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Repair of A/G and A/8-oxoG Mismatches
by MutY Adenine DNA Glycosylase

A-Lien Lu

1. Introduction
Cellular and organism aging have been correlated with accumulated DNA

damage (1,2). 8-oxo-7,8-dihydrodeoxyguanine (8-oxoG or GO) is one of the
most stable products of oxidative DNA damage. The formation of GO in DNA,
if not repaired, can lead to misincorporation of A opposite to the GO lesion and
result in G:C to T:A transversions (3–6). In Escherichia coli, a family of
enzymes, MutY, MutM, and MutT, is involved in defending against the
mutagenic effects of GO lesions (7–9). The E. coli MutY is an adenine glycosylase
active on DNA containing A/GO, A/G, and A/C mismatches (7,10–15) and also has
a weak guanine glycosylase activity on G/GO-containing DNA (15a,15b).
MutY removes misincorporated adenines paired with GO lesions and reduces
the GO mutational effects. The 39-kDa MutY protein from E. coli is an iron-
sulfur protein. The MutY protein was shown by Tsai-Wu et al. (16) to have
both DNA glycosylase and apurinic/apyrimidinic (AP) lyase activities. Recent
results show that MutY and the N-terminal catalytic domain can be trapped in
a stable covalent enzyme-DNA intermediate in the presence of sodium boro-
hydride (17–19) and support that MutY contains both DNA glycosylase and
AP lyase activities. The DNA glycosylase activity removes the adenine bases
from the A/GO, A/G, and A/C mismatches (16) and the AP lyase activity
cleaves the first phosphodiester bond 3' to the AP site (12,16). Apparent
dissociation constants are 0.066, 5.3, and 15 nM for A/GO-, A/G-, and A/C-
containing DNA, respectively (20).

MutY homologous (MYH) activities have been identified in human HeLa
(21), calf thymus (22), and fission yeast Schizosaccharomyces pombe (23).

3

From: Methods in Molecular Biology, vol. 152: DNA Repair Protocols: Prokaryotic Systems
Edited by: P. Vaughan © Humana Press Inc., Totowa, NJ



4 Lu

The recombinant human MYH from the cloned cDNA has been expressed and
partially characterized (24a–c). A human cDNA of putative hMYH has been
cloned (24). These MYH proteins share high-sequence homology and similar
mechanisms with the E. coli MutY protein (21,24). The high homology of
MutY homologs among different organisms suggests important roles in their
cellular functions.

Genetic mutations can be detected by MutY protein (25,26) based on its
specific binding and nicking of DNA heteroduplexes containing an A/G or
A/C mismatch. In this mismatch repair enzyme cleavage (MREC) method,
DNA fragments amplified from normal and mutated genes by polymerase chain
(PCR) are mixed and annealed to create base/base mismatches for cleavage by
repair enzymes. MutY can detect A:T–C:G transversions and G:C–A:T transi-
tions. The method is powerful and sensitive.

2. Materials
2.1. Reagents and Buffers

1. 10X MutY reaction buffer: 200 mM Tris-HCl, pH 7.6, 800 mM NaCl, 10 mM
dithiothreitol (DTT), 10 mM ethylendiaminetetraacetic acid (EDTA), 29% (v/w)
glycerol.

2. 10X MYH reaction buffer: 100 mM Tris-HCl, pH 7.6, 5 mM DTT, 5 mM EDTA,
15% (v/w) glycerol.

3. MutY storage/dilution buffer: 20 mM potassium phosphate, pH 7.4, 1.5 mM DTT,
0.1 mM EDTA, 50 mM KCl, 200 µg/mL bovine serum albumin (BSA), and 50%
glycerol.

4. 10X hybridization buffer: 70 mM Tris-HCl, pH 7.6, 70 mM MgCl2, and 500 mM
NaCl.

5. 5X Klenow buffer: 250 mM Tris-HCl, pH 7.6, 25 mM MgCl2, 25 mM
β-mercaptoethanol, 0.1 mM dGTP, and 0.1 mM dTTP.

6. 10X kinase buffer: 500 mM Tris-HCl, pH 7.6, 100 mM MgCl2, 50 mM DTT,
1 mM spermidine, and 1 mM EDTA.

7. 10X DNA dye: 60% glycerol, 50 mM EDTA, 0.5% sodium dodecyl sulfate
(SDS), 0.05% xylene cyanol, and 0.05% bromophenol blue.

8. Sequencing dye: 90% formamide, 10 mM EDTA, 0.1% xylene cyanol, and 0.1%
bromophenol blue.

9. 5X SDS-polyacrylamide gel electophoresis (PAGE) dye: 155 mM Tris-HCl,
pH 6.8, 25% (v/v) glycerol, 5% (w/v) SDS, 0.5 mg/mL bromophenol blue, and
5% (v/v) β-mercaptoethanol.

10. Klenow fragment of DNA polymerase I (New England BioLabs).
11. Polynucleotide kinase (New England BioLabs).
12. Poly(dI-dC): 200 µL at 10 µg/mL (Parmacia Biotech).
13. TBE buffer: 50 mM Tris-borate, pH 8.3, and 1 mM EDTA.
14. SDS-PAGE running buffer: 25 mM Tris-base, 192 mM glycine, and 1% SDS.
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15. TE0.1 buffer: 10 mM Tris-HCl, pH 7.6, 0.1 mM EDTA.
16. Quick-spin column (Boehringer Mannheim).
17. [α-P32] dCTP and [γ-P32] ATP at 3000 Ci/mmol from NEN.
18. Diethylaminoethyl (DEAE)-81 paper (Whatman, cut into 1.2 × 1.2-cm squares).
19. GF/C filter (Whatman, 2.4-cm circle).
20. Coomassie stain: 0.25% (w/v) Coomassie brillant blue R250 in 50% methanol

and 10% acetic acid.
21. Buffer T: 50 mM Tris-HCl, pH 7.6, 0.1 mM EDTA, 0.5 mM DTT, and 0.1 mM

phenylmethylsulfonyl fluoride (PMSF).
22. Buffer A: 20 mM potassium phosphate, pH 7.4, 0.5 mM DTT, 0.1 mM EDTA,

and 0.1 mM PMSF.
23. Buffer B: 0.01 M potassium phosphate, pH 7.4, 10 mM KCl, 0.5 mM DTT,

0.1 mM EDTA, and 0.1 mM PMSF.

2.2. DNA Substrates

2.2.1. Synthesis and Purification

The 19-mer oligonucleotides (see sequences in Subheading 2.2.2.) were
synthesized at 0.2-µmol scale on an Applied Biosystems 381A automated
synthesizer by using standard procedures. Phosphoramidite of 8-oxo-dG was
purchased from Glen Research.

1. Load deprotected oligonucleotides (1 OD per 1 cm × 0.15-cm well) on a 14%
sequencing gel (27) and run the gel at 600 V for 40 min.

2. Put the gel over a Whatman TLC plate (cat. no. 4410222) and shine it with short-
wave UV from a hand UV lamp (UV shadowing). Excise the full-length bands
(up to 10 OD) in a 15-mL Falcon centrifuge tube.

3. Crush the gel with a clean glass rod and add 10 mL of 1 M triethylammonium
bicarbonate (TEAB), pH 7.0 to the tube, which is rotated overnight at 37°C.

4. Spin with a table-top centrifuge for 10 min and transfer the supernatant to a new tube.
5. Wash a C18 Sep-Pak column (Waters) with 10 mL each of 100% ethanol, 50%

ethanol/50% 25 mM TEAB, and then 25 mM TEAB.
6. Load the eluted DNA onto the C18 Sep-Pak column.
7. Wash the column with 10 mL 25 mM TEAB and elute DNA with 2 mL of 40%

ethanol/ 60% 25 mM TEAB.
8. Lyophilize the sample to dry and dissolve DNA with 1 mL of distilled water.

Determine its concentration by A260 quantitation (1 OD = 33 µg/mL).

2.2.2. Annealing

1. Mix two complementary oligonucleotides in hybridization buffer in a 1.5-mL
microtube (150 pmol each 15 µL of 10X hybridization buffer and water to 150 µL).

2. Heat at 90°C for 2 min and then the tube is placed on the top of a 25-mL beaker
with 90°C water and cooled gradually to room temperature over more than
30 min. Heteroduplexes are constructed as follows.
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5'-CCGAGGAATTAGCCTTCTG-3'
3'-GCTCCTTAAGCGGAAGACG-5'

5'-CCGAGGAATTAGCCTTCTG-3'
3'-GCTCCTTAAOCGGAAGACG-5'

5'-CCGAGGAATTAGCCTTCTG-3'
3'-GCTCCTTAACCGGAAGACG-5'

5'-CCGAGGAATTCGCCTTCTG-3'
3'-GCTCCTTAAGCGGAAGACG-5'

2.4. Apparatus

1. Sequencing gel apparatus (IBI STS 45i DNA sequencing unit cat. no. IB80000 or
BRL cat. no. 21070-016 for 0.8-mm-thick spacer).

2. SDS-PAGE aparatus (Novex cat. no. EI9001).
3. Gel-shifting apparatus (BRL cat. no. 21070-024 for 1.5-mm-thick spacer).
4. Power supplies.
5. Desiccator.
6. Gel dryer.
7. X-ray film cassettes.
8. Microcentrifuge.
9. Water bath.

10. Beckman 70.1 Ti rotor and centrifuge.
11. Waters or Pharmacia FPLC system.
12. Table-top IEC clinical centrifuge.

3. Methods
3.1. Preparation of Labeled DNA Substrates
3.1.1. 3'-End Labeling Reaction

Oligonucleotides with A/G, A/GO, or A/C mismatches are substrates for
MutY. Homoduplex with C:G is not a substrate and should also be used as a
negative control for MutY nicking and binding.

1. To a microcentrifuge tube, add the following in order:
Sterile dH2O 5.5 µL
5X Klenow buffer 3 µL
Duplex Oligonucleotide (1 pmol/mL) 1 µL
[α-32P] dCTP at 3,000 Ci/mmol 5 µL
Klenow fragment (5 U/µL) 0.5 µL

Total 15 µL
2. Incubate the reaction for 30 min at room temperature.

(At the same time, prepare G-25 column, see below.)
3. Then, add 1 µL of 0.5 M EDTA and 34 µL of TE0.1 to stop the reaction.
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4. Spot 0.5 µL onto a piece of square DEAE paper and then wash as described in
Subheading 3.1.4.

5. Pass the rest of the sample through a Quick-Spin G-25 column as described in
steps 8-13 in Subheading 3.1.3.

3.1.2. 5'-End-Labeling Reaction
1. To a microcentrifuge tube, add the following in order:

Sterile dH2O 6.8 µL
10X kinase buffer 2 µL
Oligonucleotide (single-stranded) (1 pmol/µL) 1 µL
[γ-32P] ATP at 3,000 Ci/mmol 10 µL
T4 polynucleotide kinase (10 U/µL) 0.5 µL

Total 15 µL
2. Incubate the reaction for 30 min at 37°C.
3. Stop the reaction by heating at 65°C for 5 min.
4. Add 30 µL of TE0.1.
5. Spot 0.5 µL onto a piece of square DEAE paper and then wash as described in

Subheading 3.1.4.
6. Add 2 µL of 10X hybridization buffer and 2 pmol of the complementary strand of

oligonucleotide.
7. Heat 90°C for 2 min and then cool gradually to room temperature over 30 min to

form heteroduplexes.
8. Add 0.2 µL 10 mM each of the four dNTP and 0.5 µL of Klenow fragment. Incu-

bate for 30 min.
9. Load the sample onto a Quick-Spin column (see steps 8–13 in Subheading 3.1.3.)

3.1.3. Removal of Free Nucleotides

These procedures are modified from the manufacturer’s manual.

1. Invert the Quick-Spin G25 column several times.
2. Remove the top and bottom caps.
3. Put one receiving tube in a 15-mL plastic tube and then the column.
4. Spin the assembly in a table-top IEC clinical centrifuge with swing buckets for 2 min.
5. Discard the solution.
6. Add 0.4 mL TE0.1 on the top of the column, repeat steps 4 and 5.
7. Spin again for 2 min without adding buffer. Discard the solution and replace a

new receiving tube.
8. Load 49.5 µL of labelled sample from Subheadings 3.1.1. or 3.1.2. (Remember to spot

0.5 µL of sample onto DEAE paper to check incorporation, see Subheading 3.1.4.)
9. Spin for 4 min.

10. Carefully transfer the solution passed through the column into another tube and
measure its volume.

11. Spot 0.5 µL onto a piece of square DEAE paper and follow the washing steps (see
Subheading 3.1.4.) and spot 0.5 µL onto a GF/C filter paper, dry under a heat
lamp, and count.
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12. Store the rest in –20°C and make proper dilution to 1.8 fmol/µL according to
Subheading 3.1.5.

3.1.4. Check Incorporation
1. Spot 0.5 µL of labeled DNA samples before and after the G-25 column onto

pieces of DEAE paper. (Mark paper squares with a pencil.)
2. Wash DEAE papers with 200 mL of 0.25 M ammonium bicarbonate contained

within a 1L beaker.
3. Shake 5 min with speed sufficient for the papers to float.
4. Carefully discard the washing solution into a radioactive waste jar.
5. Repeat steps 2–4 two more times.
6. Wash DEAE papers with 200 mL of 95% ethanol, similar to steps 2–4 three times.
7. Put papers on a sheet of aluminum foil and dry 10 min under a heat lamp.
8. Add 5 mL of scintillation cocktail and count.

3.1.5. Determination of Specific Activity (see Note 1)
Pre-G-25 DEAE paper A cpm/0.5 µL
Post-G-25 DEAE paper B cpm/0.5 µL
Post-G-25 GF/C paper C cpm/0.5 µL
Total cpm = cpm/pmol (pre-column) T1 = A × 100
cpm/1.8 fmol S = T1 × 0.0018
Total cpm (postcolumn) T2 = 2B ↔ vol (post-column)
Recovery T2/T1
% of cpm in DNA post-G25 B/C
Dilution to 1.8 fmol/µL 2B/S

3.2. MutY Enzyme Purification
1. Grow 12 L (four 3 L media in 6 L flasks) of E. coli JM109 cells harboring over-

production plasmid pJTW10-12 (16) to A590 of 0.7 in LB broth containing
50 mg/mL of ampicillin at 37°C.

2. Induce MutY production by adding IPTG to 0.4 mM and the cultures are continu-
ously shaken overnight at 28°C (see Note 2).

3. Harvest cells by centrifugation in a GS3 rotor at 11,000g for 15 min. At the end,
remove as much media as possible and scrape the cell paste in a 50-mL plastic
tube that is stored at –80°C.

4. Before the enzyme purification, prepare all the required buffers (filtered through
45 µ membrane and autoclaved) and pack the columns at 4°C. All column chro-
matography is conducted in a Waters 650 FPLC system at 4°C and centrifugation
is done at 65000g for 30 min (see Note 3).

5. Cells (40 g of cell paste) are resuspended in 120 mL of buffer T and disrupted
with a bead beater (Biospec Products, Bartlesville, OK) using 0.1-mm glass beads
(10 times 20 s blending and 10 s pulse).

6. Remove cell debris by centrifugation and carefully pour the supernatant to a
graduated cylinder. The supernatant is then treated with 5% streptomycin sulfate
in buffer T and stirred for 30 min (nucleic acids are precipitated out).
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7. After centrifugation, the supernatant is collected as fraction I (235 mL).
8. Add ammonium sulfate (162 g) to fraction I. After stirring for 30 min, the protein

is precipitated overnight.
9. After centrifugation, resuspend the protein pellet in 12 mL of buffer T and the

sample is dialyzed against two changes of 1 L of buffer T for 3 h each.
10. The dialyzed protein sample is diluted four-fold with buffer A containing 50 mM

KCl as fraction II (100 mL). Fraction II is loaded at flow rate of 2 mL per min
onto a 30 mL phosphocellulose (Whatman P-11) column that has been equili-
brated with buffer A containing 0.05 M KCl.

11. After washing with 60 mL of equilibration buffer, proteins are eluted with a
300-mL linear gradient of KCl (0.05–0.5 M) in buffer A. Fractions containing the
A/G-specific nicking activity (see Subheading 3.5.1.) are pooled (fraction III, 67 mL)
(those fractions should have brown color because MutY contains a Fe-S cluster).

12. Load fraction III onto a 20-mL hydroxylapatite column equilibrated with buffer
B. After washing with 40 mL of equilibration buffer, the flowthrough and early
elution fractions are pooled and dialyzed against buffer A containing 0.05 M KCl
and 10% (vol/vol) glycerol for 2 h (fraction IV, 63 mL).

13. Fraction IV is loaded onto a 5-mL heparin-agarose column equilibrated with
buffer A containing 0.05 M KCl and 10% glycerol. After washing with 10 mL of
equilibration buffer, the column is developed with a 50-mL linear gradient of
KCl (0.1–0.6 M) in buffer A with 10% glycerol. Fractions containing the MutY
nicking activity, which eluted at 0.3 M KCl, are pooled (fraction V, 17 mL), are
then divided into small aliquots and stored at –80°C. Protein concentration is
determined by the Bradford method (28).

3.3. Preparation of Crude Cell Extracts

If pure MutY is not required for the experimental purpose, small-scale crude
extracts can be obtained to check MutY repair activity (11) by the following
procedures.

1. Grow 1 L of E. coli JM109 cells harboring overproduction plasmid pJTW10-12
(16) to A590 of 0.7 in LB broth containing 50 mg/mL of ampicillin at 37°C. Add
IPTG to 0.4 mM to the culture and leave overnight at 28°C.

2. Harvest by centrifugation in a GSA rotor at 10,500g for 15 min. Remove media
as much as possible.

3. The cells are resuspended in 2 mL of 0.05 M Tris-HCl, pH 7.6, 10% sucrose,
transferred to a centrifuge tube for Beckman 70.1 Ti rotor, quickly frozen in a dry
ice/ethanol bath, and stored at –80°C.

4. Cell suspensions are supplemented with 1.2 mM DTT, 0.15 M KCl, 0.23 mg/mL
of lysozyme, kept on ice for 1 h, and heated at 37°C for a time sufficient to yield
a final suspension temperature of 20°C.

5. Centrifuge at 100,000g in a Beckman 70.1 Ti rotor for 1 h at 4°C. Save the super-
natant in a 15-mL Corex glass tube with a very small stirring bar.

6. Add solid ammonium sulfate (0.42 g/mL) to the supernatant. Stir for 20 min.
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7. Collect the precipitate by centrifugation at 19,000g in SS34 rotor for 25 min.
8. Resuspend the pellet in 0.3 mL of 25 mM HEPES, pH 7.6, 0.1 mm EDTA, 2 mM

DTT, 0.1 M KCl and dialyze the sample against the same buffer (2 × 250 mL) for
90 min. Check the conductivity of the sample by diluting 10 µL into 4 mL dis-
tilled water. The conductivity should be about 80 µS.

9. The protein sample is quickly frozen in small aliquots and stored at –80°C.

3.4. MutY Binding Assay
3.4.1. Binding Assay

The binding of MutY to DNA substrates is assayed by gel retardation (see
Notes 4 and 5).

1. Prerun an 8% polyacrylamide nondenaturing gel in 1X TBE buffer at 150 V for
more than 30 min.

2. To each reaction, add the following in order to a microcentrifuge tube.
Sterile dH2O 14 µL
10X MutY reaction buffer 2 µL
10 µg/mL poly (dI-dC) 2 µL
3' end-labeled DNA (1.8 fmol) 1 µL
MutY (72 nM) 1 µL

Total 20 µL

Assay both A/G- and C/G-containing DNA. A control incubation consisting
of DNA only (no MutY protein) should also be run. Dilute MutY enzyme
with storage/dilution buffer. Incubate all reactions at 37°C for 30 min.

3. Remove the reaction tubes from water bath and add 1.5 µL of 50% glycerol.
4. Load the entire reaction products onto the gel. Do not delay in loading the samples

onto the gel. Also load into an adjacent well with 1X DNA dye in TE0.1.
5. Run the gel at 10 V/cm until bromophenol blue has migrated more than half-way

down the gel.
6. Remove the glass plates and transfer the gel onto 3MM filter paper.
7. Dry the gel in a gel dryer for 45 min and autoradiograph until the proper exposure

is achieved. It takes 16 h for 3000 cpm of DNA. The free DNA migrates below
the bromophenol blue and the MutY-bound complex migrates at a position near
xylene cyanol.

3.4.2. Kd Determination

The apparent dissociation constants (Kd) of MutY and DNA can be
determined using a range of protein concentrations. Procedures are similar to
the one described above except samples were loaded on alternate lanes. Mark
the four corners of the filter containing the dried gel with fluorescence dye
(Scienceware high-energy autoradiography pen, cat. no. 13351) (to line up the
X-ray film with the gel). Following autoradiography, bands corresponding to
bound and unbound DNA are excised from the dried gel and quantified by liquid
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scintillation counting. Alternatively, the bands can be quantified by a
phosphoimager. Kd values are obtained from a computer-fitted curve gener-
ated by the Enzfitter program (29).

3.5. MutY Nicking Assay
3.5.1. Nicking Assay

The nicking activity of MutY is the combined action of the glycosylase and
AP lyase activities. MutY nicks on the A-containing strand at the first
phosphodiester bond (see Notes 5 and 6).

1.To each reaction, add the following in order to a microcentrifuge tube.

Sterile dH2O 7 µL
10X MutY reaction buffer 1 µL
3' end-labeled DNA (1.8 fmol) 1 µL
MutY (72 nM) 1 µL

Total 10 µL

Assay both A/G- and C/G-containing DNA. A control incubation consisting
of DNA only (no MutY protein) should also be run. Incubate all reactions at
37°C for 30 min.

2. Stop the reactions in a dry ice-ethanol bath and dry the samples in a desiccator for
45 min (see Note 7).

3. Resuspend each tube in 3 µL of sequencing dye. Heat samples at 90°C for
2 min.

4. Analyze the reaction products on a 14% polyacrylamide DNA sequencing gel
(IBI STS45i DNA sequencing unit), which has been prerun for more than 30 min
at 1800 V.

5. Run the gel at 2000 V until bromophenol blue has migrated approximately
half-way down the gel.

6. Remove the glass plates and transfer the gel onto a used X-ray film for support.
7. Cover the gel with plastic film and autoradiograph until the proper exposure is

achieved. The nicked product (9 nucleotides long) migrates just below the
bromophenol blue and the intact DNA (20 nucleotides long) migrates between
xylene cyanol and bromophenol blue (see Note 7).

3.5.2. Kinetic Determination

Kinetic analyses are performed using a concentration range of 20-mer
DNAs with fixed protein concentrations. Reactions are performed as in the
nicking assay up to step 3, but the products are analyzed on a 14% poly-
acrylamide DNA sequencing gel (BRL cat. no. 21070-016 with 0.8-mm-thick
gel) that has been prerun at 600 V for 30 min. Run the gel at 600 V for 40 min
or until bromophenol blue has migrated approximately half-way down the
gel. Remove one glass plate, put the gel in a tray, and fix the gel with 5%
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acetic acid/10% methanol for 20 min. Transfer the gel onto a sheet of
3MM filter paper and dry the gel under vacuum for 1 h. Mark the four
corners of the filter containing the dried gel with fluorescence dye (to line
up the X-ray film with the gel). Following autoradiography, bands corre-
sponding to cleavage products and intact DNA are excised from the gel and
quantified by liquid scintillation counting. Alternatively, the cleaved prod-
uct and intact DNA can be quantified by a phosphoimager. Km and Vmax
values are obtained from a computer-fitted curve generated by the Enzfitter
program (29).

3.6. Formation of MutY-DNA Covalent Complex (Trapping Assay)
3.6.1. With Labeled DNA

Reactions are carried out as described in the MutY nicking assay (see Sub-
heading 3.5.1.) except that the reactions are performed in the presence of
100 mM NaBH4. A NaBH4 stock solution (1 M) is freshly prepared immediately
prior to use (see Note 8).

1. To each reaction, add the following in the order (it is important to add the enzyme
before NaBH4.) listed to a microcentrifuge tube.

Sterile dH2O 5 µL
10X MutY reaction buffer (without NaCl) 1 µL
3' end-labeled DNA (1.8 fmol) 1 µL
MutY (72 nM) 1 µL
1 M NaBH4 2 µL

Total 10 µL

2. After incubation at 37°C for 30 min, 2.5 µL of 5X SDS sample dye is added to
the tube.

3. Boil the products for 2 min.
4. Load the samples on a 12% polyacrylamide gel in the presence of SDS

(SDS-PAGE) according to Lemmli (30).
5. Electrophoresis at 30 mA per gel until the dye migrates to 0.5 cm from the bottom

of the gel.
6. Dry the gel onto a 3MM filter paper for 45 min and autoradiograph.

3.6.2. With Unlabeled DNA

Reactions are carried out as described in Subheading 3.6.1. except that the
reactions (20 µL) contain 100 pmol of A/G or A/GO-containing DNA and 4 µg
(about 100 pmol) of MutY. After incubation at 37°C for 30 min,
5 µL of SDS sample dye is added to the tube and the products are boiled for
2 min and separated on a 12% SDS-PAGE. The gel is stained with Coomassie
blue for 1 h and then destain in 10% acetic acid for several changes.
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4. Notes
1. The specific activity of the labeled DNA should be higher than 2 × 106 cpm/pmol.

If the DNA substrates are not labeled well, check DNA concentration, anneal steps,
Klenow fragment, and polynucleotide kinase.

2. To induce the production of MutY, the duration and temperature of induction are
important. A lower temperature (20°C) is better than 37°C as the protein or
mutant proteins have low solubility.

3. All enzyme purification procedures should be done at 4°C. A general precaution
is to avoid bubbles in the protein samples and repeated freeze and thaw. Protease
inhibitors should be included to prevent protein degradation. In addition, do not
let the columns run dry. Enzymes are stored as 2-µL aliquots at –80°C and used
only once. Enzyme dilution steps should be gentle: this can be done with pipeting
up and down several times, gentle tapping with the fingers, or brief mixing with
a vertex mixer (about 2 s) at the lowest speed.

4. If no protein–DNA complex is found, increase protein concentration, increase
labeled DNA, and check the concentrations of NaCl and poly (dI-dC). When
MutY homologs from different organism are assayed, find the optimal con-
centration of NaCl and poly(dI-dC) for the enzyme. The reaction buffer for
human MYH is 10 mM Tris-HCl (pH 7.6), 0.5 mM DTT, 0.5 mM EDTA,
and 1.5% (v/w) glycerol. Sometimes, the reactions can be enhanced by adding
50 µg/mL of BSA.

5. The ratios of protein to DNA should be more than 5 for both binding and nicking
to A/G- and A/C-containing DNA substrates. For A/GO-containing DNA, the
protein to DNA ratios should be 1 and 5 for binding and nicking reactions, respec-
tively. When MutY concentration is higher than 300 nM in the binding reaction,
multiple protein-DNA complexes can be found.

6. To obtain a clean background in the nicking assay, the oligonucleotides need to
be gel purified and all solutions should be sterile.

7. In the nicking assay, if nucleases are a problem, the concentration of EDTA can
be increased to 5 mM. Although MutY protein has been shown by Tsai-Wu et al.
(16) to have both DNA glycosylase and AP lyase activities, the AP lyase activity
has also been reported by others to be very weak in their MutY preparations. To
complete the strand cleavage, after the MutY reaction, piperidine can be added to
the sample to a final concentration of 1 M and then heated at 90°C for 30 min.
Samples are lyophilized, resuspended with 3µL of sequencing dye, heated at 90°C
for 2 min, and loaded to the gel.

8. The bottle of NaBH4 should be tightly sealed after being opened and fresh solu-
tion of NaBH4 should be prepared immediately prior to use. When MutY homo-
logs from different organism are assayed, find the optimal concentration of
NaBH4 and pH for the enzymes.
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Assays for the Repair of Oxidative Damage
by Formamidopyrimidine Glycosylase (Fpg)
and 8-Oxoguanine DNA Glycosylase (OGG-1)

Amanda J. Watson and Geoffrey P. Margison

1. Introduction
Oxidative damage produced by endogenously and exogenously generated

reactive oxygen species (ROS) has been implicated in mutagenesis and car-
cinogenesis and may play an important role in the pathogenesis of aging (1).
Among ROS, the hydroxyl radical is highly reactive, producing a variety of
purine- and pyrimidine-derived lesions in DNA (2,3). A major pathway of
hydroxyl radical-induced DNA damage involves attack on the C8 position of
purines to produce 8-oxoG (7,8-dihydro-8-oxoguanine), 8-oxoA (7,8,-
dihydro-8-oxoadenine) and imidazole ring fragmented lesions (formamido-
pyrimidines [2,4]). There is strong evidence to suggest that the 8-oxoG lesion,
which is produced in abundance, is highly mutagenic in vitro and in vivo
(5,6). Such oxidized purines are primarily repaired by the base excision repair
pathway, the initial step of which is excision of the modified base by DNA
glycosylases (7,8).

The Fpg (MutM) protein of Escherichia coli is a DNA glycosylase/AP lyase
that efficiently releases modified purines such as 8-oxoG (when paired with
cytosine in duplex DNA) and 2,6-diamino-4-hydroxy-5-N-methylformamido-
pyrimidine (me-Fapy-G [9,10]). The cDNA encoding the eukaryotic homolog
of Fpg, OGG-1 has now been isolated by a number of laboratories (11–15).
OGG-1 demonstrates a similar substrate specificity to Fpg, excising 8-oxoG,
preferentially when it is paired with cytosine (but being inactive when paired
with adenine), and me-Fapy-G (11,14,16). More recently, a second mamma-
lian 8-oxoG-DNA glycosylase, OGG-2 has been isolated (12,17), which pre-
fers 8-oxoG paired with adenine and guanine and it has been proposed (17) that
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OGG-1 and OGG-2 have distinct anti-mutagenic functions in vivo. OGG-1
prevents mutation by removing 8-oxoG formed in DNA in situ and paired with
cytosine, whereas OGG-2 removes 8-oxoG that is incorporated opposite
adenine in DNA from ROS-induced 8-oxodGTP. Hazra et al. (17) also report,
in HeLa cell extract, the presence of a protein that is an 8-oxoG- specific bind-
ing protein or an inhibitor specific for both OGG-1 and OGG-2. This protein, if
found to be ubiquitously present in mammalian cells and tissue would obvi-
ously have an impact on measurement of OGG activity in crude mammalian
extracts.

Two methods have been developed to assay Fpg and OGG-1 activity based
on the substrate specificities of these enzymes. The method employed for sev-
eral years in a number of laboratories, including ours, involves measuring the
release of [3H]-me-Fapy-G from a suitably treated methylated calf thymus
DNA or poly (dG-dC) substrate (10). Briefly, substrate is incubated with cell-
free extract for 15–60 min at 37°C, substrate DNA is ethanol precipitated and
ethanol-soluble radioactivity, released by the enzyme into the supernatant, is
measured by scintillation counting.

More recently, evidence suggesting that 8-oxoG plays an important role in a
number of biological processes (see above) has generated a great deal of inter-
est in developing assays that would specifically measure repair of this particu-
lar adduct. We describe here such an assay, which is based on the ability of
Fpg and OGG-1 to remove the damaged base and to subsequently cleave at the
resulting apurinic (AP) site via the AP lyase activity causing strand cleavage.
Essentially, an oligo containing one 8-oxoguanine residue is labeled to high
specific activity (SA) with [32P], annealed to its oligo complement, incubated
with cell-free extract, and the resulting cleavage products are analyzed by dena-
turing polyacrylamide gel electrophoresis (PAGE).

2. Materials

2.1. Preparation of Cell/Tissue-Free Extracts

1. FPG assay buffer 5X stock : 350 mM potassium-HEPES, 500 mM potassium chlo-
ride, 10 mM ethylenediaminetetraacetic acid (EDTA), 5 mM dithiothreitol (DTT),
25% v/v glycerol, pH 7.6. Aliquot and store at –20°C until use. Before use, dilute
to 1 in 5 in ddH2O. Dispose of excess, once thawed.

2. PBS (phosphate-buffered saline) : 0.8% NaCl, 0.02% KCl, 0.15% Na2HPO4,
0.02% KH2PO4, pH 7.4.

3. PMSF (phenylmethylsulphonyl fluoride; Sigma), 50 mM in 100% ethanol. Store
at –20°C. Stable for at least 3 mo.

4. Leupeptin (Sigma), 10 mg/mL in ddH2O. Store at 4°C. Stable for at least 1 mo.
5. Sonicator fitted with microtip probe suitable for ultrasonic disruption of cells in

1.5 mL Eppendorf tubes (see Note 1).
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2.2 Protein Estimation

1. CBG (Coomassie brilliant blue G250 ) dye reagent concentrated (5X) stock:
780 mM CBG (Sigma, 75% dye content), 25% (v/v) ethanol (BDH analar), 7.4 M
orthophosphoric acid, 0.01% Triton X-100 (v/v), 0.01% SDS (w/v). Store at 4°C
in the dark for up to 1 yr.
Before use, dilute to 1 in 5 in ddH2O, leave at 4°C overnight then filter through
3MM chromatography paper (Whatman). Store at 4°C in the dark for up to
3 mo. Commercial reagents are available (see Note 2).

2. IBSA: 1mg/mL bovine serum albumin (BSA) in buffer I. Store at 4°C for up to 3 mo.
3. BSA (Sigma) protein standards: standards of 0.1, 0.2, 0.3, 0.4, 0.5, 0.6, 0.8,

1.0 mg/mL BSA in buffer I are prepared from IBSA. Standards are filtered
(0.2 microns) and stored for up to 6 mo at 4°C.

4. Scintillation minivials.
5. Plastic spectrophotometer cuvets.
6. Multidispense pipet (see Note 3 ).
7. Spectrophotometer set to read at 595 nm.

2.3. DNA Estimation
1. TNE Buffer 10X stock: 100 mM Tris base, 10 mM EDTA, 2 mM NaCl, pH 7.4.

Store at 4°C for up to 6 mo. Before use, dilute to 1 in 10 with ddH2O and filter
(0.45 microns). Store at 4°C for up to 3 mo.

2. Calf thymus DNA (Pharmacia Biotech, ultrapure): standards of 100, 200, 300,
400, 500 µg/mL in 1X TNE. Store at 4°C for up to 3 mo.

3. Hoechst 33258 (bis-benzamide) stock dye solution, 1mg/mL in ddH2O. Store at
4°C in the dark for up to 6 mo.

4. TKO 100 minifluorometer and fluorometer cuvet (Hoefer, see Note 4) .

2.4. 8-Oxoguanine-DNA Glycosylase (OGG) Assay
2.4.1. Preparation of Oligo Substrate
2.4.1.1. 32[P] LABELING AND G25 SEPHADEX PURIFICATION OF OLIGO SUBSTRATE

1. Oligo-5' CGT TGT CAG AAG TAA OTT GGC CGC AGT GT 3'
O = 8-oxoguanine (see Note 5).
Prepare a 2.5 pmol/µL stock and store at –20°C for up to 3 mo.

2. T4 polynucleotide kinase (PNK) 10X buffer: 0.5 M Tris-HCl, pH 7.6, 100 mM
MgCl2, 100 mM 2-mercaptoethanol (supplied with enzyme see item 3).

3. T4 PNK (104 U/mL; Boehringer Mannheim, see Note 6).
4. Oligo sizing markers (8–32 bases; Pharmacia Biotech).
5. 32[P]-γATP. Preferably 6000 Ci/mmol (NEN Life Science Products, 10 mCi/mL).
6. TE (STE) buffer: 10 mM Tris-HCl, 1 mM EDTA pH 8.0 (+0.1 M NaCl).
7. Sephadex G25 slurry: Mix 5 g Sephadex G25 (Sigma (G2550) with approx 50 mL

TE buffer. Leave to swell overnight, then add fresh TE to make the slurry. Auto-
clave (20 min at 15 lb psi on liquid cycle) before use and store at 4°C.

8. 15-mL Falcon tubes (Falcon 2096).
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9. Sterile glass wool.
10. Liquid scintillation counter.

2.4.1.2. ANNEALING OF LABELED OLIGO TO COMPLEMENT

1. Complementary oligo: 5' AC ACT GCG GCC AAC TTA CTT CTG ACA AC 3'
(see Note 5). Prepare a stock solution (4 pmol/µL) and store at –20°C for up
to 3 mo.

2. 0.5 M NaCl.
3. Heating block set at 94°C (see Note 7).

2.4.2. OGG Assay

1. Oligo substrate (see Subheading 3.4.1.2.).
2. Cleavage buffer 4X stock: 100 mM Tris-HCl pH 7.6, 200 mM KCl, 20 mM

EDTA.
3. Denaturing loading buffer (LB): 80% formamide (v/v), 50 mM Tris-borate,

1 mM EDTA pH 8.0, 0.1% xylene cyanol (w/v), 0.1% bromophenol blue (w/v).
Aliquot and store at 4°C.

2.4.3. PAGE Analysis of Cleavage Products

1. SequaGel Concentrate: 8.3 M Urea containing 25% (w/v) acrylamide:
bis-acrylamide (19:1; National Diagnostics, Mensura).

2. SequaGel buffer: 8.3 M urea in 1.0 M Tris-Borate–20 mM EDTA Buffer, pH 8.3
(10X TBE).

3. SequaGel Diluent : 8.3 M Urea.
4. TEMED (N, N, N', N, N', N- Tetramethylethylenediamine).
5. 10% Ammonium persulphate (APS; w/v). 10% APS may be aliquoted and stored

at –20°C until use. Dispose of excess once thawed.
6. Vertical minigel apparatus (see Note 8).
7.  TBE 10X stock: 1.0 M Tris-Borate–20 mM EDTA, pH 8.3. Before use, dilute to

1 in 10 in dd H2O.
8. Hamilton syringe (25 µL or 50 µL).
9. Disposable gel loading tips (Bio-Rad 223-9917).

10. Saran Wrap™ or similar.
11. Phosphor imager and image analysis software (see Note 9).

2.5. Fapy–DNA Glycosylase (FPG) Assay
2.5.1. Preparation of FPG Substrate DNA (see Note 10)

2.5.1.1. DEPROTEINIZATION OF DNA

1. Calf thymus DNA (see Note 11).
2. TE (see Subheading 2.4.1.1.).
3. Duran (or other wide-necked glass) bottles. Because of the hazards associated

with this procedure (see Note 12) minimize the possibility of leakage by ensuring
that the bottles have a good seal.
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4. Proteinase K (Sigma).
5. Phenol equilibrated with 1 M Tris-HCl, pH 8.0. Prepare fresh as required. Add an

equal volume of 1 M Tris, pH 8.0 to the phenol. Shake, allow to settle, and aspi-
rate off as much of aqueous phase as possible. Extreme caution must be exercised
when handling and disposing of phenol (see Note 12).

6.  3 M NaAc, pH 4.0.
7. Absolute ethanol.
8. Ether.
9. N2 gas.

10. Water bath set at 55°C.
11. 5-mL plastic syringe.
12. Water vacuum pump aspirator.
13. 50-mL Falcon tubes (conical bottom).

2.5.1.2. METHYLATION OF DNA

1. Duran (or other wide-necked glass) bottles.
2. 0.02 M Ammediol (2-Amino-2-methyl-1,3-propanediol), pH 10.0 (Sigma).
3. 5 mCi [3H] MNU. Preferably approx 20 Ci/mmol (Amersham International,

1 mCi/mL in ethanol). Use immediately on delivery.
4. Absolute ethanol.
5. Pasteur pipets.
6. Water vacuum pump aspirator.
7. Ether.
8. Ethanol: Ether (1:1 v/v).
9. N2 gas.

10. Chemical fume cupboard.

2.5.1.3. IMIDAZOLE RING OPENING OF 7-METHYLGUANINE

TO GENERATE FPG SUBSTRATE DNA

1. Sodium phosphate buffer: 50 mM, pH 11.4.
2. Absolute ethanol.
3. 3 M NaAc, pH 4.8.
4. FPG assay buffer (see Subheading 2.1.).

2.5.2. FPG Assay

1. Substrate DNA.
2. FPG assay buffer (see Subheading 2.1.).
3. FPG assay stop solution: 2 M sodium chloride, 1 mg/mL BSA, 0.5 mg/mL salmon

sperm DNA (sonicated; see Note 13).
4. Ice-cold ethanol.
5. Scintillation minivials.
6. Aqueous scintillation cocktail (e.g., Ecoscint; National Diagnostics/Mensura).
7. Liquid scintillation counter.
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3. Methods
3.1. Preparation of Extracts

Samples (tissues, cells, and extracts) must be stored on ice throughout
the procedure to conserve Fpg/OGG-1 activity.

1. Preparation and storage of cells/tissues/lymphocytes.
Cells (bacterial or mammalian): harvest, wash with PBS, store cell pellet at
–20°C.
Tissue: snap-freeze (dry ice or liquid nitrogen) and store at –20°C (<1 mo) or
–70°C (>1 mo).
Lymphocytes: collect whole blood into universal containing EDTA (final con-
centration 25 mM). Isolate lymphocytes by density centrifugation (18), wash with
PBS, and store cell pellet at –20°C.
The number of cells or weight of tissue required for the assay will depend on the
level of activity (e.g., see Note 14).

2. Transfer tissue or cell pellet to 1.5-mL Eppendorf tube in ice and add cold buffer
I (500–1000 µL) containing 5 µg/mL leupeptin (see Note 15).

3. Sonicate sample (see Note 1) within a MSC class I cabinet to minimize exposure
to aerosols. It may be necessary to mince with fine scissors or add glass beads to
the sample to aid ultrasonic disruption (see Note 16).

4. Add PMSF ( 50 mM solution in alcohol) to the sample immediately following
sonication so that the final concentration is 0.5 mM (i.e., 1/100 of volume).

