed by chromatography 
through Sephadex G-25 (coarse). Depending on the batch of wheat germ 
extract, addition of amino acids (to 25 pA4) and/or tRNA (to 58 pg/rnL) may 
be necessary to optirmze translational activity. Wheat germ extract is par- 
ticularly sensitive to amino acid starvation; use of radioactive amino acids at 
specific activities greater than those suggested may result in inhibition of 
translation because of amino acid starvation, 

4. The use of either spermme or spermidine generally stimulates translation, 
and is essential for the synthesis of larger polypeptides (5), probably by 
stabilizing longer mRNAs. Omission of either compound will increase the 
optimum magnesium acetate concentration to 4.0-4.3 n-&L 

5. HEPES has been shown to buffer the wheat germ extract m vitro transla- 
tion system more effectively than Tris-acetate (4). Use of the latter will 
alter the optimum potassium and magnesium concentration. 

6. Commercial preparations of creatine kinase differ with respect to the lev- 
els of nuclease contammation. This must be considered when larger 
amounts of the enzyme are to be used. 

7. Heating of large mRNAs at 70°C for 1 min followed by rapid cooling on 
me increases the efficiency of then translation m wheat germ extract in 
vitro translation systems. 

8. Cotranslational processmg of translation products may be detected by the 
addition of dog pancreas microsomal membranes to the translation incuba- 
tion. They may be prepared as described by Jackson and Blobel (12) or 
may be ordered with a commercial translation kit. Microsomal membranes 
should be stored in ahquots of approx 5 AZbO nm U m 20 miVHEPES, pH 
7.5, at -70°C. Repeated freezing and thawing must be avoided. 
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9. mRNA-stimulated incorporation of radioactive amino acids into trans- 
lation products is linear, after a 5 min lag, for 50 min and is complete 
after 90 min. The system is labile at temperatures >30°C; optimum actrv- 
ity is achieved at 25-30°C depending on the batch of wheat germ extract. 
An incubation temperature of 28°C is generally used. 

10. In order to obtain maximum translational activity, it is necessary to deter- 
mine the optima for each preparation of wheat germ extract; mRNA con- 
centration, potassium and magnesium concentrations, and incubation 
temperature. Take into account the concentration of salts in the wheat 
germ extract column eluate. 
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CHAPTER 58 

One-Step Purification 
of Recombinant Proteins 

with the 6xHis Tag and Ni-NTA Resin 

Joanne Crowe, Brigitte Steude Masone, 
and Joachim Ribbe 

1. Introduction 
The GxHisLNi-NTA system is a fast and versatile tool for the affinity 

purification of recombinant proteins and antigenic peptides. It is based 
on the high-affinity binding of six consecutive histidine residues (the 
6xHis tag) to immobilized nickel ions, giving a highly selective interac- 
tion that allows purification of tagged proteins or protein complexes from 
< 1% to >95% homogeneity in just one step (I, 2). The tight association 
between the tag and the Ni-NTA resin allows contaminants to be easily 
washed away under stringent conditions, yet the bound proteins can be 
gently eluted by competition with imidazole, or a slight reduction in pH. 
Moreover, because the interaction is independent of the tertiary structure 
of the tag, GxHis-tagged proteins can be purified even under the strongly 
denaturing conditions required to solubllize inclusion bodies. 

The six histidine residues that comprise the 6xHis tag can be attached 
at either end of the recombinant protein, are uncharged at physiological 
pH, and are very poorly immunogenic in all species except some mon- 
keys. Consequently, the 6xHis tag very rarely affects the structure or 
function of the tagged protein, and need not be removed after purifica- 
tion (3). Its small size makes it ideal for incorporation into any expres- 
sion system. 
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Expression constructs in pQE vectors 

Proterns 
(e g. enzymes,receptors) 

GxHis-protein 

I I 

protein-6xHls 
Type IV construct Type Ill construct 

GxHis GXHIS 

Polypeptldes 

GxHls-DHFR-fusion 
Type II construct 

GxHis 

Fig. 1. Expression constructs available with pQE vectors. 

The advantages of GxHis/Ni-NTA purification have been combined 
with a high level bacterial expression system to create an elegant yet 
simple strategy, allowing protein purification whether the expressed pro- 
tein is at low or high levels, denatured, or associated with other proteins, 
DNA, or RNA. It is currently used in a wide variety of applications, 
ranging from the large scale purification of proteins for antibody produc- 
tion, to the purification of antibodies, subunits, and substrates through 
their interactions with the tagged proteins. 

1 .l. Expression of Proteins 
Using the p&E Expression Vectors 

The pQE expression vectors provide high level expression in E. coli of 
proteins or peptides containing a 6xHis affinity tag. The tag may be 
placed at the N-terminus of the protein to create a Type IV construct, at 
the C-terminus of the protein to create a Type III construct, or at the C- 
terminus of a protein utilizing its original ATG start codon to create a 
Type ATG construct (pQE-60) (Fig. 1). If small peptides are being syn- 
thesized, they can be fused to mouse DHFR to create a Type II construct, 
where the poorly immunogenic DHFR stabilizes the peptide during 
expression, and enhances its antigenicity. 