5. Centrifuge at 15,000–20,000g for 10 min at 4°C (see Note 17).
6. Transfer supernatant to a clean Eppendorf tube in ice. Extracts are now ready for

use. For short-term storage (≤ = 48 h), in ice preferably in cold room/cabinet, is
recommended. If for longer periods, extracts should be snap-frozen (dry ice or
liquid nitrogen) and stored at –20°C. Activity may be lost on freeze-thawing, but
we have not systematically investigated this.

3.2. Protein Estimation (19) (see Note 18)

1. Switch on the spectrophotometer at least 10 min before taking readings so that
the lamp is ready.

2. Add, in duplicate, 40 µL of each BSA standard or unknown (see Note 19) to the
bottom of a scintillation minivial. Blank tubes contain buffer I only.

3. Add 2 mL of CBG/ Bio-Rad reagent to each tube and gently mix (see Note 3).
4. Transfer 1 mL of blank sample to the cuvet and zero the machine at 595 nm.

Repeat with duplicate blank sample to check reproducibility and stability of read-
ings (see Note 20).

5. Transfer 1 mL of the lowest standard to the cuvet, record the reading, empty, and
drain the cuvet thoroughly by blotting upside down on a paper towel and repeat
with the next standard sample.

6. After reading all standard samples, transfer 1 mL of the unknown sample to
the cuvet, record the reading, empty, and drain the cuvet thoroughly by blotting
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upside down on a paper towel and repeat with the next unknown sample (see
Note 21).

7. Construct a standard curve by plotting absorbance of standards versus protein
concentration (mg/mL). Calculate mean protein concentration (mg/mL) of dupli-
cate samples (see Note 21) by reference to the standard curve.

3.3. DNA Estimation (20,21)(see Note 4)

1. Switch on the TKO 100 at least 15 min before taking measurements so that the
lamp is ready and the temperature in the chamber stabilizes.

2. Freshly prepare working solution of Hoechst 33258 by diluting the stock solution
to 1 µg/mL in 1X TNE, wrap in foil to protect from light, and allow to warm to
room temperature before use.

3. Set the sensitivity of the detector monitor to about 50% by turning the scale knob
approx 5 full clockwise turns from the fully counter position.

4. Add 2 mL of Hoechst working solution to the cuvet, if necessary wipe the sides
of the cuvet with a low-lint tissue and place in the sample chamber.

5. Zero the reading.
6. Deliver 2 µL of lowest DNA standard into the 2-mL dye solution and mix by

pipetting the solution into and out of a disposable pipet several times without
introducing bubbles.

7. Close the sample chamber and record the reading (see Note 22).
8. Remove the cuvet from the sample chamber. Empty and drain the cuvet thor-

oughly by blotting it upside down on a paper towel between readings.
9. Repeat steps 4–8 at least once to verify that results are reproducible (see Note 21).

10. Repeat steps 4–9 with rest of DNA standards.
11. Finally, repeat steps 4-9 with unknown sample (see Note 23).
12. Construct a standard curve by plotting standard readings vs DNA concentration

(µg/mL) of standards. Calculate mean DNA concentration (µg/mL) of replicate
unknown samples by reference to the standard curve.

3.4. 8-Oxoguanine-DNA Glycosylase (OGG) Assay

Before starting work, ensure that appropriate shielding is in place and that a
radiation monitor is at hand to monitor for possible contamination. Handling
and disposal of [32P] must be performed in accordance with local rules pertain-
ing to radioactive substances.

3.4.1. Preparation of Oligo Substrate

3.4.1.1 [32P] LABELING AND SEPHADEX G25 PURIFICATION OF OLIGO SUBSTRATE

1. Set up the following reaction in an Eppendorf tube:
1 µL oligo (2.5 pmol) or 1 µL oligo sizing marker
1 µL 10X PNK buffer
3.8 µL ddH2O
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Working behind a perspex screen, add:
4 µL 32[P]- γATP
0.2 µL PNK

2. Incubate reactions at 37°C for 30 min. During this time, prepare the Sephadex
G25 columns.

3. At the end of the incubation, add 40 µL TE to the mix, transfer 1 µL to a scintil-
lation minivial, add 2 mL scintillation cocktail and count (see Note 24). Proceed
to purify the rest by passing through a G25 column.

4. Pack the tip of a 1mL plastic disposable syringe with sterile glass wool. Use the
plunger to pack the wool tightly to approx 50µL.

5. Pipet 1 mL of the Sephadex/TE slurry to the syringe, place the syringe in a
15-mL Falcon tube (to act as a carrier in the rotor), and centrifuge at 1700g for
4 min at room temperature.

6. Repeat step 2 until a packed column bed of 0.8–0.9 mL is obtained.
7. Wash and equilibrate the column by applying 100 µL STE to the top of the col-

umn and centrifuging at 1700g for 4 min at room temperature.
8. Place column in a fresh Falcon tube and apply the oligo (50 µL) to the top of the

column.
9. Centrifuge at 1700g for 4 min at room temperature and transfer the eluate to a

1.5-mL Eppendorf. Dispose of column in accordance with local rules pertaining
to radioactive substances.

10. Transfer 1 µL of eluate to a scintillation minivial, add 2 mL scintillation cocktail
and count.

11. Calculate percent incorporation of label (see Note 24).

3.4.1.2. ANNEALING OF LABELED OLIGO TO COMPLEMENT

1. Remove 40 µL of the column purified oligo (approx 2 pmol) into an Eppendorf
tube, add twofold excess of complementary oligo (i.e., 4 pmol), 5 µL 0.5 M NaCl
and ddH2O to a total volume of 50 µL (see Note 25).

2. Place tube in a heating block (see Note 7) set at 94°C, incubate for 2–3 min then
switch off block and allow tube to cool to room temperature slowly.

3. Efficiency of annealing may be checked by PAGE (see Note 26).

3.4.2. OGG Assay

1. Set up the following reaction (see Note 27) in an Eppendorf tube in ice:
1 µL labeled, annealed oligo
2.5 µL 4X cleavage buffer
0–6.5 µL cell/tissue extract
and add an appropriate volume of ddH2O to give final volume of 10 µL.

2. Vortex mix and centrifuge briefly to collect tube contents.
3. Incubate at 37°C for 15–60 mins (see Note 28).
4. Add 20 µL denaturing LB and either proceed to next stage (analysis of cleavage

products) or store at –20°C until required (see Note 29).
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3.4.3. PAGE Analysis of Cleavage Products

1. Wash all minigel apparatus carefully with ddH2O and dry thoroughly (see Note 30).
2. Assemble minigel apparatus according to manufacturer’s instructions.
3. Prepare 20% SequaGel by mixing 8 mL SequaGel Concentrate (25%) with 1 mL

SequaGel Buffer and 1 mL SequaGel Diluent. Just prior to pouring add 100 µL
10% APS, mix well, then immediately add 10 µL TEMED and mix. Pipet into
apparatus avoiding air bubbles.

4. Following polymerization, remove comb and, using a Hamilton syringe, rinse
wells thoroughly (see Note 31) with running buffer (i.e., TBE).

5. Heat samples for 5 min at 95°C and cool on ice for 10 min.
6. Rinse each well with 1X TBE just before loading 6 µL of each sample, preferably

using disposable tips. Load labeled size marker (see Subheading 3.4.1.1.) in or-
der to confirm size of cleaved products.

7. Run gel in 1X TBE at 100–200 V until bromophenol blue dye front is approx
1 cm from the bottom of the gel.

8. At the end of the run remove one plate and wrap the gel (still supported on the
other plate) with Saran Wrap. Detect bands using phosphorimager or autoradiog-
raphy, confirming size of products by reference to the size marker. Calculate
percent oligo cleaved by image analysis (see Note 9).

3.4.4. Calculation of Enzyme Activity

1. Calculate nmoles oligo cleaved in each reaction by multiplying % oligo cleaved
(determined by image analysis) by amount of oligo (in nmoles) in reaction.

2. Plot nmoles oligonucleotide cleaved vs mg protein/ µg DNA in extract and from
the linear part of the curve calculate nmoles oligo cleaved/mg protein or /µg DNA,
respectively.

3. Divide nmoles oligo cleaved/mg protein or /µg DNA by incubation time in hours
to give specific activity in nmoles oligo cleaved /mg protein/h or /µg DNA/h.

3.5. Fapy-DNA Glycosylase (FPG) Assay

3.5.1. Preparation of FPG Substrate DNA

3.5.1.1. DEPROTEINIZATION OF SUBSTRATE DNA

1. Dissolve CT DNA at 2 mg/mL in TE (up to 300 mL) on a stirrer overnight in a IL
Duran bottle. There will be some insoluble bits, but it is not necessary to remove
them.

2. Place bottle in 55°C water bath for 5 min then add solid proteinase K (1 mg/10 mL
DNA solution). The bits should disappear quickly, but leave for 1 h swirling occa-
sionally before adding another 1 mg of proteinase K per 10-mL solution.

3. After a further 1 h at 55°C, move to fume cupboard on tray, cool under running
tap water, and add equal volume of phenol equilibrated to pH 8.0 using 1 M Tris
(see Subheading 2.5.1.1.). Cap and shake vigorously for 5 min—be aware of the
possibility of leakage.
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4. Allow to stand for about 1.5 h at room temperature: the phenol should settle out
and can be almost completely removed by aspiration through the upper aqueous layer
using a glass pipet.

5. Decant supernatant into 50-mL Falcon tubes (conical bottom) and spin at 1000g,
room temperature, 10 min.

6. Observe interface carefully: if clear, re-extraction is not necessary (see Note 32).
Remove all traces of phenol from bottom of tube using glass 5-mL pipet or Pasteur
pipet and rubber pipet bulb or pipet pump. Do not worry about taking some of the
aqueous layer. Pour off supernatants into Duran bottle of appropriate capacity.

7. Add 1/10 vol of 3M NaAc pH 4.0 to pooled aqueous phases, mix well, and add
2 vol cold ethanol. Cap and mix by inversion.

8. Lift out DNA on glass pipet and transfer to smaller Duran. Wash three times with
ethanol at room temperature by vigorous shaking and water vacuum pump aspi-
ration of the ethanol. Make sure DNA spreads out in ethanol to ensure complete
penetration of ethanol.

9. Wash at room temperature three times with ethanol:ether (1:1) and then three
times with ether alone. Each time, pour off the washes into a tray in a fume cup-
board for evaporation (no naked flames/electrical appliances) or alternatively dis-
pose of according to local rules.

10. Dry DNA in stream of N2 to remove the ether, teasing apart fibrous DNA with
Pasteur pipets. Dry to constant weight.

3.5.1.2. METHYLATION OF DNA
Because of the radiochemical hazard involved, the following procedure

should be carried out in a fume cupboard with an appropriate airflow
rate. Handling and disposal of [3H] must be performed in accordance with
local rules pertaining to radioactive substances. We advise monitoring for
[3H] contamination of the work area before starting and, of course, on
completion.

1. For 5 mCi [3H]-MNU in 1 mL ethanol: dissolve 40 mg DNA on a stirrer plate
overnight at 8 mg/mL in 0.02 M Ammediol, pH 10.0 in a 25 mL Duran bottle.
Transfer 2 mL of this solution to a separate container (This is to be used for
rinsing [3H] vial—see step 3).

2. In tray in fume cupboard, CAREFULLY remove seal from [3H]MNU vial using
blunt forceps. Use a twisting rather than pulling action and put aluminium ring
and sealing disk directly into beaker in tray. Recap vial with black plastic cap
provided—avoid shaking.

3. Put Duran on stirrer in tray, and using 5-mL plastic syringe, carefully transfer MNU
solution into stirring DNA solution. Rinse out vial with two 1-mL aliquots of DNA
solution by serial transfer. Put syringe and empty vial in sink for careful rinsing.

4. Continue stirring DNA for 5 h at room temperature. Carefully remove stirrer bar,
then add 1/10 volume of 3 M NaAc, pH 4.0 and 2 vol of cold ethanol. Form DNA
precipitate by swirling and inversion being very careful of leakage—any spills
will contain [3H]-methanol, which will blow off rapidly.
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5. When DNA has formed a tight ball, carefully remove supernatant using a Pasteur
pipet attached to a water vacuum pump, the outflow of which is piped directly
into the sink drain hole to avoid splashing. Do not be concerned about tiny frag-
ments of DNA being sucked down the sink, but do avoid the bulk of the DNA! It
is possible to remove all of the supernatant safely in this way.

6. Wash the DNA with ethanol (about 20–30 mL per wash) making sure pellet is
“fluffed” out each time. After 10 washes, check [3H] radioactivity counts in
500 µL of wash (+3 mL scintillant) to monitor the washing efficiency. Ideally,
the last wash should be close to background, but as small fragments of DNA may
be present, two consecutive washes with similar cpm is acceptable.

7. Dry DNA by washing in ethanol:ether (1:1) twice and ether twice. DO NOT
aspirate supernatants down the sink! Pour supernatants carefully into a stainless
steel tray for evaporation and thorough washing down the sink.

8. Blow off residual ether in a slow stream of N2 gas, teasing apart DNA with Pasteur
pipets if necessary. Transfer to preweighed clean glass vial and dry to constant
weight.

3.5.1.3. IMIDAZOLE RING OPENING OF 7-METHYLGUANINE TO GENERATE

FPG SUBSTRATE DNA

1. Dissolve DNA (2 mg/mL) in 50 mM sodium phosphate buffer (pH 11.4) and
leave at room temperature for 24 h to open the imidazole rings of the 7 meG
residues.

2. Add 0.1 vol 3 M NaAc (pH 4.8) and 2 vol of cold ethanol.
3. Form DNA precipitate by swirling and inversion.
4. Spool DNA, transfer to a fresh tube, and wash extensively with 70% ethanol.
5. Resuspend DNA at 2 mg/mL in 1X FPG assay buffer (without DTT) and store at 4°C.

3.5.2. FPG Assay

1. Dilute substrate with FPG assay buffer (containing DTT) to give approx 105 cpm/mL.
2. Into 1.5-mL Eppendorf tubes in ice, add 1–20 µL of tissue or cell extract (see

Subheading 3.1.), 10 µL of 5X FPG assay buffer and make volume up to 50 µL
with ddH2O ( see Note 33).

3. Start the assay reaction by adding 50 µL of diluted substrate (approx 5 × 103 cpm).
4. Vortex briefly, and centrifuge to collect contents in the bottom of the tubes.
5. Incubate tubes at 37°C for 15–60 min (see Note 28).
6. At the end of this time, add 25 µL of FPG assay stop solution with vortex mixing,

followed immediately by 250 µL of ice-cold ethanol.
7. After cooling the tubes for 20 min on dry ice (or at –80°C), centrifuge at 25,000g

for15 min at 4°C (see Note 34).
8. Carefully remove 300 µL of supernatant into scintillation minivials (see Note 35),

mix with 3 mL Ecoscint and count for 5 min in a suitable scintillation counter.
9. Calculate the cpm by averaging two 5-min counts. Unusually high counts, par-

ticularly in the first few tubes, may indicate chemiluminescence and these tubes
should be recounted to constant cpm.
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3.5.3. Calculation of Enzyme Activity

1. Calculate total cpm released from each test sample by subtracting mean of “blank
tubes” (see Note 33) and multiplying by 380/300 (see Note 36).

2. Plot total cpm vs µg protein or ng DNA and from the linear part of the curve
calculate cpm/µg protein of cpm/ng DNA.

3. Multiply cpm/µg protein or cpm/ng DNA by the conversion factor (see Note 37)
to give FPG specific activity in pmoles Fapy released/g protein/h or pmoles Fapy
released/mg DNA/h, respectively.

4. Notes
1. We routinely use a Heatmaster Sonicator fitted with a microtip probe (standard

tapered with 3.2-mm diameter) and sonicate for 10 s at 216 µm (peak-to-peak
amplitude). Appropriate sonication conditions will depend upon the particular
machine and probe used and should be established by experiment.

2. Bio-Rad dye reagent (Bio-Rad) supplied as a 5X stock may be used as an alterna-
tive to CBG. Standard curves using CBG are linear up to 1 mg/mL compared to
those using Bio-Rad, which plateau around 0.6–0.8 mg/mL. We consider absor-
bances less than half that of the lowest standard as inaccurate, and absorbances
between 0.1 and 0.6 to be ideal.

3. We recommend using an Eppendorf multipet plus (Eppendorf) or similar posi-
tive displacement machine to repeat dispense quickly and accurately.

4. Hoechst 33258 binds to the minor groove of DNA. When 365 nm light (long UV)
excites this dye, fluorescence results and thus can be measured by minifluorometer
(as described here), fluorescence spectrophotometer (21) or fluorescence microtiter
plate-reader. We have also used a microtiter (96-well) based assay;10 µL sample
or standard (range 0–50 µL/mL DNA) and 100 µL Hoechst (1 µL/mL) per well.

5. We purchase our 8-oxoguanine-containing oligos (synthesized according to stan-
dard phosphoramidite chemistry) from either Alta Bioscience, School of Bio-
chemistry, University of Birmingham, UK or Genset Oligos, Paris, France.
Nonmodified oligos are now readily available at a reasonable price from a num-
ber of commercial sources (e.g., Life Technologies and Cruachem).

6. We purchase our T4 polynucleotide kinase (PNK) from either Boehringer
Mannheim or United States Biochemical (USB).

7. The annealing reactions may be heated in a PCR machine, however, it is impor-
tant to allow the reactions to cool slowly to room temperature.

8. We use the Bio-Rad mini-PROTEAN II electrophoresis system.
9. We use the STORM phoshorimager (Molecular Dynamics) in combination with

Imagequant software to analyze our results. Alternatively, autoradiography in
combination with a suitable densitometer may be used.

10. An alternative substrate for this assay is poly (dG-dC) treated with [3H]-DMS (10).
11. We routinely use Sigma calf thymus DNA (<3% protein).
12. Phenol is a powerful systemic poison, which is readily absorbed through the skin

and causes chemical burns on contact. Phenol should be neutralized with an equal
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volume of 4 M NaOH, before disposal down the sink in high dilution. Alterna-
tively, follow local rules governing disposal of phenol.

13. Prepare this solution by mixing 8 parts 5 M NaCl, 2 parts 10 mg/mL BSA, 1 part
10 mg/mL salmon sperm DNA (sonicated) with 9 parts ddH2O.

14. Cells and tissues vary in Fpg/OGG-1 activity and therefore the amount of extract
required to detect activity will also vary. The following may be used as a starting
guide if Fpg/OGG-1 activity is unknown.

Cells: Bacterial  Pelleted from 1.5 mL of stationary culture
Mammalian 107 cells
Lymphocytes 10 mLs whole blood

Tissue: 1–10 mg

More (or less) cells or tissue may be used providing sonication is effective with-
out compromising enzyme activity.
Inclusion of a positive control (i.e., Fpg/OGG-1 expressing cell line or tissue) in
both extraction and assay procedures is strongly advised, particularly when
assaying samples with very low or unknown activity.
If substrate-limiting conditions are attained at the lowest volume of extract used,
repeat the assay using appropriate dilutions of extract .

15. A minimum buffer volume of 500 µL is needed to avoid heating (>40°C) of the
sample during sonication. If smaller extract volumes (300–500 µL) are required,
it may be necessary to sonicate the sample for shorter times or on ice. Establish
appropriate conditions by experiment. We find that a thermocouple thermometer
is optimal for monitoring temperature during procedures.

16. Some tissues (e.g., gut and tumor) are more difficult to disrupt and therefore
require the addition of 0.1–0.2 g glass beads (100 mesh, BDH) and/or mincing
before sonication.

17. It may be possible to omit this step if very few cells are used but this should be
checked by experiment.

18. If a platereader with appropriate filter is available this procedure may be adapted
as a microtiter (96-well) plate assay. We have successfully used, in triplicate,
40 µL of sample or standard (linear range 0–0.1 mg/mL protein) and 200 µL of
dye reagent per well.

19. Samples (e.g., liver or tumor tissue) may need to be diluted in buffer I to achieve
absorbance within linear range of the standard curve.

20. Rezero the machine where necessary; frequency will depend on the particular
machine.

21. Replicate protein and DNA estimations should be within 5%.
22. The observed fluorescence stabilizes after a few seconds and then begins to drop

as the chamber warms.
23. Samples (e.g., tumor tissue) may need to be diluted in FPG assay buffer to achieve

fluorescence within the range of the standard curve. If the reading is lower than
the lowest standard, use a larger volume of extract (up to 10 µL) and apply a
correction factor.
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24. Percent incorporation of label = (total postcolumn cpm) / (total precolumn cpm)
× 100.
To ensure that the labeled oligo has a high specific activity, the number of pmoles
of [32P]-γATP in the labeling reaction should be at least twice the number of pmol
of oligo 5' ends. In this reaction we use 2.5 pmol oligo and 6.7 pmol of [32P]-γATP.
Therefore, if all the oligo is labeled, 37% of the [32P] would be incorporated.
The specific activity (SA; in Ci/mmol) of the labeled oligonucleotide may be
calculated as follows:

dpm = cpm/CE

where CE = counting efficiency of scintillation counter. dpm/pmol oligo = total
cpm (i.e., in 50 µL) / (2.5 × CE) dpm/mmol oligo = (cpm × 109) / (2.5 × CE) 1 Ci =
2.22 × 1012 dpm therefore, SA (Ci/mmol) = (cpm × 109) ) / (2.5 × CE × 2.22 × 1012).

25. To ensure efficient annealing it is important to use small reaction volumes and
incubate with excess complement. We have found twofold excess of complement
to be sufficient and greater excess should be avoided as this may cause problems
when trying to denature the annealed oligo.

26. Annealed oligo may be run on a 20% nondenaturing gel to check efficiency of
annealing. Follow the procedure described in Subheading 3.4.3. with three
exceptions. (1) Use a nondenaturing acrylamide gel mix (e.g., Accugel, National
Diagnostics) to prepare the gel, (2) Use a nondenaturing loading buffer : 0.25%
bromophenol blue, 0.25% xylene cyanol, 30% glycerol, adding 2 µL loading
buffer to 4 µL sample, and, (3) do not heat the samples prior to loading.

27. It is advisable to include OGG-1/Fpg expressing and nonexpressing extracts as
controls in this assay. It may be necessary to increase substrate concentration
when assaying OGG activity in human/mammalian cell/tissue extracts because
of the presence of an 8-oxoG specific-binding protein (17).

28. Incubation time may be reduced for highly active extracts, however incuba-
tion times of > 1 h are not recommended: in our hands, loss of activity becomes
a problem.

29. The T1/2 for decay of 32[P] is 2 wk. Therefore, it is advisable to use the substrate
quickly (i.e., within 2 wk) so as not to compromise the specific activity.

30. It is very important to use clean, dry apparatus. Remains of polymerized gel can
cause the plates to crack and may compromise the running of the gel. Also exam-
ine the edges of the plates carefully for chips and cracks because if an inadequate
seal is formed between the bottom of the plates and the gasket the gel will leak.

31. It is essential to rinse the wells thoroughly as soon as the comb is removed so as
to remove small amounts of acrylamide solution trapped by the comb, which will
polymerize in the wells, and produce irregular wells that give rise to distorted
bands. It is equally important to wash away excess urea, a component of the
denaturing gel mix, which leaches out of the gel into the wells and affects loading
if not dispersed.

32. If the interface is not clear, reextraction is necessary. Remove upper aqueous
layer from each tube and combine in a Duran bottle. Repeat steps 3–5.
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33. It is necessary to include a number of “blank” tubes to assess the counts released
from the substrate in the absence of protein. The mean value of these is deducted
from the counts released from each test sample. It is also advisable to include
OGG-1/Fpg expressing and nonexpressing extracts.

34. The samples should be centrifuged with the brake off to avoid disruption of the
pellet.

35. If it is sometimes difficult to remove 300 µL supernatant without disturbing the
pellet, a smaller aliquot can be removed, but remember to take this into account
when calculating the total cpm released (see Note 37).

36. Because only 300 µL out of total reaction of 380 µL are counted, cpm must be
multiplied by 380/300 to give total cpm released per sample. If less supernatant
is removed, total counts = cpm × 380/vol counted.

37. Conversion factor (CF) is calculated from the counting efficiency and substrate
specific activity.

(a) dpm = cpm/CE.
where CE = counting efficiency of scintillation counting.

(b) Substrate specific activity (SA) in Ci/mmol (= nCi/pmol).
Recalculate monthly by reference to decay chart.

(c) 1 Ci = 2.22 × 1012 dpm, therefore, 1 nCi = 2220 dpm.

From (a), (b), and (c):
FPG activity (in pmol Fapy released /µg /h) = cpm/µg × 1/ (SA × 2220 × CE × h).

(Where h = assay incubation time in hours).
Therefore,
FPG activity (in pmol Fapy released/g/h)  = cpm/µg × 106/(SA × 2220 × CE × h

= cpm/µg × CF
therefore, CF = 106/(SA × 2220 × CE × h).
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3

Detection and Quantitation
of Uracil DNA Glycosylase Activity

Geraldine M. O’Grady

1. Introduction
One of the main determining factors for maintaining the informational

integrity of the DNA genomes in all organisms is the efficiency of repair of
DNA lesions. DNArepair mechanisms have evolved to counteract the deleteri-
ous effects of DNA damage. One such repair mechanism is Base Excision
Repair (BER). BER is a repair process initiated by a class of enzymes called
glycosylases. These enzymes catalyze the hydrolysis of the N-glycosidic bond,
thereby liberating the damaged or inappropriate base and generating an abasic
site, which is subsequently acted upon by apurinic/apyrimidinic endonucleases
(AP endonucleases). Repair synthesis is then completed by DNA polymerase
and DNA ligase (reviewed in ref. 1).

One of the most abundant and best characterized of all glycosylases is uracil
DNA glycosylase (UDG) (2). UDG catalyses the cleavage of the N-glycosidic
bond that joins the uracil base to the deoxyribose phosphate backbone of DNA.
The uracil base, whether as a result of misincorporation during DNA synthesis
or deamination of cytosine (chemical or spontaneous), is recognized by this
enzyme. UDG was originally detected in Escherichia coli (2) and purified to
homogenity (3) and has since been identified in all kingdoms.

The native E. coli enzyme (encoded by the ung gene) is a 24 kDa mono-
meric protein that specifically releases uracil from single- or double-stranded
DNA, the rate of hydrolysis on single stranded uracil DNA being twice that of
duplex DNA (3). The exquisite specificity of UDG is illustrated by its failure
to recognise dUMP, dUTP, RNA, or uracil residues at the 3' terminal position
of oligonucleotides. Activity does not require a divalent cation, occurs in the
presence of ethylenediaminetetraacetic acid (EDTA) and is inhibited by free
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uracil and AP-site containing DNA. E. coli UDG is not inhibited by sulphydryl
blocking agents (N-ethylmalemide and iodoacetate), which suggest that the
single-cysteine residue it contains may not be involved in the active site (3).
However, activity of the E. coli enzyme is inhibited by B. subtilis bacteriophage
PBS2 inhibitor (Ugi), an 18.5 kDa heat-stable monomeric protein that forms a
stable protein–protein interaction with UDG (4). UDGs from diverse biological
sources are inhibited by Ugi, suggesting a highly conserved tertiary structure
between all UDGs (5). The biological consequences of uracil residues in DNA
may have cytotoxic or lethal effects. Accumulation of uracil in DNA is poten-
tially mutagenic and may perturb many molecular events, e.g., protein–nucleic
acid interactions. It is not surprising, therefore, that the uracil-DNA repair path-
way of almost every organism is remarkably similar and that UDG is one of the
most highly conserved polypeptides yet identified. In this chapter, the general
strategies employed for assaying for UDG activity are described.

A relatively simple approach to demonstrating UDG activity exploits
the fact that bacteriophage grown on E. coli dut (dUTPase) ung cells incorporate
as much as 30% uracil in place of thymine. Plasmid DNAs prepared in these
bacterial hosts readily incorporate and retain the uracil base as they are repli-
cated and these plasmids can subsequently be used as substrates in UDG assays.
Incubation of plasmid substrates with UDG generates abasic sites in the plas-
mid, which are susceptible to thermal cleavage by alkali or enzymatically by
AP endonucleases (see Note 1). Digestion products are visualized by agarose
gel electrophoresis followed by ethidium bromide staining. A drawback of this
assay, however, is the fact that the UDG activity is not readily quantitated, a
prerequisite for any enzymatic assay. A more quantitative approach to assay-
ing for UDG activity employs radiolabeled DNA substrates where the release
of the radiolabeled uracil base is measured. A number of approaches may be
taken to generate radiolabeled UDG substrates in which the uracil bases (or a
proportion of them) are tritiated. Many investigators have employed the B.
subtilis phage PBS1 whose genome naturally contains uracil in place of thym-
ine. PBS1 tritiated DNA is prepared by infecting bacterial cells with PBS1
followed by media supplementation with tritiated uridine. Phage recovered
from these cells after lysis are concentrated and viral DNA extracted, quanti-
tated, and specific activity determined. Radiolabeled polynucleotides may also
be generated in vitro by nick translation of suitable templates where tritiated
dUTP is incorporated during polymerization. Here, we describe a simple,
straightforward approach to assaying for UDG activity. This assay employs a
PCR-generated [3H]-labeled dsDNA substrate and measures the release of the
[3H]-uracil bases that are soluble in cold acidic solution. We also describe the less
sensitive, yet simple, assay for UDG activity that employs unlabeled uracil-
containing plasmid DNAs as substrates for UDG.
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2. Materials
2.1. [3H]-Uracil-Containing DNA Preparation

1 3H-dUTP (Deoxy [5-3H] uridine 5'-triphosphate ammonium salt, from Amersham
TRK351, 1 mCi/mL, 15–20 Ci/mmol) (see Note 2).

2. PCR reagents:
a. 10X Taq DNA polymerase reaction buffer: 100 mM Tris-HCl, pH 8.3, 500 mM

KCL, 0.1% gelatin.
b. 25 mM magnesium chloride.
c. 10X dNTP mix (2 mM dATP, dGTP, dCTP and 0.2 mM dUTP).
d. Taq DNA polymerase (see Note 3).
e. Primers and template for amplification of an arbitrary target (approx 500 bp).

3. Exonuclease I (Amersham Life Sciences) (see Note 4).
4. TE pH 7.5: 10 mM Tris-HCl, pH 7.5, 1 mM EDTA,
5. 4 M ammonium acetate, 100% ethanol and 70% ethanol.
6. Centri-spin-10 columns (Princeton Separations Adelphia, NJ) (see Note 5).
7. Spectrophotometer.
8. Liquid scintillation cocktail that is miscible with aqueous samples (Ecoscint,

National Diagnostics, Atlanta, GA).

2.2. Uracil-Containing Plasmid DNA Preparation

1. E. coli (dut ung) strain (see Note 6).
2. Circular plasmid DNA. (see Note 7).
3. QIAGEN Plasmid Kit (QIAGEN Inc., Valencia, CA).
4. TE, pH 7.5.
5. Spectrophotometer.
6. Agarose gel electrophoresis equipment.

2.3. Stock Solutions for UDG Enzyme Assay
1. 10X UDG reaction buffer: 200 mM Tris-HCl, pH 8.0, 10 mM EDTA, 10 mM

dithiothreitol (DTT), supplemented with 1 mg/mL bovine serum albumin (BSA).
2. UDG dilution buffer (1X) : 20 mM Tris-HCl, pH 8.0, 50 mM NaCl, 1 mM EDTA,

1 mM DTT, 0.1 mg/mL BSA, 50% (v/v) glycerol.
3. 0.8 M trichloroacetic acid (TCA). Store at 4°C.
4. Calf thymus DNA, 1 mg/mL (see Note 8).
5. Liquid scintillation cocktail.
6. 1 M NaOH.
7. 1 M Tris base.

3. Methods
3.1. Preparation of Tritium-Labeled DNA Substrate

1. Carry out ten 25 µL PCR reactions containing 3H-dUTP at a final concentration
of 2 µM per reaction tube (see Note 9).

2. Combine all 10 PCR reactions into a 1.5-mL microcentrifuge tube.
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3. Add an equal volume of 4 M ammonium acetate.
4. Add 2.5 vol of ice-cold 100% ethanol.
5. Vortex briefly and incubate at –70°C for 1 h or overnight at –20°C.
6. Precipitated DNA is pelleted by centrifugation at 4°C (11,600g × 30 min).
7. Supernatant is discarded.
8. Add 1 mL of ice-cold 70% ethanol to wash pellet.
9. Mix well and repeat steps 7 and 8.

10. Remove all traces of liquid by incubating at 55°C for 30 min.
11. Dissolve the DNA pellet in approx 50 µL of TE.
12. Add 1 U of Exonuclease 1 and incubate at 37°C for 30 min followed by 80°C for

15 min to inactivate the enzyme.
13. Remove any unincorporated dNTPs via column purification using Centri-Spin-10

columns .
14. Measure the absorbance at 260 nm to determine the DNA concentration.
15. Determine the specific radioactivity (cpm/µg DNA, cpm/pmol DNA, or cpm/

pmol uracil) by counting a sample of the DNA in the tritium channel of a scintil-
lation counter.

3.2. UDG Assay on Tritium-Labeled PCR Template

The assay measures the release of [3H] - uracil from the PCR substrate. [3H]
uracil released by UDG is acid soluble in cold TCA, wheras the resulting abasic
DNA, being insoluble, precipitates and is removed via centrifugation.

1. Set up two 1.5-mL microcentrifuge tubes containing the following;
a. 5 µL 10X UDG reaction buffer.
b. 3H-labeled DNA (approx 1000 cpm).
c. Sterile water to 50 µL.

2. Incubate at 37°C for 15 min.
3. Initiate the reaction by adding varying amounts of UDG enzyme (prepared in

dilution buffer) to tube 1.
4. Add an equivalent amount of dilution buffer only to tube 2 (see Note 10).
5. Incubate at 37°C for 15 min.
6. Add 5 µL of calf thymus DNA (1 mg/mL).
7. Stop the reaction by adding an equal volume of ice-cold 0.8 M TCA.
8. Vortex briefly and place on ice for 15 min to allow the DNA to precipitate.
9. Spin at 11,600g for 15 min in a microcentrifuge at 4°C.

10. Remove the supernatant (being careful to ensure the precipitated DNA is
undisturbed) to a scintillation vial and add 3 mL of scintillation fluid.

11. Mix well and count in the 3H-channel of the scintillation counter.
12. Subtract the background cpm (tube 2) from the cpm for tube 1 and express UDG

activity as pmols uracil released per minute from dsDNA per microgram protein
(see Note 11).
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3.3. UDG Assay Using Plasmid DNA Substrates
Containing dUMP Residues

The E. coli (dut ung) strain is transformed with plasmid DNA using
standardprocedures. Antibiotic resistant clones are selected and plasmid DNA
purified using one of a number of commercially available products, e.g.,
QIAGEN Kit or using standard laboratory protocols. The DNA concentration
is determined by absorbance measurement at 260 nm. This DNA is used as
substrate for UDG activity as described below.

The assay exploits the fact that dUMP containing plasmid DNA is suscep-
tible to glycolytic cleavage at uracil bases by UDG and the phosphate back-
bone at the resulting abasic sites are cleaved when incubated under alkali
conditions at 95°C.

1. Preincubate approx 100 ng plasmid DNA, in 1X UDG reaction buffer at 37°C for
10 min. (see Note 12).

2. Initiate the reaction by adding varying amounts of UDG, (purified protein, pro-
tein fraction, or cell extract).

3. Mix and place at 37°C for 30 min.
4. Add NaOH to a final concentration of 50 mM and incubate at 95°C for 15 min.
5. Add Tris base to a final concentration of 30 mM (see Note 13).
6. Separate digestion products on an agarose gel and visualize the DNA by ethidium

bromide staining (see Note 14).

4. Notes
1. Both circular and linear forms of DNA are susceptible to digestion by UDG.

Therefore, plasmid linearization prior to digestion with UDG is not necessary.
2. The [3H] nucleotide is supplied as an ethanol:water (1:1) preparation. The ethanol

can be removed by applying a gentle stream of N2 to the surface of the solution.
3. To ensure adequate incorporation of dUTP, it is recommended that high-fidelity

polymerases not be used in the amplification reactions. Proofreading enzymes,
which contain a 3'–5' exonuclease activity, do not incorporate dUTP efficiently.

4. The 3'-5' exonuclease activity of Exonuclease 1 acts to eliminate any residual
single-stranded DNA remaining after PCR amplification.

5. CentriSpin-10 purification columns serve to remove unincorporated nucleotides
and nucleotides generated through the action of Exonuclease 1.

6. E. coli (dut ung) double mutants are deficient in dUTPase and UDG activities, therfore
dUMP is readily incorporated and maintained during replication in these hosts. For our
assays, we used E. coli BW313 (λ–, relA1, ung –1, dut –1, spot1, thi-) (E. coli Genetic
Stock Center, Dept. of Biology, 355 OML, Yale University, New Haven, CT).

7. Any double-stranded plasmid DNA may be used as substrate.
8. The inclusion of calf thymus DNA in the precipitation reaction serves to enhance

precipitation of small amounts of DNA fragments (<100 ng DNA).
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9. Care should be exercised in the handling and disposal of tritium. Wear suitable
gloves at all times. Dispose of any liquid waste or solid waste as radioactive waste.

10. Tube 2 serves as a control tube containing no enzyme and it normalizes for any
acid-soluble [3H]-dUTP that failed to be removed during the template purifica-
tion procedure. The total cpms observed here should be extremely low and sub-
tracted from the total cpms observed in all reactions.

11. Determine the DNA concentration using:
a. Abs260nm × 50 × dilution factor = µg/mL.
b. Convert to molar nucleotide residues: µg/mL × 330 × total number of residues.
c. Count the radioactivity in a small amount of [3H] DNA (approx 5 µL).
d. Express as cpm/pmol [3H ] DNA.
In terms of dUMP residues: cpm/pmol dUMP residues = pmol DNA × number of
dUMP residues per DNA molecule.
Define 1 unit of UDG activity as cpm equivalent to the release of Xpmol
uracil/min/µg protein assayed.

12. a. To ensure there is no contaminating nuclease activity, a reaction containing
control plasmid DNA (i.e., containing dTMP instead of dUMP residues)
should be set up. This is especially important when one is assaying for UDG
activity in more impure enzyme preparations. Any digestion observed here
indicates the presence of nonspecific nucleases.

b. A control reaction should be set up where no UDG or protein is added, but the
NaOH step (step 4) is carried out. This allows any background nicking of the
DNA in the absence of glycolyase activity to be taken into account.

13. The Tris base serves to lower the pH because the alkali can alter the
electrophoresis of DNA.

14. An undigested control plasmid DNA sample should be electrophoresed along-
side digested samples. Uracil containing plasmid substrates, digested with UDG,
and posttreated with NaOH at 95°C, migrate as DNA smears through agarose
gels. Following use of higher UDG concentrations, smaller DNA fragments are
produced that migrate faster as diffuse bands and are well separated from undi-
gested DNA.
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4

Detection of DNA
Deoxyribophosphodiesterase Activity

Margarita Sandigursky and William A. Franklin

1. Introduction
The major pathway for the removal of oxidative base damage is the DNA

base excision repair pathway, found in prokaryotes and eukaryotes (1). In this
pathway, oxidized DNA bases are removed by specific DNA glycosylases,
leaving apurinic/apyrimidinic (AP) sites in the DNA (1,2). AP sites can also
arise spontaneously in DNA through depurination (3) and, being devoid of
genetic information, can be both cytotoxic and mutagenic lesions (4–6). Several
DNA glycosylases have been found that convert a variety of damaged nucleotide
residues to AP sites by removing deaminated, oxidized, or alkylated bases from
DNA. Uracil, either misincorporated in place of thymine or resulting from deami-
nation of cytosine, is removed by a specific glycosylase, uracil-DNA glycosylase,
found in prokaryotes and eukaryotes (1,4).

AP sites are recognized by enzymes that cleave the site either on the 5'
side or the 3' side. Enzymes that incise the DNA at the 5' side of an AP site, AP
endonucleases, leave 5' 2-deoxyribose-5-phosphate termini (5' dRp) and 3' OH
groups. In Escherichia coli, the reaction is catalyzed by the AP endonuclease
activity of exonuclease III, which accounts for nearly 90% of the activity
detected in the bacteria (2,7,8), or by the inducible endonuclease IV (2,9). The
major AP endonucleases isolated from mammalian cells seem to act in a simi-
lar manner (2). Enzymes that incise the DNA at 3' side of an AP site, AP lyases,
cleave the DNA by a β-elimination reaction, and leave trans-4-hydroxy-2-
pentenal-5-phosphate termini and 5' phosphate groups (2,10) (see Note 1). AP
lyases are activities found associated with several glycosylases such as endonu-
clease III of E. coli and its human analog (11–13), the E. coli Fpg protein (14),
and the yeast and human Ogg1 proteins (15,16).
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Removal of either the trans-4-hydroxy-2-pentenal-5-phosphate group fol-
lowing incision by an AP lyase, or the 5' dRp group following incision by an
AP endonuclease is required to allow for the subsequent replacement of the AP
site by one or more nucleotides by the activity of a DNA polymerase. Enzymes
that specifically remove the sugar-phosphate groups left by AP endonucleases/
lyases are termed DNA deoxyribophosphodiesterases, or dRpases, and were
first described in E. coli (17). Although dRpase was first used to describe
hydrolytic activities that remove 5' dRp residues at incised AP sites (17), the term
has also been used to describe phosphodiesterase activities that remove trans-
4-hydroxy-2-pentenal-5-phosphate groups, as well as activities that remove the
5' dRp residues via nonhydrolytic catalysis, for example, DNA polymerase β
(18). In E. coli, dRpase activities that remove 5' dRp groups include exonu-
clease I (19), RecJ (20), and the Fpg protein (21). Eukaryotic activities include
a partially purified activity from HeLa cells (22), an activity associated with
DNA polymerase β (18,23), the Drosophila S3 protein (24) and the yeast Ogg1
(25). Activities in E. coli that remove trans-4-hydroxy-2-pentenal-5-phosphate
groups include exonuclease I (19), exonuclease III and endonuclease IV
(26,27), and exonuclease IX (28). Eukaryotic activities include the yeast Apn1
protein (29), the yeast Ogg1 protein (25), and the Drosophila S3 protein (24).

To assay dRpase activity, double-stranded DNA substrates are employed
that contain radiolabeled incised AP sites. Radiolabeled dUMP residues are
incorporated into the DNA, and DNA is subsequently treated with uracil-
DNA glycosylase and either an AP endonuclease (E. coli endonuclease IV)
or an AP lyase (E. coli endonuclease III). Release of the radiolabeled sugar-
phosphate groups is either measured indirectly in a rapid precipitation assay
or directly by chromatographic separation on anion-exchange high-perfor-
mance liquid chromatography (HPLC). One problem with using radiolabeled
susbstrates is that the incorporated radioactivity itself can cause DNA strand
breaks and can also induce the loss of the sugar-phosphate groups. To dimin-
ish this effect, we now use the low-energy β-emitter [33P] (0.25 MeV) in place
of the more prevalently used [32P] (1.7 MeV).

2. Materials
2.1. Reagents

All reagents were from Sigma-Aldrich, except where noted.

1. Deoxycytidine 5'-triphosphate [α-33P], 2000–4000 Ci/mmol, aqueous solution
buffered with Tricene, pH 7.6, dye free, from New England Nuclear Life Science
Products, Boston, MA.

2. Phosphorus-33 radionuclide, 40–158 Ci/mmol, from New England Nuclear Life
Science Products.
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3. 1 M nitrous acid (prepare fresh before use): 69 mg NaNO2 in 1 mL 1 M sodium
acetate buffer, pH 4.0.

4. Norit activated carbon, Norit SA-3–100 mesh, decolorizing.
5.  [α-33P] dUTP elution buffer: 3.5% NH3 in 50% ethanol (14.5 mL 25% amonium

hydroxide, 35.5 mL water, 50 mL ethanol).
6. 0.45 µm Versapack LC3A filter, Gilman Sciences, Ann Arbor, MI.
7. Single-stranded M13mp18, 0.2 µg/µL, Pharmacia Biotech.
8. M13 sequencing primer (-47), 24-mer: 0.5 µM (3 ng/µL) in water.
9. 10X Klenow buffer: 0.5 M Tris-HCl, pH 7.6, 0.1 M MgCl2.

10. Deoxynucleotides 5'-triphosphates: 1 mM dATP, 1 mM dCTP, 1 mM dGTP,
1 mM dTTP, 0.1 mM dTTP, 0.1 mM dUTP, from Boehringer Mannheim.

11. Quick Spin (TE) Columns [Sephadex G-50 (DNA)] from Boehringer Mannheim.
12. 10X uracil-DNA glycosylase buffer: 0.5 M HEPES-NaOH, pH 7.8, 10 mM Na2

ethylenediaminetetraacetic acid (EDTA), 5 mM DTT.
13. 3 M sodium acetate, pH 5.2.
14. 95% ethanol.
15. 10 mM HEPES-NaOH, pH 7.8
16. 10X DNA dRpase buffer: 0.5 M HEPES-NaOH, pH 6.6, 0.1 M MgCl2, 5 mM

dithiothreitol (DTT).
17. 10% (w/v) solution of trichloroacetic acid (TCA).
18. Calf thymus DNA: 2.5 mg/mL in 10 mM Tris-HCl, pH 7.8, 1 mM Na2 EDTA.
19. 5% (w/v) Norit activated carbon in water.
20. HPLC elution buffer: 25 mM KH2PO4, pH 3.5 (Fisher Scientific, HPLC grade).
21. 2-deoxyribose-5-phosphate (30 mg/mL in water).
22. 25 mM 2,4-dinitrophenylhydrazine (2,4-DNPH): 50 mg 2,4-DNPH dissolved in

100 mL 1 M HCl (stable at room temperature).
23. 1 M NaOH.
24. 0.5 M Na2 EDTA, pH 8.0.

For all reactions, 1.7-mL Slick (siliconized) microtubes from PGC
Scientifics, Gaithersburg, MD, or equivalent were utilized.

2.2. Enzymes

All enzymes are suspensions in 50% glycerol and are stored at –20°C.
Enzymes can also be obtained from other suppliers or laboratories.

1. Klenow enzyme, labeling grade (DNA polymerase I, large fragment) from
Boehringer Mannheim.

2. E. coli uracil-DNA glycosylase (HK-UNG Thermolabile N-Glycosylase), from
Epicentre Technologies, Madison, WI.

3. E. coli endonuclease III (Pyr Ox cutter) from Trevigen, Inc., Gaithersburg, MD.
4. E. coli endonuclease IV (AP cutter II) from Trevigen, Inc.
5. E. coli exonuclease I, from Amersham Life Science Products, Arlington Heights, IL.
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2.3. Apparatus

1. Liquid scintillation counter—capable of detecting 33P radioactivity, such as a
Tri-Carb 1600CA counter (Packard Instruments).

2. HPLC equipment—consisting of one or more pumps, valve injector, fraction col-
lector, and UV light absorbance monitor.

3. Anion-exchange HPLC columns: Brownlee MPLC AX or amino (NH2) 5-µm
(4.6 mm × 3 cm) spheri-5 cartridge column fitted with an amino NewGuard
column (7 µm), Alltech Associates, Deerfield, IL.

4. Standard benchtop centrifuges, microcentrifuges, and lyophilizer.

3. Methods

3.1. General Protocol for dRpase Substrates

To prepare substrates to assay dRpase activity, first [33P] dUTP, which
is not commercially available, is prepared by deamination of [33P] dCTP
with nitrous acid. This radiolabeled nucleoside triphosphate is then incor-
porated into DNA by the action of the Klenow fragment of E. coli DNA
polymerase I on single-stranded M13mp18 DNA to which a 24 mer primer
has been annealed (21). The reaction concentrations of [33P] dUTP and
dTTP are controlled to incorporate approximately one dUMP residue per
50–100 basepairs. In this system, only one strand of the resulting double-
stranded DNA will contain dUMP residues. Prior to the use of M13 DNA,
substrates were typically prepared using poly(dA-dT), in which dUMP resi-
dues would be incorporated in both strands (17,19,22). The M13-based sub-
strates have been found to be more stable than the poly(dA-dT)-based
substrates; they undergo much less degradation following the removal of
the uracil by uracil-DNA glycosylase and the cleavage of the AP sites by
an AP endonuclease or lyase.

The [33P] dUMP-containing M13 DNA is treated first with E. coli
uracil-DNA glycosylase to remove the uracil base. The resulting sub-
strate containing AP sites is treated either with E. coli endonuclease IV
to produce a substrate containing 5' incised AP sites or with E. coli endo-
nuclease III to produce a substrate containing 3' incised AP sites. Fol-
lowing incubation of either of these substrates with an enzyme containing
dRpase activity will result in the removal of a [33P]-labeled sugar-phos-
phate product, as shown in Fig 1. These products are then separated
from the DNA substrate either in a rapid precipitation assay using TCA
and Norit activated carbon, or by separation of the entire reaction mix-
ture on anion exchange HPLC. The amount of product released from the
substrate is usually expressed as the percent of the product released from
the substrate.
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3.2. Preparation of Radiolabeled [33P] dUTP

1. Incubate 200 µCi (20 µL) of [α-33P] dCTP with 1 mL 1 M nitrous acid at 37°C
overnight (see Note 2).

2. Transfer the reaction mixture to a new tube containing 5–6 mg of Norit-activated
carbon and vortex for 10–20 s.

3. Centrifuge at 16,000g in a microcentrifuge for 5 min at room temperature, then
remove and discard the supernatant as radioactive waste.

4. Wash the pellet as follows: resuspend the pellet in 1 mL water, vortex for 5–10 s,
and centrifuge for 5 min at 16,000g at room temperature. Remove and discard the
supernatant as radioactive waste. Repeat this procedure three additional times.
The deaminated dCTP ([33P] dUTP) is adsorbed to the carbon.

Fig. 1. A dRpase activity catalyzes the release of either the product 2-deoxyribose-
5-phosphate by hydrolysis or the product trans-4-hydroxy-2-pentenal-5-phosphate by
β-elimination from a DNA substrate containing 5' incised AP sites. The product trans-
4-hydroxy-2-pentenal-5-phosphate is released from a DNA substrate containing 3'
incised AP sites.
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5. Add 1 mL of the [α-33P] dUTP elution buffer to the pellet, vortex for 5–10 s, and
allow to stand at room temperature for 20 min with occasional vortexing.

6. Centrifuge at 16,000g in a microcentrifuge at room temperature. Transfer the
solution to a 1-mL syringe to which is attached the 0.45-µm Versapack LC3A
filter, and pass the solution through the filter.

7. Lyophilyze the [α-33P] dUTP solution to dryness.
8. Dissolve the lyophilyzed [α-33P] dUTP product in 200 µL of 2 mM phosphate

buffer, pH 7.0. Measure the radioactivity of a 1-µL solution. Approximately 30%
of the initial radioactivity is recovered as [α-33P] dUTP.

9. The [α-33P] dUTP solution is stored at –20°C.

3.3. Preparation of M13 DNA Substrates
Containing [33P] dUMP Residues

1. Determine the radioactivity of 1 µL of the [α-33P] dUTP solution. Determine the
volume containing 15 µCi [α-33P] dUTP (2.22 × 1012 dpm/Ci).

2. Combine 15 µCi [α-33P] dUTP, 5 µL (1 µg) M13mp18 DNA , 10 µL M13 24-mer
primer (30 ng), 2.5 µL 1 mM dATP, 2.5 µL 1 mM dCTP, 2.5 µL 1 mM dGTP,
2.5 µL 0.1 mM dTTP, 1.5 µL 0.1 mM dUTP, 10 µL 10X Klenow buffer, 3 U
Klenow enzyme and water to a total reaction volume of 100 µL. Incubate the
mixture for 2 h at 37°C.

3. Supplement the reaction mixture with an additional 2.5 µL 1 mM dATP, 2.5 µL
1 mM dCTP, 2.5 µL 1 mM dGTP, 2.5 µL 1 mM dTTP, and 2 U of Klenow enzyme.
Incubate for an additional 1 h at 37°C

4. Stop the reaction by the addition of 5 µL 0.5 M Na2 (EDTA). Heat the reaction
mixture for 10 min at 70°C. Chill on ice.

5. Unincorporated nucleotides are removed from the [33P] dUMP-containing M13
DNA by the use of a Quick-Spin (Sephadex G-50) column. Allow the buffer in
the prepacked column to drain by gravity, then centrifuge the column in a swing-
ing bucket rotor at 1100g for 2 min at room temperature. Discard the eluted buffer.
Apply the reaction mixture (up to 100 µL) to the center of the column bed. Centri-
fuge the column in a swinging bucket rotor at 1100 g for 4 min at room tempera-
ture. Measure the volume of the eluate; discard the column as radioactive waste.

6. Precipitate the [33P] dUMP-containing M13 DNA by the addition of 0.1 vol of
3 M acetate buffer, pH 5.2, and 2.2 vol of 95% ethanol. Chill at –20°C for 20 min
and centrifuge at 16,000g in a microcentrifuge at 4°C for 15 min. Discard the
supernatant and add 900 µL 70% ethanol. Centrifuge at 16,000g in a
microcentrifuge at room temperature for 1 min and discard the supernatant.

7. Lyophilize the DNA to dryness.
8. Dissolve the [33P] dUMP-containing M13 DNA in 10 µL 10X uracil-DNA

glycosylase buffer, 90 µL water.

3.4. Preparation of M13 DNA Substrates with 5' Incised AP Sites

1. Add 0.5 U E. coli uracil-DNA glycosylase to 100 µL [33P] dUMP-containing
M13 DNA. Incubate the mixture at 37°C for 40 min.
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2. Add 1 U of E. coli endonuclease IV to the reaction mixture and incubate for an
additional 40 min.

3. Stop the reaction by heating the mixture at 70°C for 15 min. Chill on ice.
4. Precipitate the DNA by the addition of 0.1 vol of 3 M acetate buffer, pH 5.2, and

2.2 vol of 95% ethanol. Chill at –20°C for 20 min and centrifuge at 16,000g in a
microcentrifuge at 4°C for 15 min. Discard the supernatant and add 900 µL 70%
ethanol. Centrifuge at 16,000g in a microcentrifuge at room temperature for
1 min and discard the supernatant.

5. Lyophilize the DNA to dryness.
6. Dissolve the DNA in 200 µL 10 mM HEPES-NaOH, pH 7.6. Measure the radio-

activity of 1 µL of the sample.
7. Store the substrate at –20°C (see Note 3).

3.5. Preparation of M13 DNA Substrates with 3' Incised AP Sites

Follow the procedure in Subheading 3.4., except substitute 1 U of E.
coli endonuclease III in place of 1 U of E. coli endonuclease IV in step 2
(see Note 3).

3.6. DNA dRpase Activity Assays to Detect the Release
of Sugar-Phosphate Products
3.6.1. Precipitation Assay

1. Combine 15,000–20,000 dpm M13 DNA containing incised AP sites, 10 µL
10X DNA dRpase buffer, 1 U E. coli exonuclease I (or another enzyme with
dRpase activity), and water to a total reaction volume of 100 µL. Incubate the
mixture for 30 min at 37°C. A control reaction should be performed in the
absence of enzyme.

2. Add 11 µL of ice-cold calf thymus DNA, 110 µL 10 % TCA solution, and 30 µL
5% Norit-activated carbon and vortex for 5–10 s.

3. Centrifuge at 16,000g for 10 min in a microcentrifuge at 4°C.
4. Carefully remove the supernatant from the pellet. Transfer the supernatant to

a liquid scintillation vial and determine the amount of radioactivity in the
sample. This value divided by the amount of the total radioactivity contained
in the substrate will give the fraction of sugar-phosphate product released by
the enzyme.

3.6.2. HPLC Assay

3.6.2.1. EQUILIBRATION OF THE ANION-EXCHANGE COLUMN AND DETERMINATION OF

THE ELUTION POSITIONS OF SUGAR-PHOSPHATE AND PHOSPHATE

1. Equilibrate the Brownlee MPLC AX or amino (NH2) spheri-5 cartridge column
fitted with an amino NewGuard column with at least 25 mL of the HPLC elution
buffer. Monitor the elution of buffer with a UV detector at 260 nm until a stable
baseline is reached and the column maintains a stable back pressure.
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2. To determine the relative elution positions of sugar-phosphate and phosphate
from the column, mix 90 µL of 2-deoxyribose-5-phosphate and 10 µL phospho-
rus 33 containing 10,000–15,000 cpm. Inject this mixture onto the column and
elute with the HPLC elution buffer at a flow rate of 1 mL/min. Collect fractions
every 0.5 min. Collect at least 40 fractions (20-mL elution).

3. Count the radioactivity contained in each fraction to determine the elution posi-
tion of inorganic phosphate.

4. To determine the elution position of sugar-phosphate, transfer an aliquot of
150 µL from each fraction to a new tube. To each tube, add 100 µL of 25 mM
2,4-DNPH and allow to stand for 5 min at room temperature. Add 500 µL of 1 M
NaOH to each tube. Samples containing sugar-phosphate (2-deoxyribose-5-phos-
phate) will turn color from yellow to brick red.

3.6.2.2 HPLC DRPASE ACTIVITY ASSAY

1. Follow step 1 in Subheading 3.6.1.
2. Inject the 100-µL reaction mixture on the HPLC column and elute with the HPLC

elution buffer at a flow rate of 1 mL/min. Collect 40 fractions every 0.5 min.
3. Determine the radioactivity contained in each fraction.

4. Notes
1. Both 2-deoxyribose-5-phosphate and trans-4-hydroxy-2-pentenal-5-phosphate

coelute from the anion-exchange columns. If a M13 DNA substrate containing 3'
incised AP sites is used in the dRpase assay, the released product will always be
trans-4-hydroxy-2-pentenal-5-phosphate (unless there is contamination
with a phosphatase). However, release of the sugar-phosphate product from the
M13 DNA substrate containing 5' incised AP sites can be 2-deoxyribose-5-phosphate
if the enzyme releases the product by hydrolysis or trans -4-hydroxy-2-pentenal-
5-phosphate if the enzyme releases the product via a β-elimination mechanism. If
the enzymatic mechanism of the release of the sugar-phosphate from the
substrate containing 5' incised AP sites is unknown, the chemical product can be
determined by including sodium thioglycolate in the reaction mixture. Sodium
thioglycolate will form compounds with the sugar-phosphate products released
during a β-elimination reaction. These products can then be analyzed by anion-
exchange HPLC (21,24).

2. It is certainly possible to substitute [α-32P] dCTP in place of [α-33P] dCTP. As
mentioned in the introduction, the energy of the β electron emitted from [32P] is
approx 7 times higher than that of [33P], and incorporation of [32P] will cause
increased rates of substrate degradation. The half-life of [33P] is 25 d, as com-
pared to 14 d for [32P]. Furthermore, much more stringent precautions for radia-
tion safety have to be employed when using [32P]. However, [32P]-containing
nucleotides are more readily available than [33P]-containing nucleotides, and are
considerably less expensive to purchase.

3. The M13 DNA substrate containing 3' incised AP sites is chemically stable.
The M13 DNA substrate containing 5' incised AP sites will undergo loss of the
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sugar-phosphate product at a rate of 5–10%/d. This may occur from
non-enzymatic β-elimination of the sugar-phosphate induced by the presence of
the [33P] radionuclide.
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O6-Alkylguanine-DNA Alkyltransferase Assay

Amanda J. Watson and Geoffrey P. Margison

1. Introduction
The biological effects of alkylating agents in both pro- and eukaryotes

are thought to be mediated via alkylation at the O6-position of guanine in
DNA (1–4). Repair of such adducts can be mediated by O6-alkylguanine-
DNA alkyltransferase (ATase; 3,4). Both pro- and eukaryote ATases transfer
alkyl groups from the O6-position of guanine in alkylated DNA (or from other
low-molecular-weight substrates) (5) to a cysteine residue located at the
active site of the protein: the reaction is stoichiometric and the protein is
autoinactivated (6). This mechanism has been exploited in the design of
several different radioactivity-based assays for the enzyme. These involve
either measurement of methyl group transfer to protein or the analysis [e.g. by
high-performance liquid chromatography (HPLC)] of methylated substrate
DNA before and after exposure to cell or tissue extracts or restriction endonu-
clease (RE) site deprotection of synthetic oligonucleotide substrates contain-
ing O6-methylguanine.

The most common method of assaying ATase activity in cell or tissue
extracts, which we have used successfully and propagated to a number of other
laboratories over a number of years (e.g., ref. 7), involves measuring [3H]
methyl group transfer to ATase protein. Essentially, high specific radioactivity
[3H]-methylated DNA substrate is incubated with extract under protein-limit-
ing conditions until the transfer reaction is complete. Excess substrate DNA is
hydrolysed to acid solubility and radioactivity in the residual protein is mea-
sured by liquid scintillation counting.

The availability of very high specific activity 32P- and 35S-labeled
deoxynucleoside triphosphates has encouraged the development of more sen-
sitive ATase assays based on end-labeled fragments of oligonucleotides con-
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taining O6-alkylguanine sometimes in a RE site. A number of different meth-
ods have been devised (8–12), but a convenient, highly sensitive alternative to
the standard methyl transfer method is not, as yet, in widespread use.

2. Materials
2.1. Preparation of Substrate DNA

2.1.1. Deproteinization of DNA

1. Calf thymus DNA (see Note 1).
2. Duran (or other wide-necked glass) bottles. Because of the hazards associated

with this procedure (see Note 2) minimize the possibility of leakage by ensuring
that the bottles have a good seal.

3. Proteinase K.
4. Phenol equilibrated with 1 M Tris-HCl, pH 8.0. Prepare fresh as required. Add an

equal volume of 1 M Tris-HCl, pH 8.0 to the phenol. Shake, allow to settle, and
aspirate off as much of aqueous phase as possible. Extreme caution must be exer-
cised when handling and disposing of phenol (see Note 2).

5. 3 M NaAc, pH 4.0.
6. Absolute ethanol.
7. Ether.
8. N2.

9. Water bath set at 55°C.
10. 5 mL plastic syringe.
11. Water-pump aspirator.
12. 50-mL Falcon tubes (conical bottom).

2.1.2. Methylation of DNA

1. Duran (or other wide-necked glass) bottles (see Subheading 2.1.1.).
2. 0.02 M Ammediol (2-amino-2-methyl-1-3-proponediol), pH 10.0 (Sigma) (pH

adjustment is not necessary).
3. 5 mCi [3H] MNU. Preferably approx 20 Ci/mmol (Amersham International,

1 mCi/mL in ethanol). Use immediately on delivery.
4. Absolute ethanol.
5. Pasteur pipets.
6. Water vacuum aspirator.
7. Ether.
8. Ethanol: ether (1:1).
9. N2.

10. Chemical fume cupboard.

2.1.3. Checking New Substrate

1. Buffer I : 50 mM Tris-HCl, pH 8.3 EDTA, (1 mM ethylendiaminetetraacetic acid),
3 mM (dithiothreitol) (DTT).
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This buffer, prepared without DTT, may be stored for several months at 4°C and
used for up to 1 wk following the addition of DTT.

2. 5-mL syringes.
3. 21-Gage syringe needles.
4. Ecoscint (National Diagnostics/Mensura).
5. Scintillation counter.

2.2. Preparation of Cell/Tissue-Free Extracts

1. Buffer I (see Subheading 2.1.3.).
2. PBS (phosphate-buffered saline): 0.8% NaCl, 0.02% KCl, 0.15% Na2H2PO4,

0.02% KH2PO4, pH 7.4.
3. PMSF (phenylmethylsulphonyl fluoride; Sigma), 50 mM in 100% ethanol. Store

at –20°C. Stable for at least 3 mo.
4. Leupeptin (Sigma), 10 mg/mL in ddH2O. Store at 4°C. Stable for at least 1 mo.
5. Sonicator fitted with microtip probe suitable for 1.5-mL Eppendorf tubes (see

Note 3).

2.3. Protein Estimation

1. CBG (Coomassie brilliant blue G250 ) dye reagent concentrated stock: 780 mM
CBG (Sigma, 75% dye content), 25% (v/v) ethanol (BDH analar), 7.4 M ortho-
phosphoric acid, 0.01% Triton X-100 (v/v), 0.01% SDS (w/v). Store at 4°C in the
dark for up to 1 yr.
Before use, dilute to 1 in 5 in ddH2O, leave at 4°C overnight then filter through
3-mm filter paper. Store at 4°C in the dark for up to 3 mo. Commercial reagents
are available (see Note 4).

2. IBSA: 1 mg/mL bovine serum albumin (BSA) in buffer I. Store at 4°C.
3. BSA protein standards: standards of 0.1, 0.2, 0.3, 0.4, 0.5, 0.6, 0.8, 1.0 mg/mL

BSA in buffer I are prepared from IBSA. Standards are filtered (0.2 microns) and
stored for up to 6 mo at 4°C.

4. Scintillation minivials.
5. Plastic spectrophotometer cuvets.
6. Multidispense pipet (see Note 5).
7. Spectrophotometer set to read at absorbance 595 nm.

2.4. DNA Estimation

1. 10X TNE Buffer : 100 mM Tris base, 10 mM EDTA, 2 mM NaCl, pH 7.4. Filter
before use (0.45 µM) and store at 4°C for up to 3 mo.

2. Calf thymus DNA standard (Pharmacia Biotech, ultrapure), 100 µg/mL in TNE.
Store at 4°C for up to 3 mo.

3. Hoechst 33258 (bis-benzamide) stock dye solution, 1 mg/mL in ddH2O. Store at
4°C in the dark for up to 6 mo.

4. TKO 100 minifluorometer and fluorometer cuvet (Hoefer, see Note 6) .
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2.5. Assay
1. [3H] methylated calf thymus DNA (see Subheading 2.1.).
2. IBSA (see Subheading 2.3.).
3. BSA, 10 mg/mL in ddH2O. Store at 4°C
4. PCA (perchloric acid), 1 M and 4 M in ddH2O.
5. NaOH, 10 mM in ddH2O.
6. Ecoscint (National Diagnostics/Mensura).
7. Scintillation minivials.
8. Dry heat blocks set at 37°C and 75°C.
9. Multidispense pipet (see Note 5).

10. Scintillation counter.

3. Methods
3.1. Preparation of Substrate DNA
3.1.1. Deproteinization of DNA

1. Dissolve CT DNA at 2 mg/mL in TE (up to 300 mL) on a stirrer overnight in a
IL Duran bottle. There will be some insoluble bits, but it is not necessary to
remove them.

2. Place bottle in 55°C water bath for 5 min then add solid proteinase K ( 30 mg).
The bits should disappear quickly, but leave for 1 h swirling occasionally before
adding another 30 mg of proteinase K.

3. After a further 1 h at 55°C move to fume cupboard on tray, cool under running
tap water and add equal volume of phenol equilibrated to pH 8.0 using 1 M
Tris-HCl (see Subheading 2.1.1.). Cap and shake vigorously for 5 min—be
aware of the possibility of leakage.

4. Allow to stand for about 1.5 h at room temperature: the phenol should settle out
and can be almost completely removed by aspiration.

5. Decant supernatant into 50-mL Falcon tubes (conical bottom) and spin at 1000g,
room temperature, 10 min.

6. Observe interface carefully: if clear, reextraction is not necessary (see Note 7).
Remove phenol from bottom of tube using glass 5-mL pipet or Pasteur pipet and
rubber pipet bulb or pipet pump. Do not worry about taking some of the aqueous
layer. Pour off supernatants into Duran bottle of appropriate capacity.

7. Add 1/10 vol of 3 M NaAc pH 4.0 to pooled aqueous phases, mix well, and add
2 vol cold ethanol. Cap and mix by inversion.

8. Lift out DNA on glass pipet and transfer to smaller Duran. Wash three times with
ethanol at room temperature by vigorous shaking and water vacuum pump aspi-
ration of the ethanol. Make sure DNA spreads out in ethanol to ensure complete
penetration of ethanol.

9. Wash at room temperature three times with ethanol:ether (1:1) and then three
times with ether alone. Each time, pour off the washes into a tray in a fume cup-
board (no naked flames/electrical appliances).

10. Dry DNA in stream of N2 to remove the ether, teasing apart fibrous DNA with
Pasteur pipets. Dry to constant weight.
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3.1.2. Methylation of DNA

Because of the radiochemical hazard involved, the following procedure
should be carried out in a fume cupboard set at maximum flow rate. Han-
dling and disposal of [3H] must be performed in accordance with local rules
pertaining to radioactive substances. We advise monitoring for [3H] con-
tamination of the work area before starting and, of course, on completion.

1. For 5 mCi [3H]-MNU in 1 mL ethanol: dissolve 40 mg DNA on a stirrer plate
overnight at 8 mg/mL in 0.02 M Ammediol, pH 10.0 in a 25 mL Duran bottle.
Transfer 2 mL of this solution to a separate container. (This is to be used for
rinsing [3H] vial—see step 3).

2. In tray in fume cupboard, CAREFULLY remove seals from [3H]MNU vial using
blunt forceps. Use a twisting rather than pulling action and put aluminium ring
and sealing disk directly into beaker in tray. Recap vial with black plastic cap
provided—avoid shaking.

3. Put Duran on stirrer in tray, and using 5-mL plastic syringe, carefully transfer
MNU solution into stirring DNA solution. Rinse out vial with two 1-mL
aliquots of DNA solution by serial transfer. Put syringe and empty vial in sink
for careful rinsing.

4. Continue stirring DNA for 5 h at room temperature. Carefully remove stirrer bar
then add 1/10 vol 3 M NaAc, pH 4.0, and 2 vol of cold ethanol. Form DNA
precipitate by swirling and inversion being very careful of leakage—any spills
will contain [3H]-methanol, which will blow off rapidly.

5. When DNA has formed a tight ball, carefully remove supernatant using a Pasteur
pipet attached to a water vacuum pump the outflow of which is piped directly
into the sink drain hole to avoid splashing. Do not be concerned about tiny frag-
ments of DNA being sucked down the sink, but do avoid the bulk of the DNA! It
is possible to remove all of the supernatant safely in this way.

6. Wash the DNA with ethanol (about 20–30 mL per wash) making sure pellet is
“fluffed” out each time. After 10 washes check [3H] radioactivity counts in
500 µL of wash (+3 mL scintillant) to monitor the washing efficiency. Ideally,
the last wash should be close to background, but as small fragments of DNA may
be present, two consecutive washes with similar cpm is acceptable.

7. Dry DNA by washing in ethanol:ether (1:1) twice and ether twice. DO NOT
aspirate supernatants down the sink! Pour them carefully into a stainless steel
tray for evaporation and thorough washing down the sink.

8. Blow off residual ether in a slow stream of nitrogen, teasing apart DNA with
Pasteur pipets, if necessary. Transfer to preweighed clean glass vial and dry to
constant weight.

3.1.3. Checking New Substrate

1. Weigh about 8 mg DNA and dissolve at 2 mg/mL in buffer I in a clean glass vial.
Pass DNA 10 times through 21-gage needle into 5-mL syringe to ensure homo-
geneity of DNA (see Note 8).
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2. Count (in duplicate at least) 10-µL aliquots of DNA solution in 3 mL Ecoscint.
3. Assume O6-MeG content to be 6% of total cpm and set up ATase assay using up

to 10-fold excess of ATase (see Subheading 3.5.). The plateau level will give an
accurate measure of O6-MeG content (calculate from specific activity of
[3H]MNU used). Plateau levels between 600 and 1200 cpm are appropriate for
assaying most cells and tissues (see Note 9). DNA methylated using the above
conditions gave 25 pmol O6-MeG/mg DNA: 2 µg DNA was found to contain
580 cpm as ATase-repairable radioactivity (at 30% counting efficiency).

4. Carry out a kinetic experiment (i.e., incubate substrate and extract for increasing
times) using the amount of extract giving 50% of the plateau level. This will
determine the time for the reaction to go to completion.

3.2. Preparation of Extracts
Samples must be stored on ice throughout the procedure to conserve

ATase activity.
1. Preparation and storage of cells/tissues/lymphocytes.

Cells : harvest, wash with PBS, store cell pellet at –20°C.
Tissue: snap-freeze (dry ice or liquid nitrogen) and store at –20°C or –70°C.
Lymphocytes: collect whole blood into universal containing EDTA (final
concentration 25 mM). Isolate lymphocytes by density centrifugation (12), wash
with PBS, and store cell pellet at –20°C. The number of cells or weight of tissue
required for the assay will depend on the level of ATase activity (e.g., see Note 10).

2. Transfer tissue or cell pellet to 1.5-mL Eppendorf tube in ice and add cold buffer
I (500–1000 µL) containing 5 µg/mL leupeptin (see Note 11).

3. Sonicate sample (see Note 3) within a MSC class I cabinet to minimize exposure
to aerosols. It may be necessary to mince with fine scissors or add glass beads to
the sample to aid sonication (see Note 12).

4. Add PMSF to the sample immediately following sonication so that the final
concentration is 0.5 mM (i.e., 1/100 of volume).

5. Centrifuge at 15–20,000g for 10 min at 4°C (see Note 13).
6. Transfer supernatant to a clean Eppendorf tube in ice. Extracts are now ready for

use. For short-term storage (≤ 48 h), in ice, preferably in cold room/cabinet, is
recommended. If for longer periods, extracts should be snap-frozen (dry-ice or
liquid nitrogen) and stored at –20°C. Activity may be lost on freeze-thawing but
we have not systematically investigated this.

3.3 Protein Estimation (13, see Note 14)
1. Add, in duplicate, 40 µL of each standard or unknown (see Note 15) to the bottom

of a scintillation minivial. Blank tubes contain buffer I only.
2. Add 2 mL of CBG/ Bio-Rad reagent to each tube and gently mix (see Note 5).
3. Transfer 1 mL of blank sample to the cuvet and zero the machine at 595 nm.

Repeat with duplicate blank sample to check reproducibility and stability of
readings (see Note 16).

4. Transfer 1 mL of the unknown sample to the cuvet, record the reading, drain the
cuvet thoroughly, and repeat with the next sample.
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5. Construct standard curve by plotting absorbance of standards vs protein concen-
tration (mg/mL). Calculate protein concentration (mg/mL) of samples by refer-
ence to the standard curve (see Fig. 1, see Note 17).

3.4. DNA Estimation (14, see Note 6)

1. Switch on the TKO 100 at least 15 min before taking measurements so that the
lamp is ready and the temperature in the chamber stabilizes.

2. Freshly prepare working solution of Hoechst 33258 by diluting to 1 µg/mL in 1X
TNE, wrap in foil to protect from light, and allow to warm to room temperature
before use.

3. Set the sensitivity of the detector monitor to about 50% by turning the scale knob
approx 5 full clockwise turns from the fully counter position.

4. Add 2 mL of dye solution to the cuvet, if necessary wipe the sides of the cuvet
with a low-lint tissue and place in the sample chamber.

5. Zero the instrument.
6. Deliver 2 µL of DNA standard into the 2 mL dye solution and mix by pipeting the

solution into and out of a disposable pipet several times without introducing
bubbles.

7. Close the sample chamber and adjust the scale control knob until the display
reads “100.” This one-point standardization sets the machine to read the DNA
concentration directly in µg/mL. However, it is advisable to run a calibration

Fig. 1. Protein standard curve. Duplicate or triplicate sample readings are averaged
and concentration is extrapolated from the standard curve. Standard deviation of pro-
tein estimations should be ≤5%.
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curve every few weeks to ensure that the standard has not degraded, the instru-
ment is running properly, and that a consistent technique is being applied (see
Note 18).

8. Remove the cuvet from the sample chamber. Empty and drain the cuvet thor-
oughly by blotting it upside down on a paper towel between readings.

9. Repeat steps 4–8 at least once to verify that results are reproducible (see Note 19).
10. Read the DNA concentration (µg/mL) of your sample by repeating steps 4–6.

Read the display immediately and record the value (see Note 20). Duplicate or
triplicate reading are taken and averaged (see Note 17).

3.5. ATase Assay

1. Dilute substrate DNA to 200cpm/µL in buffer I (see Subheading 3.1.3.).
At room temperature:

2. Dispense 100 µL (i.e., 20,000 cpm) of substrate into scintillation minivials taking
care not to touch the sides (see Note 21).

3. Add appropriate volume of extract to the bottom of the tube, avoiding the sub-
strate if possible. At least two “blank” tubes containing substrate only should be
included to determine background counts (see Note 21).

4. Mix extract and substrate by gently shaking the tube taking care to avoid splash-
ing the walls.

5. Add IBSA to the bottom of the tube to give a final volume of 300 µL (see Note 22).
6. Incubate at 37°C until the reaction is complete (see Note 23). Reaction time will

depend on the particular substrate (see Subheading 3.1.3.) and tissue/cells used
and should be established by experiment.

7. After incubation add 100 µL BSA, 100 µL 4 M PCA, 2 mL 1 M PCA. If reaction
volume has been increased to 1.1 mL (see Note 22) add 400 µL 4 M PCA instead
of 100 µL.

8. Heat at 75°C for 50 min to ensure complete hydrolysis of the DNA substrate (see
Note 21).

9. Centrifuge at 2100g for 10 min.
10. Aspirate the supernatant (see Note 24) taking care not to disturb the pellet and

add 4 mL PCA.
11. Repeat centrifugation and aspiration.
12. Add 300 µL 10 mM NaOH to each tube and shake to disperse the protein pellet,

followed by 3 mL Ecoscint.
13. Cap tubes and shake thoroughly before scintillation counting.
14. Calculate the cpm for each tube by averaging two 5-min counts. Unusually high

counts, particularly in the first few tubes, may indicate chemiluminescence and
these tubes should be recounted to constant cpm.

3.6. Calculation of ATase Specific Activity

1. Plot cpm versus volume of extract for each sample and from the linear part of the
curve calculate cpm/µL (see Fig. 2).

2. Multiply cpm/µL by conversion factor (see Note 25) to give fmoles/mL.
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3. Divide fmol/mL by either protein (in mg/mL) or DNA (in µg/mL) concentration
to give ATase specific activity in fmol/mg protein or fmol/µg DNA, respectively
(see Note 26).

4. Notes
1. We routinely use Sigma calf thymus DNA (<3% protein).
2. Phenol is a powerful systemic poison, which is readily absorbed through the skin

causing chemical burns on contact. Phenol should be neutralized with an equal
volume of 4 M NaOH before disposal down the sink in high dilution.

Fig. 2. Results of a typical ATase assay plotted as cpm versus volume of extract.
Critical analysis of the data is important to ensure reliable results: (1) Background
cpm should be within the range acceptable for the substrate (usually 20–50 cpm).
(2) Minimum of three points must be linear (i.e., assay under protein-limiting condi-
tions). (3) Cpm at maximum volume must be at least twice background cpm. (4) Stan-
dard deviation of assay ≤10%. (5) Plateau level of curve (in this case, 900 cpm) should
correspond to the maximum number of cpm transferrable from substrate to protein (usually
6% of total cpm, see Subheading 3.1.3.). In some tissues, (e.g., rat GIT) where protease
activity is high, plateau levels may be lower than expected presumably because of
proteolytic degradation of the ATase. However, providing that specific activities are
calculated based on the protein limiting (i.e., linear) part of the curve and all the above
criteria are followed, reliable results may be obtained. (6) ATase specific activity of
positive control sample (where used, see Note 11) is within acceptable range.

Assuming compliance with the foregoing steps, limit of sensitivity of this method ≈
≥2fmoles ATase.
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3. We routinely use a Heatmaster Sonicator fitted with a microtip probe (standard
tapered with 3.2-mm diameter) and sonicate for 10 s at 216 µm (peak-to-peak
amplitude). Appropriate sonication conditions will depend upon the particular
machine and probe used and should be established by experiment.

4. Bio-Rad dye reagent (Bio-Rad) supplied as a 5X stock may be used as an alterna-
tive to CBG. Standard curves using CBG are linear up to 1 mg/mL compared to
those using Bio-Rad, which plateau around 0.6–0.8 mg/mL.

5. We recommend using an Eppendorf multipet plus (Eppendorf) or similar posi-
tive displacement machine to repeat dispense quickly and accurately.

6. Hoechst 33258 binds to the minor groove of DNA. When 365 nm light (long
UV) excites this dye, fluorescence results and can be measured by mini-fluo-
rometer (as described here), fluorescence spectrophotometer (15), or fluores-
cence microtiter plate-reader. We have also used a microtiter (96-well) based
assay; 10 µL sample or standard (range 0–50 µg/mL DNA) and 100 µL Hoechst
(1 µg/mL) per well.

7. If the interface is not clear, reextraction is necessary. Remove upper aqueous
layer from each tube and combine in a Duran. Repeat steps 3–5.

8. It is important to ensure homogeneity of DNA by syringing because, quite often,
the DNA forms small gelatinous “blobs,” which are very difficult to see. If not
dispersed these manifest themselves as highly variable counts on the plateau (sub-
strate limiting conditions) of the assay.

9. 1It may be appropriate to use less substrate when trying to detect very low levels
of ATase because less substrate will produce lower background counts. It is
important that ATase-specific activity calculations are based on the linear part of
the protein dependence curves.

10. Cells and tissues vary greatly in ATase activity and therefore the amount of
extract required to detect activity will also vary. The following may be used as a
starting guide if ATase activity is unknown.

Cells: Bacterial—pelleted from 1.5-mL of stationary culture
Mammalian—107 cells
Lymphocytes—10 mL whole blood

Tissue: 1–10 mg
More (or less) cells or tissue may be used providing sonication is effective with-
out compromising ATase activity.
Inclusion of a positive control (i.e., ATase expressing cell line or tissue) in both
extraction and assay procedures is strongly advised particularly when assaying
samples with very low or unknown ATase activity.
Occasionally, substrate-limiting conditions are attained at the lowest volume of extract
used. In this case, repeat the assay using appropriate dilutions of extract in buffer I.

11. A minimum buffer volume of 500 µL is needed to avoid heating of the sample
during sonication. If smaller extract volumes (300–500 µL) are required, it may
be necessary to sonicate the sample for shorter times or on ice. Establish appro-
priate conditions by experiment.
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12. Some tissues (e.g., gut and tumor) are more difficult to disrupt and therefore
require the addition of 0.1–0.2 g glass beads (100 mesh, BDH) and/or mincing
before sonication.

13. It may be possible to omit this step if very few cells are used, but this should be
checked by experiment.

14. If a plate-reader with appropriate filter is available, this procedure may be adapted as
a microtiter (96-well) plate assay. We have successfully used 40 µL of sample or
standard (linear range 0–0.1 mg/mL protein) and 200 µL of dye reagent per well.

15. Samples (e.g., liver or tumor tissue) may need to be diluted in buffer I to achieve
absorbance within linear range of standard curve (see Fig. 1).

16. Rezero the machine where necessary; frequency will depend on the particular
machine.

17. Replicate protein and DNA estimations should be within 5%.
18. The DNA standard (100 µg/mL ) is set to read 100, therefore a sample reading 35

has a concentration of 35 µg/mL. To generate a standard curve, follow steps 1–9
(Subheading 3.4.), then measure (in duplicate) 4, 6, 8, and 10 µL of the DNA
standard. Plot sample concentration vs the averaged reading. The data should
yield a linear graph.