The pQE plasmids were derived from plasmids pDS56/RBSII and 
pDS78URBSIEDHFRS (I). They contain the following elements as shown 
for two typical vectors pQE-30 (Type IV) and pQE-40 (Type II) (Fig. 2): 
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A 

pQE-30 
3462 bp 

TllrmS E c 

Sac1 417 
agIll 

A----l 
Sphl 
KDlll 

pQE-40 

4032 bp 

493 

LXbal 1734 
Ndel 1970 

Fig. 2. Typical pQE expression vectors. (A) pQE-30 (Type IV construct). 
The polycloning region is directly 3’ to the 6xH1s tag sequence. (B) pQE-40 
(Type II construct) contams a DHFRS sequence between the 6xHis tag and the 
polycloning region. DHFRS stabilizes short protein sequences. 

1. An optimized, regulatable promoter/operator element N250PSN250P29, 
consisting of the E coli phage T5 promoter (recognized by E. coli RNA 
polymerase) containing two Zac operator sequences for tight regulation; 

2. A synthetic ribosome binding site, RBSII, designed for optimal recogni- 
tion and binding; 

3. Optimized 6xHis affinity tag coding sequence; 
4. The mouse DHFR coding sequence (in some vectors only); 
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5. A multiclonmg site (available m all reading frames); 
6. Translation stop codons m all reading frames; 
7. The transcriptional terminator “&,” from phage lambda; 
8. The nontranslated open reading frame for chloramphemcol acetyltrans- 

ferase; 
9. The transcriptional termmator tr of the E. colz rrnB operon; and 

10. The replication region and the gene for /3-lactamase of plasmid pBR322. 

The E. coli host cells M15[pREP4] and SG13009[pBEP4] contain 
multiple copies of the plasmid pREP4. This carries the gene for neomy- 
cin phosphotransferase (NEO) conferring kanamycin resistance, and the 
lacl gene encoding the Zac repressor. The multiple copies of pREP4 
present in the host cells ensure high levels of lac repressor and tight regu- 
lation of protein expression. The plasmid is maintained in E. coli cells in 
the presence of kanamycin at a concentration of 25 pg/mL (I). Expres- 
sion from pQE vectors is rapidly induced by the addition of IPTG, which 
inactivates the repressor. The level of IPTG used for induction can be 
varied to control the level of expression. 

The E. coli host strains Ml 5[pREP4] or SG13009[pREP4] carrying 
the repressor (pREP4) plasmids are recommended for the production of 
recombinant proteins. E. coli strains that contain the ZacF gene, such as 
XL 1 -Blue, JM 109, and TG 1, are suitable for storing and propagating the 
pQE plasmids, since they produce enough lac repressor to block expres- 
sion without carrying the pBEP4 plasmid. They may also be used as 
expression hosts; however, expression will not be as tightly regulated as 
in strains carrying the pREP4 plasmid, which may lead to problems with 
“toxic” proteins. 

The affinity tag for purification on the Ni-NTA resin consists of just 
six consecutive histidine residues. This small size means that there is 
minimal addition of extra amino acids to the recombinant protein. It is 
very poorly immunogenic or nonimmunogenic in all species except some 
monkeys and, being uncharged at physiological pH, rarely affects the 
secretion or folding of the protein to which it is attached. In the hundreds 
of proteins purified using this system, the 6xHis tag has almost never 
been found to interfere with the structure or function of the purified pro- 
tein. Several proteins carrying the 6xHis tag have now been crystallized 
and shown to have the same structure as the nontagged protein (4). 

The pQE vectors do not include a protease cleavage site because it is 
seldom necessary to remove the 6xHis tag after purification, and in many 
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cases the presence of the tag can be an advantage-the purified, func- 
tional proteins still carrying the 6xHis tag can be immobilized on Ni-NTA 
resin and used in a number of downstream applications, such as antibody 
purification and protein interaction studies (5-7). Most protease cleav- 
age sites consist of highly charged amino acid residues, and once incor- 
porated into recombinant protein, cleavage (which can be tedious and 
inefficient) will often be necessary to avoid problems in downstream 
applications. However, if it is necessary to remove the 6xHis tag from 
the protein after purification, an appropriate cleavage site can be incor- 
porated into the construct during cloning. The rTEV protease (Life Tech- 
nologies, Gaithersburg, MD) carries a 6xHis tag and can be easily 
separated from the cleaved protein (along with 6xHis tag fragments and 
any uncleaved proteins) by adsorption to the Ni-NTA column (8,. 

The small size of the 6xHis tag makes it ideally suited for inclusion in 
a variety of other expression systems. It works well in prokaryotic, mam- 
malian, yeast, baculovirus, and other eukaryotic systems. The six histi- 
dine residues can be easily inserted into the expression construct, at the 
C- or N-terminus of the protein, by PCR, mutagenesis, or ligation of a 
small synthetic fragment. 

1.2. The Use of Ni-NTA Resin 
to Purify the Expressed Proteins 

Immobilized metal chelate affinity chromatography was first used to 
purify proteins in 1975 (9) and has become a widely used technique 
because of its efficiency and ease of use. Until the development of NTA 
(nitrilo-u-i-acetic acid), the chelating ligand iminodiacetic acid (IDA) was 
charged with metal ions, such as Zn2+ and Ni2+, and then used to purify a 
variety of different proteins and peptides (I 0). However, IDA, which has 
only three chelating groups, does not tightly bind these metal ions with 
six coordination sites. As a consequence, the ions may be washed out of 
the resin on loading with mildly chelating proteins and peptides, or dur- 
ing the washing of the bound proteins, resulting in low binding capacity, 
low yields, and impure products. 