19. Once reproducible readings have been produced, do not touch the scale knob
again until all measurements have been completed. Zero the instrument after
every reading.

20. The observed fluorescence stabilizes after a few seconds and then begins to drop
as the chamber warms.

21. High background counts (≥ twice normal background) usually indicate a prob-
lem with sample hydrolysis. Check hydrolysis incubation time and temperature,
and PCA concentration. Ensure that one substrate is added to the bottom of the
tube and is therefore effectively hydrolyzed.

22. The final volume is not critical providing the reaction goes to completion and the
substrate is hydrolyzed in 1.0 M ± 5% PCA. For example, it may, occasionally be
necessary to assay larger volumes (up to 500 µL) of cell or tissue extract in order
to detect activity. In this case, the total assay volume may be increased to 1.1 mL
with buffer I.

23. ATase is not a true enzyme, i.e., the reaction is stoichiometric and
autoinactivating. Reaction should go to completion in all cases.

24. Dispose of waste in accordance with local rules for handling [3H].
25. Calculation of conversion factor (CF).

The conversion factor is calculated from the counting efficiency and substrate
specific activity:
a. dpm = cpm � CE

where CE = counting efficiency of scintillation counter (e.g., 30%)
b. 1 Ci = 2.22 × 1012 dpm ∴ 1 pCi = 2.22 dpm
c. Substrate specific activity (SA) in Ci/mmol (= pCi/fmol).

Recalculate monthly by reference to decay chart
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From a, b, and c.
fmol/µL = cpm/µL × 1/(SA × 2.22 × CE)
fmol/mL = cpm/µL × 1000/(SA × 2.22 × CE)
fmol/mL = cpm/µL × CF
∴ CF = 1000/(SA × 2.22 × CE)

26. Lymphocyte specific activities should be expressed in terms of fmol/µg DNA
because in this way contaminating erythrocytes (which do not contain DNA) will
not have a significant impact on the measurement. Although for most other pur-
poses, either expression of activity is acceptable, there is a growing tendency to
use fmol/µg DNA because from this value the number of ATase molecules per
cell may be calculated.
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The E. coli  Vsr Endonuclease
Assaying Activity In Vitro and In Vivo

Claire G. Cupples and Georgina Macintyre

1. Introduction
The primary function of the Vsr endonuclease of Escherichia coli is to ini-

tiate repair of T/G mismatches that arise from deamination of 5-methylcytosine
to thymine (reviewed in 1). By making a nick 5' of the T, Vsr provides a site for
DNA polymerase I to start the removal of the mismatched base, along with
several nucleotides on its 3' side. Resynthesis of the missing bases by the poly-
merase restores the correct C.G basepair and completes the process of very
short patch (VSP) repair.

Strains of E. coli with defects in the vsr gene have a high frequency of
C-to-T mutations (2). These mutations occur at the second C of CCWGG
sequences (W = A or T), the target site for Dcm, the sole DNA (cytosine-5)
methyltransferase of E. coli K-12. T/G mismatches in this sequence context
are, not surprisingly, the preferred substrate for Vsr (3,4). Thus, in vitro assays
for Vsr measure endonuclease activity in heteroduplexes containing a
C(T/G)WGG sequence (5), whereas, most currently used in vivo assays moni-
tor C-to-T mutations at specific CCWGG sites in the E. coli genome (6–8).

The in vitro assay for Vsr is relatively straight forward, simply requiring
two oligonucleotides annealed to form the C(T/G)WGG site, the purified Vsr
protein, and an appropriate incubation buffer (3,5). There is no requirement for
accessory proteins, and there are no apparent constraints on the DNA sequences
that surround the Vsr target site. The oligonucleotide which contains the
CTWGG sequence is labeled at the 5' or 3' end with 32P. The single-stranded
cleavage product is then detected by autoradiography following electrophore-
sis of the reaction mixture on a denaturing polyacrylamide gel.
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The Vsr protein is made in very small amounts by the cell (9), and there is
good evidence that it is unstable both in vitro (3) and in vivo (9). Therefore, the
easiest way to obtain large amounts of the protein is to clone the vsr gene into
a multicopy plasmid, under the control of a strong promoter. One-step purifi-
cation of Vsr is most efficiently achieved  by fusing it to an easily purified
moiety such as β-lactamase (5), the maltose binding protein (3), or an N-ter-
minus hexahistidine tag. We describe the use of the His-tagged Vsr.

The original discovery of VSP repair came from studies of recombination
between bacteriophage λ isolates in vivo (10).  Sequence analysis of closely
linked genetic markers that recombined with unusually high frequencies
revealed that one of the markers was always a CTAGG sequence. λ recombi-
nation assays were used for several years thereafter to dissect the genetic
requirements of VSP repair (11–13). However, in recent years, they have been
replaced almost entirely by technically simpler assays that monitor the fre-
quency of C-to-T mutations at specific CCAGG sites in the E. coli genome. In
one assay, the mutation confers a change in the phenotype of the cell from
kanamycin sensitivity to kanamycin resistance (8). In two other assays (6,7),
mutation is accompanied by reversion from Lac– to Lac+. We will focus on one
of the Lac reversion assays. It is highly specific for VSP repair, and may be
used to screen populations of cells for those with defects in VSP repair (6), or
to determine the effect of deliberate alterations in the level of production, or
activity, of Vsr and/or Dcm on mutation (14,15). Its simplicity and low cost
make it ideal for testing the activity of putative Vsr mutants before assaying
them in vitro.

2. Materials
2.1. Reagents

All solutions are autoclaved unless otherwise noted. Water is double
distilled.

1. Sonication buffer: 20 mM Tris-HCl, pH 8.0, 100 mM NaCl, adjust pH to 8.0.
2. Wash buffer: 20 mM Tris-HCl, pH 8.0, 100 mM NaCl, 10 mM imidazole, adjust

pH to 8.0.
3. Vsr elution buffer: 20 mM Tris-HCl, pH 8.0, 100 mM NaCl, 200 mM imidazole,

adjust pH to 8.0.
4. 2X formamide dye mix (10 mL): 1 mL 10X TBE, 9 mL deionized formamide,

50 mg bromophenol blue.
5. 10X TBE (1 L): 162 g Tris-base, 50 g boric acid, 7.5 g ethylenediaminetetraacetic

acid (EDTA).
6. 15 % acrylamide gel stock (500 mL): 75 g acrylamide, 3.75 g N,N'-methylene-bis-

acrylamide, 240 g urea, 50 mL 10X TBE, water. Add 0.54 mL 10% ammonium
persulfate and 40 µL TEMED to 100 mL of gel solution just before use.
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7. Gel elution buffer: 0.3 M NaCl, 10 mM Tris-HCl, pH 7.4, 1 mM EDTA, 1% phenol.
8. 10X kinase buffer: 0.5 M Tris-HCl, pH 7.6, 0.1 M MgCl2, 50 mM dithrothreitol

(DTT), 1 mM spermidine, 1 mM EDTA, pH 8.0.
9. TE: 10 mM Tris-HCl, pH 7.6, 0.1 mM EDTA, pH 8.0.

10. 20X SSC (1 L): 175.3 g NaCl, 88.2 g sodium citrate, 800 mL water, adjust pH to
7.0 with 10 N NaOH. Make to 1 L with water.

11. Reaction buffer: 25 mM HEPES-KOH, pH 7.9, 5 mM MgCl2, 0.5 mM DTT.
12. Ampicillin: 100 mg/mL in water, filter sterilized. Concentration in media is

100 µg/mL.
13. LB medium (1 L): 10 g bacto tryptone, 10 g NaCl, 5 g bacto yeast extract. For

plates, add 15 g agar before autoclaving.
14. Minimal A salts (10X) (1 L): 105 g K2HPO4, 45 g KH2PO4, 10 g (NH4)2SO4, 5 g

sodium citrate.2H2O.
15. Minimal medium (1 L): Mix 100 mL 10X minimal A salts, 1 mL 1 M

MgSO4.7H2O, 0.5 mL 1% thiamine, 10 mL 20% glucose or lactose. Make to 1 L
with water. All components should be autoclaved before mixing. For plates, auto-
clave the water separately with 15 g agar, then add the other components.

16. Papillation plates. Make as for minimal glucose plates, adding 10 mL of 5%
phenyl β-D-galactoside (Pgal) and 2 mL of 20 mg/mL Xgal (dissolved in
N,N-dimethylformamide) to the 100 mL of salt solution.

2.2. Biologicals

1. Bacterial strains: CC112∆ (15)—(ara ∆(gpt-lac)5 thi gyrA argE(Am) rpoB
∆(supD-dcm-fla), zee3129::Tn10, F' lacZ-YA, proAB).  The strain also con-
tains a glutamic acid-inserting, amber-suppressor gene, carried on a
multicopy plasmid (ApR). BL21 (DE3) - [hsdS, gal (λcIts857 ind1 Sam7 nin5
lacUV5-T7 gene1)].

2. Plasmids: pET-V–vsr gene cloned as an NdeI-BamHI fragment in pET15b
(Novagen, Inc., Milwaukee, WI) (ApR). pDV102 (15) - SphI/BamHI fragment
containing dcm and vsr, with their own promoter, in pACYC184 (New
England Biolabs, Beverly, MA) (CmR).

2.3. Supplies and Equipment

1. Whatman TLC plates with UV254 fluorescent, silica gel coating (cat. no. 4410–
222) (Fisher Scientific).

2. Talon metal affinity resin (Clontech Laboratories).
3. Sephadex G50 nick spin columns (Amersham Pharmacia Biotech).
4. [γ-32P]-ATP (3000 Ci/mmol) (Amersham Pharmacia Biotech).
5. T4 polynucleotide kinase (10 U/µL) (MBI Fermentas).
6. Glycogen (molecular biology grade) (Boehringer Mannheim / Roche).
7. Sequencing gel apparatus (e.g., Model S2 from Gibco-BRL).
8. Minivertical gel electrophoresis system (e.g., EC120 from E-C Apparatus Corp.,

supplied by Fisher Scientific).
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3. Methods
3.1. In Vitro Assay of Vsr Endonuclease Activity
3.1.1. Purification of His-Tagged Vsr

The his-tagged Vsr is produced from E. coli strain BL21(DE3) transformed
with plasmid pET-V. The plasmid contains the vsr gene, cloned in frame with
six histidine codons, under the control of the T7 promoter. BL21(DE3) carries
the gene for the T7 RNA polymerase expressed from the lac UV5 promoter.
Induction of the polymerase with IPTG results in production of the his-tagged
Vsr. The fusion protein is purified from cell extracts by binding it, via the
hexahistidine tag, to a cobalt affinity resin. After several washing steps to
remove unbound proteins, the fusion protein is removed from the resin by treat-
ment with imidazole. Although the N-terminus hexahistidine tag may be
removed from the Vsr by digestion with thrombin, this procedure is not neces-
sary; the tagged protein is fully active.

1. Inoculate 20 mL of LB, containing ampicillin, with 0.2 mL of a fresh culture of
BL21, transformed with pET-V. Grow at 37°C, with aeration, to an OD600 of 0.6.
Induce production of His-tagged Vsr by adding 0.4 mL of 0.1 M IPTG. Grow for
four more hours.

2. Harvest cells by centrifugation at 2000g for 5 min at 4°C. Resuspend the pellet
in 2 mL of sonication buffer. Disrupt the cells with three freeze-thaw cycles;
flash-freeze in dry-ice/ethanol; thaw in ice water.

3. Sonicate, with a microprobe, for four 15-s bursts separated by 30-s intermissions.
Keep sample on ice during procedure.

4. Transfer 1.5 mL of sample to a microfuge tube. Centrifuge at 12,000g for 10 min
at 4°C to pellet insoluble material. Transfer supernatant to a new tube. (Samples
may be frozen at this point in dry ice/ethanol, and stored at –70°C.)

5. Prepare the Talon resin. Shake the resin until completely resuspended. Transfer
0.15 mL  to a microfuge tube. (This volume contains enough resin to bind approx
0.4 mg of His-tagged protein.) Centrifuge at 700g for 2 min. Discard the supernatant.
Add 0.75 mL of sonication buffer. Mix, repeat centrifugation, and discard supernatant.

6. Add sample to resin. Gently agitate at room temperature for 20 min. Centrifuge
at 700g for 5 min. Remove supernatant.

7. Wash resin by adding 1.5 mL of wash buffer to the pellet. Gently agitate the
suspension at room temperature for 10 min. Centrifuge at 700g for 5 min.
Remove supernatant. Repeat wash step three times.

8. Elute His-tagged Vsr. Add 0.15 mL of elution buffer. Gently agitate suspension
at room temperature for 10 min. Centrifuge at 700g for 5 min. Collect and save
the supernatant. Repeat.

9. Check the two eluates for the presence of the His-tagged Vsr by electrophoresing
10 µL samples on an sodium dodecyl sulfate (SDS)-polyacrylamide gel, and stain-
ing the gel with Coomassie blue. The protein has an apparent molecular weight
of approx 23 kDa (see Note 1).
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3.1.2. Preparation of DNA Substrates (see Note 2)
3.1.2.1. OLIGONUCLEOTIDE PURIFICATION

Oligonucleotides can often be used as is, without further purification. How-
ever, purifying the oligonucleotides by gel electrophoresis before use elimi-
nates shorter species that may obscure the Vsr reaction products.

1. Resuspend oligonucleotides in 200 µL water. Add 5 µL to 500 µL of water and
measure the  OD260. Calculate the number of pmol/µL as follows: (OD260/length
of oligonucleotide) × 100 × dilution factor (100).

2. Mix 20 nmol of oligonucleotide, in 20 µL water, with 20 µL of 2X formamide
dye mix. (If original oligonucleotide suspension is too dilute, concentrate in a
vacuum dryer before use.) Heat to 90°C for 3 min. Chill on ice. Centrifuge briefly
in microfuge.

3. Electrophorese on a 15% denaturing polyacrylamide gel, with 0.8-mm spacers,
at 60 W until the bromophenol blue is half way down the gel. Place gel between
two pieces of plastic wrap and place on a fluorescent thin-layer chromatography
plate. Illuminate gel with short-wave ultraviolet light. DNA should show up as
shadows on a fluorescent background. Cut full-length oligonucleotides out of gel
with razorblade.

4. Put gel slices in microfuge tube with 1 mL of gel elution buffer. Place tube in 15-mL
conical tube and incubate, with shaking, at 37°C overnight. Draw supernatant into a
syringe, rinse tube with further 0.2 mL elution buffer, and filter total supernatant
through a 0.2-micron Millipore filter.

5. Add 2 µL of 20 µg/µL glycogen and 10 µL of 1M MgCl2. Divide solution between
two microfuge tubes and add 1/10 volume 3 M NaAc, pH 5.2, and 2 vol of 95 %
EtOH to each tube. Mix and incubate at –20°C overnight.

6. Centrifuge at 12,000g for 30 min at 4°C. Vacuum dry sample, combine the con-
tents of each tube in 25 µL of water. Calculate the concentration as described
above, and adjust to 10 pmol/µL. Store purified oligonucleotides at –20°C.

3.1.2.2. 5' END-LABELING AND ANNEALING OF OLIGONUCLEOTIDES

End-label the two oligonucleotides that form the top strands of the hetero-
and homoduplexes (see Note 2). A separate oligonucleotide, the size of the
expected Vsr cleavage product, should also be end-labeled. All procedures
involving 32P should be done following the appropriate institutional and/or gov-
ernmental guidelines regulating the use of radioisotopes.

1. Mix the following in a microfuge tube:  2 µL (20 pmol) of oligonucleotide, 2 µL 10X
kinase buffer, 2 µL [γ-32P]-ATP, 1 µL T4 polynucleotide kinase, water to 20 µL.
Incubate at 37°C for 45 min. Stop the reaction by incubating at 70°C for 10 min.

2. To remove unincorporated label, use a Sephadex G-50 nick spin column. First,
prepare the column. Resuspend the Sephadex G-50 by inverting the column sev-
eral times. Remove caps from the column—top first, then bottom. Allow column
to drain. Add 1 mL 1X TE and allow column to drain. Place column in a plastic
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15-mL centrifuge tube and add 2 mL 1X TE. Allow column to drain. Centrifuge
at 500g in a swinging bucket rotor. Discard the eluate.

3. Next apply the radioactive sample, in 100 µL 1X TE, to the column. Place the
column in a clean 15-mL centrifuge tube containing an uncapped microfuge tube;
the tip of the column should sit in the microfuge tube. Elute the sample by centrifu-
gation at 500g for 4 min. Remove the microfuge tube, cap it, and store at –20°C.

4. To anneal the oligonucleotides, mix the following: 10 pmol radioactively
labeled oligonucleotide (half total eluate), 5 µL (50 pmol) unlabeled oligonucle-
otide, 25 µL 20X SSC, water to 500 µL. Incubate at 80°C for 5 min, then slowly cool
to room temperature. (Estimated concentration of annealed product: 40 fmol/µL.)
Store at –20°C.

3.1.3. Assaying Vsr Activity

Assay Vsr activity against four DNA substrates: two  heteroduplexes, one
with a T/G mismatch and the other with a C/A mismatch, and two
homoduplexes, one with a T.A basepair and the other with a C.G basepair. Vsr
should only cleave the T/G heteroduplex.  We have detected activity from as
little as 6 ng of Vsr.

1. To ensure consistency among samples, prepare a master mix for each pair of
annealed oligonucleotides, sufficient for the planned number of reactions: mix
oligonucleotides (diluted to 10 fmol/µL), 10X reaction buffer and water in a 1:1:7
ratio.

2. For each reaction, combine 18 µL of master mix and 2 µL (100 ng) of purified
Vsr. Control reactions, with no Vsr, should be included for each oligonucleotide
pair. Incubate tubes at 30°C for 15 min.

3. Add 20 µL phenol:chloroform (1:1), vortex, and centrifuge for 2 min. Transfer
10 µL of supernatant to new tubes containing 10 µL 2X loading dye. At the same
time, prepare a tube with an equivalent amount of the end-labeled size marker,
mixed with an equal volume of 2X loading dye. Heat samples to 90°C for 3 min,
then chill immediately in ice water. Load 10 µL onto pre-run, 15% denaturing
polyacrylamide gel (Note 3). Electrophorese at 60 W for about 3 h, or until
bromophenol blue has migrated 3/4 of the way down the gel. Dry gel, and place
in film cassette with X-ray film and intensifying screens. Expose at –80°C.

3.2. In Vivo Assay of Vsr-Mediated Mismatch Repair
3.2.1. Overview

In vivo assays for Vsr measure the ability of the enzyme to prevent C-to-T
mutations caused by deamination of 5-methylcytosine to thymine. Decreased
repair activity is accompanied by increased mutation. In the Lac reversion
assay described here, a CCAGG to CTAGG mutation in the lacZ gene of E. coli
strain CC112 converts a glutamine codon (CAG) at position 461 to a non-
sense codon (TAG). In the presence of an amber-suppressor gene carried on
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a multicopy plasmid, this codon is translated as glutamic acid, the only amino
acid at that site that will give a functional β-galactosidase (16). The result is
a change in the phenotype of the cell from Lac– to Lac+. Although a glutamic
acid codon can arise directly from a C-to-G transversion, this is a very rare
mutation in E. coli. Therefore, this assay is highly specific for VSP repair
(Note 4).

For assaying Vsr mutants, we use a vsr version of CC112. CC112∆ has a
chromosomal deletion that removes both the vsr gene and the dcm gene. The
two genes, wild type or mutant, are restored on a plasmid. The inclusion of
dcm is essential because methylase activity is necessary to produce the lesion
that Vsr repairs (i.e., the T/G mismatch that results from deamination of
5-methylcytosine to thymine). In addition, the 5' end of vsr overlaps the 3' end
of dcm on the E. coli chromosome, so expression of vsr depends on a promoter 5'
of dcm (17). (See Note 5 for alternative ways of expressing vsr.) The dcm-vsr
plasmid must contain a p15a origin of replication because the suppressor plas-
mid has a colE1 origin; pACYC184 derivatives such as pDV102 (Fig. 1) are a
good choice.

3.2.2. The Papillation Assay

Increased or decreased Lac reversion is scored by plating CC112∆
transformants on papillation medium and noting the relative numbers of blue
papillae in individual colonies. The plates contain glucose, Xgal, and either
lactose or Pgal (18). When cells exhaust the supply of glucose, the Lac– paren-
tal cells cease to grow. Lac+ revertants continue to grow using the Pgal as a
carbon source. The papillae that they form, stained blue by hydrolysis of Xgal,
are easily seen against the white background colony. For example, Fig. 1 shows
that  colonies arising from cells producing enzymatically inactive Vsr’s (pKD1
and pKD2) have many more papillae than a colony derived from a cell that is
producing the wild-type enzyme (pDV102). The number of papillae is compa-
rable to that seen in a cell that is producing Dcm, but no Vsr (pDV101).

1. Inoculate 1 mL of LB medium with a single colony of CC112∆ transformed with
vsr-containing plasmid.

2. Incubate at 37°C for several hours, without aeration, until culture starts to become
turbid (Note 6).

3. Add 100 µL of this culture to 2 mL of minimal glucose medium, containing ampi-
cillin and the appropriate antibiotic for the vsr-containing plasmid.

4. Incubate at  37 °C, with aeration, until culture is saturated (at least overnight).
5. Spot 5 to 10 µL of undiluted culture onto fairly dry papillation plates, forming an

artificial colony. Let the spot dry completely.
6. Incubate plates at 37°C for several days, until “colonies” are well grown, and

dark blue papillae are visible.
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3.2.3. The Assay on Minimal Lactose Plates

For a more quantitative assessment of repair activity, plate cells on minimal
lactose (ML) medium instead of papillation medium.

1. Follow steps 1–4 of the papillation assay.
2. Spread 100 µL of a 10–6 dilution of the culture onto LB plates (to assess viabil-

ity), and 100 µL of undiluted culture onto minimal lactose plates. If screening
multiple cultures simultaneously, spot 10 µL quantities of undiluted culture on
ML plates, and 10 µL quantities of diluted culture on LB plates.

3. Incubate the LB plates overnight, and the minimal lactose plates for at least 36 h,
both at 37°C.

4. Count the colonies, and determine the number of Lac+ mutants/108 viable cells.

4. Notes
1. There is one published report (3) that Vsr is unstable in vitro, readily losing 12–14

amino acids from the N terminus. We have, on occasion, observed both the long
and the short species in vivo, the long version being the predominant one.
Although the ∆14 species has little, if any activity in vivo (17), it appears to have
full activity in vitro (3). However, the relative activity of the two species has not,
to our knowledge, been explicitly tested.

We have found that the his-tagged Vsr is very stable. The protein remains
intact for at least two weeks at 4°C.

2. We use oligonucleotides of 31 bases that form blunt-ended fragments when
annealed. We make four oligonucleotides to allow for the construction of two
homoduplexes: C(C/G)AGG and C(T/A)AGG), and two heteroduplexes:
(C(T/G)AGG and C(C/A)AGG). Only the C(T/G)AGG heteroduplex should cut
with Vsr; the other three provide negative controls. Examples of successful
oligonucleotide are shown here (X = C or T; Y = G or A).

Fig. 1. The papillation assay for Vsr activity. CC112∆ transformed with 1:
pACYC184 (control); 2: pDV102 (dcm, wild-type vsr); 3: pKD1 (dcm, mutant vsr
#1); 4: pKD2 (dcm, mutant vsr #2); 5: pDV101 (dcm alone). (Doiron, K. M. J. and
Cupples, C. G., unpublished data.)
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Top strand: 5' - GCGGCGGGCCATTACXAGGCCGAAGCAGCGT - 3'
Bottom strand: 5' - ACGCTGCTTCGGCCTYGTAATGGCCCGCCGC - 3'

In this example, Vsr cleavage of the T/G-containing heteroduplex, labeled at
the 5' end of the top strand, yields a 15 base product. Therefore, we electro-
phorese a 5'-end-labeled 15 mer in parallel with the reaction mixtures, to serve
as a size marker.

3. For optimal resolution of the reaction products, electrophorese the samples on a
0.2-mm-thick, 40-cm-long sequencing gel. However, for quick analysis, one can
obtain adequate resolution of 30 mers and 15 mers on a minivertical gel electro-
phoresis system (8 cm in length).

4. CC112 is one of a series of E. coli strains designed to monitor the frequency of
occurrence of specific mutations. Like CC112, CC101–106 (19) each have a mis-
sense or nonsense codon in place of the wild-type glutamic acid codon at 461 in
lacZ, which makes them Lac–. Reversion to Lac+ in each strain requires a unique
base substitution that restores the glutamic acid codon (GAG). CC107–111
require frameshift mutations in lacZ to revert from Lac– to Lac+ (20). In all 11
strains, the lacZ alleles are carried on F episomes along with lacY, lacA, and
proAB; the chromosomal lac operon is deleted. The episomes can be transferred
to any lacZ, proAB strain of E. coli by conjugation (18), selecting for proline
prototrophy. Prior deletion of chromosomal lacZ, proAB in the recipient strain is
done by conjugation with CSH63 (valR thi ∆(gpt-lac)5, HfrH), or by P1 trans-
duction using a CSH63 lysate and selecting for  tetracycline or valine (50 µg/mL
L-valine) resistance.

5. Expression of vsr independent of dcm can be achieved by cloning the gene
under the control of a synthetic promoter such as trc (14), and introducing the
plasmid into a Dcm+, Vsr– strain, such as CC112V. This strain has a kanamycin
resistance cassette in vsr, which eliminates Vsr without affecting production of
the methylase (21). However, overexpression of Vsr causes mutation at non-
CCWGG sequences. Vsr-stimulated mutagenesis is almost certainly caused by
interference with mismatch repair; in fact, the types of mutation that occur
(transitions and frameshifts) and the frequency with which they occur are com-
parable to that seen in cells defective in one or other of the mismatch repair
genes (15).

High expression, vsr-containing plasmids can actually be used as a tool for
generating random mutations in any gene, native or foreign, in E. coli. In effect,
transformation with one of the plasmids makes any strain of E. coli into a muta-
tor. Unlike the chemical mutagens or ultraviolet radiation that are usually used
to produce mutations in E. coli, vsr-containing plasmids are safe to work with,
and do not generate hazardous waste. If the target gene is carried on a plasmid,
the vsr-containing plasmid must have a compatible origin of replication.
pKK-V (14) has a colE1 origin of replication. pDV108 has a p15a origin; it
contains the vsr gene with the trc promoter subcloned as a HindIII-BamHI
fragment from pKK-V into pACYC184.
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6. The CC112∆ strain has an amber mutation in the argE gene. Growth of the cells
in minimal medium, containing ampicillin, selects for the maintenance of the
plasmid carrying the amber suppressor tRNA gene. However, cells grow best
when they are cultured in LB for a short while before being introduced into the
minimal medium.

If experiments require addition of two plasmids (e.g., separate clones of dcm
and vsr), use the CC462 strain instead of CC112 (7). In this strain, the CCAGG to
CTAGG mutation converts a proline codon (CCA) at position 462 in lacZ into a
leucine codon (CTA), restoring β-galactosidase function. Although other base
substitution mutations that result in nonproline codons will also give a functional
protein, in practice the majority of mutations are the desired C-to-T transition. If
using CC462 on ML medium, remove the plates after no more than 36 h to avoid
high background. For papillation assays, use MacConkey lactose plates (18)
because the light blue color of this strain on Xgal plates makes it difficult to see
the dark blue papillae.
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Coupling of DNA Helicase Function
to DNA Strand Exchange Activity

Frank G. Harmon and Stephen C. Kowalczykowski

1. Introduction
DNA repair can occur by a variety of mechanistically distinct pathways [for

review, see (1)]. Recombinational DNA repair is one such pathway, and it
requires the coordinated action of many different enzymes. In the best studied
organism, Escherichia coli, more than 20 different proteins are involved [for
review, see (2)]. The recombinational repair of a double-stranded DNA
(dsDNA) break requires four general steps: (1) processing; (2) homologous
pairing; (3) DNA heteroduplex extension; and (4) resolution. Here we describe
assays to study aspects of the first two steps.

One of the most important proteins for DNA repair by homologous recom-
bination is the RecA protein [for review, see (3–5)]. RecA-like proteins are
highly conserved and are present in all organisms thus far examined (6). Loss
of RecA protein function renders E. coli cells highly sensitive to DNA damag-
ing agents (7), and reduces recombination frequency to 0.1% of wild-type lev-
els (8). In vitro, RecA protein promotes both the pairing and exchange of DNA
strands between two homologous DNA molecules, provided that one of them
contains a region of single-stranded DNA (ssDNA). RecA protein assembles
on this ssDNA to form a nucleoprotein filament, referred to as the presynaptic
complex. It is this nucleoprotein filament that is active for homologous pairing
and DNA strand exchange (9).

In vivo, most DNA breaks do not directly produce a ssDNA substrate for
RecA protein, thus necessitating processing of the lesion by other enzymes (1).
In most cases, damage-specific DNA helicases process the DNA break to pro-
duce a region of ssDNA sufficient for binding by RecA protein (2). In E. coli,
dsDNA breaks are acted upon by RecBCD enzyme, a DNA helicase/nuclease
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(2,10–13). If, instead, the lesion produces a ssDNA break or a ssDNA gap,
processing is provided by the RecQ helicase (14–16). Thus, the initial steps of
recombinational DNA repair require that the unwinding activity of a DNA
helicase is coupled to the homologous pairing and DNA strand exchange activ-
ity of the pairing protein, RecA protein.

The coupling of RecA protein and a DNA helicase to promote homologous
pairing between homologous dsDNA has been achieved in vitro for both
RecBCD enzyme (17,18) and RecQ helicase (16). The general approach is to
use DNA components that are substrates for the DNA helicase, but not for
RecA protein, unless the DNA is first processed by the helicase. The assays
use 32P-labeled, linear dsDNA as the ssDNA-donor and a homologous super-
coiled DNA (scDNA) as the recipient for homologous pairing (Fig. 1A).
Because RecA protein alone is unable to pair the two fully dsDNA substrates
(19), this assay requires that the linear dsDNA substrate be separated into its
constituent ssDNA strands so that RecA protein can form the presynaptic com-
plex that is necessary for homologous pairing and DNA strand exchange. RecA
protein-promoted homologous pairing between the linear ssDNA and its
scDNA homolog produces a paired DNA species known as a joint molecule.
The joint molecule consists of the linear ssDNA molecule (produced by dsDNA
unwinding) basepaired to a complementary region within the recipient scDNA
molecule (Fig. 1A). In the joint molecule, homologous pairing between the
ssDNA and scDNA molecules results in the production and displacement of an
unpaired DNA strand; therefore, this type of joint molecule is referred to as a dis-
placement-loop or D-loop.

We describe two reaction protocols for the formation of joint molecules:
one designed to test an uncharacterized RecA-like protein for homologous pair-
ing activity (partial reaction) and the second designed to couple this activity to
the unwinding activity of a DNA helicase (coupled reaction). In both cases, the
two DNA substrates are pUC19 scDNA and 32P-labeled, linear pUC19 dsDNA.
The latter is produced by digestion of pUC19 scDNA with a restriction enzyme,
followed by 5'-end labeling with (γ-[32P]) ATP using T4 polynucleotide
kinase. The two protocols differ only in the technique used to produce the
linear ssDNA substrate for RecA protein. In the partial reaction, RecA protein
is provided with linear ssDNA, which is generated by heat-denaturation to
obviate the need for a DNA helicase. The coupled reaction, having linear
dsDNA and scDNA as the DNA substrates, requires a DNA helicase to unwind
the linear dsDNA to furnish RecA protein with a ssDNA substrate. Included in
the protocol are three separate buffer conditions to optimize the reaction for
uncharacterized proteins. The products of these reactions are analyzed by aga-
rose gel electrophoresis, where D-loops appear as 32P-labeled DNA species
with a retarded mobility relative to the 32P-labeled, linear ss- or dsDNA sub-
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strates (representations of typical autoradiograms are shown in Fig. 1B and
C). In addition, we provide an agarose gel electrophoresis-based helicase assay,
first described by Matson et al. (20), to determine the specific activity of an
uncharacterized DNA helicase (Fig. 2). The specific activity calculated from
this assay can then be used to determine the amount of the DNA helicase to use
in the coupled reaction. As with the homologous pairing assays, the helicase
assay protocol includes three separate buffer conditions to optimize unwinding
for an uncharacterized DNA helicase.

2. Materials
2.1. Stock Solutions

All reagents were from Sigma-Aldrich (Boston, MA), except where noted.
1. 1 M Tris acetate, pH 7.5.
2. 0.1 M magnesium acetate, pH 7.5.
3. 0.1 M dithiotheritol (DTT) in water. Store aliquots at –20°C.
4. 0.5 M ethylenediaminetetraacetic acid (EDTA), pH 8.0.

Fig. 1.  Schematic diagram of the homologous pairing assays.  See text for details.
(A) D-loop assay for both the partial (i.e., RecA protein alone) and coupled (i.e., both
RecA protein and a DNA helicase) assays. (B) Typical time-course of D-loop forma-
tion mediated by RecA protein in the partial reaction. (C)  Typical time-course for a
coupled reaction having both RecA protein and a DNA helicase.
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5. 10% sodium dodecyl sulfate (SDS).
6. 0.1 M ATP in water, adjusted to pH 7.0 with NaOH. Store aliquots at –20°C.
7. 0.1 M phoshpoenol pyruvate (PEP) adjusted to pH 7.0 with NaOH. Store aliquots

at –20°C.
8. Pyruvate kinase: Pipet 100 U of pyruvate kinase solution (homogeneous

(NH4)2SO4 suspension from rabbit muscle) into a 1.5-mL microcentrifuge tube,
pellet protein by centrifugation in microcentrifuge (Micromax, IEC, Needham
Heights, MA) at 20,000g for 2 min at 4°C, remove the supernatant, and
dissolve the protein pellet in 50 µL of 1X pairing buffer. Final concentration is
2000 U/mL. Store at 4°C for up to 2 wk.

9. 40 % (w/v) polyethylene glycol (PEG): Dissolve 40 g of dry PEG (8000 molecular
weight) in 40 mL water and mix well. Bring volume to 100 mL with water. Protect
from light and store at room temperature.

Fig. 2. DNA helicase activity assay. (A) Typical time-course for the unwinding of
10 µM (nucleotides) linear, pUC19 dsDNA by 20 nM RecQ helicase using agarose gel
electrophoresis to detect strand separation. (B) Calculation of the specific activity of
RecQ helicase from the data in A. See Subheading 3.2. for details.
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10. 5X stop buffer: 250 mM EDTA, and 5% SDS. Store at room temperature for up
to 1 wk.

11. 5X sample loading buffer: 15 % (w/v) Ficoll (Amersham-Pharmacia Biotech,
Piscataway, NJ), in water with 0.25 % (w/v) each of xylene cyanol and bromophe-
nol blue. Store at room temperature.

12. Stop solution: Mix equal volumes of 5X stop buffer and 5X sample loading
buffer, and add proteinase K (Roche-Boehringer Mannheim) to 4.5 mg/mL. Pre-
pare immediately before use and discard unused portion.

13. 1X TAE buffer for agarose electrophoresis: 40 mM Tris acetate, pH 8.0, 1 mM
EDTA. Prepared as 50X concentrated solution: 2 M Tris base, 1 M acetic acid
and 50 mM EDTA.

14. Deionized water using NANOpure reagent grade water system (Barnstead-
Thermolyne, Dubuque, IA).

15. Agarose: type II, low EEO.
16. DE81 anion exchange paper (Whatman).

2.2. Preparation of 5'-End-Labeled Linear DNA Substrate
1. DNA: 2–10 µg of pUC19 scDNA. This DNA can be purchased from a commer-

cial source or purified as described (21).
2. Restriction endonuclease (HindIII) and T4 polynucleotide kinase (New England

Biolabs).
3. Shrimp alkaline phosphatase (United States Biochemical).
4. 10X restriction buffer: 100 mM Tris-HCl, pH 7.5, 100 mM MgCl2, 1000 mM

NaCl, 10 mM DTT. Store aliquots at –20°C.
5. MicroSpin G-25 columns (Amersham Pharmacia Biotech).
6. γ32P ATP, 1000 µCi/mL.

2.3. DNA Helicase Assay
1. DNA helicase of interest. Purification of E. coli RecQ helicase and E. coli

RecBCD enzyme have been described previously (11,16).
2. SSB protein (see Note 1). E. coli protein is commercially available: Promega and

United States Biochemical. Purification of E. coli SSB protein has been described
previously (22).

3. DNA: 2 µg 5'-end-labeled linear pUC19 dsDNA at a stock concentration of
250 µM (nucleotides) (see Note 2).

4. 10X helicase buffer: 250 mM Tris acetate, pH 7.5, 10 mM ATP, 10 mM PEP, and
10 mM DTT. Store aliquots at –20°C.

2.4. RecA Protein-Mediated D-Loop Formation—Partial Reaction
1. RecA-like protein of interest. Purification of E. coli RecA protein has been

described previously (23,24). RecA protein is also commercially available:
Promega, United States Biochemical, New England Biolabs.

2. SSB protein (see Notes 1 and 3). E. coli protein is commercially available:
Promega and United States Biochemical. Purification of E. coli SSB protein has
been described previously (22).
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3. DNA: 2 µg 5'-end-labeled linear pUC19 ssDNA and 4 µg pUC19 scDNA, at a
stock concentration of 250 and 500 µM (nucleotides), respectively (see Note 2).

4. 10X pairing buffer: 250 mM Tris acetate, pH 7.5, 10 mM ATP, 10 mM PEP, and
10 mM DTT. Store aliquots at –20°C.

2.5.  Coupling DNA Strand Exchange and a DNA Helicase
to Form D-Loops—Coupled Reaction

1. RecA-like protein of interest. Purification of E. coli RecA protein has been
described previously (23,24). RecA protein is also commercially available:
Promega, United States Biochemical, New England Biolabs.

2. DNA helicase of interest, with activity defined in helicase units (see Subhead-
ing 3.2.).

3. SSB protein (see Notes 1 and 3). E. coli protein is commercially available:
Promega and United States Biochemical. Purification of E. coli SSB protein has
been described previously (22).

4. DNA: 2 µg 5'-end-labeled linear pUC19 duplex DNA and 4 µg pUC19 scDNA, at
stock concentration of 250 and 500 µM (nucleotides), respectively (see Note 2).

5. 10X coupled reaction buffer: 250 mM Tris acetate, pH 7.5, 10 mM ATP, 10 mM
PEP and 10 mM DTT. Store aliquots at –20°C.

3. Methods
3.1. Preparation of 5'-End-Labeled Linear DNA Substrate

For the best results, prepare the 5'-end-labeled linear duplex DNA substrate
just prior to its use. The labeled DNA may be stored for approx 3 d at 4°C, but its
quality rapidly degrades over time because of nicking of the DNA.

1. Digest and dephosphorylate 2 µg of pUC19 scDNA by incubation in 1X restric-
tion buffer with 10 U of HindIII and 1 U shrimp alkaline phosphatase at 37°C for
1 h in a final volume of 20 µL.

2. Stop the reaction by heating at 70°C for 15 min to inactivate the enzymes. Cool
to room temperature. Remove condensate from the lid of the tube by
centrigugation in a microcentrifuge at 20,000g for 30 s. After this step the DNA
can be stored at –20°C indefinitely.

3. To label the DNA with 32P at the 5'-ends, add 20 µCi (γ-[32P]) ATP and 10 U T4
polynucleotide kinase, and incubate at 37°C for 30 min.

4. Terminate the reaction by heating at 70°C for 15 min to inactivate T4 polynucleotide
kinase. Cool to room temperature. Remove condensate from the lid of the tube by
centrifugation in a microcentrifuge at 20,000g for 30 s.

5. Remove unincorporated label and exchange the restriction buffer for water using
a MicroSpin G-25 column as per the supplier’s instructions (see Note 4). Deter-
mine the volume of the recovered solution using a micropipettor, and calculate
the concentration of DNA in µg/mL, assuming no loss of DNA (see Note 5). To
calculate the approximate molar concentration of the DNA in µM nucleotides,
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divide the number of µg/mL by 0.325. This procedure typically yields a DNA
solution having a concentration of between 200–250 µM nucleotides.

3.2. DNA Helicase Assay

This section describes an agarose gel-based helicase assay to determine the
specific activity of a DNA helicase (Fig. 2). In this general protocol, the DNA
unwinding activity of the helicase can be assayed at any of the three different
magnesium ion concentrations used in the coupled reaction (i.e., “high,” 12 mM
Mg-acetate; “intermediate”, 6 mM Mg-acetate; and “low,” 1 mM Mg-acetate)
simply by altering the amount of 0.1 M Mg-acetate added to the reaction (see
Subheading 3.3.). The substrate for unwinding is 5'-end-labeled linear pUC19
dsDNA having nearly blunt dsDNA ends, because this is the substrate for the
helicase in the coupled reaction (see Note 6). After determining the rate of DNA
unwinding for a known amount of DNA helicase, the specific activity of the
preparation is calculated in terms of helicase units per milligram of protein. In
this case, one helicase unit is defined as the amount of helicase needed to unwind
1 nmol basepairs in 1 min under each of the conditions described here (11). The
specific activity of the DNA helicase should be measured at several different
protein concentrations to obtain an accurate specific activity.

1. Aliquot 10 µL of freshly prepared stop solution into eight 1.5-mL microcentrifuge
tubes. Label the tubes as “0 min,” “15 s,” “30 s,” “60 s,” “120 s,” “300 s,” “600 s,”
and “1200 s.”

2. Prepare the reaction mixture (which will have a final volume of 200 µL after
adding all the components) by adding 20 µL of 10X pairing buffer and 4 µL of
pyruvate kinase to 100 µL of water in 1.5-mL microcentrifuge tubes. Mix the
solution in the tube thoroughly using a vortex mixer.

3. Add 0.1 M Mg-acetate to achieve the desired final magnesium concentration:
24 µL for 12 mM Mg-acetate, 12 µL for 6 mM Mg-acetate, or 2 µL for 1 mM
Mg-acetate. Test each of these magnesium ion concentrations individually to
determine the specific activity of the helicase under each of the conditions to be
used below in the coupled reaction. Mix the solution thoroughly with a vortex mixer.

4. To each tube, add SSB protein and 5'-end-labeled linear pUC19 dsDNA to a final
concentration of 1 µM and 10 µM, respectively (see Note 7). Bring the volume of
each reaction mixture up to 200 µL with water. Mix gently using a vortex mixer.

5. Incubate the reaction mixtures for 5 min at 37°C, then remove a 20-µL aliquot
from the reaction, and add to the corresponding tube containing stop solution
(i.e., “0 min”). Continue incubation of the remainder of the reaction mixture at
37°C. Mix the stopped aliquot thoroughly with vortex mixer and place on ice (see
Note 8).

6. Initiate the unwinding reaction by adding the DNA helicase to a final concentra-
tion of 20 nM (calculate for a reaction volume of 180 µL) (see Note 9), mix
gently, and continue incubation at 37°C. Take 20 µL aliquots at 15 s, 30 s, 60 s,
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120 s, 300 s, 600 s, and 1200 s. Stop the reaction in each aliquot by adding to the
appropriate tube containing the stop solution. Mix each aliquot thoroughly using
vortex mixer and place on ice.

7. Deproteinize the DNA in each of the samples by incubating the aliquots at 37°C
for 5 min.

8. Load 20 µL of each sample onto a 0.8% (w/v) agarose gel (13 × 26 × 0.5 cm) with
12 (1 × 0.15 cm) wells and run the gel at 1.5 V/cm for 12 h with 1X TAE as the
running buffer. To visualize the DNA, dry the gel onto Whatman DE81 paper
(see Note 10) and expose to either X-ray film or a phosphorimager screen (see
Note 11). Fig. 2A is a representation of an autoradiogram for a typical time-
course of RecQ-helicase-mediated unwinding of linear 5'-end-labeled dsDNA.

9. Determine the amount of radioactivity in the band corresponding to intact dsDNA
at each time point, and calculate the percentage of dsDNA unwound by the
helicase at each time-point (see Note 11).

10. Plot percent dsDNA unwound vs time as indicated in Fig. 2B. The resultant
unwinding curve should be hyperbolic (see Note 9). Calculate the initial rate of
unwinding in nM bp s–1 (nM helicase)–1 from the slope of the initial linear por-
tion of the curve using the following equation:

initial rate = slope × (C/[100%]) × (1/X)

where C is the concentration of basepairs in nM (i.e., 5000 nM), and X is the
concentration of DNA helicase in nM.

11. Calculate the specific activity of the helicase preparation in helicase units (mg of
protein)–1 for each magnesium concentration using the following equation:

specific activity = initial rate × ([60 s]/[1 min]) × ([1.0E + 6]/Y)

where Y is the molecular weight of the helicase. Use the calculated specific activity
to determine the amount to DNA helicase to use in the coupled reaction (see
Subheading 3.4.).

3.3. RecA Protein-Mediated D-Loop Formation—Partial Reaction

This section describes a protocol for optimizing the homologous pairing
activity of an uncharacterized RecA-like protein by varying the magnesium
ion concentration present in the buffer (see Note 12). The magnesium ion con-
ditions are as follows: “high magnesium” (12 mM Mg-acetate), “intermediate
magnesium” (6 mM Mg-acetate), and “low magnesium” (1 mM Mg-acetate with
10% PEG).

3.3.1. Preparation of the 5'-End-Labeled, Linear pUC19 ssDNA Substrate

Prepare this DNA substrate immediately before it is needed to ensure that
the DNA added to the pairing reaction it is fully denatured.

1. Denature 2 µg of 5'-end-labeled linear pUC19 duplex DNA (see Subheading
3.1.) by heating at 95°C for 5 min.
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2. Transfer the tube quickly to an ice-cold water bath and chill for 5 min. Remove
condensate from the lid of the tube by centrifugation in microcentrifuge at 20,000g
for 30 s at 4°C. Keep the denatured DNA on ice to prevent re-annealing of the
ssDNA strands.

3.3.2. RecA Protein-Mediated D-Loop Assay

1. Aliquot 10 µL of freshly prepared stop solution into twelve 1.5-mL
microcentrifuge tubes. Label sets of four tubes with “high,” “intermediate,” and
“low.” In each set, label a tube “0 min,” “5 min,” “15 min,” and “30 min.”

2. Prepare three reaction mixtures (which will have a final volume of 100 µL after
adding all the components) by adding 10 µL of 10X pairing buffer and 2 µL of
pyruvate kinase to 40 µL of water in 1.5-mL microcentrifuge tubes. Mix each
tube well using a vortex mixer. Label one tube “high,” the second “intermedi-
ate,” and the last “low.”

3. To the tube labeled “high,” add 12 µL of 0.1 M Mg-acetate, to the tube labeled
“intermediate,” add 6 µL of 0.1 M Mg-acetate, and to the tube labeled “low,” add
1 µL 0.1 M Mg-acetate. Also, add to the tube labeled “low,” 25 µL of 40% PEG
(see Note 13). Mix the solution in each tube well with a vortex mixer.

4. To each tube, add RecA protein and 5'-end labeled linear pUC19 heat-denatured
ssDNA to a final concentration of 5 µM and 10 µM, respectively (see Note 14).
Bring the volume of each reaction mixture up to 100 µL with water. Mix gently
using a vortex mixer.

5. Incubate the reaction mixtures for 3 min at 37°C, then add SSB protein to a
final concentration of 1 µM (see Note 14) and return to incubation at 37°C.
After an additional 2 min, remove a 20 µL aliquot from each reaction, and
add to the corresponding tube containing stop solution (for example, “high,
0 min”). Continue incubation of the remainder of the reaction mixture at 37°C.
Mix the stopped aliquots thoroughly with a vortex mixer and place on ice
(see Note 15).

6. Initiate the homologous pairing reaction by adding pUC19 scDNA to a final
concentration of 20 µM (calculate for a reaction volume of 80 µL), mix gently,
and continue incubation at 37°C. Take 20-µL aliquots at 5, 15, and 30 min.
Stop each pairing reaction by adding each aliquot to the appropriate tube con-
taining the stop solution. Mix each aliquot thoroughly using a vortex mixer and
place on ice.

7. Deproteinize the DNA in each of the samples by incubating the aliquots at
37°C for 5 min.

8. Load 20 µL of each sample onto a 1% (w/v) agarose gel (13 × 26 × 0.5 cm)
with 12 (1 × 0.15 cm) wells and run the gel at 1.5 V/cm for 12 h with 1X TAE
as the running buffer. To visualize the DNA, dry the gel onto Whatman DE81
paper (see Note 10) and expose to either X-ray film or a phosphorimager
screen. Fig. 1B is a representation of an autoradiogram for a typical time-
course of the D-loop reaction mediated by RecA protein and 5'-end-labeled
linear ssDNA.
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3.4. Coupling the Activities of RecA Protein and a DNA Helicase
to Form D Loops—Coupled Reaction

The protocol below describes a procedure to couple the activities of a
DNA helicase and RecA protein to produce D loops. To optimize the reac-
tion, D-loop formation is assayed under three different magnesium concen-
trations (see Note 16): “high magnesium” (12 mM Mg-acetate), “intermediate
magnesium” (6 mM Mg-acetate) and “low magnesium” (1 mM Mg-acetate
with 10% PEG).

1. Aliquot 10 µL of freshly prepared stop solution into twelve 1.5-mL
microcentrifuge tubes. Label sets of four tubes with “high,” “intermediate,” and
“low.” In each set, label a tube “0 min,” “5 min,” “15 min,” and “30 min.”

2. Prepare three reaction mixtures by adding 10 µL of 10X coupled reaction buffer
and 2 µL of pyruvate kinase to 40 µL of water in 1.5-mL microcentrifuge tubes.
Label one tube “high,” the second “intermediate,” and the last “low.”

3. To the tube labeled “high,add 12 µL of 0.1 M Mg-acetate, to the tube labeled
“intermediate” add 6 µL of 0.1 M Mg-acetate, and to the tube labeled “low,” add
1 µL 0.1 M Mg-acetate. Also, add to the tube labeled “low,” 25 µL of 40% PEG
(see Note 13). Mix the solution in each tube well with a vortex mixer.

4. To each tube, add RecA protein and SSB protein to a final concentration of 5 µM
and 1 µM, respectively. Also add pUC19 scDNA and 5'-end-labeled linear pUC19
duplex DNA to a final concentration of 20 µM and 10 µM, respectively (see
Note 14). Bring the volume of each reaction mixture up to 100 µL with water.
Mix gently using a vortex mixer.

5. Incubate the reaction mixtures for 5 min at 37°C. Remove a 20 µL aliquot from
each reaction, and add to the corresponding tube containing stop solution (for
example “high, 0 min”). Continue incubation of the remainder of the reaction
mixture at 37°C. Mix the stopped aliquots thoroughly with a vortex mixer and
place on ice (see Note 15).

6. Start the reaction by adding 20 helicase U of the DNA helicase (see Note 17),
mix gently, and continue incubation at 37°C. Take additional aliquots at 5, 15,
and 30 min and stop the reaction by adding each aliquot to the appropriate tube
containing the stop solution. Mix each aliquots thoroughly using a vortex mixer
and place on ice.

7. Deproteinize the DNA in each of the samples by incubating the aliquots at
37°C for 5 min.

8. Load 20 µL of each sample onto a 1% (w/v) agarose gel (13 × 26 × 0.5 cm)
with 12 (1 × 0.15 cm) wells and run the gel at 1.5 V/cm for 12 h with 1X TAE
as the running buffer. To visualize the DNA, dry the gel onto Whatman DE81
paper (see Note 10) and expose to either X-ray film or a phosphorimager
screen. Fig. 1C is a representation of an autoradiogram for a typical time-
course of D-loop formation mediated by RecQ helicase and E. coli RecA
protein.
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4. Notes
1. SSB protein is present in these reactions to trap the ssDNA produced by a DNA

helicase so that this ssDNA does not reanneal after passage of the helicase (11,25–27).
Because of differences in helicases from species to species, it is desirable, where
possible, to use a DNA helicase and an SSB protein from the same or related species.

2. The molar nucleotide concentration of duplex DNA can be determined spectro-
photometrically using the extinction coefficient of 6500 M –1cm–1 at a wavelength
of 260 nm (16).

3. SSB protein is present in these reactions to remove secondary structure in ssDNA,
which inhibits RecA protein function (28). Because of differences in recombina-
tion proteins from species to species, it is desirable, where possible, to use RecA-
like and SSB proteins from the same or related species.

4. Exchange of unincorporated label and buffer can also be achieved by precipitat-
ing the DNA with ethanol twice (21). In this case, determine the DNA concentra-
tion spectrophotometrically using the extinction coefficient of 6500 M–1cm–1 at a
wavelength of 260 nm. To confirm that all the ATP has been removed, calculate
the ratio of the absorbance at 260 nm to the absorbance at 280 nm. The value for
this ratio should be 1.8–1.9; a higher value than this standard is indicative of
contamination by ATP.

5. In our hands, DNA loss after this step is <10%, which is acceptable for these experi-
ments. It is not unusual to gain between 2–10 µL of volume from the spin column;
therefore, it is important to determine the final volume of the DNA solution. Please
note that this treatment of the DNA imparts ultraviolet light-absorbent material to
the DNA solution, so the DNA concentration cannot be accurately determined
spectrophotometrically. In most cases, the absorbent material can be washed out
of the column by five successive washes with water (totaling approx 5 column
volumes). To wash the column once, centrifuge column as per the suppliers’
instructions to remove the original buffer, resuspend the matrix in 400 µL of
water, then centrifuge as before. After washing in this manner five times, follow
the suppliers’ instructions for exchange of unincorporated label and buffer in the
DNA sample. The concentration of the recovered DNA can then be determined
spectrophotometrically as described in Note 3.

6. If the DNA helicase of interest is incapable of initiating unwinding from flush
dsDNA ends, then the DNA substrate must be modified to contain the appropri-
ate initiation site for the DNA helicase. In most cases, the addition of short
(>100 nt) ssDNA tails are sufficient for most DNA helicases, but the polarity of
the tail must be determined for each helicase. Linear dsDNA can be resected to
contain ssDNA tails by use of a dsDNA-dependent exonuclease (29,30); for
example, E. coli Exonuclease III will generate 5'-tails, and λ Exonuclease will
produce 3'-tails. Exonuclease III and λ Exonuclease are available from United
States Biochemical. Keep in mind that if tailed DNA substrates are used in the
coupled reaction, the ssDNA regions must be heterologous to the scDNA
recipient. Otherwise, RecA protein, alone, will pair the tailed dsDNA with the
scDNA recipient without the need for a DNA helicase.
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7. The concentration of SSB protein used here produces optimal unwinding for
both RecQ helicase and RecBCD enzyme. For an uncharacterized helicase, the
concentration of SSB protein should be varied to achieve maximal unwinding
activity. Keep in mind that the ssDNA binding stoichiometry of E. coli SSB
protein is dependent on the ionic conditions of the solution: at magnesium ion
conditions greater than 1–2 mM (at 37ºC), the site size is approx 15 nucleotides
per SSB monomer (31).

8. The aliquots are kept on ice to prevent the re-annealing of the individual
ssDNA strands.

9. For the best results, the concentration of DNA helicase in the reaction should be
limiting relative to the duplex DNA substrate so that the initial rate of unwinding
can be accurately measured. For an uncharacterized DNA helicase, vary the DNA
helicase concentration over a 10- to 100-fold range to achieve a hyperbolic
unwinding curve with an obvious linear initial slope (see Fig. 2B).

10. The agarose gel is dried onto Whatman DE81 paper to minimize DNA loss. Gel
drying time can be reduced by flattening the gel prior to drying. To flatten the
gel, place the gel on Whatman DE81 paper cut to the size of the gel, which is atop
several sheets of filter paper and lab matting. Cover the gel with a single layer of
plastic wrap. Place a rigid sheet of Lucite or a wooden board over the gel, fol-
lowed by a 15–20-lb. weight. Dry the gel onto the Whatman DE81 paper once the
gel is between 1–2 mm in thickness.

11. An alternative method to visualize the DNA is to stain the wet gel with
0.5 µg/mL ethidium bromide in water for 1 h, destain with water for 1 h, and
illuminate the gel using an ultraviolet light box. In this case, the amount of radio-
activity in each band can be determined by excising the individual bands and
analyzing each with a scintillation counter.

12. Each buffer condition provided here supports homologous pairing and DNA
strand exchange by E. coli RecA protein. The magnesium requirements for E. coli
RecA protein are ≈4 mM magnesium ion in dilute solution (32), or as low as 1 mM
magnesium ion in a buffer supplemented with a volume exclusion agent, such as
the PEG used here (33).

13. The 40% PEG solution is extremely viscous, so the solution must be drawn up
into the micropipet slowly to measure the proper volume of PEG. Pipet the PEG
solution into the buffer slowly, taking care to expel all of the solution into the
microcentrifuge tube. Mix well by pipeting the buffer and PEG mixture up and
down several times until a homogenous mixture is obtained.

14. The concentrations of RecA protein and SSB protein used here produce optimal
results when using E. coli RecA protein. For an uncharacterized RecA-like pro-
tein, vary the concentration of each protein to achieve maximal pairing activity.
Keep in mind that a saturating amount of RecA protein is achieved at a stoichi-
ometry of 1 RecA monomer to 3 nucleotides of ssDNA (34). In addition, the
ssDNA binding stoichiometry of E. coli SSB protein is dependent on the ionic
conditions of the solution: at magnesium ion conditions greater than 1–2 mM
(at 37°C), the site size is approx 15 nucleotides per SSB monomer (31). It is
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also important to note excessive amounts of SSB protein or addition of SSB pro-
tein to ssDNA before RecA protein will inhibit RecA protein, because these two
proteins compete for binding to ssDNA (28). Also, though an excess of E. coli
RecA protein does not inhibit DNA strand exchange, excessive amounts of Sac-
charomyces cerevisiae Rad51 protein inhibit DNA strand exchange by binding
to the dsDNA (35).

15. Each time-point is placed on ice to minimize thermal dissociation of the D loops
formed by RecA protein.

16. RecA protein and the DNA helicase may not display optimal activity at the same
concentration of magnesium, so it is important to test a range of magnesium
concentrations (16,17). As stated above (see Note 12), E. coli RecA protein
is capable of pairing under all the conditions presented here.

17. Helicase units are defined and determined in Subheading 3.2. In our hands, 20 U
of helicase activity produce sufficient ssDNA for use as a substrate for E. coli
RecA protein. This amount of helicase corresponds to approx 2.5 nM RecBCD
enzyme (17) or 100 nM E. coli RecQ helicase (16). However, the amount of
DNA helicase needed for optimal coupled pairing must be determined empiri-
cally for each DNA helicase. To optimize the reaction, DNA helicase concentra-
tion should be varied over a 10- to 100-fold range. Keep in mind that the optimum
may be very sharp, because the DNA helicase being tested may also be capable
of disrupting the joint molecules formed by RecA protein, as is the case for the
E. coli RecQ helicase (16).
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8

Detection and Quantitation
of RecBCD Enzyme (Exonuclease V) Activity

Douglas A. Julin

1. Introduction
1.1. Introduction to RecBCD Enzyme and Its Activities

The RecBCD enzyme serves two functions in the bacterial cell: it is a
nuclease that destroys linear double-stranded DNA (dsDNA), and a DNA
helicase that generates single-stranded DNA (ssDNA) used by RecA protein to
initiate homologous recombination (1–3). A specific DNA sequence called Chi
(5'-GCTGGTGG) is a signal that regulates these two functions (1,3). An encoun-
ter with Chi by RecBCD during its reaction with dsDNA leads to suppression
of the nuclease activity and reveals the recombination-initiating function of
RecBCD (1,3). The enzyme in Escherichia coli and other bacteria consists of
three protein subunits encoded by the recB, recC, and recD genes, whereas
some bacteria (e.g., Bacillus subtilis, Lactococcus lactis) produce a two-sub-
unit enzyme [AddAB and RexAB, respectively (4,5)]. The genes encoding
these latter enzymes complement an E. coli recBCD deletion mutation in vivo
(5,6), and the purified AddAB enzyme has similar catalytic activity to the more
extensively studied E. coli enzyme (7).

RecBCD is a multifunctional enzyme in vitro, befitting its multiple biologi-
cal functions. The enzyme is considered to have at least four catalytic activi-
ties: adenosine triphosphate (ATP)-dependent exonuclease on linear ss- or
dsDNA, ATP-stimulated endonuclease on circular ssDNA, ss- or dsDNA-
dependent ATP hydrolysis, and ATP-dependent DNA helicase (3,8,9). In addi-
tion, the interaction with Chi in dsDNA can be assayed in vitro (10,11).

ATP-dependent degradation of linear dsDNA was the first activity associated
with RecBCD enzyme and led to its designation as Exonuclease V (9,12–14).
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This reaction requires a linear dsDNA substrate, magnesium ion, and ATP or other
hydrolyzable nucleoside triphosphate (14,15). The enzyme has no detectable
nuclease activity with circular dsDNA, whether supercoiled or nicked (14,15).

RecBCD also degrades linear ssDNA, such as denatured linearized plasmid
DNA. This ss-exonuclease reaction also requires magnesium ion and ATP
when it is assayed by the production of small acid-soluble products as described
below (15). However, RecBCD cleaves circular ssDNA such as that of bacte-
riophage M13 endonucleolytically in a reaction that is detectable without ATP
but is stimulated ca. seven-fold when ATP is included (15). The subsequent
degradation of the linearized M13 DNA is not detected without ATP (15).
Nuclease activity in the absence of ATP can be detected on linear ssDNA using
end-labeled oligomeric DNA substrates [15–25 nucleotides (nt) (16)]. The
reactions with these small ssDNA substrates are nonetheless approx 3000-fold
faster with 0.5 mM ATP than without (16).

RecBCD hydrolyzes ATP in the presence of all DNA substrates on which it
is a nuclease (linear dsDNA and linear or circular ssDNA, but not circular
dsDNA), and magnesium ion or other divalent cation (14,15,17). There is no
detectable ATP hydrolysis in the absence of DNA (15).

The helicase activity of RecBCD was discovered as investigators sought to
understand the unusual requirement by a nuclease for ATP (17–19). The nucle-
ase activity can be suppressed by altering the reaction conditions, particularly
by manipulating the concentration and type of divalent metal ion (17), permit-
ting the detection and study of DNA unwinding. The DNA substrate is the same
as that for the ds-exonuclease activity: linear, but not circular, dsDNA (20), and,
as with other helicases (21) the unwinding reaction requires ATP. The Mg:ATP
ratio is the key determinant of the nuclease cleavage frequency relative to the
DNA unwinding rate. In general, the nuclease reaction requires that the Mg2+

concentration exceed that of ATP (17,22), as both Mg·ATP and additional free
Mg2+ are presumably required for this activity. The nuclease activity is reduced
in reaction mixtures where the Mg2+ concentration is less than that of ATP, or
when Ca2+ is also included, and RecBCD unwinds the DNA under either condi-
tion. Thus, DNA unwound by RecBCD in reaction mixtures containing 1 mM
MgCl2, 1 mM CaCl2, and 5 mM ATP has been visualized by electron micros-
copy (19,23). E. coli single-stranded DNA binding protein (SSB) is generally
included to bind the unwound DNA strands and prevent reannealing. SSB pro-
tein reduces, but does not eliminate the production of small nuclease products
from dsDNA (24). On the other hand, SSB protein completely blocks both
ssDNA-dependent ATP hydrolysis and nuclease cleavage by RecBCD (24,25).
The reactions with dsDNA (helicase and helicase/nuclease) are rapid [approx
200–1000 basepairs unwound/s (19,26)] and highly processive [approx 30,000
basepairs traveled per binding event (27)].
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The above discussion indicates that the properties and products of the
RecBCD-catalyzed reactions depend strongly on the DNA substrate structure
and the reaction conditions. Moreover, the designation of RecBCD as either an
endonuclease or exonuclease has depended on the substrate and assay method
used. The ATP-dependent ds-exonuclease reaction catalyzed by RecBCD is
thought to involve ATP-dependent translocation along and unwinding of the
dsDNA, with concomitant degradation of the partially unwound strands produced
by the helicase (23,24). The nuclease reaction products are small ss-oligonucle-
otides, but not mononucleotides (15), and thus the “exonuclease” reaction is in
fact an endonuclease by the strict definition of endo- vs exonuclease (28).

The ds-exonuclease activity of RecBCD from E. coli is inhibited, but
unwinding continues, when the enzyme encounters a specific sequence called
Chi (5'-GCTGGTGG) in the DNA (11,29). This “Chi activity” can be detected
in vitro by the production of a specific, 5'-end-labeled ssDNA fragment
extending from the Chi site to the end of the strand containing Chi (10,11). Chi
activity has been detected in RecBCD enzymes from a variety of bacteria (30),
and sequences have been identified in other organisms that function similarly
to Chi in E. coli (5,31).

1.2. Diagnostic Assay for RecBCD Enzyme Activity

The ATP-dependent exonuclease reaction on linear dsDNA is a convenient
way to detect and assay RecBCD enzyme activity. The assay is sensitive and
background activity from other nucleases can be determined by performing
reactions without added ATP, allowing the enzyme activity to be measured in
crude cell lysates. The most straightforward assay uses a tritium-labeled dsDNA
substrate and quantitates the production of small oligonucleotide fragments
[< approx 15–20 nt (32)] that are soluble in cold acidic solution.

2. Materials

2.1. [3H]DNA Preparation
1. M9CA medium: 10X M9 salts: Na2HPO4 (60 g/L), KH2PO4 (30 g/L), NaCl (5 g/L),

NH4Cl (10 g/L), adjusted to pH 7.4 with phosphoric acid, HCl, or 5M NaOH.
Dilute 10 mL of 10X M9 salts to 100 mL with water in a 0.5-liter flask and
autoclave. After the autoclaved liquid has cooled, add sterile:  Casamino acids
(1 mL of 20% (w:v, i.e., 20 g/100 mL), autoclaved), glucose (1 mL of 20%  (w:v),
autoclaved), CaCl2 (0.01 mL of 1 M, filter-sterilized), MgSO4 (0.2 mL of 1 M,
filter-sterilized). Mix to redissolve the CaPO4 precipitate that forms.

2. [methyl-3H]thymidine, from Amersham Pharmacia Biotech, #TRK686, 1 mCi/mL,
70–86 Ci/mmol.

3. Uridine (Sigma).
4. 50 mM Tris-HCl, pH 8.0, 50 mM ethylenediaminetetraacetic acid (EDTA).
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5. Egg white lysozyme, Grade I, from Sigma. Prepare a fresh 10 mg/mL solution in
water and discard unused portion.

6. 0.5% (w:v) SDS, 50 mM Tris-HCl, pH 7.5, 0.4 M EDTA.
7. Proteinase K (Sigma).
8. Equilibrated phenol/chloroform (1:1, v:v).
9. 3 M sodium acetate and 100% ethanol.

10. 50 mM Tris-HCl, pH 7.5, 1 mM EDTA.
11. RNase A (see Note 1).
12. QIAGEN Plasmid Kit (QIAGEN Inc., Valencia, CA).
13. TE8.0: 10 mM Tris-HCl, 1 mM EDTA, pH 8.0.
14. Restriction endonuclease and 10X reaction buffer.
15. Materials for agarose gel electrophoresis.

2.2. Cell-Free Extract Preparation
1. 10 mM Tris-HCl, pH 7.5, 20% sucrose (w:v).
2. 0.5 M β-mercaptoethanol: mix 35 µL of pure β-mercaptoethanol (14.4 M) with

965 µL water, and store in the refrigerator.
3. 5 M NaCl.

2.3. Stock Solutions for RecBCD Enzyme Assay
1. 4X Reaction Buffer: 200 mM Tris-HCl, pH 8.5, 40 mM MgCl2, 0.8 mg/mL bovine

serum albumin (BSA), 2.68 mM dithiothreitol (DTT).
2. RecBCD Dilution Buffer: 10 mM potassium phosphate, pH 6.7, 0.4 mg/mL BSA,

0.1 mM EDTA, 0.1 mM DTT, 20% (v:v) glycerol.

Tris-HCl, pH 8.5, potassium phosphate, pH 6.7, and MgCl2 stocks (1 M
each), and Na·EDTA (0.5 M, adjusted to pH 8.0 with NaOH), should be auto-
claved. BSA (10 mg/mL; see Note 2) and DTT (0.1 M) can be filter-sterilized.
The 4X reaction buffer, RecBCD dilution buffer, BSA, and DTT stocks should
be stored at –20°C in small aliquots.

3. ATP (1 mM). ATP can be purchased as a premade solution (e.g., Amersham
Pharmacia Biotech) or as the disodium salt from Sigma. A 100 mM stock solu-
tion is prepared from the latter by dissolving 0.55 g of Na2·ATP (551.1 g/mol) in
8 mL of water. Adjust the pH to 7–8.0 by adding 5 M NaOH and then add water
to 10 mL total volume. Dilute with water to a working 1 mM stock. The solutions
should be stored in small aliquots frozen at –20°C (see Note 3).

4. 10% Trichloroacetic acid (TCA).  Prepare a 100% (w:v) TCA solution by adding
227 mL of water to a 500 g bottle of solid TCA (ref. (33), p. B.13). Prepare the
10% TCA quench solution by diluting 10 mL of 100% (w/v) TCA to 100 mL
with water. Store both in the refrigerator (see Note 4).

5. Calf thymus DNA, 0.5 mg/mL. Dissolve 50 mg of calf thymus DNA (sodium
salt; Sigma) in 100 mL of TE 8.0 with stirring and gentle heating (see Note 5).

6. Liquid scintillation cocktail that is miscible with aqueous sample (e.g., Bio-Safe
II, Research Products International Corp., Mount Prospect, IL).
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3. Methods
3.1. Tritium-Labeled DNA Substrates

E. coli chromosomal DNA or plasmid DNA can be internally labeled with
tritium by growth in minimal medium containing [3H]thymidine. E. coli DNA
can be prepared easily in large amounts, wheras linear plasmid DNA has the
advantage that the substrate structure is well defined and homogeneous. The
disadvantage of the latter is that the circular plasmid must be cleaved with a
restriction endonuclease before use.

3.1.1. E. Coli Chromosomal [3H]DNA
Many E. coli strains can be tritium-labeled by growth in minimal medium

such as M9CA. We have prepared chromosomal DNA from E. coli strain K37
(ATCC #33626).

1. Grow an overnight culture of the chosen strain in 1–2  mL of sterile M9CA
medium with any other required nutrients (see Note 6). Inoculate the culture with
a single colony picked from a plate, or gouge some cells from a frozen culture
(–80°C) with a sterile needle.

2. The next morning, pour the saturated overnight culture into 100  mL of fresh
M9CA medium and shake at 37°C. Measure the OD600 of the culture every
30–45 min. When the culture reaches OD600 = 0.1–0.2 (i.e., just entering log
phase), add 0.5–1 mL of [methyl-3H]thymidine (1 mCi/mL, see Note 7) and
20 mg of uridine (see Note 8).

3. Allow the culture to grow to saturation (8–12 h) at 37°C with shaking.
4. Harvest the cells by centrifugation at 5000g for 10 min in a JA14 rotor (Beckman)

or GSA rotor (Sorvall). Pour off the culture supernatant and dispose as radioac-
tive waste. Store the pellet at –80°C overnight, or proceed (see Note 9).

5. Resuspend the cell pellet in 10 mL of 50 mM Tris-HCl, pH 8.0, 50 mM EDTA.
Transfer to a 50-mL plastic centrifuge tube.

6. Add 10 mg of lysozyme and put the tube on ice for 45 min.
7. Add 2 mL of 0.5% (w:v) SDS, 50 mM Tris-HCl, pH 7.5, and 0.4 M EDTA. Add

proteinase K to a final concentration of 1 mg/mL. Mix well and incubate at 50°C
for 1 h.

8. Shear the DNA that is released into solution by sonication or by forcing it through
a syringe and needle. Start with a 16-gage needle, and force the solution through
successively narrower needles (i.e., 18, 20, 23, 25 gage) (see Note 10).

9. Add an equal volume of equilibrated phenol/chloroform (1:1, v:v). Mix well.
10. Centrifuge for 5–15 min at 7000g to separate the layers. Transfer the upper aque-

ous phase to a new tube, leaving behind as much as possible of the white material
at the aqueous/organic interface.

11. Add 3 mL of 3 M sodium acetate and 2 vol of ethanol. Mix well. Remove the
precipitated DNA/RNA by centrifugation (30 min, 10,000g). Redissolve in
25 mL of 50 mM Tris-HCl, pH 7.5, 1 mM EDTA, at room temperature.

12. Add RNase A to 0.2 mg/mL and incubate at 37°C for 30 min.
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13. Add an equal volume of phenol/chloroform. Mix and centrifuge. Transfer the
aqueous phase to a new tube.

14. Add 2 vol of ethanol. Sediment the DNA pellet by centrifugation (30 min,
10,000g) and dissolve it in 2–5 mL of TE 8.0.

15. Measure the absorbance at 260 and 280 nm to determine the DNA concentration
(see Note 11). The DNA concentration in µg/mL = A260 × 50, for a 1-cm path-
length cell. The molar concentration in terms of nucleotide residues is given by:
M nt residues = µg DNA/mL × 1 µg/1000 mg  × 1 mol nt / 324.5 g. The concen-
tration should be about 1 mM nt residues.

16. Determine the specific radioactivity (cpm/nmol) by counting several small
samples (1 µL each, mixed with 199 µL water, and 3 mL of liquid scintillation
fluid) in the [3H] channel of the scintillation counter:
specific radioactivity (cpm/nmol nt)  =     cpm/µL × 106 µL/L × 1 mol/109 nmol

          [DNA] (mol/L)
The specific radioactivity should be 20,000–50,000 cpm/nmol nt residues (see
Note 12).

3.1.2. Preparing Tritium-Labeled Plasmid DNA

1. Grow an overnight culture of cells containing the plasmid in 5 mL of M9CA
medium containing antibiotic and other nutrients as required for the particular
strain (see Notes 6 and 13).

2. The next day, pour the saturated overnight culture into 0.5 L of fresh M9CA
medium + other nutrients + antibiotic and shake at 37°C. Monitor the growth by
OD600, and add [3H]thymidine (2.5 mL) and uridine (100 mg) as above (step 2,
Subheading 3.1.1.). Harvest the cells after 8–12 h at 37°C by sedimentation, as
above (step 4, Subheading 3.1.1.).

3. The plasmid DNA can be isolated quickly using a number of commercial prod-
ucts. We have used the QIAGEN Plasmid Kit (QIAGEN). Alternatively, the plas-
mid DNA can be isolated from cleared lysates by centrifugation on cesium
chloride/ethidium bromide gradients (ref. (33), pp. 1.38–1.45).

4. The DNA concentration and specific radioactivity should be determined by
absorbance measurement and liquid scintillation counting, as above (steps 15
and 16, Subheading 3.1.1., and see Note 12). The [3H]plasmid DNA, recovered
in 1 mL TE8.0, is generally about 500 µM nt and 20,000–100,000 cpm/nmol nt.

5. Treat the circular plasmid with a restriction endonuclease to linearize it and purify
by phenol/chloroform extraction and ethanol precipitation (see Note 14).
Dissolve the DNA pellet in TE8.0. Count the radioactivity in a small sample of
the cleaved [3H]DNA (approx 1 µL) to determine the DNA concentration (see
Note 12). The DNA concentration is given by:

[DNA] (µM nt) =
   cpm          

    × 103

cpm/nmol × (1 µL)
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The DNA concentration in terms of duplex ends, the actual substrate for RecBCD,
is given by:

µM DNA ends   =   [DNA] (µM nt)/(# bp/molecule)

3.2. RecBCD Enzyme Preparation

RecBCD enzyme is present at very low levels in wild-type cells [approx 10
enzyme molecules/cell (19)]. Nonetheless, the nuclease activity has been measured
in crude lysates of these cells, relying on the low background of other ATP-depen-
dent nucleases. The recB, recC, and recD genes of E. coli have been cloned on an
18.5 kb BamHI fragment in several different vectors including pBR322 (10,34),
pTZ18U [a high-copy number plasmid vector (35,36)], and “runaway” vectors
whose replication rate increases at high growth temperature (37–39). These plas-
mids produce larger amounts of the enzyme than in an untransformed cell, making
detection easier in a crude extract.

Several procedures have been devised for RecBCD enzyme purification
(15,20,26,35,38,40–42). The purified enzyme is quite stable, with little loss of
activity after at least 2 yr when stored at –80°C in 10 mM potassium phosphate,
pH 6.9, 0.1 mM EDTA, 0.1 mM DTT, 50% (v:v) glycerol. The purified E. coli
enzyme concentration can be determined from absorbance measurements,
using ε280 = 400,000 M–1 cm–1 (26).

3.2.1. Preparation of Cell-Free Extract

The following procedure can be used to prepare a small cell-free extract for
RecBCD assay (41).

1. Fill a 1.5-mL microcentrifuge tube with a culture of cells to be assayed for
RecBCD enzyme activity (usually a midlog phase culture). Harvest the cells by
sedimentation in a microcentrifuge (1 min, 8000 rpm).

2. Remove the culture medium supernatant by aspirating through a Pasteur pipet.
3. Resuspend the pellet in 100 µL of ice-cold 10 mM Tris-HCl, pH 7.5, 20% sucrose

(w:v).
4. Freeze the suspension at –80 °C for at least 30 min, thaw, and put the tube on ice.
5. Add 2 µL of lysozyme (10 mg/mL in water) and 1 µL of 0.5 M β-mercaptoethanol.

Put the tube on ice for 5 min.
6. Add 2.1 mL of 5 M NaCl. Put on ice, 25 min.
7. Put the tube in a 37°C water bath for 10 min to lyse the cells, and then chill on ice

for 5 min.
8. Remove the cell debris by sedimentation in a microcentrifuge (5 min, maximum

speed, at 4°C).
Pipet off the supernatant (approx 90 µL or so), leaving the pellet behind (see
Note 15).
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9. Assay the lysate for ATP-dependent nuclease activity (see below) and total pro-
tein [by, e.g., the Bradford assay (43)], and analyze a sample by sodium dodecyl
sulfate polyacrylamide gel electrophoresis (SDS-PAGE) (see Note 16).

3.3. Exonuclease Assay on Double-Stranded DNA

The assay measures the conversion of [3H]-labeled dsDNA to small oligo-
nucleotide fragments that are soluble in cold 10% trichloroacetic acid (TCA).
The reaction conditions are:

1. 50 mM Tris-HCl, pH 8.5
2. 10 mM MgCl2

3. 40 µM ATP
4. 40 µM (nucleotides) [3H]DNA
5. 0.67 mM DTT
6. 0.2 mg/mL BSA

in a total volume of 20 µL (see Note 17).

1. Mix, in a 1.5-mL plastic microcentrifuge tube:
a. 5 µL 4X reaction buffer
b. 0.8 µL ATP   (1.0 mM stock)
c. [3H]DNA  (e.g., 1.6 µL of 500 µM stock)

water [20 µL – (vol enzyme to be added)] (see Note 18).
Put the tube in a 37°C water bath for approx  5 min. Keep the stock solutions
on ice.

2. Initiate the reaction by adding RecBCD enzyme, approx 1–5 µL of a crude extract,
or 1 µL of purified enzyme diluted in the buffer described above. Mix and place
at 37°C (see Note 19).

3. Quench the reaction after 10 min by adding 100 µL of ice-cold 10% TCA and
5 µL of calf thymus DNA (0.5 mg/mL). Mix and put the tube on ice for at
least 5 min.

4. Spin 10 min in a microcentrifuge, maximum speed, at 4°C.
5. Remove 110 µL of the supernatant (do not disturb the (invisible) pellet of

large [3H]DNA at the bottom of the tube). Add to 90 µL of water and 3 mL of
scintillation fluid, mix thoroughly, and count in the [3H] channel of the scin-
tillation counter.

The concentration of solubilized nucleotide residues in the reaction mixture
(assuming that the sample volumes are as given in this procedure) can be cal-
culated from:

[acid soluble DNA] (µM nt) =
cpm – BG    × 125 µL ×     1    ×  103

 cpm/nmol nt     110 µL       20 µL

where BG is the cpm in the reaction mixture or aliquot containing no enzyme
(see Note 20).
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4. Notes
1. RNase A is available from several sources, and may be heat-treated as in ref.

(33), p. B.17, to inactivate any DNase that may be present.
2. BSA may precipitate from solutions stored at –20°C, and can be redissolved by

mixing and gentle heating. BSA is not essential for these reactions, particularly
with the purified RecBCD enzyme.

3. ATP is an acid with four ionizable groups (44). The ATP concentration in the
stock should be determined from UV absorbance measurements [λmax = 259 nm;
ε259 = 15,400 M–1 cm–1 (ref. (33), p. B.11)]. The 0.1 M ATP is stable for months
at –20 °C.

4. We have noted no deterioration in the effectiveness of a 100% TCA solution
after several years use. Caution: TCA is a strong acid [pKa = 0.70 (45)].

5. Calf thymus DNA is added to the quenched reaction mixtures to serve as a carrier
and enhance the precipitation of large DNA fragments. The exact DNA concen-
tration can be determined from absorbance measurements (A260 of 1 = 50 µg/mL,
in a 1-cm pathlength cell), if desired.

6. Other nutrients may be required for a particular strain.  For example, HB101
requires proline (0.1 g/L), and JM109 requires thiamine (0.1 g/L). A rich medium
like LB broth should not be used.

7. Special care should be taken when working with milliCurie amounts of tritium.
This includes:

a. Clear a space on the lab bench. Move aside all equipment and supplies which
will not be used for the [3H]DNA prep.

b. Place a new sheet of plastic-backed absorbent paper on the lab bench. Do all
work over this paper and dispose of it when the procedure is completed.

c. If possible, incubate the culture containing [3H]thymidine in a confined incu-
bator/shaker, rather than a common incubator room, in case of breakage.

d. Dispose of the growth medium supernatant as liquid radioactive waste. A
small amount of bleach may be added first. Do not autoclave the 3H-contain-
ing medium.

8. Uridine inhibits thymidine phosphorylase, which would convert the
[3H]thymidine to thymine and prevent its incorporation into DNA (46).

9. The cell pellet can be stored frozen at –80°C if desired. Freezing and thawing
aids the lysis but is not required.

10. The DNA will be difficult to pipet accurately if it is very large and/or concen-
trated. This makes it difficult to determine its concentration and specific radio-
activity.

11. Dilute the DNA stock with TE8.0 so as to achieve A260 approx 0.5–1. Do dupli-
cate measurements, and dilute the stock if it is too concentrated to measure accu-
rately (see Note 10). The A260/A280 = 1.95 for pure E. coli DNA (47).

12. Invert the vial several times to mix the aqueous sample thoroughly with the scin-
tillation fluid and produce a clear homogeneous mixture. Count duplicate samples
to be sure they agree well (see Note 10).
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TCA quenches the scintillation counting slightly (approx  10%), when present at
the same concentration as in a quenched reaction aliquot (step 5, Subheading
3.3.). For greatest accuracy, TCA should be included in the scintillation vial at
the same concentration as in the quenched samples from reaction mixtures.