NTA is a novel chelating adsorbent that was developed in order to 
overcome these problems (Fig. 3). The NTA occupies four of the ligand 
binding sites in the coordination sphere of the Ni2+ ion (leaving two sites 
free to interact with the 6xHis tag), and consequently binds the metal 
ions more stably (II). As a result, Ni-NTA resin binds proteins about 
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Fig. 3. Model for the binding of neighboring His residues to NI-NTA resin. 

100-1000 times more tightly than Ni-IDA, allowing the purification of 
proteins constituting <l % of total cellular protein to >95% homogeneity 
in just one step (2). 

Ni-NTA resins are composed of a high surface concentration of NTA 
ligand attached to supports, such as Sepharose CL-6B (NTA agarose) 
and silica. The Ni-NTA agarose binding capacity ranges from 5-10 mg 
6xHis-tagged protem/mL of resin (i.e., 1 mL of Ni-NTA agarose typi- 
cally binds 300-400 nmol of protein), depending on the size, properties, 
and purification conditions for the given protein. Ni-NTA agarose is very 
stable and easy to handle, and can be stored at room temperature. Ni- 
NTA spin columns contain Ni-NTA coupled to silica in a convenient 
microspin format for protein mmipreps. Each spin column can purify up 
to 100 pg of 6xHis-tagged protein from cellular lysates in just 15 min. 
Protein minipreps are an ideal way to rapidly optimize expression and 
purification conditions, concentrate poorly expressed proteins for visu- 
alization on gels, and screen engineered constructs for function. 

Proteins containing 6xHis tags, located at either the amino or carboxyl 
terminus of the protein, bind to the Ni-NTA resin with an affinity far 
greater than the affiity between most antibodies and antigens, and enzymes 
and substrates. As a consequence, the background of proteins that bind 
to the resin because of the presence of naturally occurring neighboring 
histidine residues can be easily washed away under relatively stringent 
conditions without affecting the binding of the tagged proteins. The high 
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Table 1 
Reagents that Normally Do Not Affect Binding 

of the 6xHis Tag to NI-NTA Resin 

6M GuHCl 8M urea 
2% Triton@ X- 100 2% Tween-20 
1% CHAPS 20 mM P-mercaptoethanol 
50% glycerol 30% ethanol 
244 NaCl 5 rnA4CaClz 
25 mA4 Tris-HCl 20 mA4 imldazole 

binding constant also allows proteins in very dilute solutions, such as 
those expressed at low levels or secreted into the media, to be efficiently 
bound to the resin and purified. 

The binding of tagged proteins to the resin does not require any func- 
tional protein structure and is thus unaffected by strong denaturants, such 
as 6M guanidine hydrochloride (GuHCl) or 8A4 urea. This means that, 
unlike purification systems that rely on antigen/antibody or enzyme/sub- 
strate interactions, Ni-NTA can be used to purify almost all protein- 
even those that are insoluble under native (nondenaturing) conditions 
(such as hydrophobic proteins and other proteins that form inclusion bod- 
ies) and that must be denatured prior to purification. In addition, E. coli 
proteins that could copurify because of the formation of disulfide bonds 
can be easily removed by the addition of low levels of P-mercaptoethanol 
to the loading buffer. 

The presence of low levels of detergents, such as Triton X-100 and 
Tween-20, or high salt concentrations (Table l), also has no effect on the 
binding, allowing the complete removal of proteins that would normally 
copurify because of nonspecific hydrophobic or ionic interactions. 
Nucleic acids that might associate with certain DNA and RNA binding 
proteins can also be efficiently removed without affecting the recovery 
of the tagged protein. 

Elution of the tagged proteins from the column can be achieved by 
several methods. Reducing the pH will cause the histidine residues to 
become protonated, which allows them to dissociate from the Ni-NTA 
ligand. Monomers are generally eluted at around pH 5.9, whereas aggre- 
gates and proteins that contain more than one tag elute at around pH 4.5. 
Elution can also be achieved by competition with imidazole buffer, which 
binds to the Ni-NTA and displaces the tagged protein. Low levels of 
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1234 5 6 

Fig. 4. Purification of DHFR from bacteria (denaturing conditions). Lane 1: 
uninduced cells; lane 2: induced cells; lane 3: column flow-though, pH 8.0; 
lane 4: wash fraction, pH 6.3; lane 5: pure eluted protein, pH 5.9; lane M: 
molecular weight markers. 

imidazole can also be used to selectively elute contaminants that bind 
less strongly to the resin, or to prevent binding of contaminants to the 
resin during loading (2). A typical result of Ni-NTA purification is shown 
in Fig. 4. 

1.3. General Considerations 

This chapter describes a protein miniprep procedure to enable the 
investigator to confirm correct protein expression, and protocols for bulk 
purification of proteins from E. coli under both nondenaturing and dena- 
turing conditions. Although each procedure works very well for most 
proteins, some modifications may be necessary if host systems other than 
E. coli are used. The purification power of the 6xHis Ni-NTA system 
will be enhanced if the conditions are optimized for each individual pro- 
tein. Possible modifications are considered in Notes l-5. 

Proteins purified under denaturing conditions can be used directly for 
antibody induction, refolded in solution by dialysis, or refolded on the 
Ni-NTA column and eluted or used as immobilized ligands for further 
studies (see Note 1). 
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2. Materials 
The pQE-vectors, E. coli host strains Ml5[pREP4] and SG13009- 

[pREP4], Ni-NTA agarose, and Ni-NTA spin columns are available 
exclusively from Qiagen GmbH (Hilden, Germany), Qiagen Inc. 
(Chatsworth, CA), Qiagen Ltd. (Dorking, UK), Qiagen AG (Basel, Swit- 
zerland), and their distributors. 

2.1. Rapid Screening of Mini-Expression Cultures 

1. Culture media: Use LB-medium and its modifications, 2X YT or Super 
Broth, contammg 100 pg/mL ampicillm and 25 pg/mL kanamycin for 
growth of Ml 5 cells contaming pQE expression and pREP4 repressor plas- 
mids (see Note 6) LB medium: 10 g of bacto-tryptone, 5 g of bacto-yeast 
extract, and 5 g of NaCl/L 2X YT medium: 16 g ofbacto-tryptone, 10 g of 
bacto-yeast extract, and 5 g of NaCl/L. Super medium: 25 g of bacto-tryp- 
tone, 15 g of bacto-yeast extract, and 5 g of NaCl/L. 

2. IPTG: Stock concentration IM 
3. Buffer A: 6M guamdine hydrochloride (GuHCl), 0. 1M NaH2P04, O.OlM 

Tris-HCl, pH adjusted to 8.0 with NaOH. 
4. Buffer B: 8M urea, O.lM NaH2P04, O.OlM Tris-HCI, pH adjusted to 8.0 

with NaOH. Owing to the dissociation of urea, the pH has to be adjusted 
immediately before use. 

5. Buffer C: Same composltlon as Buffer B, but pH adjusted to 6.3 with HCl. 
Owing to the dissociation of urea, the pH has to be adjusted unmediately 
before use. 

6. Buffer E: Same composition as Buffer B, but pH adJusted to 4.5 with HCl. 
Owing to the dissociation of urea, the pH has to be adjusted immediately 
before use. 

7. 5X SDS-PAGE sample buffer: 15% P-mercaptoethanol, 15% SDS, 1.5% 
bromophenol blue, and 50% glycerol. 

8. 12.5% polyacrylamide gels containing 0.2% SDS (12). 

2.2. Native Purification of Soluble Proteins 
9. Sonication buffer: 50 mMNaH2P04, 300 mMNaC1, 10 rnil4 imidazole, 1 miV 

PMSF. 
10. Lysozyme: Stock concentration 10 mg/mL. 
11. RNase: Stock concentration 200 mg/mL. 
12. DNase: Stock concentration 60 mg/mL. 
13. Wash buffer: 50 mA4NaH2P04, 300 miVNaC1,20 mM imidazole, 1 mA4 

PMSF. 
14. Elutlon buffer: 50 n-J4 NaH,PO,, 300 mM NaCl, 250 mM imidazole. 
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2.3. Denaturing Purification of Insoluble Proteins 
15. Buffer D: Same composition as Buffer B, but pH adjusted to 5.9 with HCl. 

Owing to the dissociation of urea, the pH has to be adjusted immediately 
before use. 

3. Methods 
3.1. Rapid Screening of Mini-Expression Cultures 

The following is a basic protocol for the expression and screening of 
small cultures by purification of 6xHis-tagged proteins on Ni-NTA spin 
columns. Purification is performed under denaturing conditions, which 
will lead to the isolation of any tagged protein, independent of its solu- 
bility within the cell. In addition, denaturing the 6xHis-tagged protein 
fully exposes the 6xHis tag, leading to improved binding kinetics and 
increased yields in comparison with native purification on Ni-NTA spin 
columns (see Note 1). 

Lysing cells in Buffer B will solubilize most proteins and inclusion 
bodies, and allows the lysate to be analyzed directly by SDS-PAGE. If 
the cells or protein do not solubilize in Buffer B, however (e.g., very 
hydrophobic proteins, and some membrane proteins), then Buffer A must 
be used. GuHCl is a more efficient solubilization reagent than urea, and 
may be necessary to solubilize inclusion bodies. It may also be necessary 
to add nonionic detergents (see Note 7 for ways to treat samples in Buffer 
A before SDS-PAGE). 

For proteins expressed at very high levels (>lO mg/L, ca. 8% of total 
protein), the lysate should be no more than 25 times concentrated. For 
lower expression levels (2-5 mg/L), the lysate may be up to 50 times 
concentrated. Expression levels lower than 1 mg/L require the lysate to 
be concentrated at least 50 times in order to be able to detect any protein 
by Coomassie staining (see Note 8 and Table 2). 

Some proteins may be subject to degradation during cell harvest, lysis, 
or even during growth after induction. In these cases, addition of PMSF 
(0.1-l mM) or other protease inhibitors is recommended. PMSF treat- 
ment during cell growth may result, however, in reduced expression lev- 
els. All culture media should contain ampicillin at 100 lg/mL and 
kanamycin at 25 pg/mL. 