13. The procedure is for the plasmid pTZ19R [pUC plasmid replication origin (36)].
pBR322 and related plasmids can also be amplified with chloramphenicol (48).
This is not necessary for higher copy number plasmids such as pUC and derivatives.

14. The specific end structure of the linear DNA is not critical, as long as neither end
has a single-stranded overhang longer than about 25 nt (20). Thus, plasmid DNA
cleaved by any restriction endonuclease is a nuclease substrate for RecBCD.
A typical restriction digest mixture would contain 100 µL of plasmid DNA, 12 µL
of 10X restriction endonuclease reaction buffer, approx 10–20 U of restriction
endonuclease, and sterile deionized water to 120 µL total volume. The progress
of the digestion should be checked after 2–3 h at the appropriate temperature
(usually 37°C) by running a small sample from the digest mixture on an agarose
gel. The linearized DNA should be purified and isolated by phenol/chloroform
extraction and ethanol precipitation and dissolved in 100 µL TE 8.0.

15. Sometimes the pellet is very loose and does not sediment well. Spin longer and/
or pipet off less supernatant if this occurs.

16. Load 10–20 µg protein in each lane of a 7.5% polyacrylamide gel containing
SDS (the extract usually contains about 0.5–1 mg/mL of total protein). The RecB
and RecC proteins may be visible if a strain containing cloned genes is used.
They are not visible in an extract of nonoverexpressing cells.

17. The best reaction conditions are those in which the enzyme produces mostly small
DNA fragments: high Mg2+ (1–10 mM) and low ATP. The production of acid-
soluble fragments is maximal at 40–60 µM ATP, and is lower at higher ATP
(15,40,49). The nuclease activity is readily detectable at pH 7–8.5. Under other
conditions, and depending on the rate of DNA unwinding vs the frequency of
nuclease cleavage, mostly large nuclease products may be formed. Fragments
larger than approx 20 nt are acid-precipitable (32) and thus not detected in this
assay. A nuclease reaction under these conditions would therefore give a falsely
low signal.

18. Several important control mixtures should also be prepared:
a. Leave out ATP. This measures the amount of DNA solubilized by nucleases

other than RecBCD.
b. Add 1 µL of dilution buffer alone, containing no enzyme, incubate for 10 min

at 37°C, and quench with TCA. This sample gives the background of tritium
label in the [3H]DNA that is acid-soluble initially. This should be very low
(<1% of the total cpm in the reaction). Subtract these background counts from
those obtained from the reactions that contain enzyme.

c. The total cpm in a reaction mixture or aliquot can be determined as follows:
Add 100 µL of water and 5 µL of calf thymus DNA to a 20 µL reaction
mixture prepared as in step 1, remove 110 µL (do not spin), and add to a
scintillation vial containing 3 mL scintillation fluid and 90 µL of 10% TCA
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(see Note 12). There will be at least 16,000 total cpm in a 20 µL reaction
mixture by this assay procedure.

19. Several reactions can be done simultaneously by initiating them at 30- or 60-s
intervals. If so, be sure to quench them at intervals as well (step 3), so that each
reaction goes for only 10 min.

The nuclease activity in an extract of wild-type cells is low, so 1–5 µL of
undiluted extract should be added to the assay. The activity with a wild-type cell
extract is about twofold greater with ATP than in its absence (15,34).

The activity is somewhat greater in an extract of cells containing cloned
recBCD genes. The nuclease activity in extracts of cells transformed with pFS11–
04 (34) or pDJ05 [pTZ18U vector (35)] is about 10–20-fold greater with ATP
than without (34,50). Thus, the extract can be diluted approx fivefold for the
assay. It is also a good practice to do assays with varied amounts of extract, to be
sure that the observed activity is linear with amount of enzyme added. The maxi-
mum cpm solubilized in a reaction mixture should ideally be <50% of the total in
the mixture.

About 0.1 nM of purified RecBCD enzyme is sufficient for the ds-exonuclease
assay. Nuclease activity is undetectable with the purified enzyme in the absence
of ATP.

20. This procedure and the reaction volume given are for a fixed-time-point assay.
To follow the time-course in a single reaction mixture, prepare enough reaction
mixture for all aliquots (including a zero time-point, before the enzyme has been
added), + 5–10 µL extra. Put 100 µL of 10% TCA into microcentrifuge tubes
(one for each time point), and put them on ice. Remove a 20-µL aliquot from the
reaction mixture, add it to the first tube containing TCA, add calf thymus DNA,
mix, and put on ice. Initiate the reaction by adding RecBCD enzyme to the
remaining reaction mixture, and start a timer. Remove 20 µL aliquots at the desired
times and add to the remaining quench tubes. When all aliquots have been
removed, centrifuge the quenched samples and count.

Reaction time-courses with dsDNA are usually linear for only a short time (<5
min), although the extent of reaction is proportional to the enzyme concentration
(40). The reaction with denatured DNA is more linear with time. The dsDNA can
be heat-denatured by placing a tube in a boiling water bath for 5 min, and then
transferring it to an ice-water bath. The reaction mixture for ssDNA can be simi-
lar to that used with dsDNA, except the ATP concentration should be greater
[0.2 mM ATP; the apparent nuclease activity does not decline at high [ATP] in this
assay (15)]. The reaction with ssDNA requires a greater enzyme concentration than
for the ds-exonuclease activity (approx fivefold greater) to obtain a good signal.

RecBCD hydrolyzes about 2 ATP per basepair unwound and made acid
soluble (25,51). ATP regeneration can be important in some cases, given that the
total ATP concentration is rather low in a ds-exonuclease reaction. An example
was the case of the RecBCD-K177Q mutant enzyme. ATP hydrolysis by this
mutant is relatively fast compared to the nuclease, so, at low ATP (10 µM), the
ATP was used up and the nuclease reaction stopped prematurely (52).



102 Julin

An ATP regeneration system consists of 2 mM phosphoenolpyruvate (PEP)
and pyruvate kinase (20 U/mL). PEP and pyruvate kinase (type II, approx 1800
U/mL, from rabbit muscle, as a suspension in 3.2 M ammonium sulfate) can be
obtained from Sigma. Prepare a 100 mM PEP stock in 50 mM Tris-HCl, pH 7.5.
Store frozen in aliquots at –20°C. The pyruvate kinase mixture should be shaken
gently to resuspend and then approx 20 µL of the suspension transferred to a
microcentrifuge tube. Spin for 5 min at 4°C, pipet off the supernatant, and redis-
solve the protein pellet in 54 µL of 50 mM Tris-HCl, pH 7.5, and 36 µL of PEP
solution. Add 1 µL of this mixture to a 20 µL reaction.
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Holliday Junction Branch Migration
and Resolution

RuvA, RuvB, and RuvC
from the Hyperthermophile Thermotoga maritima

Susana Gonzalez and James G. Wetmur

1. Introduction
Two types of general methods are detailed in this chapter. The first involves

formation of a Holliday junction substrate that can be used to measure both
helicase-dependent Holliday junction branch migration and Holliday junction
resolution driven by Ruv proteins from any bacterial species, whether meso-
philic or thermophilic. The second involves the purification of Ruv proteins
from the thermophile, Thermotoga maritima, by procedures applicable to the
purification of thermostable proteins from a variety of thermophilic genera.
The specific assays detail the measurement of branch migration and resolution
of the Holliday junction substrate by T. maritima Ruv proteins.

The Holliday junction is a key intermediate in homologous recombination.
The X-shaped junction is formed at the intersection of two homologous duplex
DNAs with one strand of each DNA duplex crossing over to the second duplex.
In prokaryotes such as Escherichia coli, Holliday junctions may be formed by
the actions of RecA, RecBCD, and SSB (1). Subsequently, RuvB, together with
RuvA, forms a complex on the Holliday junction that catalyzes branch migra-
tion (2). Although RecA itself can catalyze branch migration through mis-
matched sequences, both RuvA and RuvB are needed specifically for bypass
of insertions >100 bp and, in general, to speed up branch migration (3). The
tetrameric RuvA protein binds specifically to the “square” planar form of the
Holliday junction (4,5) and can form a complex with RuvB in solution. RuvB
is a DNA-dependent ATPase (6), which forms hexameric rings on duplex DNA
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(7). High concentrations of RuvB will promote branch migration, bound RecA
displacement, and closed circular DNA unwinding in vitro in the presence of
ATP and high concentrations of Mg2+, indicating that RuvB is the translocat-
ing motor driving Holliday junction branch migration. At low concentrations
of Mg2+, RuvA is required to direct RuvB to and maintain RuvB on the Holliday
junction substrate during branch migration (8).

Following branch migration catalyzed by RuvAB, Holliday junction resolu-
tion is accomplished by RuvC. The dimeric structure of the RuvC protein (9) is
consistent with its ability to cleave across the Holliday junction by dual inci-
sion at base-specific contacts, a mechanism similar to that observed with cer-
tain restriction endonucleases. The recognition and cleavage site for E. coli
RuvC is (A/T)TT ↓ (G/C) (10). RuvC works with RuvAB in the late steps of
homologous recombination (11–13). RuvC forms a complex with RuvAB at a
Holliday junction, and enhanced RuvC cleavage depends on RuvAB-mediated
ATP hydrolysis.

Biochemical studies employing thermostable proteins overexpressed in E.
coli have unique advantages. Purification of thermostable proteins to homoge-
neity is greatly simplified by the use of a heating step to denature and subse-
quently precipitate host proteins. The wide range of available assay
temperatures permits studies at very low turnover rates. Trace host protein con-
taminants are unlikely to have any enzymatic activities at the elevated tem-
peratures used for assays. Because thermostability is rarely affected
significantly by site directed mutagenesis, mutant proteins may be purified
using the same protocols. Thus, thermostable proteins also are good candidates
for structural studies.

The genomic sequences for T. maritima RecA and RuvB were cloned using
degenerate and inverse PCR (14,15). Recently, the complete genomic
sequences of several thermophiles have been reported, including T. maritima
(16), greatly simplifying the cloning of RuvA and RuvC (Gonzalez, S.,
Rosenfeld, A., Szeto, D., et al., manuscript in preparation). The three T. mar-
itima Ruv proteins have been expressed in E. coli and purified to homogeneity.
The T. maritima RuvAB catalyzes Holliday junction branch migration at 70°C
leading to products containing regions of nonhomology. Either ATP or ATPγS
hydrolysis will serve as the energy source. T. maritima RuvC resolves Holliday
junctions at 70°C. Remarkably, the cleavage site [(A/T)TT ↓ (G/C)] is identi-
cal to the preferred cleavage site for E. coli RuvC. Phylogenetic analysis based
on RecA and RuvB has shown that thermophilic bacteria such as T. maritima,
representative mesophilic Gram negative bacteria, and representative meso-
philic Gram-positive bacteria are equally divergent from one another. The con-
servation of function strengthens the argument for using the T. maritima proteins
for biochemical and structural studies of the RuvAB helicase and RuvC
resolvase activities.
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2. Materials
2.1. Reagents and Procedures

1. All synthetic oligodeoxynucleotide primers for PCR were ordered from IDT, Inc.
(www.idtdna.com). The primers were synthesized on automated instruments.

2. All enzymes were purchased from New England Biolabs (www.neb.com), except
where noted and used as indicated by the manufacturer.

3. All DNA manipulations used standard techniques and procedures (17).
4. LB medium: 10 g/L bacto tryptone (DIFCO), 5 g/L bacto yeast extract (DIFCO),

10 g/L NaCl, Deionized H2O to 1 L. Adjust pH to 7.0 with 1 M NaOH.
5. LB medium supplemented with 50 µg/mL ampicillin and 25 µg/mL chloram-

phenicol.
6. Cell resuspension buffer: 50 mM Tris-HCl, pH 8.0, 10 mM ethylenediamine-

tetraacetic acid (EDTA), 1 mM dithiothreitol (DTT) and 1mM phenyl methyl
sulfonyl flouride (PMSF).

7. 1 M (NH4)2SO4.

8. 20 mM Tris-HCl, pH 9.0.
9. TE: 10 mM Tris-HCl, 1 mM EDTA, pH 7.8 / pH 8.0.

10. 0.1 M NaOAc in TE, pH 7.8.
11. 2 M NaCl and 0.2 M NaCl in TE, pH 8.0.
12. 0.1 M KCl and 0.2 M KCl in TE, pH 8.0.
13. 2 M guanidine HCl in TE, pH 7.8.
14. TBE buffer: 89 mM Tris-HCl, 89 mM borate, 1 mM EDTA, pH 8.
15. TAE buffer: 0.04 M Tris-acetate, 1 mM EDTA, pH 8.0.
16. HiTrap Q anion-exchange column and HiTrap Blue column (Amersham-

Pharmacia, www.apbiotech.com).

2.2. Holliday Junction Substrates
2.2.1. Principles of Reassociation-Mediated Holliday Junction Formation

The Holliday junction substrate used in this work was formed by denatur-
ation and reassociation of two duplex reactants, each consisting mostly of an
inverted repeat. Reassociation-mediated Holliday junction formation is
depicted in Fig. 1. Reactants were formed by head to head ligation of PCR
products differing only in the sequences of the PCR primers (Fig. 1, Panel A).
Each head primer contained a different restriction endonuclease recognition
sequence capable of producing compatible ends for ligation. Each tail primer
contained a unique 5' sequence of approximately 30 nt, depicted as an open
box. Denaturation and cooling to a temperature just below the melting tem-
perature converts the inverted repeat reactant strands into hairpins (Fig. 1, Panel
B). Annealing the unique tail sequences leads to a transient Holliday junction
structure (Fig. 1, Panel B). Spontaneous branch migration leads to reformation
of the reactant (Fig. 1, Panel A). The use of an equimolar concentration of two
reactants formed using templates differing at one site will lead to a 50% yield
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of stable Holliday structures because branch migration is impeded by the region
of mismatch (Fig. 1, Panel C).

2.2.2. PCR Products for Reassociation-Mediated
Holliday Junction Formation

In the example below, pUC19 derivatives were used as PCR templates to
form the repeat units of the reactants (Fig. 1, Panel A). In pUC19GC, the poly-
linker of pUC19 was modified at the BamHI site, substituting a C for the T to
create the sequence GGACCC. pUC19∆3 was formed by introducing a T and
two Cs into the pUC19GC polylinker sequence to yield GGATCCCCC and
reconstitute the BamHI site. Template concentrations for PCR were 5 µg/mL.

Both PCR primers for creating a 382-bp repeat unit included one of the two
PvuII sites in pUC19. The primer 5'-ggccagatctggccccatggcgaaggcctc TACG-
CCAGCTTGG-CGAAAGGG-3' (Tail Primer 1) was used with 5'-GCG-

Fig. 1. Formation of stable Holliday junctions. Panel A: Structure of an inverted-
repeat reactant formed by head to head ligation of PCR products derived from the
same template. The white blocks on the tail primers denote unique sequences. Panel
B: Hairpins formed by denaturation and cooling a reactant. The two hairpin strands are
depicted with the complementary tail sequences aligned for initiation of a Holliday
junction. Panel C: Hairpins formed by denaturation and cooling two reactants derived
from two templates differing at one locus. The mismatch region occurs when the two
strands are derived from different reactants.
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CCACCTGAGTGGAATGC-AGCCTGGCACGACAGG-3' (Head Primer 1)
to form one repeat unit. The primers for the second repeat unit were 5'-gcga-
gctagcggccgatatcgcggccgcaaTACGCCAGCTGGC-GAAAGGG-3' (Tail
Primer 2) and 5'-GCGCCACTCAGGTGGAATGCAGCTGGCACGACAGG-3'
(Head Primer 2). The unique sequences in the Tail Primers are indicated in
lower case. The BstXI sites in the Head Primers are underlined. The unique
and selfcomplementary sticky end sequences are shown in boldface. PCR
amplifications were carried out using standard reagent concentrations (18)
using cycles of 30 s, 30 s and 60 s at 94°C, 55°C, and 72°C, respectively.

PCR products were purified with a Qiagen PCR purification kit
(www.qiagen.com) according to the manufacturer’s instructions. The purified
PCR products were digested overnight at 55°C with BstXI in NEB3 Buffer
(50 mM Tris-HCl, pH 7.9, 10 mM MgCl2, 100 mM NaCl, 1 mM DTT, New
England Biolabs), heated to 65°C for 20 min to inactivate BstXI, and washed on
Ultrafree-MC filters (Millipore, www.millipore.com) with TE, pH 7.8 to remove
the short fragments. To form an inverted repeat reactant (Fig. 1, Panel A), an
equimolar mixture of the BstXI-digested PCR products, produced using the two
primer sets on the same template, was ligated overnight with T4 DNA ligase in
buffer containing ATP. The ligated products were separated from unligated prod-
ucts by electrophoresis on a 2% agarose gel in TAE buffer, followed by excision
from the gel and extraction from the agarose using an agarose gel DNA extrac-
tion kit (Roche Molecular Biochemicals, biochem. roche.com). The agarose gel
and the running buffer contained 0.5 µg/mL ethidium bromide (see Note 1). The
reactants were further purified by phenol:chloroform extraction and ethanol pre-
cipitation, resuspended in TE and stored at 4°C until further use.

2.2.3. Other Holliday Junction Substrates

Ruv protein substrates can be formed by using equimolar mixtures of par-
tially complementary synthetic oligonucleotides to form Holliday junctions
(19). These substrates were not used for studies with the thermostable Ruv
proteins because of their instability at the high temperatures required for opti-
mal activity of the proteins.

Experimental systems have been developed to study the interactions of E.
coli Ruv proteins and RecA. These studies employed the recombination inter-
mediates that were formed during the DNA strand exchange reaction between
gapped circular DNA and 32P-3'-end-labeled homologous linear-duplex DNA
upon addition of RecA (11,20). These recombination intermediates (α struc-
tures) contained Holliday junctions that were substrates for the Ruv proteins.
This type of substrate was not used with the thermostable Ruv proteins because
of the inefficiency of substrate formation by the homologous thermostable
T. maritima RecA protein.
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2.3. Bacterial Strains
Expressing Recombinant T. maritima Ruv Proteins

E. coli strain BL21(DE3) pLysS, endA– [BL21-Gold (DE3) pLysS] (Stratagene,
www.stratagene.com) were used to carry the plasmid pET11c (Novagen).
BL21(DE3) is a derivative of E. coli B carrying an IPTG-inducible T7 RNA poly-
merase gene of the prophage DE3. The plasmid pET11c contains a T7 RNA poly-
merase promoter positioned to permit expression from an inserted gene under the
control of T7 RNA polymerase. The pLysS plasmid encodes lysozyme, which
facilitates release of expressed recombinant proteins by freeze-thaw lysis of the
cells. The endA– mutation inactivates the periplasmic space enzyme endonuclease
I that cuts double-stranded DNA nonspecifically. E. coli endonuclease I is thermo-
stable and, to some degree, thermoactive. The cloning of T. maritima ruvA, ruvB,
and ruvC into pET11c was accomplished by amplification of the genes with appro-
priate PCR primers containing introduced NdeI and either BamHI or BglII restric-
tion endonuclease sites. The PCR products were digested and ligated into the NdeI
and BamHI sites of pET11c. After ligation, the vectors were transformed into
BL21-Gold (DE3) pLysS. The sequences of the plasmid inserts were verified.

3. Methods
3.1. Substrate Formation

Reactants (Fig. 1, Panel A) were prepared as described in Subheading 2.2.2.
The PCR template for preparation of one reactant was pUC19GC. The second
reactant was based on amplification products of pUC19∆3 using the same
primer sets. In typical reactions, stable Holliday junctions were formed from
equal quantities of each reactant in NEB3 Buffer. The mixtures were incubated
to 100°C for 1 min to separate the strands, annealed at 85°C for a maximum of
2 min to allow hairpin formation (Fig. 1, Panels B), and further annealed for a
maximum of 60 min at 70°C to permit formation of stable Holliday junctions
at a 50% yield (Fig. 1, Panel C). RuvA, RuvB, or both are added in at least
three-fold stoichiometric excess to the stable Holliday junctions for analysis of
ATP-dependent branch migration as described below in Subheading 3.3. There
are 12 RuvB monomers (2 hexamers) per junction and 4 or 8 RuvA monomers
(1 or 2 hexamers) per junction. The reactant concentrations in typical reactions
were 30 nM each in a final volume of 30 µL.

3.2. T. maritima Ruv Protein Expression and Purification
3.2.1. T. maritima RuvA, RuvB, and RuvC Expression
and Partial Purification

1. Grow the bacteria containing the pET11c expression plasmid for RuvA, RuvB,
or RuvC in LB medium supplemented with 50 µg/mL ampicillin and 25 µg/mL
chloramphenicol to A600 >0.5 (see Note 2).
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2. Induce the cultures with 1mM IPTG.
3. Grow for an additional 4–6 h.
4. Collect the cells by centrifugation. The cells may be stored frozen overnight at

–80°C.
5. Resuspend the cells in 1 mL 50 mM Tris-HCl, pH 8.0, 10 mM EDTA, 1 mM

DTT, and 1 mM PMSF.
6. Freeze and thaw three times.
7. Sonicate the samples as necessary to reduce the viscosity caused by the bacterial

DNA (see Note 3).
8. Clarify by microcentrifugation (see Note 4).
9. Transfer the supernatant to a new tube and add 1 M (NH4)2SO4 to a final concen-

tration of 0.3 M (see Note 5).
10. Heat the samples at 75°C for 15 min to denature E. coli proteins.
11. Place on ice for 30 min to aggregate E. coli proteins. The solution will look milky.
12. Clarify by microcentrifugation at 4°C for 15 min.
13. Transfer the supernatant to a new tube or tubes.
14. Crude RuvA, RuvB, or RuvC may be stored at 4°C for up to 2 d prior to

purification.

3.2.2. T. maritima RuvA, RuvB, and RuvC Purification to Homogeneity

Protein purification may be accomplished by two chromatographic steps. A
5-mL HiTrap Q anion-exchange column (Amersham-Pharmacia, www.apbio-
tech.com) was used first because of its high capacity. A 5-mL HiTrap Blue column
was then employed because it frequently binds proteins involved in nucleic acid
metabolism very tightly and because its negative charge permits removal of any
residual nucleic acids in the wash solutions. The manufacturer’s protocols should
be followed for proper equilibration of the columns prior to loading the proteins.

3.2.2.1. T. MARITIMA RUVA

1. Load the crude RuvA directly onto a HiTrap Q column.
2. Wash with 100 mL 20 mM Tris-HCl, pH 9.0.
3. Elute in 0.2 M NaCl in 20 mM Tris-HCl, pH 9.0.
4. Identify RuvA fractions by sodium dodecyl sulfate-polyacrimide gel electro-

phoresis SDS-PAGE (see Note 6).
5. Dilute appropriate fractions five-fold into 0.1 M NaOAc in TE, pH 7.8
6. Load onto a HiTrap Blue column.
7. Wash with 100 mL 0.1 M NaOAc in TE, pH 7.8.
8. Elute with 2 M NaCl in TE, pH 8.0.
9. Identify RuvA fractions by SDS-PAGE.

10. Dialyze overnight at room temperature into 0.2 M KCl in TE, pH 8.0

3.2.2.2. T. MARITIMA RUVB
1. Dilute crude RuvB 10-fold into 20 mM Tris-HCl, pH 9.0
2. Load onto a HiTrap Q column.
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3. Wash with 100 mL 20 mM Tris-HCl, pH 9.0.
4. Elute in 0.2 M NaCl in 20 mM Tris-HCl, pH 9.0.
5. Identify RuvB fractions by SDS-PAGE (see Note 6).
6. Dilute appropriate fractions fivefold into 0.1 M NaOAc in TE, pH 7.8
7. Load onto a HiTrap Blue column.
8. Wash with 100 mL 0.1 M NaOAc in TE, pH 7.8.
9. Elute with 2 M guanidine HCl in TE, pH 7.8.

10. Identify RuvB fractions by SDS-PAGE.
11. Dialyze overnight at room temperature into 0.2 M KCl in TE, pH 8.0

3.2.2.3. T. MARITIMA RUVC
1. Dilute crude RuvC 10-fold into 20 mM Tris-HCl, pH 9.0
2. Load onto a HiTrap Q column.
3. Wash with 100 mL 20 mM Tris-HCl, pH 9.0.
4. Elute in 0.2 M NaCl in 20 mM Tris-HCl, pH 9.0.
5. Identify RuvC fractions by SDS-PAGE (see Note 6).
6. Dilute appropriate fractions five-fold into 0.1 M NaOAc in TE, pH 7.8.
7. Load onto a HiTrap Blue column.
8. Wash with 100 mL 0.1 M NaOAc in TE, pH 7.8.
9. Wash with 50 mL 2.0 M NaCl in TE, pH 7.8.

10. Elute with 2 M guanidine HCl in TE, pH 7.8.
11. Identify RuvC fractions by SDS-PAGE.
12. Dialyze overnight at room temperature into 0.1 M KCl in TE, pH 8.0.

Typical yields of T. maritima Ruv proteins are 0.2 mg/1011 cells, or approx
2.5% of the initial protein content of the cells. Protein purity may be examined
by SDS-PAGE. Absorbance spectra should be taken to confirm a 280 nm maxi-
mum, indicating efficient removal of nucleic acids. The Ruv proteins may be
concentrated as needed with either centricon-10 or centricon-30 filters
(Amicon, www.millipore.com).

3.3. Analysis of Branch Migration
1. Form stable Holliday junctions in 6 tubes as described above in Subheading 3.1.

Each volume should be less than 30 µL so that after the additions described as
follows, the final concentration of stable Holliday junctions (50% yield) will be
30 nM in the final volume of 30 µL in NEB3 buffer.

2. Additions to tubes:
a. Tube 1: RuvA to 1 µM monomer plus 0.2 µM ATP.
b. Tube 2: RuvB to 1 µM monomer plus 0.2 µM ATP.
c. Tube 3: RuvA and RuvB to 1 µM monomers (No ATP).
d. Tube 4: RuvA and RuvB to 1 µM monomers plus 0.2 µM ATP.
e. Tube 5: RuvA and RuvB to 1 µM monomers plus 0.2 µM ATPγS.
f. Tube 6: 0.2 µM ATP (No RuvA or RuvB) as control.

3. Incubate at 70°C for 60 min.
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4. Optional: Cut the products with one or more of the many restriction endonu-
cleases that function well in NEB3 buffer (see Notes 7 and 8).

5. Add SDS to 0.1%.
6. Incubate at 50°C for 10 min. This procedure inactivates all the enzymes and dis-

rupts all DNA-protein interactions.
7. Separate the products on a native 6% polyacrylamide gel in TBE buffer.
8. Stain the gel with ethidium bromide and examine by fluorography.

The denaturation and annealing of the two reactants leads to transient
Holliday junctions formed from fully complementary strands (50% yield) and
to stable Holliday junctions formed from complementary but mismatched
strands (50% yield). Spontaneous branch migration of the transient Holliday
junctions leads to reformation of the reactants. The stable Holliday junctions
do not produce a useful band on the polyacrylamide gel. Thus, in the absence
of RuvAB-directed branch migration, the only visible band should be the reac-
tant band. Tubes 1–3 lack either RuvA, RuvB, or its energy source; control
tube 6 lacks both RuvA and RuvB. Energy-dependent branch migration leads
to formation of a heteroduplex reactant with two mismatched regions. For the
substrate described above, the mismatched regions contain trinucleotide bulge
loops that decrease the mobility relative to that of the homoduplex reactants. In
the presence of RuvA, RuvB and an energy source (Tubes 4–5), homoduplex
and heteroduplex reactant bands of similar intensity should be observed. Both
ATP and ATPγS are hydrolyzed by T. maritima RuvB (15).

This branch migration assay may be used to determine the time course of
energy-dependent branch migration. The function of native and mutant RuvA
and RuvB proteins from any species may be examined as a function of tem-
perature and solvent. Clearly the substrate described here may be modified to
examine a wide variety of mismatch sequences.

3.4. Analysis of Resolution

1. Label one reactant (e.g., pUC19GC inverted repeat) using polynucleotide kinase
[γ- 32P]ATP.

2. Heat to 65°C for 20 min to inactivate the kinase.
3. Wash on Ultrafree-MC filters with magnesium-free NEB3 to exchange the buffer

and remove the excess [γ- 32P]ATP.
4. Form stable Holliday junctions in three tubes as described above in Subheading

3.1. Each volume should be less than 30 µL so that after the additions below the
final concentration of stable Holliday junctions (50% yield) will be 30 nM in the
final volume of 30 µL in NEB3 buffer.

5. Additions to tubes:
a. Tube 1: RuvC to 1 µM monomer plus MgCl2 to 1 µM.
b. Tube 2: RuvC to 1 µM monomer.
c. Tube 3: MgCl2 to 1 µM.
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6. Incubate at 70°C for up to 3 h.
7. Add SDS to 0.1%.
8. Incubate at 50°C for 10 min.
9. Three labeled marker DNAs may be prepared by digestion of the same labeled reactant

with EcoRI, AvaII, and HindIII. Labeled sequencing ladders may be produced by PCR
cycle sequencing using the same template (e.g., pUC19GC) and one labeled primer.

10. Separate the products on a DNA sequencing gel.
11. Examine by autoradiography to determine the location and extent of cleavage.

4. Notes
1. Caution: Because ethidium bromide may be activated to form a carcinogen,

gloves should be worn when handling all gels and solutions containing ethidium
bromide. Care must be taken to minimize UV damage when excising the band
from the gel.

2. The ampicillin maintains the expression plasmid and the chloramphenicol main-
tains the compatible pLysS plasmid. The cultures may be grown overnight,
diluted 1:100 the following morning into 250 mL of the same medium and grown
until reaching an A600 > 0.5.

3. Before sonication, the high viscosity may be seen as slow liquid flow following
inversion of a sample tube. A typical sonication procedure for a 1-mL sample on
ice is three 10 s pulses spaced by a minimum of 30 s to avoid overheating the
sample. After sonication and microcentrifugation, the liquid flow should be
indistinguishable from buffer.

4. Up to and including this step, this workup would apply to most expressed pro-
teins, whether from mesophilic or thermophilic organisms.

5. The high salt will prevent nonspecific binding of the thermostable proteins with
other proteins or nucleic acids.

6. The sizes of the proteins following SDS-PAGE are RuvA: 20 kDa, RuvB: 37 kDa
and RuvC: 18 kDa.

7. More specific structural data may be obtained by restriction endonuclease diges-
tion of the stable Holliday junctions and branch migration products. For example,
AvaII will cut pUC19GC and not pUC19∆3, whereas BamHI will cut pUC19∆3
and not pUC19GC at the mismatch position. Heteroduplex reactants are refrac-
tory to cleavage.

8. For the reactants described above, simultaneous cleavage by AvaII and BamHI
cuts the approx 750 bp homoduplex reactants into a long inverted repeat contain-
ing the BstXI site of approx 450 bp and two end fragments of 150 bp. In the
absence of energy-dependent branch migration, each stable Holliday junction
contains one hairpin arm with an AvaII site and a sond hairpin arm with a BamHI
site. Cleavage at these sites leads to two approx 225 bp hairpin fragments and,
following spontaneous branch migration of the second fragment, the same two
approx 150 bp end fragments. Thus for Tube 6 and Tubes1–3, bands of 450 bp,
225 bp, and 125 bp should be observed with stoichiometry 1:2:4. In the course of
energy-dependent branch migration, the stable Holliday junctions are converted
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into heteroduplex reactants again refractory to cleavage by the enzymes. In Tubes
4–5, the appearance of the heteroduplex reactant band running slower than approx
750 bp should be accompanied by disappearance of the hairpin approx 225 bp
band and a two-fold decrease in the 150 end-fragment band. When the reaction
goes to completion, bands of >750 bp, 450 bp, and 125 bp should be observed
with stoichiometry 1:1:2.

9. This resolution assay may be used to determine the time-course of the reaction.
The function of native and mutant RuvC proteins from any species may be exam-
ined as a function of temperature and solvent. In addition, the combined activi-
ties of RuvA, RuvB, and RuvC may be examined. The substrate described here
may be modified to examine a variety of potential cleavage sites. The labeled
arms may be examined separately by cleavage with a restriction exonuclease with
a recognition sequence found only in one of the unique ends. Analysis of the
reaction products has shown that the preferred sequence for cleavage by the E.
coli RuvC is conserved in T. maritima RuvC (Gonzalez, S., Rosenfeld, A., Szeto,
D., et al, manuscript in preparation). The sequence specificity for other RuvC
resolvases is unknown.
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MutS–DNA Interactions and DNase Protection Analysis
with Surface Plasmon Resonance

Peter Brooks

1. Introduction
1.1. Protein–DNA Interactions in Mismatch Repair

Elucidation of the mechanisms of recognition of mispaired DNA by MutS
and subsequent repair by the multicomponent mismatch repair machinery pre-
sents a fascinating challenge (1). ATP binding or hydrolysis are implicated in
several steps of the process, including enabling MutS to dissociate from the
mismatch, probably through a conformational change (2) and for MutSL–DNA
interactions (3,4). In addition to mismatch recognition, the protein has signifi-
cant affinity for normal DNA. This may be important for the protein to scan
DNA in search of a mismatch and for its proposed translocation activity. It can
be expected, and especially once a MutS-DNA complex structure is solved,
that numerous mutants will be generated to study the recognition mechanism.
To examine stable and transient DNA interactions of the native and mutant
proteins in various conformational states, assays that enable detailed kinetics
are desirable. Instrumentation providing such capability is a worthwhile
complement to classic assays, such as filter binding and electrophoretic mobil-
ity shift assays. Here, we describe techniques for studying the interaction of
MutS and MutL with immobilized DNA using surface plasmon resonance and
the BIAcore instrument. Such techniques should be readily adaptable to stud-
ies of other mismatch binding proteins (MMBP) or other DNA damage recog-
nition proteins.

1.2. BIAcore Technology

In the nanofluidic cartridge of the BIAcore, running buffer is continuously
pumped through four 70 nl “flow cells” (FC), each with a ligand (DNA for the
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experiments described here) immobilized in a polymer matrix with a surface of
1.2 mm2 but a depth of only a few hundred nanometers. Sample handling is
conceptually similar to a chromatographic system with an injection loop and
control valves to direct flow to the cells, singly or in combination, and then to
a recovery cup or to waste. Two “pumps” consist of glass syringes with motor-
ized pistons. In the sample compartment, a stainless-steel needle shaft on a
robotic arm is programmed to prepare dilutions and inject binding proteins
over the surfaces and solutions for washing or surface regeneration. Various
tube sizes and 96-well microtiter plates can be used. Automation of transfer,
mixing, and injection reduces errors and assures reproducibility. Although a
fundamental disadvantage of the instrument is that many samples cannot be
analyzed in parallel, the programming permits numerous automated serial
analyses for typical cycle times if the reagents remain stable for the series.
Samples can be injected to flow over the DNA surfaces for times ranging from
seconds to hours.

As the immobilized DNA captures protein, the resulting increase in mass in
the polymer matrix produces a slight increase in the refractive index, which is
detected by the optical system located behind the derivatized surface. The
detection system exploits the optical phenomenon known as surface plasmon
resonance (SPR); the BIAcore technology and detailed descriptions of SPR
have been reviewed (5–7).

As neither the DNA nor the protein need be labeled, the machine can be
considered as an expensive refractometer or as an expensive but exquisitely
sensitive analytical balance. The resonance signal is expressed as “response
units” (RU) and some tens of RU can be reproducibly measured. Based on the
analysis of various immobilized radiolabeled proteins, an increase in 1000 RU
is considered to represent 1 ng of protein captured in the surface (8). For nucleic
acids, the relationship is 1000 RU for 0.8 ng (9,10). The relation of these two
values has apparently not been contradicted by studies where protein/DNA
ratios were evaluated by SPR and by an independent technique. For example, a
MutS-DNA complex contains two monomers of MutS as determined by SPR
and by electron microscopy (2).

2. Materials

2.1. Instrumentation and Sensor Chips

The BIAcore 2000 or BIAcore 3000 (BIAcore, Uppsala, Sweden) permit
simultaneous analysis of four FCs and include an integrated sample chamber
and robotics for programmed sample injection (see Note 1). The user can manu-
ally execute commands, including establishing a “command queue.” Alterna-
tively, the control program includes a simple program language for writing
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“methods,” the series of commands for transfer and mixing, injections, washes,
and management of data recording. Methods can include for/end logical loops
with variables for repeating the same series of commands for different samples,
volumes, and so on. DNA is immobilized, and then protein is injected for a
specified association time. Hence, the “incubation” time is determined by the
flow rate (typically about 20 µL/min) and the volume injected. At the end of
the association phase, running buffer returns to flow over the surfaces for as
long as necessary to collect dissociation phase data. Any protein remaining
bound to the DNA is then removed with a regeneration solution to enable fur-
ther injection of protein over the same DNA surfaces. A separate program
“BIAevaluation” includes modules for analysis of the kinetograms (see
Note 2). Experiments can be performed between 4°C and 40°C and the metal
sample block temperature is controlled through connection to an external
recirculating water bath. We keep the blocks containing diluted protein samples
at 8°C and perform experiments between 25°C and 37°C. The routine mainte-
nance washes recommended by BIAcore should be respected (see Note 3).
“Sensor chips,” type SA (streptavidin immobilized on a carboxymethyl dex-
tran surface), as yet only available from BIAcore, should be prewashed as indi-
cated in the packing notice. To minimize variations in the baseline response, it
is wise to first serially inject the various buffers that will be used for DNA
immobilization and protein injections including regeneration buffer. A “report
point” function includes an evaluation of any baseline drift as a slope of the
signal vs time; before DNA or protein injections, we routinely obtain baselines
with variations of less than 0.5 RU/min.

2.2. Solutions

As the fluid channels and chambers are of capillary dimensions, it is impor-
tant to filter buffers and if necessary, protein solutions. Sufficient degassing
generally is effected during vacuum filtration of buffers.

1. HBS buffer: 10 mM Na-HEPES, pH 7.4, 0.15 M NaCl, 3 mM ethylenediamine-
tetraacetic acid (EDTA), 0.005% surfactant P-20, see Note 4. This buffer is sup-
plied filtered and degassed in convenient packets by BIAcore and is used to
continually bathe the cells and channels between experiments.

2. High salt buffer for DNA immobilization: 10 mM Na-HEPES, pH 7.5, 0.63 M
NaCl, 3 mM EDTA, 2% glycerol, and 0.005% Tween-20.

3. Running buffer, HAMG: 30 mM Na-HEPES, pH 7.5, 220 mM NaOAc, 4 mM
MgCl2, 0.1 mM EDTA, 2% glycerol, and 0.005% Tween-20.

4. Concentrated protein dilution buffer, HABG: HAMG without MgCl2 and with
5 mM β-mercaptoethanol. Depending on the extent of protein dilution from a
50% glycerol stock, the glycerol concentration in this buffer can be reduced
(see Subheading 3.1.).
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5. Reaction buffer, HABMG: HAMG with 5 mM β-mercaptoethanol. This is the
same as “sample buffer” because the preinjection protein diluent dictates the com-
position of the incubation for the protein-DNA interaction.

6. Surface regeneration buffer for protein removal: HAMG containing 0.04%
sodium dodecyl sulfate (SDS).

7. Surface regeneration buffer for DNA removal: DNase I is diluted in HABMGC
(HABMG with 0.5 mM CaCl2) to 3 µg/mL.

2.3. MutS and MutL Proteins
The protein preparations used (GeneGuard-S and GeneGuard-L, Genoscope,

Evry, France) were found to be free of nuclease and protease for the immobi-
lized DNA experiments described here. Highly concentrated proteins stored in
a 50% glycerol solution are manually diluted with HABG to a concentration
about 10 times higher than the final experimental concentrations. MutS,
1.2 µM, is stable at least 30 h at 8°C in HABG.

2.4. DNA Substrates
1. Use standard annealing methods with heat denaturation to form heteroduplex or

homoduplex oligonucleotide substrates. Use of an excess of a nonbiotinylated
oligo minimizes immobilization of the complementary single-stranded bio-
tinylated oligo on the SA surfaces (see Note 5).

2. Long substrates composed of sequentially overlapping oligonucleotides without
ligation are adequate for certain studies of MutSL–DNA interactions (4).

3. Amplicons produced by PCR from a reference sequence using one biotinylated
primer are annealed (using alkaline denaturation) with a nonbiotinylated
amplicon from a mutated sequence either in equimolar amounts or with an excess
of the nonbiotinylated DNA to increase the proportion of heterohybrid DNA
immobilized.

3. Methods
New users should obtain instruction from experienced users for method pro-

gramming and on the basic handling of the instrument and sensor chips. The
instrument and applications manuals provided by BIAcore are sufficiently com-
prehensive for initial experiments and some excellent practical advice and
admonishments have been presented in a previous volume in this series (11).

3.1. Management of “Bulk Effects”
As the response signal is extremely sensitive to changes in refractive index,

even slight differences in composition between running buffer and the injected
sample buffer can generate immediate and large changes in response signals,
the “bulk effect.” In many situations, this is tolerable, especially through sub-
traction of the kinetogram of a FC without DNA (see Subheading 3.2.), but if
accurate initial association rates are to be measured, such changes can obscure
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the initial increase in RU that is due to protein binding. In addition, for
real-time monitoring of a manual injection of DNA, it may be difficult to estab-
lish the initial RU level taken as the zero level. Thus, it is preferable that the refrac-
tive indices of the running buffer and injected sample differ as little as possible.

1. As the MutS-DNA interaction is little affected by glycerol concentrations rang-
ing from 0% to 20%, the glycerol in the protein dilution buffer can be varied
slightly around 2% to compensate for refractive index differences between the
injected sample and the running buffer (see Note 6).