1. Inoculate 10 mL of LB broth containing 100 pg/mL ampicillin and 25 pg/mL 
kanamycin with a fresh colony of Ml 5[pREP4] contamng the pQE expres- 
sion plasmid. Grow at 37°C overnight. 
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Table 2 
Examples of the Recommended Cell Culture Volume 

for Use with Ni-NTA Smn Columnsa 

His-tagged 
protein, 
mg/L 

Expressron 
level, % 

Culture His-tagged 
volume, protein in 

mL 600 PL lysate, pg 
Concentratton 

factor 

Denaturing condrtions 
50 40 3 90 3x 
10 8 10 60 10x 
2 1.6 25 30 25X 
05 04 50 15 50x 
0.1 008 100 6 100x 

Nondenaturmg conditions 
>l >l 50 >30 50x 
Cl <I 100 ~60 100x 

OIn relation to the expected expression level and purrticatron condrtrons for a cell lysrs volume 
OflmL 

2. Dilute 200 PL of uninduced overnight culture mto 10 mL fresh LB broth 
(1:50 dilution) contammg 100 pg/mL ampicillin and 25 yg/mL kanamycin. 
Grow at 37OC with vigorous shaking until the A6c0 reaches 0.7-0.9 (see 
Note 8 and Table 2). 

3. Add IPTG to a final concentratron of 1 M, and grow the culture at 37°C 
for an additional 4 h (see Note 9). 

4. Harvest the cells by centrifbgation for 10 mm at 4OOOg, and discard supernatants. 
5. Resuspend cells in 0.1 vol of Buffer B. Lyse cells by gently vortexmg, 

taking care to avoid frothing, or stir cells for 1 h at room temperature (see 
Note 10). 

6. Centrifuge the lysate at 10,OOOg for IO min at room temperature to remove 
the cellular debris, and transfer the supernatant to a fresh tube, Save the 
pellets and 20 ltL of lysate for SDS-PAGE analysis (see Note 11). 

7. Pre-equilibrate a Ni-NTA spin column with 600 pL of Buffer B. Centrt- 
fuge for 2 min at 17OOg (approx 2000 rpm) (see Note 12). 

8. Load up to 600 pL of the cleared lysate supernatant containing the 
6xHis-tagged protein onto the pre-equilibrated Ni-NTA spm column. 
Centrifuge for 2 mm at 17OOg (see Note 13). Save flow-through for SDS- 
PAGE analysis. 

9. Wash the Ni-NTA spin column 2x with 600 yL Buffer C. Centrifuge for 2 min 
at 17OOg. Save the flow-through for SDS-PAGE analysis (see Note 14). 

10. Elute the protein with 2 x 200 uL Buffer E. Centrifuge for 2 min at 2000 
rpm, and collect the eluates m separate tubes (see Note 15). 
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11. Take 20 pL samples of all fractions and add 5 pL of 5X PAGE sample 
buffer (see Note 7). Boil for 7 min at 95OC. Analyze samples on a 12.5% 
polyacrylamide gel and visualize proteins by staining with Coomassie blue. 

3.2. Native Bulk Purification Protocol 

This protocol is for use with Ni-NTA agarose, to purify up to 5-l 0 mg 
of soluble 6xHis-tagged protein. Before purifying proteins under 
nondenaturing conditions, it 1s important to determine how much of the 
protein is soluble m the cytoplasm, and how much is m insoluble precipi- 
tates or inclusion bodies. Therefore, parallel purification under denatur- 
ing conditions (Section 3.3.) is recommended. 

The amount of purified protein will depend on the expression level. 
This protocol is designed for an expression level from l-5 mg/L. For 
optimal results, the protocol should be scaled up or down according to 
the expression level of the 6xHis-tagged protein. The flow rate during 
loading, washing, and elution should not exceed 1 rnL/min. 

1, Grow and induce a 1 -L culture as described in Section 3.1. 
2. Harvest the cells by centrifugation at 4000g for 20 min. Resuspend the 

pellet m somcation buffer at 2-5 vol/g of wet weight (see Note 16). 
Freeze sample m dry ice/ethanol (or overnight at -2O”C), and thaw in 
cold water. Alternatively, add lysozyme to 1 mg/mL, and incubate on 
ice for 30 mm. 

3. Somcate on ice (1 min bursts/l mm tooling/200-300 W) and monitor cell 
breakage by measuring the release of nucleic acids at AZbO until it reaches 
a maximum. 

4. If the lysate is very viscous, add RNase A to 10 pg/mL and DNase I to 
5 pg/mL, and incubate on ice for 1 O-1 5 min. Alternatively, draw the lysate 
through a narrow-gage syringe needle several times. Centrifuge at 
>lO,OOOg for 20 min at 4OC and collect the supernatant. Save 20 pL for 
SDS-PAGE. 

5. Add 2 mL of a 50% slurry of Ni-NTA agarose, previously equilibrated m 
sonication buffer, and stir on ice for 60 min (see Note 17). 

6. Load the lysate and Ni-NTA agarose into a column and collect the column 
flow-through for SDS-PAGE. Work at 4OC if possible 

7. Wash wtth 8 mL somcation buffer, or until the A2s0 of the flow-through is 
below 0.01 (see Note 18). Collect wash fractions for SDS-PAGE. 