2. Alternatively, use of the «co-inject» command enables an injection of the sample
buffer for a specified time and then an immediate injection of the sample. Hence,
if the original protein solution has been sufficiently diluted into sample buffer,
then bulk effects are minimized at the beginning of the association phase. An
additional advantage of this procedure is that if any component of the sample
buffer perturbs the conformation of the dextran surface or the immobilized DNA,
the surface will have the opportunity to stabilize in the sample buffer before the
sample is injected. An example is shown in Subheading 3.5.1.

3. If the protein–DNA interaction is compatible with running buffer, then desalting chro-
matography could be used to replace the protein buffer with running buffer. However,
for experiments with many sequential cycles requiring keeping a protein stock for many
hours in a sample block, the running buffer may not be the best for protein stability. We
prefer to continually bathe the DNA surfaces with a mercaptan-free, Mg-containing
buffer (HAMG), but to avoid hours-long exposure of the proteins to metals, we use the
metal-free buffer, HABG, to dilute the stock protein solution.

3.2. Immobilization of DNA

Immobilization can be performed using a programmed method or
semimanually. With the latest version of the control program, the user can
specify the number of RU to be immobilized. This is only effective if the
refractive indices of the running buffer and the DNA buffer are the same. The
“manual inject” command is used to precisely control the amount of DNA
immobilized.

1. It is best to temporarily use the high salt buffer as running buffer to eliminate
large bulk effects during the DNA injection. After establishing a stable baseline
response, dilute biotinylated hybrid double-stranded DNA with high salt buffer
and inject over one SA FC until the desired RU is obtained. For a typical experi-
ment, FC1 has no DNA, FC2, homoduplex, and FCs 3 and 4, two different mis-
matched DNAs (see Note 5).

2. For accurate kinetic evaluation, use the minimum amount of DNA to obtain reli-
able values when protein is injected. With increasing levels of immobilized DNA,
“mass-transport” effects become problematic for kinetic analysis (7; see BIAcore
manuals). For example, when 100 pg of a 25 bp duplex (125 RU) is immobilized
in the FC surface matrix (volume of about 120 pL), the DNA concentration in the
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matrix is about 50 µM. Thus, at a time during dissociation when a significant
fraction of the DNA is unbound, protein leaving a DNA molecule will readily
encounter and rebind another substrate molecule before it is able to diffuse away
from the surface. Hence, the observed koff is slower than the true koff of the pro-
tein–DNA interaction. Mass-transport effects also increase the observed kon.
Increasing the flow rate has only a marginal effect and so reduction of the surface
concentration is the best means to alleviate the problem. (An exception to this
guideline is discussed in Subheading 3.5.2.)

3. Short oligonucleotide duplexes are readily immobilized, such that to control the
rate of immobilization, especially to avoid overshooting the amount necessary,
the solution must be diluted to about 10 nM. However, with substrates over 100 bp,
it is more difficult to achieve the desired level of immobilization (see Note 7),
and so to economize the quantity needed for the injection, the flow rate is reduced
to a few µL/min.

4. Chips can be “undocked” using the option for drying the surfaces and then stored
in 50-mL capped tubes at 4°C for weeks before reuse with reasonably reproduc-
ible results. Although the chips are relatively expensive, if the injected analytes
are free of protease, nuclease, and helicase, the DNA surfaces can be regenerated
by complete protein removal and used for dozens of experiments. In addition,
when there is some loss of DNA either by contaminating nucleases, or during
nuclease protection experiments, surfaces can be treated with excess DNase and
then biotinylated DNA can be reimmobilized many times before the SA begins to
be saturated.

3.3. Protein Injection

MutS does not require a metal cofactor for binding to DNA and so a Mg-free
buffer with EDTA can be used, especially if contaminating nucleases may be
present (e.g., see Subheading 3.5.2.). Nevertheless, we routinely include MgCl2
to study both MutS-DNA and ATP-dependent MutSL–DNA interactions.

1. As concentrated MutS tends to oligomerize, even in 50% glycerol solutions stored
at –20°C, we mix by gentle pipeting before removing an aliquot. Typically, a
1.2-µM solution is prepared in HABG and kept in an Eppendorf tube in the cooled
sample block. To minimize evaporation, the tube can be covered with parafilm,
which the sample needle can puncture.

2. For each cycle, an empty BIAcore narrow polypropylene tube with its piercable
cap is used for automated sample preparation. Immediately before injection, the
program directs transfer of reaction buffer, MutS, MutL, and nucleotides, and
mixing in the tube. For a standard injection, the final volume should exceed the
injection volume by 40 µL, as 30 µL is lost in the sample loop and although the
injection needle plunges to nearly the conical bottoms of the sample tubes, suffi-
cient volume should remain to avoid injection of air bubbles (see Note 8).

3. Typically, we inject MutS between 10 and 200 nM for 5 to 20 min, depending on
the amount of DNA immobilized and the kinetic information sought. A flow rate
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of 10 µL/min is suitable, but for maximum economy with precious protein
samples, flow can be reduced to 1 µL/min to increase contact time for a given
volume injected.

4. Before launching a lengthy series of programmed injections, it is wise to monitor
two or three cycles, including an injection of buffer without protein and two iden-
tical protein injections to ensure that the FCs are behaving consistently and that
the programmed method performs correctly. Although the software will detect
and flag syntactical and logical errors in a program, it cannot know if programmed
sample addresses, times, and volumes are incorrect.

3.4. Regeneration by Removal of Protein or DNA

1. After the dissociation phase, the protein is easily removed by two sequential
30 sec injections of running buffer containing SDS.

2. Other regenerants added to HAMG such as 4 mM ATP, 4 M NaCl, or 0.4 M
sodium phosphate cause rapid dissociation of the complex, but each leaves some
residual protein that must be removed with SDS.

3. For near complete degradation of the immobilized DNA, inject DNase I for 10 min
followed by protein regeneration buffer. Then reimmobilize DNA. Neither MutS
nor MutL are captured by the residual oligonucleotides (average size of 6 nucle-
otides). (For an example, see Subheading 3.5.6.).

3.5. Experimental Applications and Data Analysis

3.5.1. Treatment of Raw Data and Comparative Kinetics

A typical experiment with duplex oligonucleotides of 39 bp is shown in
Fig. 1. The three panels show the appearance of the kinetograms before and
after setting a common zero level and correction with the kinetogram from the
surface without DNA. In this experiment, the buffer HABMG was replaced
with a buffer that differed from the running buffer by about 500 RU. To pre-
equilibrate the immobilized DNA in this buffer and to avoid a large bulk effect
at the beginning of association, we used the co-inject command to wash the
surface with the buffer for 3 min before protein injection. As the binding to
homoduplex DNA is not negligible and because we wish to explore factors that
influence this binding, we generally do not correct the heteroduplex binding
for the non-mismatch specific binding.

The absolute rates of association (kon) and dissociation (koff) for MutS–DNA
binding have been difficult to reliably assess because of the formation of several
types of complexes and difficulties caused by mass transport effects. Neverthe-
less, comparison of maximum binding levels achieved and visual comparison
of kinetograms are instructive. For example, in some conditions, the associa-
tion phase with the IDL-1 substrate of Fig. 1 is sigmoidal, indicating a coop-
erative association, and a suggestion that binding mechanisms with IDL
substrates and single base mispairs may differ. Different binding conditions
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Fig. 1. Kinetics of MutS interaction with duplex oligonucleotide substrates: pro-
cessing of BIAcore data. The kinetograms shown are for FCs with no DNA (open
circles), or with 200 RU of immobilized homoduplex (filled circles), or T-G (filled
triangles) and IDL-1 (open triangles; insertion/deletion of one nucleotide) mispaired
oligonucleotides. The arrows indicate (1) injection of diluent to equilibrate DNA, (2)
injection of MutS in diluent, (3) end of protein injection—return to running buffer and
beginning of dissociation phase, and (4) elution of remaining protein with SDS and
return to baseline DNA level. (A) Unprocessed data. Initial RU differences are due to
different amounts of carboxymethyl dextran and streptavidin. (B) A baseline zero level
is defined at point 2 just before injection of protein. The rapid changes in signal at
points 1, 3, and 4 are caused by bulk effects. (C) The data from the surface with no
DNA are subtracted from the three experimental kinetograms. This removes the bulk
effects and corrects for any nonspecific binding of the protein to the SA-dextran matrix.
The flow cells are arranged in series in the flow channel; hence, the nonsynchronous
passage of buffer fronts over the four surfaces results in the appearance of artifactual
spikes when the control kinetogram is subtracted.
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can generate complexes that decay during dissociation with differing rates.
Semiquantitative comparisons for such data can simply be expressed as the
time resulting in decay of the RU level to half its maximum at the end of the
association phase. A programmed method can specify report points for record-
ing RU levels, for example, 2 min after injection, 30 s before the end of asso-
ciation, and 2 min and 10 min into the dissociation phase. The values from
multiple cycles are grouped in one report table for manipulation and plotting.
Thus, differences in the data between cycles can be rapidly evaluated without
the tedium of examining each set of kinetograms (for an example, see Sub-
heading 3.5.3.).

3.5.2. Monitoring MutS Purification

An exception to the general policy of minimizing the amount of immobilized
DNA arises when MutS concentrations are measured. When the surface has a
high concentration of DNA substrate sites, a protein molecule that has entered
the surface matrix is certain to bind a DNA molecule before it diffuses back into
the flow channel. Thus, the apparent rate of binding is limited by the rate of
diffusion to the surface (mass transport) and, hence, the initial rate of binding
observed is proportional to the amount of protein injected. BIAcore initial rate
data have been used to follow the purification of a ligand specific for an immobi-
lized receptor (12). With a SA surface saturated with biotinylated heteroduplex
DNA, the binding rate increased linearly with increasing MutS concentrations
over a 500-fold range (Fig. 2, A,B). Thus, chromatographic fractions were rap-
idly assessed for binding activity as brief injections permitted collection of suffi-
cient initial rate data (Fig. 2, C,D). In addition, because only a small fraction of
the DNA is bound at each injection, sequential injections are possible on the
same surface without intermediate regeneration. The ratio of the concentration
of the binding activity to the protein concentration varied less than 15% for the
peak fractions, indicating that the peak represented a highly purified fraction
(data not shown). If flow rates were reduced to increase contact times, as little as
10 ng could be used to obtain a significant binding rate (see Note 9).

3.5.3. Comparison of Binding Conditions

Comparison of the protein–DNA interactions in various solution conditions
is useful for several purposes and is readily achieved with the BIAcore. For
eventual use of MutS for mutation detection, it is desirable to optimize the
discrimination ratio, namely the ratio of mismatch-specific to nonspecific bind-
ing. On the other hand, to evaluate the effects of various mutations on the dif-
ferent types of MutS-DNA interactions, we chose to find conditions that
permitted an adequate discrimination ratio while preserving substantial non-
specific binding.
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Fig. 3 shows an example of such a screening experiment. As the duration of
the series was more than 20 h, the final cycle was programmed to repeat the
first cycle (see Note 10). Different conditions enhanced (cycles 4 and 7) or
abolished binding specificity (cycle 6) and, at least in one case, certain condi-
tions enabled preferential binding to the T-G mismatch as compared with the
IDL-1 (cycle 4). In addition, examination of the kinetograms revealed interest-
ing differences in association and dissociation behaviors (not shown). Based

Fig. 2. Determination of MutS concentration. (A) and (B). Initial binding rates are
plotted as a function of MutS concentration. A biotinylated heteroduplex oligonucle-
otide duplex was injected until the SA surface was saturated (about 2000 RU). MutS
was injected and binding rates were obtained from the initial linear association phases
of the kinetograms. Rates were determined from the first few min for the most dilute
concentrations and from the first 10–30 s for the most concentrated. (Data for the
lowest concentrations in A are shown enlarged in B.) (C) and (D). Serial injection of
chromatographic fractions. MgCl2 was replaced with EDTA in the buffers to mini-
mize any nuclease activity in the column fractions. Data are shown for 8 serial 30 s
injections of fractions that included a MutS elution peak. The method program included
dilution of the fractions to similar protein concentrations, as guided by the A280 profile
of the elution. Hence the slopes shown vary within a limited range. D is an enlarge-
ment of two of the injections to show the linearity of the initial binding response.
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on the results of similar experiments, we selected HABMG as a standard reac-
tion buffer that permits monitoring of specific and nonspecific interactions and
contains a physiological concentration of acetate.

3.5.4. Detection of Transient Interactions of MutS and MutL with DNA

Interactions of proteins with DNA that involve rapid turnover of the pro-
teins may be difficult to detect with some classic techniques. Such interactions
could be missed entirely using gel filtration or gel retardation where unbound
protein is separated from the unstable nucleoprotein complex. Alternatively,
with nuclease footprint experiments, in which free protein is generally present
and active during the nuclease challenge, a dynamic interaction might not be
distinguished from a stable complex. In a BIAcore experiment, data from both
conditions, namely association with excess free protein and evaluation of the
stability of the complex in the absence of unbound protein, are observed in the
same kinetogram. Hence, dynamic interactions are immediately apparent. For
example, when MutS and MutL with ATP were injected over DNA surfaces,
the response signal rapidly rose to a substantially higher level than when MutS

Fig. 3. Comparison of binding conditions. MutS was diluted into 17 different reaction
cocktails and injected over the surfaces with mismatched and homoduplex oligonucle-
otide substrates. Amplitudes shortly before the end of the association phase are plotted.
Cycles 1 and 18 are with identical conditions. In this experiment, the thermoblock tem-
perature was not controled and so the MutS solution endured 25–30ºC for several hours
in the sample compartment.
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alone was injected, but decayed very rapidly. As complexes formed during the
association phase are probably susceptible to the same rapid departure of pro-
tein, it was deduced that the strong association response, both in rate and ampli-
tude, involved a rapid association of the proteins with DNA concurrent with a
rapid dissociation (4).

3.5.5. Protein Recovery
A recovery cup permits collection of most of the injectate so that much of

the DNA or protein not bound during the injection can be collected for subse-
quent injections. As our reagents are not limiting, we have not exploited this
feature. BIAcore has suggested that protein could also be collected during dis-
sociation or by elution with the regeneration solution. However, we found that
the recovery function was not useful for analyzing MutS and MutL eluted with
SDS. It was not possible to completely wash the walls of the binding chamber
free of nonspecifically bound protein and so protein was recovered even from
the cell with no DNA (see Note 11). However, guided by the results from
BIAcore experiments, we readily mimicked the experiments with DNA immo-
bilized on magnetic beads to show that MutS and MutL were present in the
protein-DNA complexes (4).

3.5.6. Nuclease Protection
In addition to the evaluation of binding interactions, enzymatic reactions

can be performed with the immobilized DNA as substrate. For example, SPR
has been used to monitor immobilized template-directed nucleic acid synthesis
by polymerases (10). To mimic a classic footprint experiment, we used the
co-inject command to first establish the ATP-dependent interaction with MutS
and MutL and then immediately injected the same solution with DNase I (see
Note 12). The capability of the BIAcore to accurately measure the remaining
DNA enabled the conclusion that the dynamic MutSL–DNA interaction offered
more protection to the nuclease than that provided by MutS alone (4). If we
allowed a partial dissociation to occur before injection of DNase, the protec-
tion was the same as that provided by MutS, even though MutS and MutL were
still present. Thus, we concluded that the enhanced protection was dependent
on the presence of the exchangeable unbound proteins (4). An analogous experi-
ment with classic footprinting would require purification of the nucleoprotein
complex to remove unbound protein before the DNase challenge.

4. Notes

1. BIAcore 1000 and BIAcore-X are simpler versions but lack essential features
required for the experiments described here. The BIAcore-X requires manual
injections and the BIAcore 1000 requires separate injections for control cells and
each cell with DNA.
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2. BIAcore uses the term “sensorgram” for the plots of response signal (RU) vs
time. “Kinetogram,” a general term for any signal varying as a function of time,
is suggested for data generated by instruments that continuously monitor reac-
tion kinetics, in analogy to spectrogram, a plot of a signal varying in response to
varying wavelengths.

3. As the machine represents an important investment, in many research institutions
it is available in a core facility which is responsible for the simple but regular
maintenance essential for reliable functioning. Alternatively, a policy, such as at
Genoscope, permits experiments by extramural users when scheduling permits.
As the physical experimental setup at the instrument is straightforward, it is con-
ceivable that such use could be from a distance, with posting of ligands and
analytes and electronic exchange of methods and results.

4. A 10% solution of “surfactant P20” is furnished by BIAcore and can be sub-
stituted by Tween-20. Use of such a nonionic detergent is highly recom-
mended to reduce non-specific interactions in the fluid channels and FCs.
The detergent apparently interacts with the surface, as injection of a buffer
without detergent requires many minutes of washing before the response sta-
bilizes. If an injection sample does not contain the detergent, either use a
detergent-free running buffer or to obtain accurate data at least for the asso-
ciation phase, use the co-inject command to pre-inject detergent-free diluent
as mentioned in Subheading 3.1.

5. In principle, it should be possible to first inject only the biotinylated oligo and
then its non-biotinylated complement, but in practice, this yields only about an
80% efficiency of conversion to duplex DNA. Thus, it is best to preform the
duplexes with salts and temperatures adapted for the particular substrates.

6. Adjustment of the glycerol concentration to eliminate bulk effects can be used
even though other components, such as salts, might be the cause of the refractive
index difference.

7. This may be because of the negative surface charge of the carboxymethyl dextran
matrix as the derivitization procedures with SA are never complete.

8. Occasionally, the mixing will introduce some bubbles due to detergent; if this is
a consistent problem, increase the final volume.

9. Because the binding is diffusion-limited, the difference in binding between het-
eroduplex and homoduplex is less pronounced than with lower density surfaces
yet is sufficient to identify a specific MMBP.

10. The apparent loss of activity (compare the duplicate cycles 1 and 18), partially
caused by lack of sample block cooling, did not affect the qualitative interpreta-
tion of this type of experiment. Excellent quantitative reproducibility is achieved
if the protein solution is kept in chilled sample blocks.

11. Protein that does not contribute to the response signal may nevertheless be
nonspecifically adhering to the remaining surfaces of the chamber or sequestered
at some point in the flow cartridge passages, and although not cleared by running
buffer, is washed off by the SDS elution buffer. BIAcore claims that the BIAcore
3000 includes modifications that have addressed this problem.
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12. These experiments involved immobilization of about 100 RU of 149 bp sub-
strates, regeneration with excess DNase after each cycle, and then reimmobiliza-
tion of DNA on the same sensor chip. As each cycle of DNA immobilization
exploited only a small fraction of the SA capacity, the surfaces could be regen-
erated by DNase and rederivatized with DNA for at least 40 cycles.
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Flexible Genetic Engineering
Using RecA Protein

Lance J. Ferrin

1. Introduction
1.1. Types of Projects Where RecA Protein Is Useful

The analysis or manipulation of small segments of DNA in plasmids has
long been routine, but standard methods fail or are very time consuming when
applied to long segments or complex mixtures of DNA. At present, RecA pro-
tein-based techniques usually have been used for making defined changes in
large DNA constructs or for precise physical mapping of large regions of
genomic DNA from several organisms. The techniques offer a rapid and versa-
tile “cut and paste” approach to several other problems in molecular biology,
and their use will probably increase as the goals of experiments with DNA and
chromosomes evolve in sophistication. For example, they can now be used to
analyze rearranged DNA in individual tumors or genetic deletions in patients
with inherited or acquired syndromes. A new variation involving sequence-
specific ligation may also eventually be used to rapidly screen libraries, label
DNA fragments, or amplify large segments of DNA (1).

Specific examples where the techniques have proven especially useful
include: mapping genomic DNA regions containing large amounts of repeti-
tive DNA such as telomeres (2–4), mapping yeast artificial chromosomes and
the corresponding region in human genomic DNA (5,6), mapping genomic
DNA containing CpG islands (2), and creating point mutations in large DNA
constructs (7,8). Whereas these have been the most popular applications, a full
bibliography of RecA protein technique applications has been recently pub-
lished (1).
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1.2. Principles of RecA Protein Enzymology

Genetic recombination in bacteria is a multistep process, and RecA protein
plays a complicated role in that process, but the techniques described here only
rely on the simple in vitro model pairing reaction shown in Fig. 1. First, RecA
protein is added to an oligonucleotide and a copolymer is formed. Enough
RecA protein is added to completely coat the oligonucleotide, but excess RecA
protein is avoided because free protein will inhibit subsequent reactions. Sec-
ond, duplex target DNA is added and the copolymer forms a complex with the
duplex. Although the nature of this nonspecific complex is not well under-
stood, an attractive hypothesis is that the copolymer slides along the duplex
with the RecA protein mediating a search for sequence identity between the
oligonucleotide and the duplex. Third, where there is complete sequence
homology between the oligonucleotide and the duplex, a tight complex (termed
a “synaptic complex”) forms between the copolymer and the duplex. This com-
plex probably has the structure of a triple helix. Under optimal conditions, this
complex is stable for hours, but can be quickly dissociated under mild condi-
tions. The complex blocks the action of several enzymes including restriction
endonucleases, DNA methylases, and polymerases, and thus serves as a reversi-

Fig. 1. Formation of a synaptic complex. The dotted region of the duplex is homol-
ogous to the oligonucleotide.
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ble sequence-specific “masking tape” for DNA. A curious feature of the reac-
tion is that. currently, it can only be carried out to about 80% completion, and
depending on the application, products generated by incomplete protection may
require an additional step, such as gel purification.

1.3. Protection of a Selected DNA Site from Restriction
Endonuclease Cleavage: The Synaptic Complex Reaction

The simplest application using RecA protein is to block a selected site from
restriction endonuclease cleavage. This is shown in Fig. 2A. An oligonucle-
otide that has the sequence of the site to be blocked is synthesized, with the
restriction endonuclease cleavage sequence generally placed near the middle
of the oligonucleotide. A synaptic complex is formed at the site and a restric-
tion endonuclease is added. If the endonuclease has at least some activity in the
RecA protein buffer, then cleavage takes place at all sites except for the one
blocked by the synaptic complex.

1.4. Cleavage at a Selected DNA Site: RecA-Assisted Restriction
Endonuclease (RARE) Cleavage

The scheme for cleaving at a single selected DNA site is shown in Fig. 2B.
Here, a synaptic complex is used to protect a selected restriction endonuclease
site. A methylase that blocks the restriction endonuclease is used to methylate
all the unprotected sites. The synaptic complex is removed and the restriction
endonuclease is added to cleave at the previously protected site.

1.5. Ligation at a Selected DNA Site: RecA-Assisted Ligation
and RecA-Assisted Cloning

This variation is shown in Fig. 2C, and is the functional reverse of RARE
cleavage in that DNA is joined, instead of cleaved, in a sequence-specific man-
ner. The DNA must first be digested with a restriction endonuclease that cre-
ates a 3'-recessed end (most endonucleases are of this type). Synaptic
complexes are used to protect the ends of a selected linear fragment of DNA,
and DNA polymerase is used to fill in the ends of unprotected fragments.
After removal of the synaptic complexes, a second DNA fragment with a
compatible cohesive end is added and under specific ligation conditions,
ligation to the selected fragment preferentially occurs. Commonly, the sec-
ond fragment is a linker or a short-labeled duplex, but the only requirements
of the second fragment is that it has a cohesive end complementary to at least
one end of the first fragment and that it function as a substrate for a DNA
ligase. For example, biotinylated duplexes can be used, and one can imagine
other interesting substrates, such as hairpins or branched DNA structures. If
a vector is ligated to the selected fragment and the product used to transform
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Fig. 2 (A) Protection of a selected DNA site from restriction endonuclease cleavage.
(B) RARE cleavage. The “X” shows sites that are methylated and rendered resistant to
restriction endonuclease cleavage. (C) RecA-assisted ligation and RecA-assisted
cloning. Ligation (with circularization) of a vector to a selected fragment is shown.

bacteria, the selected fragment is preferentially cloned, and when RecA pro-
tein is used for this purpose, the variation is termed RecA-assisted cloning.
This new technique has sufficient specificity to clone a selected fragment
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directly from human genomic DNA, but is relative0ly inefficient in terms of
the amount of starting material required.

1.6. Construction Strategies

The use of RecA protein greatly extends the capabilities of standard molecu-
lar biology techniques, and by combining both, there are very few limitations
as to the possible constructs that may be created. Whereas constructs in all
standard vectors may be used, RecA-protein techniques offer a unique
advantage over standard techniques when creating very large constructs. This
has been especially useful with bacterial artificial chromosome (BAC) and
P1-derived artificial chromosome (PAC) vectors, which are convenient to use
and permit constructs of up to about 300 kb in size.

Because RecA protein and the appropriate oligonucleotide can be used to
protect any site, the only sequence limitations are those imposed by the speci-
ficity and characteristics of the ancillary enzymes that are used in the proce-
dures. In the case of protection from restriction endonuclease cleavage, the
endonuclease chosen must have at least some activity under the conditions
optimal for RecA protein. In particular, the RecA protein buffer used has a low
ionic strength and the cleavage must be done at 37°C, but almost all endonu-
cleases function under these conditions. In the case of RARE cleavage, the
endonuclease used for cleavage must be capable of being blocked by a methy-
lase. Fortunately, there are several methylases that are commercially available
and active in the RecA protein buffer, and some block more than one restric-
tion endonuclease. A list of endonucleases and their methylation sensitivity
has been published (9). In the case of RecA-assisted ligation and RecA-assisted
cloning, the only requirement is that the DNA used must have at least one
3'-recessed end.

When cleaving fragments using RARE cleavage, restriction endonucleases
with short recognition sequences allow the most flexibility, but require a high
efficiency of methylation, especially when cleaving large fragments. For rea-
son of cost, purity, and methylation activity, EcoRI methylase has been used
almost exclusively when cleaving fragments greater than 100 kb in size.

Another important feature is that the RecA protein site protection efficiency is
at best only about 80%. The biochemical reason for this is unknown, but the
practical application is that it is usually best to try to protect no more than two
sites in any given reaction. Also, some unwanted products will always be gener-
ated, and when working with very large or complicated constructs, it is usually
advisable to gel purify or subclone intermediates.

Whereas RecA protein techniques have usually been used to alter cloned DNA
constructs, the techniques have sufficient specificity to work well with genomic
DNA. Genomic DNA can be mapped by performing RARE cleavage at two
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defined sites and determining the size of the fragment created, and fragments
larger than 1000 kb have been created. RecA-assisted cloning has been used to
isolate a specific fragment directly from human DNA, although this technique,
when applied to complex genomes, requires a fairly large amount of starting
DNA, and has yet to be applied to large segments of DNA.

2. Materials

2.1. Core Reagents Needed for Any RecA Protein Reaction

1. RecA protein buffer (5X stock): 125 mM Tris acetate, pH 7.85, 20 mM Mg
acetate, 2.5 mM spermidine trihydrochloride (Sigma) and 2 mM dithiothreitol
(DTT), (see Note 1).

2. Adenosine 5'-diphosphate (ADP) and ATPγS (10X stock): 11 mM ADP and
3 mM ATPγS (Fluka). Determine the concentration of each assuming that a 1 M
solution has an absorbance at 259 nm of 15,400.

3. Bovine serum albumin (BSA): 2 mg/mL. Use a high-quality BSA, such as Sigma
#A 7638.

4. RecA protein. There are several suppliers, but choose a lot where the concentra-
tion of protein is at least 4 mg/mL, as the protein is usually supplied as a 50%
glycerol solution, and the final concentration of glycerol in the reaction should
not exceed 5%.

5. 10% sodium dodecyl sulfate (SDS).
6. Oligonucleotides (see Note 2).
7. Restriction endonucleases. The ones chosen must have at least some activity in

RecA protein buffer (see Note 3).
8. Starting DNA substrate: concentration should be at least 100 µg/mL.

2.2. RARE Cleavage

Need above reagents plus:

1. 5 mM ethylene glycol-bis (β-aminoethyl ether) N,N,N',N',N'-tetraacetic acid
(EGTA).

2 Methylase (see Note 4).
3. S-adenosylmethionine: provided with methylases from New England Biolabs.

Dilute to 2.4 mM immediately prior to use.
4. Restriction endonuclease and buffer (see Note 3).

2.3. Working with DNA Embedded in Agarose

1. Mammalian cells. If working with bacteria or yeast, similar protocols are
available (10–12).

2. Phosphate-buffered isotonic saline (PBS).
3. Cell suspension solution: 10 mM Tris-HCl, pH 7.2, 20 mM NaCl, and 100 mM

ethylenediaminetetraacetic acid (EDTA).
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4. InCert agarose (FMC Bioproducts): 1.6% in water. Dissolve using a microwave
oven or boiling water bath and equilibrate to 65°C just prior to use. It may be
stored refrigerated and remelted.

5. Proteinase K solution: 1 mg/mL proteinase K, 100 mM EDTA, pH 8.0, 1%
sodium N-laurylsarcosine and 0.2% sodium deoxycholate.

6. Wash solution: 20 mM Tris-HCl, pH 8.0, and 50 mM EDTA. Supplement third
wash with 1 mM phenylmethylsulfonyl fluoride (PMSF) using a freshly prepared
solution of 100 mM PMSF in isopropanol.

2.4. RecA-Assisted Ligation
You need reagents listed in Subheading 2.1. plus:

1. Restriction endonucleases. Depending on the application, either one or two
different enzymes may be used; and at least one must produce a 3'-recessed end.

2. DNA containing a fragment of interest.
3. A second DNA fragment to be ligated to the fragment of interest.
4. Exonuclease-free mutant of the Klenow fragment of Escherichia coli DNA poly-

merase I (New England Biolabs).
5. dATP, dCTP, dGTP, and TTP.
6. E. coli DNA ligase (see Note 5). If purchased from New England Biolabs, use the

buffer provided with the ligase.
7. BSA: 10 mg/mL.
8. Chroma Spin + TE-400 gel filtration columns (from CLONTECH).

2.5. RecA-Assisted Cloning
You need reagents listed in Subheadings 2.1. and 2.4., except that:

1. The fragment of interest typically is from genomic DNA. To minimize the amount
of DNA in the protocol (70 µg of starting DNA per clone obtained of a single-
copy human genomic fragment and 3 µg if starting with yeast DNA), one should
fractionate the DNA on a gel after cleavage with restriction endonucleases.

2. The second DNA fragment is a vector that has cohesive ends complimentary to
the fragment of interest. Typically, the vector is also dephosphorylated.

3. T4 DNA ligase. If purchased from New England Biolabs, use the buffer provided
with the ligase. 67 U of ligase from New England Biolabs is 1 Weiss U.

4. Transformable bacteria.
5. A method to remove unligated vector from the ligated fragment and vector is

also needed, because the large amount of unligated vector will cause an unac-
ceptably high background. One can imagine gel electrophoresis methods to
perform this, but the only published method has used streptavidin beads (Dyna
beads M–280, Dynal) coated with a short biotinylated duplex that contains a
cohesive end complimentary to the selected fragment. When using the
streptavidin bead technique, one also needs: a wash solution of 1 M NaCl in
50 mM Tris-HCl, pH 7.5, and glycogen (10 mg/mL). Immediately before use,
the beads are saturated with the biotinylated duplex and excess duplex is
removed by washing with the NaCl and Tris buffer.
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3. Methods
With all RecA protein techniques, a synaptic complex is formed at 37°C.

After formation, tubes may be withdrawn from the heating block to add the
DNA-modifying enzymes, but care should be taken to minimize cooling, as
the RecA protein can irreversibly dissociate at lower temperatures.

3.1. Protection of a Selected DNA Site from Restriction
Endonuclease Cleavage: The Synaptic Complex Reaction

This protocol is for treatment of up to 1 µg of DNA, but may be scaled up to
any volume desired if more than 1 µg is treated (see Note 6).

1. Add sufficient water to make the final volume 40 µL, 8 µL of RecA protein buffer
(5X stock), 4 µL of ADP and ATPγS (10X stock), 0.18 µg of oligonucleotide (or
0.09 µg each of two oligonucleotides), 10 µg of RecA protein, and up to 1 µg of
duplex DNA target. Add reagents in the above order and mix after each addition.

2. Incubate at 37°C for 10 min.
3. Add 20 U of restriction endonuclease, and incubate at 37°C for 20 min. This time

may be increased to 1 hr if necessary for complete digestion.
4. Stop the reaction with 3 µL of 10% SDS and examine the products by gel

electrophoresis.

3.2. RARE Cleavage

See Note 7 before beginning.

1. Perform steps 1 and 2 as in Subheading 3.1.
2. Add 2 µL of BSA, methylase (generally 4–8 U), and 2 µL of S-adenosylmethionine.
3. Incubate at 37°C for 20 min. This time may be increased to 1 h if necessary for

complete methylation.
4. Incubate at 65°C for 15 min to inactivate the methylase and RecA protein.
5. Perform steps 3 and 4 as above (see Note 3).

3.3. Preparation of DNA Embedded in Agarose

This procedure is used when working with large DNA fragments that tend
to shear in solution. Fragments smaller than 50 kb do not need to be embed-
ded, and shearing may be minimized by using wide-bore pipet tips and gentle
technique.

1. Wash cells (1 × 108, about 150 mg wet weight) twice with PBS and suspend in
1 mL of suspension buffer.

2. Incubate for 1 min at 65°C.
3. Mix in 1 mL of InCert agarose at 65°C.
4. Transfer the mixture to plug molds or the barrels of 1-mL syringes and allow to set.
5. Transfer the gel to a test tube and incubate in 6 mL of proteinase K solution for

20 h at 42°C with gentle shaking.



RecA Protein 143

6. Remove solution, wash twice with 10 mL of wash solution for 15 min at room
temperature.

7. Wash once for 1 h with wash solution supplemented with PMSF.
8. Wash twice with wash solution alone for 15 min each and twice with a tenfold

dilution of wash solution.
9. Store DNA at 4°C.

3.4. RARE Cleavage of DNA Embedded in Agarose

1. Using a cover slip, finely chop agarose containing DNA. Use 25–50 µL agarose
per reaction.

2. Soak chopped agarose in 50 mM EDTA, pH 8.0 for 30 min.
3. Remove EDTA and soak chopped agarose in 1X RecA protein buffer for 5 min.

Exchange RecA protein buffer four additional times to remove all EDTA. Sus-
pend agarose in about 100 µL total volume per reaction.

4. Add sufficient water to make the final volume 200 µL (including the step 6 compo-
nents), 20 µL RecA protein buffer (5X stock), 4 µL EGTA, 20 µL ADP and ATPγS
(10X stock), 0.36 to 1.2 µg oligonucleotide (0.18 to 0.6 µg each of two oligonucle-
otides), 30 µg RecA protein, and 100 µL of the agarose suspension. Routinely, three
or four individual reactions covering the above range of oligonucleotide concentra-
tions are performed. Add reagents in the above order and mix after each addition.

5. Incubate at 37°C for 15 min.
6. Add 10 µL BSA, methylase (generally 80 U), and 10 µL S-adenosylmethionine.
7. Incubate at 37°C for 1–2 h.
8. Stop reaction with 20 µL SDS and incubate for 15 min at 37°C.
9. Exchange into any desired restriction endonuclease buffer as in step 3. Leave

about 150 µL buffer after the last exchange.
10. Add 80 U of a restriction endonuclease and incubate for 1 h.
11. If desired, the reaction may be stopped with SDS and examined by gel electro-

phoresis. The chopped agarose may be loaded in the well of a gel using a wide-
bore pipet tip.

3.5. RecA-Assisted Ligation

This protocol is for treatment of up to 2.5 µg of DNA, but may be scaled up
to any volume desired if more than 1 µg is treated (see Note 6).

1. Add sufficient water to make the final volume 100 µL, 20 µL RecA protein buffer
(5X stock), 10 µL ADP and ATPγS (10X stock), 0.32 µg oligonucleotide (or
0.16 µg each of two oligonucleotides), 13 µg RecA protein, and up to 2.5 µg of
duplex DNA target. Add reagents in the above order and mix after each addition.

2. Incubate for 10 min at 37°C.
3. Add 4 µL BSA (10 mg/mL stock), 12.5 U of the polymerase, and each of the

4 deoxynucleoside triphosphates to a final concentration of 38 µM each.
4. Incubate for 30 min at 37°C.
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5. Stop the reaction with 10 µL SDS or, if proceeding to the next step, by phenol
extraction and ethanol precipitation. Heating to 65°C will not adequately stop the
polymerase.

6. A short duplex may be ligated to the selected fragment (see Note 5) by dissolving
the duplex DNA target in 100 µL E. coli ligase buffer containing 2 mg of a short
duplex and 20 U E. coli ligase for 1 h at room temperature.

7. If desired, remove unligated short duplex by gel filtration.

3.6. RecA-Assisted Cloning
This protocol is for cloning directly from human DNA into a plasmid vector

(see Note 8), but may be scaled down by a factor of 20 when cloning genomic
fragments from yeast or bacteria.

1. Add sufficient water to make the final volume 1.44 mL, 0.29 mL of RecA protein
buffer (5X stock), 0.144 mL ADP and ATPγS (10X stock), 3.2 mg each of the
two oligonucleotides, 360 µg RecA protein, and about 26 µg DNA target. Add
reagents in the above order and mix after each addition (see Note 9).

2. Incubate for 10 min at 37°C.
3. Add 57 µL BSA (10 mg/mL stock), 450 U of the polymerase, and each of the

4 deoxynucleoside triphosphates to a final concentration of 38 µM each.
4. Incubate for 30 min at 37°C.
5. Stop the reaction by phenol extraction and ethanol precipitation. Heating to 65°C

will not adequately stop the polymerase.
6. Add 2 mg of coated beads, 80 µL T4 DNA ligase buffer, 2.6 µg of the processed

human DNA (one-tenth of the material processed above), 3.4 µg vector, and 3200 U
T4 DNA ligase and incubate for 16 h at 16°C to form the complex shown in Fig. 3.

7. Wash beads three times.
8. Add 0.3 µg of the lower strand of the biotinylated duplex to replace any lost by

washing.
9. Exchange the beads into any desired buffer and cleave the fragment vector from

the short biotinylated duplex using the appropriate restriction endonuclease
(EcoRI in the example shown in Fig. 3).

10. Add 2 µL of glycogen.
11. Perform ethanol precipitation.
12. Circularize the construct using 1600 U T4 ligase in 100 µL of its buffer for 16 h

at 16°C.
13. Concentrate the material by ethanol precipitation and use to transform a suitable

bacterial host.
14. Screen colonies for the correct clone or use pooled colonies as the starting DNA

for a repeat round of RecA-assisted cloning.

4. Notes
1. When making this buffer, one should remember that the correct pH is important

for RecA function and that the pH of Tris buffer stocks change upon dilution.
0.50 M Tris acetate at a pH of 8.00 is a convenient stock to use.
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2. The oligonucleotides used to form synaptic complexes should have the same
sequence and polarity as either one of the duplex target strands, although the
yield is slightly higher if the strand highest in purines is used. They should
be 30 –40 bases long, although a slightly higher yield is obtained with 60 bases.
Oligonucleotides shorter than 40 bases are routinely used without purification,
but any residual solutes remaining after synthesis are removed by ethanol pre-
cipitation. When blocking restriction endonucleases or methylases, the recogni-
tion sequence of the enzyme should be near the middle of the oligonucleotide. If
the sequence on only one side of the recognition sequence is known, choose the
strand such that the recognition sequence is at the 5'-end of the oligonucleotide
and extend that end with about 10 bases of any sequence. In RecA-assisted liga-
tion or RecA-assisted cloning, there is no need to use oligonucleotides longer
than 30 bases, the sequence at the end of either strand may be used, and there is
no need to add an extension. Determine the concentration of each oligonucle-
otide assuming that 1 OD260 unit is 33 µg.

3. When doing a synaptic complex protection, the restriction endonuclease used
must have at least some activity in the RecA protein buffer. Generally, any endo-
nuclease with some activity at low-salt concentration will function. An alterna-
tive RecA protein buffer consisting of 100 mM Tris-HCl, pH 7.5, 62.5 mM
MgCl2, 2 mM DTT (5X stock) may be used if necessary to increase activity.
When doing RARE cleavage, if the endonuclease used is not active in the RecA
protein buffer, one may dissolve the methylated DNA in any buffer of choice.
When using EcoRI to digest large fragments of DNA, a buffer of 100 mM
Tris-HCl, pH 8.0, 50 mM NaCl, 20 mM MgCl2, 1.5 µM DTT, and 200 µg/mL
BSA is useful for minimizing star activity.

4. New England Biolabs carries the largest selection of methylases. EcoRI methy-
lase works well for the most demanding applications involving large fragments
of genomic DNA. AluI, BamHI, TaqI, SssI, HpaII, and HhaI methylases can be
used to create fragments at least 50 kb in size. HaeIII and Dam methylases are
not very active in the RecA protein buffer, but could be used when making short
fragments requiring methylation of only a couple of intervening sites.

Fig. 3. Construct made when selected fragment-vector molecules are separated from
unligated vector. EcoRI and BamHI cohesive ends are shown. S, streptavidin; B, bio-
tin; P, 5' phosphate.
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5. E. coli DNA ligase has a high specificity for joining DNA with cohesive ends,
but commercial preparations are not very concentrated. The activity is sufficient
when one of the DNA fragments is present at a relatively high concentration,
such as when a short synthetic duplex is used. When joining two fragments that
are both present at low concentration, the more concentrated but less specific T4
DNA ligase should be used.

6. All RecA protein techniques may be scaled up, and total volumes as high as
1.5 mL have been used. The concentration of the duplex DNA target may be
decreased if desired, but the concentrations of all the other components should be
maintained.