8. Wash with 2 x 8 mL wash buffer, or until the flow-through A2s0 is below 0.01. 
9. Elute the protem with 6 mL elution buffer (see Note 19). Collect 500 

pL fractions, and analyze 5 pL samples on SDS-PAGE (see Notes 7, 
20, and 21). 
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3.3. Denaturing Bulk Purification of Insoluble Proteins 

This protocol is for use with Ni-NTA agarose, to purify up to 5-10 mg of 
GxHis-tagged protein, Purification under denaturing conditions is often 
more efficient than purification under native conditions, and is essential 
when proteins cannot be solubilized without denaturation. 

The amount of purified protein will depend on the expression level. 
This protocol is designed for an expression level ca. 10 mg/L. For opti- 
mal results, the protocol should be scaled up or down according to the 
expression level of the 6xHis-tagged protein. The flow rate during load- 
ing, washing, and elution should not exceed 1 mL/min. 

1. Grow and induce a 500-mL culture as described in Section 3.1. Harvest the 
cells by centrifugation at 4000g for 10 min. Store at -70°C if desired. 

2. Thaw cells for 15 min and resuspend in Buffer B at 5 mL/g wet weight (see 
Notes 10 and 22). Stir cells for 1 h at room temperature. Centrifuge lysate 
at 10,OOOg for 15 min at room temperature. Collect supernatant and save 
20 pL for SDS-PAGE (see Note 18). 

3. Add 2 mL of a 50% slurry of Ni-NTA agarose, previously equilibrated in 
Buffer B. Stir at room temperature for 45 min, then load resin carefully 
into a column. Collect flow-through for SDS-PAGE. 

4. Wash with 10 mL of Buffer B. If necessary, wash further until the flow- 
through A2s0 1s below 0.01. 

5. Wash with 6 mL of Buffer C, or until the flow-through A2s0 IS below 0.0 1. 
6. Elute the protein with 10 mL of Buffer E (see Note 23). Collect 500 pL 

fractions and analyze by SDS-PAGE (see Notes 7,20, and 21). 

Problems that may be encountered during purification are discussed in 
Notes 23-28. 

4. Notes 
1. Many proteins remain soluble during expression and can be purified 1n 

their native form under nondenaturing conditions on Ni-NTA resin; others, 
however, form insoluble precipitates. Since almost all of these proteins are 
soluble in 6M guanldinlum hydrochloride, Ni-NTA chromatography and 
the 6xHis tag provide a universal system for the purification of recombi- 
nant proteins. The decision whether to purify the tagged proteins under 
denaturing or nondenaturing (native) conditions depends both on the solu- 
bil1ty and location of the protein, and on the accessibility of the 6xH1s tag. 
Proteins that remain soluble in the cytoplasm, or are secreted into the peri- 
plasmic space, can generally be purified under nondenaturing conditions 
(but note the exception below). If the protein is insoluble, or located in 
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inclusion bodies, then it must generally be solubihzed by denaturation 
before it can be purified. Some proteins, however, may be solubilized by 
the addition of detergents, and it is worth experimentmg with different 
solubilization techmques if it is important to retain the native configura- 
tion of the protein. Many proteins that form inclusion bodies are also 
present at some level in the cytoplasm, and may be efficiently purified m 
their native form, even at very low levels, on Ni-NTA resin. 

In rare cases the 6xH1.s tag is hidden by the tertiary structure of the 
native protem, so that soluble proteins require denaturation before they 
can be bound to Ni-NTA resin. If denaturation of the protein is undesir- 
able, the problem is usually solved by moving the tag to the opposite 
terminus of the protein. Proteins that have been purified under dena- 
turing conditions can either be used directly or refolded m dilute 
solution by dialyzing away the denaturants m the presence of reduced 
and oxidized glutathione (13,14). It is also possible to renature pro- 
teins on the Ni-NTA column (2,15,Z6) 

2. Protems may be purified on Ni-NTA resin m either a batch or a column 
procedure. The batch procedure entails bmdmg the protein to the Ni-NTA 
resin m solution, decanting the supernatant, and then packing the protem/ 
resin complex into a column for the washing and elution steps. This promotes 
more efficient bmdmg, particularly under native conditions, and reduces 
the amount of debris that is loaded onto the column. In the column proce- 
dure, the Ni-NTA column is packed and washed, and the cell lysate is 
applied slowly to the column. 

3. Background contamination arises from proteins that contam neighboring 
histidines, and thus have some affinity for the resin; proteins that copurify 
because they are linked to the 6xHis-tagged protein by disulfide bonds; 
proteins that associate nonspecifically with the tagged protein; and nucleic 
acids that associate with the tagged protein. All of these contaminants can 
be easily removed by washing the resin under the appropriate conditions. 
Proteins that contain neighboring histidines in the primary sequence are 
not common m bacteria, but are quite abundant in mammalian cells. These 
proteins bind to the resin much more weakly than proteins with a 6xHis 
tag, and can be easily washed away, even when they are much more abun- 
dant than the tagged protein (2). (See Note 4 for additional mformation.) 
The addition of 10-20 mM P-mercaptoethanol to the loading buffer will 
reduce background owing to crosslniked proteins. Do not use > 1 mA4DTT, 
since higher concentrations may reduce Ni2+ ions. 

Proteins that are associated with the tagged protein or the resin owing to 
nonspecific interactions and nucleic acids that copurify can be removed by 
washing with low levels of detergent (up to 2% Triton X-100 or 0.5% 
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sarkosyl); increasmg the salt concentratton up to 2M NaCl; or including 
30% ethanol or 50% glycerol to reduce hydrophobic interactions. The 
optimum levels of any of these reagents should be determined empirically 
for different proteins. 

4. Removal of background proteins and elution of tagged proteins from the 
column may be achieved by either lowering the pH in order to protonate 
the histidine residues or by the addition of imidazole, which competes with 
tagged proteins for binding sites on the Ni-NTA resin. Although both meth- 
ods are equally effective, the imidazole is somewhat milder, and is recom- 
mended in cases where the protein would be damaged by a reduction m pH 
(e.g., tetrameric aldolase) (3). 

In bacterial expression systems, it is seldom necessary to wash the bound 
protein under very stringent conditions, since proteins are expressed to 
high levels and the background is low. In mammalian systems, however, 
or under native conditions where many more neighboring histidine resi- 
dues will be exposed to the resin, it may be necessary to increase the strin- 
gency of the washing considerably. This can be done by gradually 
decreasing the pH of the wash buffer, or by slowly increasing the concen- 
tration of imidazole. The pH or imidazole concentration that can be toler- 
ated before elution begins will vary slightly for each protein. 

In situations where the tagged protein is very dilute and the background 
is likely to be high (such as in mammalian expression systems), it is also 
useful to bind the GxHis-tagged protein to the resin under conditions in 
which the background proteins do not compete for the binding sites, i.e., at 
a slightly lower pH or in the presence of low levels of imidazole. Likewise, 
the purification process will be optimized tf the amount of tagged protein 
is closely matched to the capacity of the of the resin used, i.e., if the amount 
of resin is minimized (H. Stunnenberg, personal commumcation). Since 
the 6xHis-tagged protein has a higher affinity for the Ni-NTA resin than 
do the background proteins, it can fill all the available binding sites and 
very few background proteins will be retained on the resin. 

5. Do not use strong reducing agents, such as DTT or DTE, on the column, 
because they will reduce the Ni2+ ions and cause them to elute from the 
resin. In most situattons, /3-mercaptoethanol can be used at levels up to 20 
mM, but even these low levels might cause problems occasionally when 
the protein itself has a strongly reducing nature. Use any reducing agent 
with care, and if in doubt, test tt out on a small amount of Ni-NTA resin 
first. Strong chelating agents will chelate the Ni, and also cause it to elute 
from the NTA resin. Do not use EDTA, EGTA, or any other chelating 
agents. (Note however, that there are examples where 1 mMEDTA has been 
used successfully in buffers.) 
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6. We suggest that expression should be tried m all three media m parallel, 
and a time-course taken of expression after mduction. There are often strik- 
ing differences noted between the level of expression in different media at 
different times. 

7 On minigels it is usually sufficient to analyze 5 pL samples of each frac- 
tion m an equal volume of SDS-PAGE loading buffer, with or without 3% 
P-mercaptoethanol. Since the fractions that contain GuHCl will precipitate 
with SDS, they must either be very dilute (1:6), dialyzed before analysis, 
or separated from the guanidmmm hydrochloride by TCA precipitation. 
Dilute samples to 100 p.L; add an equal volume of 10% TCA; leave on ice 
20 min; spin for I5 mm in a microfuge; wash pellet with 100 pL of ice-cold 
ethanol; dry; and resuspend in sample buffer. If there is any guanidinium 
hydrochloride present, samples must be loaded immediately after boiling 
for 7 min at 95°C. 

8. The required volume of expression culture is mamly determined by the 
expression level, cellular location of the protem, and purification condi- 
tions. Fur purification of poorly expressed proteins, the minimum cell cul- 
ture volume should be 30 mL. A 50X concentrated cell lysate should be 
loaded onto the Ni-NTA spm column to increase the amount of 6xHis- 
tagged protein, the viscosity and, therefore, the yield. For highly expressed 
proteins, particularly under denaturmg conditions, the srtuation 1s different 
(see Table 2): For proteins that are expressed at very high levels (>lO mg/L, 
i.e., equivalent to an expression level of approx 8% of total cellular protein) 
the cell lysate should be no more than 1 OX concentrated. At an expression 
level of 10 mg/L, 600 uL of the 10X concentrated cell lysate m Buffer B 
contains approx 60 pg of GxHis-tagged protem. For lower expression levels 
(2-5 mg/L), 25X concentrated cell lysates (600 pL cell lysate = 30-75 pg) 
should be loaded onto the Ni-NTA spin column. For expression levels 
lower than 1 mg/L, the cell lysate should be concentrated 50-100X. 

9. For proteins that are very sensitive to protein degradation, the induction 
trme should be reduced and a time-course of expression should be deter- 
mined. In some cases, addition of 0. l-l mM PMSF after induction is rec- 
ommended to inhibit PMSF-sensitive proteases. PMSF treatment can 
result, however, m reduced expression levels. 

10. The solution should become translucent when lysis is complete. It 1s pref- 
erable to lyse the cells m Buffer B so that the cell lysate can be analyzed 
directly by SDS-PAGE. If the cells or the protein do not solubilize in Buffer 
B, then Buffer A must be used. See Note 7 for ways to treat samples m 
Buffer A before loading onto SDS-PAGE gels. 

11. The supernatant will contain all solubilized protems. Any msoluble pro- 
teins will be pelleted. Retam the pellet for analysis by SDS-PAGE. 
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12. It is unportant not to exceed 2000 rpm (approx 700g) when centrifuging 
NI-NTA spin columns. At higher speeds, NTA silica particles become com- 
pressed, leading to htgh flow rates (channeling), and inefficient binding. 

13. In situations where the binding kinetics may be poor, for example under 
native condtttons, reloading the column flow-through is recommended. 

14. Wash the Ni-NTA spm column with Buffer C even if Buffer A was used to 
initially solubilize the protein. Most proteins will remain soluble in Buffer 
C. It may not be necessary to repeat the Buffer C wash. The number of 
wash steps required to obtain highly pure protein is determined primarily 
by the expression level of the 6xHis-tagged protein, When the expression 
level is high, two wash steps are usually sufficient for removal of contami- 
nants. For very low expression levels or highly concentrated lysates, three 
wash steps may be required to achieve high purity. 

15. Most of the 6xHts-tagged protein (>80%) should elute in the first 200 pL 
eluate, particularly when proteins smaller than 30 kDa are purified. The 
remainder will elute m the second 200 pL. If dilution of the protein IS 
undesirable, do not combme the eluates or, alternatively, elute in 100-I 50- 
pL aliquots to increase protem concentration. 

16. The composmon of the somcation, wash, and elution buffers can be modi- 
fied to suit the particular application, e g., by adding low levels of imidazole, 
l-2% Tween, 5-10 mA4 P-mercaptoethanol, 1 m&f PMSF, or mcreased 
NaCl or glycerol concentrations. 

17. If the GxHis-tagged protein does not bind under these condtttons the con- 
centration of imidazole in the sonication buffer should be reduced to l-5 
mA4. See also Note 1 for information about “hidden” tags. 

18. Discolored or impure reagents may affect optical density readings, and 
imidazole will absorb light at 280 nm. 

19. The protein may be eluted by a number of different means. If preferred, 
elution can be performed using pH, either as a continuous or step gradient 
decreasing from pH 8.0 to 4.5. Most proteins will be efficiently eluted by 
wash buffer at pH 4.5, although many (parttcularly monomers) can be 
eluted at a higher pH. 

20. Where possible, follow the chromatography by A,,, and collect pools 
rather than fractions. 

21. Do not boil a sample that contams imidazole before SDS-PAGE, since it 
will hydrolyze acid labile bonds. Heat the sample for a few minutes at 
37°C immediately before loading the gel. 

22. The purification IS performed in 8M urea, since 6M guanidinium hydro- 
chloride precipitates m the presence of SDS, making SDS-PAGE analysis 
of samples difficult. Otherwise, both urea and GuHCl or combinations 
thereof can be used throughout the whole purification procedure. 
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23. Alternative elution procedures may be used. Monomers can usually be 
eluted in Buffer D, whereas multimers, aggregates, and proteins wrth two 
6xHis tags will generally elute in Buffer E. Elution can also be carried out 
using a pH 4.0-6.5 gradient in 8Murea, 0. lMNaH,PO,, or O.OlM Tris-HCl. 
If elution at a higher pH is desired, most proteins can be eluted with Buffer 
B containing 100-250 mM imidazole. 

24. If expression levels are too high, one or more of the following may help. 
Using less IPTG (0.0 1 mM) will reduce the expression level 1 O-l 5-fold. 
Alternatively, reduce time of induction and/or lower temperature; try the 
induction at higher cell densities (0.8 A6s0); start with the nondenaturing 
(native) protocol, followed by the denaturing protocol for the residual, 
nondissolved cellular debris and mclusion bodies. 

25. In case of precipitation during purification, check for aggregates of puri- 
fied proteins and try Tween or Triton additives (up to 2%), adlust to 1 O- 
20 mM P-mercaptoethanol, and check for stabilizing cofactor 
requirements (e.g., Mg2+). Make sure that the salt concentration is at 
least 300 rniVNaC1. Check room temperature (>20°C) for the denatur- 
ing protocol. 

26. In case of an insufficient binding of 6xHis to Ni-NTA resin, check for the 
presence of chelating agents (EDTA/EGTA) or high concentrations of elec- 
tron-donating groups (NH,), ionic detergents, and components, such as 
glycine, histamine, or zinc, and repeat the bmdmg step with new buffers. 
In cases where the protein is purified from culture media, it may be neces- 
sary to dialyze before bmdmg to remove such components. If the 6xHis 
tag is hidden in the native protein structure, improve the exposure by add- 
ing small concentrations of urea or detergents to the nondenaturing sample 
preparation buffer. Slower binding kinetics can be compensated by longer 
contact times with NTA, preferably under batch-binding conditions. 
Alternatively, try 6xHis at the opposite terminus, or use completely dena- 
turing conditions (Buffer A with 10 mM P-mercaptoethanol). Avoid any 
Ni2+ complexing reagents. 

27. Background binding can be suppressed by adjusting the amount of Ni- 
NTA agarose according to the 6xHis protein expression level. Try to 
match the binding capacity to no more than 2-5 times the amount of 
tagged protein. 

28. Partially hidden 6xHis tags in native proteins can cause earlier elution 
characteristics. 

29. Do not determine the size of the recombinant product by SDS-PAGE, Add- 
ing or replacing amino acids can shift protein bands, suggesting a molecu- 
lar weight several kDa higher than expected. Therefore, the addition of the 
6xHis tag cannot be sized this way. 
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