7. Given the large number of reagents used in RARE cleavage, it is useful to per-
form two preliminary experiments to test the reagents. The first is to perform a
synaptic complex protection as in Subheading 3.1. This will test a large number
of the reagents such as the RecA protein and the oligonucleotide. The second is
to leave out the RecA protein and oligonucleotide and test a range of methylase
concentrations. Especially with expensive methylases, one should minimize the
amount of methylase added. Any incomplete methylation should be evident after
treatment with the appropriate restriction endonuclease. Methylases typically are
supplied in 50% glycerol, and as in all RecA protein techniques, the final glyc-
erol concentration should not exceed 5%.

8. While the example described in the literature and presented here describes a
selected EcoRI-BamHI fragment cloned into a plasmid vector, the only require-
ments of the technique are that at least one end of the fragment has a 3'-recessed
end and that the vector (be it a plasmid, BAC, or PAC vector) has at least one
complimentary cohesive end.

9. The only example described so far in the literature (1) used the technique to clone
a human genomic DNA fragment. The DNA had been digested with EcoRI and
BamHI and fractionated on an agarose gel. Overall, the technique yielded one
correct clone for each 70 µg of starting DNA, and the enrichment of the tech-
nique was 1600 fold. In this case, a plasmid was used as the second DNA sub-
strate, and highly efficient electrocompetent bacterial cells were used as the
cloning host.
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Generation of Mosaic Genes and Genomes

Ivan Matic, François Taddei, and Miroslav Radman

1. Introduction
The efficiency of homologous genetic recombination depends on the length

and degree of DNA sequence identity shared by the two parental molecules,
and on the cellular enzymatic systems involved in genetic recombination and
its editing. Crosses between different bacterial species show that recombina-
tion frequency decreases exponentially with increasing sequence divergence
(1). Recombination between DNAs differing by large blocks of heterology is
quite efficient, whereas recombination between DNAs differing by well-spaced
point mutations is reduced or inhibited (2). These observations suggest that the
main determinant of genetic isolation between genomes of closely related bac-
terial species is neutral sequence divergence caused by point mutations, rather
than large heterologies.

The extent and degree of homology determine the activities of the enzymes
that control the fidelity of recombination (2). The initiation of recombination
in bacteria depends on the activity of the RecA protein, the level of which is
controled by the SOS system (3). The SOS system is a set of physiological
responses that is induced by exposure of bacterial cells to a variety of condi-
tions that damage DNA and/or interfere with its replication (ref). This induc-
ible genetic system has two features that favor the survival of stressed bacterial
populations: it enhances the capacity for DNA repair and it increases genetic
variation (3a). The induction of the SOS system increases RecA concentration,
as well as the frequency of recombination (see Note 1). RecA is highly selec-
tive for sequence identity only at the initial stage of the strand exchange pro-
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cess, which requires a minimum length of homology or Minimum Efficient
Processing Segment (MEPS), below which recombination becomes inefficient
(4). In Escherichia coli, MEPS is about 23–27 bp. Divergence between recom-
bination substrates reduces recombination by reducing the number of available
MEPSs. However, once initiated, RecA-mediated strand exchange can occur
in spite of large numbers of mismatches and large heterologies, as demon-
strated in vitro (5,6). During this stage of genetic recombination, the fidelity is
controled by the methyl-directed mismatch repair (MMR) system. Mismatch
recognizing and binding protein, MutS, recognizes mispaired and unpaired
bases in the joint heteroduplex regions and blocks RecA-catalyzed strand trans-
fer (7). Even a very low divergence is sufficient to impede recombination. The
increased concentration of RecA protein does not prevent MMR editing activ-
ity (3). The activity of RuvAB proteins, which can also catalyze branch migra-
tion across mismatched regions, appears not to be subject to such editing. The
RuvAB-catalyzed heteroduplexes are either too long to be edited or RuvABC
protein-mediated resolution is too fast for MutS and MutL to act.

The concentration of MutS and MutL proteins alters the apparent length of
the segment of sequence identity needed for successful recombination (1).
Thus, MMR is a potent inhibitor of recombination between genomes of related
bacterial species and between non-identical DNA sequences in general (3).
The inactivation of mutS or mutL genes results in 103-fold increase in conjuga-
tional and 102-fold increase in transductional recombination between E. coli
and Salmonella typhimurium, whose chromosomes are about 16% divergent at
the DNA sequence level (8). Transductional recombination between S. typhimurium
and Salmonella typhi, whose genomes differ only 1–2% at DNA sequence
level, increase 102–103-fold in MMR-deficient genetic background (9). Con-
versely, overproduction of MutS and MutL proteins severely reduces recombi-
nation frequency even between bacterial strains with very low genomic
divergence (1).

The current understanding of the molecular mechanisms controlling genetic
exchange among bacteria involves two key enzymatic components: the MMR
and SOS system (1,8,10). By modifying their activities, it is possible to disrupt
or establish genetic barriers between different bacterial species. One of the
major problems with recombination in MMR proficient background is that
DNA sequence divergence restricts recombination events to the genomic
regions of highest sequence similarity. Consequently, the majority of recombi-
nants are highly unstable merodiploids, often generated by an unequal cross-
over between rrn operons, which are usually almost identical between related
bacterial species. The inactivation of MMR allows, not only higher yield of
interspecies recombinants, but also higher diversity and higher stability of
hybrids (11) (see Note 2).
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The potential applications of this strategy, that allows creation of interspe-
cific mosaic genomes, are multiple in fundamental research, biotechnology,
genetic engineering, and medicine. By allowing recombination of entire
genomes, the mosaic genomes with new combinations of genes and operons,
or even with mosaic genes and operons can be obtained (see Notes 3–6). For
example, this approach can facilitate modifications and improvement of very
complex metabolic networks. Another possible application is creation of
attenuated live vaccines by recombining pathogenic bacteria and their
nonpathogenic counterparts, in order to create nonpathogenic hybrids that
retain the immunogenicity of the parental strains.

In this chapter, the strategies that allow maximal yield of interstrain and
interspecies recombinants are described. The conjugation provides the best
mean of gene transfer because of large host range of conjugative plasmids, as
well as the relative immunity of effective conjugational DNA transfer to host
modification-restriction systems and host nucleases (see Note 3). The manipu-
lation of the molecular mechanisms that controls recombination between diver-
gent DNAs, particularly the two key components: MMR and SOS systems are
described.

2. Materials
2.1. Bacterial Stains

2.1.1. Donor Strains

The most commonly used conjugative plasmid is F, which can replicate and
express its conjugation system in E. coli and many other bacterial species.
The sets of E. coli Hfr and F' derivatives, as well Hfr and F' strains with a Tn10
insertions that provide easily selectable donor markers, are available from
E. coli Genetic Stock Center, Yale University, New Haven, CT (http://cgsc.
biology.yale.edu). Those strains can transfer any E. coli chromosomal loci (see
Notes 3 and 7). However, the F plasmid cannot be used for all bacterial species.
In such cases, conjugative plasmids, belonging to IncP alpha group, like RP4
can be used. These plasmids are remarkable for their broad host range and can
mobilize chromosomal markers from any point of origin.

2.1.2. Recipient Strain Genotype

The alleles and their phenotypes described are E. coli derivatives. For the
majority of other bacterial species, similar genetic backgrounds are not avail-
able. Therefore, if not otherwise possible (see Notes 1–4), E. coli strains with
appropriate genetic background should be used as recipients. The highest fre-
quency of interspecies recombination can be obtained using E. coli recipient
strain with following alleles (1,3,8).



152 Matic, Taddei, and Radman

1. mutS-: MutS protein is the mismatch recognizing and binding component of E.
coli MMR. Inactivation of this gene increases, up to 103-fold, the frequency of
recombination between diverged DNA sequences (8) (see Note 2).

2. recAoc: This allele constitutively increases RecA protein concentration, thus
stimulating conjugational intra- and interspecies recombination (3). The muta-
tion in the operator of recA gene prevents its repression by the LexA repressor.
An increase in RecA concentration appears to increase the total length of DNA
available for recombination (1) (see Note 1).

3. recD-: The inactivation of this gene results in small increase of conjugational
recombination (3). The effect is not as strong as during transduction because the
size of transferred DNA and the high number of Chi sequences attenuate RecBCD
exonuclease, thus rendering donor DNA relatively immune to degradation by the
RecBCD exonuclease (see Note 3).

4. hsdR-: This gene encodes E. coli type I restriction endonuclease, whose inactiva-
tion results in a small increase of conjugational recombination (3) (see Note 4).

2.2. Media
1. LB rich medium: 10 g/L bacto tryptone (Difco), 5 g/L bacto yeast extract (Difco),

10 g/L NaCl, deionized H2O to 1 L. Adjust pH to 7.0 with 1 M NaOH.
2. M63 minimal medium: 13.6 g/L KH2PO4, 2 g/L (NH4)2SO4, 0.5 mg/L FeSO4

7H2O, deionized H2O 1 L. Adjust pH to 7.0 with KOH. After autoclaving, add
1 mL of 1 M MgSO4·7 H2O, and 10 mL of 20% solution of carbon source per
liter. Vitamins, such as B1, are added to a final concentration of 1 µg/mL and
amino acids at 80 µg/mL.

If media are used in plates, add 15 g agar (Difco) per liter. All media should
be sterilized by autoclaving for 30 min at 120°C. Antibiotics are always added
after autoclaving. Stock solution of nalidixic acid is 100 mg/mL in 1 N NaOH.
Stock solution of streptomycin is 100 mg/mL in H2O. Stocks of antibiotics
should be sterilized by filtration and kept at –20°C.

3. Methods

3.1. Growth of Cells Prior to Conjugation

The condition of donor cells in conjugation is much more crucial than that
of recipient strain. In order to obtain the donor cells in physiological state opti-
mal for conjugation (12,13).

1. Dilute the overnight culture 50-fold into fresh LB medium and grow with
gentle shaking (about 150 rpm). Pregrowth in rich medium, such as LB,
results in much higher efficiencies of conjugation than growth in minimal
medium. Pregrowth should be at 37°C, because donors that are pregrown, for
example, at 33°C, produce very few F pili and the mating efficiency is only
10% of those at 37°C.
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2. The cultures of donor and recipient strains should reach OD600 0.3–0.4 (2–3 × 108

cells/mL). Cultures that are at a higher density mate less efficiently. At this stage,
donor and recipient cells can be kept on ice for several hours before starting the cross.

3.2. Conjugational Crosses

The conjugation on solid support is much more efficient than conjugation in
liquid medium.

1. Mating mixtures are prepared by mixing together Hfr (donor) and F- (recipient)
bacteria in a 1:1 ratio. Usually, 1 mL of donor cells is mixed with 1 mL of recipi-
ent cells, however, this can be scaled up if required. This mixture is filtered
through a sterile 0.45-µM pore-size nitrocellulose filter (2.5-cm diameter), using
vacuum filtration equipment (Millipore). It is very difficult to put more than about
5 × 108 cells per filter because such cellular mass prevents further filtration.

2. The filters with mating mixtures are incubated on fresh LB agar plate, which are
prewarmed at 37°C. Conjugation efficiency is highest at this temperature and
falls off sharply at temperatures below 30°C or above 40°C.

3. After incubation for the required period of time, mating pairs are resuspended in
10–2 M MgSO4 and separated by vigorous vortexing. If matings must be stopped
quickly, nalidixic acid or streptomycin can be added to 10–2 M MgSO4 at concen-
trations of 50 µg/mL and 100 µg/mL, respectively. At this stage, donor and
recipient cells can be kept on ice for several hours before plating. The incubation
time used in this step is dependent on the marker being transferred. The speed of
transfer is approx 47 kb/min. The whole E. coli chromosome (approx 4.7 Mb) is
expected to be transferred in 100 min. Therefore, if a given marker is 470 kb
from the origin of transfer, then mating is carried out for 15 min in order to ensure
that this particular marker is transferred. The position of the origin of transfer
varies with different Hfr stains, therefore the time of conjugation of a given
marker will vary from strain to strain.

3.3. The Selection of Recombinants
The mating mixtures are subsequently plated on medium that selects for the

desired recombinants and counterselects both donor and recipient parental
strains. Interspecies recombinants often grow slower than parental strains and
intraspecies recombinants. When minimal medium is used for selection, up to
4 d of incubation is necessary to obtain maximal yield of recombinants. The
markers that can be used for selection and/or counterselection after conjuga-
tion are sensitivity or resistance to antibiotics, auxotrophic growth require-
ments, sensitivity or resistance to bacteriophage infection, and temperature- or
cold-sensitive growth (see Notes 8 and 9).

The best recipient markers used for counterselection against donor cells are
nalidixic acid or streptomycin resistance. The level of spontaneous resistance
to these antibiotics is very low, about 5 × 10–10 for streptomycin and about 10–9
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for nalidixic acid. Nalidixic acid stops matings quickly and prevents remating
on plates. Streptomycin does not stop the mating quickly and matings can con-
tinue on selective plates. Those two antibiotics are used at concentrations of
100 µg/mL or 50 µg/mL, respectively. Both antibiotics can be used in rich and
minimal media. It is necessary to avoid the transfer of chromosomal regions
carrying genes whose mutations render cells resistant to the antibiotic used to
counterselect donor cells. Resistance to streptomycin is encoded by the modified
rpsL gene and nalidixic acid by the modified gyrA gene, at 78.4 min and
50.3 min of E. coli genetic map, respectively.

4. Notes

1. The induction of the SOS system was detected during conjugation between dif-
ferent enterobacterial species, and the level of induction increases with the
increase of DNA sequence divergence [Matic, I., unpublished data and (3)].
Genetic characterization of the SOS induction during E. coli × S. typhimurium
matings suggested that the strong and persistent activation of RecA is probably
caused by the reduced efficiency of early RecA-catalyzed recombination steps
as a consequence of DNA divergence. The SOS induction is necessary for effi-
cient intra- and interspecies recombination. Therefore, if DNA divergence is
low, the recipient strains can be UV irradiated in order to induce SOS system
prior to conjugation, thus increasing concentration of RecA, RuvA, and RuvB
proteins and alleviating host-restriction systems. Concentration of RecA pro-
tein can also be increased by using plasmid carrying recA gene under control of
arabinose or tac-inducible promoters. Using such plasmids, concentration of
RecA protein can vary, in the recA background, from 0 to 10,000 molecules per
cell. This might be particularly important for stabilization of interspecies
hybrids by preventing further RecA-dependent rearrangements.

2. The efficiency of the MMR can be decreased as a result of titration of the
mismatch repair proteins. MMR is saturated in cells that are treated with DNA
damaging agents introducing DNA lesions recognized by MutS protein. This is
probably why the frequency of interspecies transductional recombination can be
increased by treating recipient cells with MNNG (17). MutS protein can also be
titrated in cells containing mismatches in retron-encoded multicopy single-
stranded DNA (18). Overexpression of such molecules results in increased
mutagenesis and frequency of interspecies recombination. The advantage of tran-
sient saturation of MMR is that, after recombination, hybrid cells do not have
constitutively high mutation rates because of inactivation of MMR genes. This
strategy can be particularly appropriate for bacterial species whose mismatch
repair deficient mutants is difficult to construct.

3. The choice of DNA transfer method depends on the length of DNA that should be
involved in recombination, as well as on bacterial DNA species that serve as a
recipient. Conjugative plasmids mobilise megabases of donor DNA. Transducing
phages transfer tens to hundreds of kilobases. Segments of transforming DNA are
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several kilobases long. When transduction is used as the mean of genetic exchange,
inactivation of recD gene is necessary for efficient interspecies recombination (14).
By degrading donor DNA, RecBCD exonuclease reduces the frequency of trans-
ductional recombination between S. typhimurium and S. typhi by 101–102-fold com-
pared to the frequency observed in recD- genetic background (14).

4. The restriction of donor DNA can stimulate recombination, because DNA ends
generated by restriction enzymes are recombinogenic. The restriction systems in
E. coli can influence the pattern of DNA fragments incorporated into the recipi-
ent chromosome, creating mosaics of short sequences. However, if the size of
transferred donor DNA is small or if restriction fragments are small, they can be
completely degraded by exonucleases. Hence, inactivation of hsdR gene in
recipient strain strongly stimulates transductional recombination. The activity of
most of restriction endonucleases in E. coli, and other bacterial species can be
alleviated upon exposure of cells to UV light, heat, organic solvents, pH shifts, or
detergents (15,16). Restriction enzymes can be titrated by large amounts of donor
DNA introduced during prolonged conjugation.

5. The strategy for recombining diverged genomes described in this chapter can be
applied as well to recombined cloned diverged genes. For example, when 405 bp
DNA segments with 89% of sequence identity, cloned in lambda phage and
pBR322 plasmid, were recombined, the frequency of recombination was 15-fold
higher in mutS deficient that in the wild-type background (19). Using this
approach, it would be possible to combine functional domains from different
existing enzymes and incorporate them in the same molecule in order to generate
the proteins and enzymes with novel functions and properties. This can be
particularly successful with enzymes that have modular structure, as it has been
already demonstrated by in vitro manipulation of polyketide-synthase enzymes (20).

6. Recombining genes cloned in plasmid or phage vectors without flanking homol-
ogy has the advantage that recombination takes place entirely within defined
DNA sequences. The genes should be cloned in inverted orientation in order to
allow multiple rounds of reciprocal crossover. However, at a high-sequence
divergence between recombining genes, no recombination initiation site (MEPS)
would be present. Therefore, such highly diverged genes would be cloned along
with 50–100 bp of sequence identity to provide for initiation of RecA-catalyzed
strand exchange which, under MMR deficiency conditions, would extend into
the diverged region.

7. Many Hfr strains are unstable for Hfr character and accumulate a substantial pro-
portion of F+ revertants. Similarly, F' factors are frequently lost from their host
upon storage. Therefore, it is necessary to occasionally check the stability of
donor strains and repurify the old stocks (13).

8. The choice of selective and counterselective markers can influence the back-
ground growth resulting from a bacterial cross. Both leakiness and reversion con-
tribute to the background growth. In general, vitamin markers are much leakier
than amino acid or sugar markers. Crossfeeding and inactivation of antibiotic or
other inhibitors can also affect background growth.
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9. Antibiotics can be used as markers for selection after conjugation, but many antibi-
otic resistance alleles are recessive and several generations of growth would be
required to allow segregation of, for example, rifampicin-resistant recombinants.
Because it is more convenient to plate mating mixtures out directly, it is preferable
to use those markers that allow selection following direct plating.
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The Use of Immobilized Mismatch Binding Protein

in Mutation/SNP Detection

Robert Wagner and Alan Dean

1. Introduction
The detection of single-base change mutations and polymorphisms is of

enormous importance, both in research and in diagnostics. The ability to iden-
tify and score single nucleotide polymorphisms (SNPs) is becoming a key
element of gene identification and mapping, and the future of human diag-
nostics depends on having the ability to detect single-base change mutations,
because these represent the vast majority of disease-causing and disease-
associated mutations. An ideal system for detecting and scoring these muta-
tions and SNPs will have certain key characteristics: (1) robustness: the method
will be user friendly and not subject to wide fluctuations caused by small
changes in experimental conditions; (2) high throughput: given the require-
ments of genomic research and large-scale diagnostics, a useful method of
mutation/SNP detection must be able to handle thousands of samples per day
with limited technician effort; (3) low cost: for wide-spread use in both
research and clinical diagnostics, low-cost and easy availability of both
equipment and reagents is crucial; (4) no gels: this requirement is primarily
to meet the high throughput requirement; (5) no radioactivity: given the prob-
lems of radioactive material handling and disposal and the availability of a
wide variety of alternatives, radioactivity should not be a part of the ideal
mutation detection system. Although there may be additional preferences of
individual researchers, any mutation/SNP detection system that successfully
meets all of the above requirements will enjoy wide-spread application.
Immobilized mismatch binding protein (IMBP) is such a detection system.
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The IMBP mutation detection technology is based on MutS, the mismatch
recognition and binding component of the Escherichia coli mismatch repair
system [for review, see (1)]. Homologs of MutS have been found in all species
that have been examined, including bacteria, yeast, frogs, mice, and humans.
E. coli MutS is a 97-kDa protein and appears to function as a dimer in mis-
match recognition.

The E. coli mismatch repair system does not recognize and repair all mis-
matches with equal efficiency (2). [A similar recognition pattern is displayed
by MutS in vitro (5)]. Somewhat counterintuitively, the system recognizes
and repairs most readily those mismatches that most resemble basepairs, i.e.,
those that cause the least helical distortion. It has been demonstrated in NMR
studies that repairable mismatches are able to adopt intrahelical configura-
tions and generally exhibit a fair degree of stacking and basepairing (4)). In
addition, mismatches in G:C rich regions are more readily repaired than mis-
matches in A:T rich regions (5). This mismatch-recognition pattern is per-
fectly complementary to the pattern of polymerase error generation, i.e.,
polymerase errors occur most frequently in G:C rich regions and resemble
basepairs. In addition, polymerase tends to make small additions or dele-
tions, particularly in regions of repeated nucleotides. Mismatch repair recog-
nizes and repairs frameshift/wild-type heteroduplexes containing up to
four unpaired bases (6) (it should be noted that up to four unpaired bases
can exist in an intrahelical configuration). In fact, a single unpaired base
heteroduplex is repaired as well as the best repaired mismatch. The mis-
match recognition pattern of MutS makes it ideally suited to a mutation
detection system and distinguishes it from other mutation detection sys-
tems that depend on detection of mismatches. Methods that require mis-
match cleavage depend on detecting distortion in the DNA helix, as do
methods that depend on oligonucleotide annealing, such that mismatches
that most resemble basepairs (e.g., transition mutations in G:C rich regions)
and that are, therefore, among the most commonly found, are the most dif-
ficult to detect.

IMBP assays have been successful in a variety of formats, including the
original nitrocellulose format (7), magnetic beads (8), and 96-well plates (9).
All formats of IMBP perform significantly better than MutS in solution and
can detect all single-base change mutations, as well as insertion/deletion muta-
tions of up to four basepairs. The most user-friendly and cost-effective format
is the microtiter plate format. At present, only 96-well plates are available, but,
with automation, 384-well plates, and perhaps even 1536-well plates, should
be possible. This chapter focuses on the microtiter plate format, although most
of the techniques will apply to any format.
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The use of “probes” (labeled fragments amplified, in general, from cloned
fragments and purified before use) (8) greatly enhances both the utility and the
robustness of IMBP assays. With this method, biotin-labeled probes are gener-
ated from plasmid templates containing target wild-type (WT) or mutant
(MUT) inserts by PCR amplification using one biotin-labeled and one unla-
beled primer. The target region of test genomic DNA is amplified using unla-
beled primers, portions of the resulting amplicons mixed separately with WT
and MUT probes, and the samples hybridized by heat denaturation and
reannealing. The hybridized fragments are added to IMBP plates. Test frag-
ments that are identical to the probe will anneal to form perfectly matched
duplexes (homoduplexes); these will not be retained by IMBP. Test fragments
that are not identical to the probe sequence will anneal to form duplexes with
mismatches (heteroduplexes) and will be retained by IMBP. For example,
homoduplexes from WT/WT amplicons annealed to WT probe will not be
bound by IMBP, whereas heteroduplexes from MUT/MUT amplicons annealed
to WT probe will be bound. Annealing either probe with WT/MUT amplicons
will produce an equal mixture of homoduplexes and heteroduplexes, which
will give an intermediate signal in IMBP assays. Sample data are presented in
Fig. 1. This chapter describes the probe method in detail. (For a discussion of
the labeled primer method, see Note 1.) In addition to mutation/SNP detection,
IMBP plates can be used for genotyping, PCR fidelity optimization, and rare
sequence isolation.

Fig. 1. IMBP Genotyping. Biotin-labeled probes were annealed to excess unlabeled
PCR products amplified from genomic DNA of the following genotypes: (1) Homozy-
gous wild-type (WT/WT); (2) Homozygous mutant (MUT/MUT) (Mutant sequence
differs from wild-type by a single nucleotide substitution.); (3)Heterozygous wild-
type/mutant (WT/MUT). Results are from IMBP 96-well plate assays.
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2. Materials
2.1. IMBP Plates

IMBP plates and control oligonucleotides are obtained from Gene Check,
Inc. (Fort Collins, CO).

2.2. Reagents
All reagents are from Sigma (St. Louis, MO) except where noted.

1. DNA amplification: AmpliTaq, Stoffel fragment (PE Applied Biosystems, Fos-
ter City, CA); dNTPs; amplification buffer (10 mM Tris-HCl, pH 8.3, 3.5 mM
MgCl2, 25 mM KCl, 10% glycerol); synthetic oligonucleotide primers (Macro-
molecular Resources, Fort Collins, CO). Amplification conditions should be
optimized for each application or polymerase (see Note 2).

2. Reaction buffer: 20 mM Tris-HCl, pH 7.5, 5 mM MgCl2 , 0.1 mM dithiothreitol
(DTT), 0.01 mM ethylenediaminetetraacetic acid (EDTA).

3. Hybridization buffer: 10 mM NaCl in Reaction Buffer.
4. Wash buffer: 0.05% Tween-20 in reaction buffer.
5. Streptavidin conjugated horseradish peroxidase (HRP; Pierce, Rockford, IL).
6. HRP colorimetric substrate: Tetramethylbenzine (TMB).
7. Stop acid: 0.5 M H2SO4.
8. Reagents for ligation of PCR products to plasmid vectors (e.g., TA cloning kit,

InVitrogen, Carlsbad, CA).
9. PCR purification columns (e.g., QIAquick, Qiagen, Valencia, CA).

2.3. Apparatus

1. Thermocycler.
2. Plate reader with appropriate filters.

3. Methods

3.1. Probe Production

IMBP probe preparations are synthesized using one biotin-labeled and one
unlabeled primer. Generally, a number of 100 µL PCR reactions are performed
to generate large lots of probe. After amplification, the amplicons are pooled
and a sample run in polyacrylamide gel electrophoresis to monitor quality
and yield. The probe preparations are purified using glass matrix spin columns
(QIAquick, Qiagen) to remove any unincorporated biotinylated primers, quan-
titated by OD260 and diluted to 1 ng/uL immediately prior to use.

3.1.1. Primer Orientation

When designing PCR primers for probe preparation, it is desirable to select the
labeled primers to allow the best recognized mismatches (e.g., G:T) to be in labeled
heteroduplexes when annealed with unlabeled test DNA. For example, for the
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sequences below, a biotin-labeled forward primer should be used to label the WT
fragment (G-strand labeled) and a biotin-labeled reverse primer should be used to
label the MUT fragment (T-strand labeled) (see Note 3).

WT
5'-------cctGca--------3'
3'-------ggaCgt---------5'

MUT
5'-------cctAca---------3'
3'------ggaTgt--------5'

Mixing WT probe with unlabeled mutant amplicon, denaturing and rean-
nealing will produce the following mismatch containing heteroduplex:

bio*5'--------cctGca----------3' WT probe
3'--------ggaTgt----------5' MUT strand

Also present will be G:C homoduplexes, which will not bind to IMBP, and
unlabeled C:A containing heteroduplexes that bind weakly to IMBP (compared
to G:T containing heteroduplexes).

Similarly, mixing MUT probe with unlabeled WT amplicon, denaturing and
reannealing will produce the following mismatch containing heteroduplex:

5'-------cctGca---------3' WT strand
3'-------ggaTgt---------5'*bio MUT probe

Also present will be A:T homoduplexes, which will not bind to IMBP, and
unlabeled A:C containing heteroduplexes that bind weakly to IMBP (compared
to G:T containing heteroduplexes).

3.1.2. Probe Template

Probe templates are plasmids containing WT or MUT inserts. These are con-
structed by ligating PCR products into plasmid vectors (e.g., TA cloning,
InVitrogen). Sequencing is used to confirm the identity of the construct. Imme-
diately prior to amplification, plasmid templates are diluted to 1 ng/µL and 1 µL
is added to each 100-µL PCR reaction. We have successfully used genomic DNA
as probe templates, although background signals are generally much higher. The
advantage of cloned fragments for probe preparation is primarily the extremely
high target to nontarget ratio for PCR (relative to genomic DNA template) and
the consequent reduction in mispriming.

3.1.3. Probe Amplification Conditions

All amplification conditions, particularly annealing temperatures, should be
individually determined for each primer set. Annealing temperatures for probe
amplification are generally as high as possible, i.e., at or near the theoretical
G:C + A:T melting temperature.
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3.1.4. Probe Concentration

Prior to being used in an IMBP assay, the biotin-labeled probes are diluted
to 1 ng/µL in hybridization buffer. 10 µL (10 ng) of diluted probe is mixed with
test DNA. This quantity and concentration of probe works well for 100–400 bp
fragments.

3.2. Test DNA Amplification

All amplification conditions, particularly annealing temperatures, should
be individually determined for each primer set. After the PCR conditions
(buffers, annealing temperature, fidelity, and so on) for a particular target are
optimized, amplified test samples are not generally quantitated or checked
by gel electrophoresis.

3.3. Probe/Test DNA Hybridization

1. Dilute the WT and MUT probes to 1 ng/µL with hybridization buffer, add 10 µL
of the probe dilution to each tube or well.

2. Add 5–15 µL of test amplicon to tubes or wells containing the WT and MUT
probes. [In general, the ratio of probe to test should be on the order of 1:10 (0.1
picomole probe : 1 picomole test DNA amplicon). This usually achieved by using
5–15 µL of test DNA amplicon to mix with 10 ng of probe.]

3. Denature and reanneal the samples by heating to 94°C for 3 min; annealing at
75°C for 30 min; and quickly cooling to 4°C for at least 15 min. [This tempera-
ture profile has worked well for most fragments; however, each application may
need to be optimized.]

4. Add 10 µL of wash buffer. This step simply increases the volume to 30–35 µL,
which facilitates transferring samples to the IMBP plate.

3.4. IMBP Assay (See Note 4)
1. Remove storage buffer from the wells by rinsing with 150 µL wash buffer and

shaking off the liquid. Rinse four more times. After the last rinse, rap the inverted
plate on a pile of laboratory tissues to remove any remaining liquid. Examine
each well to ensure that no wash buffer remains. To avoid background signals, do
not allow wells to dry once they have been hydrated and avoid the formation of
bubbles in the wells. All incubations are at room temperature.

2. Add DNA samples (20–40 µL per well). Cover the plate and incubate for
15–30 min. Whereas DNA is binding, make up Streptavidin-HRP solution by
adding 5 µL conjugate to 10 mL wash buffer (sufficient for one plate).

3. Add 150 µL wash buffer to DNA containing wells and shake out liquid. Rinse
four additional times. After the last rinse, rap the plate on tissues and check for
any residual liquid.

4. Add 100 µL diluted Streptavidin-HRP solution to each well. Cover the plate and
incubate for 15–20 min.
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5. Shake off Steptavidin-HRP and rinse the wells five times with wash buffer
(150 µL). Again, be certain that all wash is removed from the wells using the
rapping technique.

6. Add 80 µL TMB to each well. Allow 10–30 min for blue color development.
Avoid allowing color to develop for so long that precipitate develops. The blue
color can be read at 370 or 655 nm. The sensitivity of the assay is enhanced by
adding 80 µL of stop acid (0.5 M H2SO4) to each well and reading the resulting
yellow color at 450 nm. Wipe the bottom of the plate before reading.

4. Notes
1. Probes vs labeled primers. The IMBP method detailed in this paper utilizes probes

for mutation/SNP detection. It is possible to use biotin-labeled primers and
directly amplify genomic test DNA to detect heterozygous mutations/SNPs (7).
The major advantage of the labeled primer method is that it allows detection of
heterozygous sequences without cloning or probe preparation. In addition, it
allows the use of only a single biotin-labeled primer, because both mismatches of
a WT/MUT pairing will be labeled from a genomic DNA template. Therefore,
the labeled primer method is well suited to rapid scanning applications in which
mutations and SNPs occur predominantly in heterozygous form and where many
different DNA fragments or regions need to be examined in a relatively small num-
ber of samples. The disadvantages of the labeled primer method are as follows.

a. Background signals will be higher. Amplifying genomic DNA with labeled prim-
ers allows for the production of labeled mispriming products. Labeled single-
stranded DNA fragments may adopt secondary structures containing substrates
for IMBP binding (mispaired or unpaired bases). Further, it may be necessary
to reduce stringency of PCR amplification conditions (annealing of primer)
when using biotin-labeled primers, which can increase the extent of mispriming.

b. Quantitation of PCR products is necessary for each sample to obtain compa-
rable signals. This quantitation generally requires gel electrophoresis.

c. There is no internal control for PCR failure. With the labeled primer method,
PCR failure will be scored as homozygous. Thus, gel electrophoresis is gen-
erally required to confirm successful amplification. With the probe method,
failed PCR will score as homozygous wild type with the wild-type probe and
homozygous mutant with the mutant probe.

d. There is no way to distinguish WT and MUT homozygotes—both will score
as negatives.

2. PCR conditions. The real key to successful IMBP assays is in providing the assay
with good DNA. Perhaps the major source of background-generating errors is the
amplification step. PCR errors are of two kinds: (1) mispriming, which is prima-
rily a problem in labeled primer formats (see above); and (2) misincorporation.
PCR fragments containing misincorporation errors will form mismatch contain-
ing heteroduplexes when they are paired with probes and these heteroduplexes
will generate background signals. Control of misincorporation depends on sev-
eral factors:
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a. Fragment length. The longer a PCR fragment, the more likely it is to contain
a misincorporation error. Fragment length of less than 400 bp is best suited to
IMBP assays, although longer fragments have been used successfully.

b. Cycle number. The more cycles a fragment is amplified, the higher the back-
ground. Misincorporation errors are created at a roughly constant rate per nucle-
otide duplicated. However, once created, an error is duplicated in each
succeeding round of amplification, such that errors accumulate during PCR.

c. Polymerase. High-fidelity synthesis is essential to low-background IMBP
assays. For single-enzyme amplifications, the highest fidelity is obtained
with proofreading polymerases such as Pfu (Stratagene, LaJolla, CA) (8).
Unfortunately, proofreading polymerases give relatively poor yields and
are frequently difficult to use because they digest primers and products, as
well as polymerase errors. The IMBP assay protocol presented in this
paper uses the Stoffel fragment of Taq. The fidelity of this polymerase
and others like it (e.g., KlenTaq, Ab Peptides, St. Louis, MO) comes from
the fact that they are extremely nonprocessive and most likely do not
extend mispaired termini. Perhaps the best solution is a mixture of a
Stoffel-like polymerase with a proofreading polymerase. Such mixtures
are available commercially, work well in IMBP assays, but are currently
expensive.

d. Template. Use the lowest amount of template that still gives reasonable yield.
Too much template can reduce signal (see Note 3).

e. Cycling temperatures. Cycling conditions should include annealing tempera-
tures as high as possible to minimize mispriming. Hot start may also be ben-
eficial, particularly when using labeled primers.

f. Buffer conditions. Buffer conditions can have an enormous impact on PCR
fidelity (Fig. 2) (9). It is important to remember that, prior to IMBP assays,
polymerase fidelity was extremely time consuming to measure. Therefore,
and because in many applications yield is more important than fidelity, many
buffers sold with enzymes are optimized for yield rather than for fidelity.
Taking the time to optimize PCR conditions before IMBP assays can greatly
increase the likelihood of successful assays.

g. Optimizing PCR. Optimizing PCR buffer conditions is simple with IMBP
assays and using labeled primers is the simplest way to use the IMBP assays
for optimization (9). Use a single biotinylated primer to amplify the fragment
of interest from a known homozygous sample and compare the signal obtained
from different buffers in IMBP assays. Run gels to confirm the presence of
amplicon. The lowest signal is the highest fidelity. It may be necessary to
increase cycle number to accentuate the fidelity differences between various
buffers. Stratagene’s Optiprime Kit provides a useful range of buffers and
additives to use in an optimization protocol.

3. Competing DNA. Unlabeled, mismatch-containing DNA can compete with labeled
DNA for binding to IMBP plates and give lowered signals. Therefore, as dis-
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cussed above, it is important to select probes to label the heteroduplex with the
most readily bound mismatch. In addition, it is important to minimize the amount
of genomic DNA template going into PCR. Denatured genomic DNA is an excel-
lent competitor in IMBP assays.

4. Enrichment. IMBP plates can be used to isolate rare sequences from DNA prepa-
rations. DNA can released from the IMBP with 0.5 M NaCl. Released DNA can
be cloned (clones will be “mixed,” i.e., will contain both MUT and WT
sequences, because all fragments that bind to IMBP must be heteroduplexes) or
amplified and sequenced. A rare sequence will be revealed as a heterozygote at
the site of the sequence difference. The success of enrichment depends on
minimizing PCR errors (see above) because heteroduplexes formed by error
containing strands will also be bound by IMBP and will be cloned or amplified in
competition with the rare sequence strands of interest.

Fig. 2. Effects of buffer on PCR fidelity. Two buffers (10 mM Tris (pH 8.3) 3.5 mM
MgCl2, 25 mM KCl (l) or 10 mM Tris (pH 8.8) 1.5 mM MgCl2, 25 mM KCl (m) were
tested using Pfu DNA polymerase (Stratagene) and biotin-labeled primers to amplify
a 172-bp region of the human p53 gene. The resulting amplicons were denatured and
reannealed and various concentrations added to wells of an IMBP plate. Following
streptavidin-HRP binding and colormetric detection, the comparative difference
between the buffers were measured. With IMBP assays, the lower the rate of misin-
corporation, the lower the IMBP signal; therefore, the 1.5 mM MgCl2 (pH 8.8) buffer
gave higher PCR fidelity.



168 Wagner and Dean

References
1. Modrich, P. and Lahue, R. (1996) Mismatch repair in replication fidelity, genetic

recombination, and cancer biology. Annu. Rev. Biochem. 65, 101–133.
2. Dohet, C., Wagner, R., and Radman, M. (1985) Repair of defined single-base-pair

mismatches in Escherichia coli. Proc. Natl. Acad. Sci. USA 82, 503–505.
3. Su, S.-S., Lahue, R. S., Au, K. G., and Modrich, P. (1988) Mispair specificity of

methyl-directed DNA mismatch correction in vitro. J. Biol. Chem. 263, 6829–6835.
4. Fazakerley, G. V., Quignard, E., Woisard, A., et al. (1986) Structures of mis-

matched basepairs in DNA and their recognition by the E. coli mismatch repair
system. EMBO J. 5, 3697–3703.

5. Jones, M., Wagner, R., and Radman, M. (1987) Repair of a mismatch is influ-
enced by the base composition of the surrounding nucleotide sequence. Genetics
115, 605–610.

6. Parker, B. O. and Marinus, M. G. (1992) Repair of DNA heteroduplexes contain-
ing small heterologous sequences in Escherichia coli. Proc. Natl. Acad. Sci. USA
89, 1730–1734.

7. Wagner, R., Debbie, P., and Radman, M. (1995) Mutation detection using immo-
bilized mismatch binding protein (MutS). Nucleic Acids Res. 23, 3944–3948.

8. Debbie, P., Young, K., Pooler, L., et al. (1997) Allele identification using immo-
bilized mismatch binding protein: detection and identification of antibiotic resis-
tant bacteria and determination of sheep susceptibility to scrapie. Nucleic Acids
Res. 25, 4825–4829.

9. Wagner, R. and Dean, A. (1999) The use of immobilized mismatch binding pro-
tein for the optimization of PCR fidelity, in PCR Applications (Innis, M., Gelfand,
M., and Sninsky, J., eds.), Academic, New York, pp. 95–104.



GMPD-Check 169

14

Use of Uracil DNA Glycosylase in the Detection
of Known DNA Mutations and Polymorphisms

Glycosylase-Mediated Polymorphism Detection (GMPD-Check)

Pat Vaughan

1. Introduction
Detection of known mutations and polymorphisms at specific locations in

DNA is now the basis for genetic diagnosis, molecular genotyping, molecular
epidemiology, and rapid identification of various traits in eukaryotic and
prokaryotic organisms. An optimum system for sequence variation detection
needs to offer specificity, sensitivity, flexibility, as well as ease of use and
allow rapid and high throughput of samples.

The method described here, and represented diagrammatically in Fig. 1., is
based on the fact that the normal four nucleotides that constitute DNA can be
specifically and individually replaced completely by related modified nucle-
otides. These modified bases are then susceptible to the action of specific DNA
glycosylases that excise the modified base from the DNA and the resultant
abasic site can be subsequently cleaved either enzymatically or chemically
(1,2). These modified bases can be introduced into DNA by chemical treat-
ment of the DNA, or more commonly by the incorporation of the correspond-
ing modified nucleotides into DNA during polymerase chain reaction (PCR)
amplification.

The DNA glycosylase described here is uracil-DNA-glycosylase (UDG)
which is a highly specific DNA repair enzyme that cleaves the N-glycosidic
bond between the base uracil and the sugar deoxyribose in a DNA molecule
and generates an apyrimidinic (AP) site (3,4). The corresponding modified
nucleotide which is incorporated into the DNA, is dUMP. This is usually
achieved by supplying dUTP to the PCR amplification reaction.
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The sample DNA is amplified using three of the four normal precursor nucle-
otides (dGTP, dATP, and dCTP) and one modified precursor nucleotide, dUTP,
which completely replaces dTTP (see Notes 1 and 2). One primer used in the
amplification is normally labeled and is referred to as the diagnostic primer (see
Fig. 1 and Notes 3 and 4). The modified base, in this case uracil, is then excised
with Uracil DNA glycosylase, which generates an AP site. The phosphate link-
ages at the AP sites are then cleaved with 5' or 3' specific agents (see Note 5).
Cleavage of the amplified DNA will yield a DNA fragment of specific length,
which is a measure of the distance between the 5' end of the diagnostic primer
and the first site of incorporation of dUMP upon extension of the 3' end of that
primer. The presence of a mutation results in the appearance of a cleavage frag-
ment following denaturing polyacrylamide gel electrophoresis (PAGE) that may
be larger or smaller than the wild-type fragment, depending on whether the muta-
tion results in the loss or gain of a dUMP incorporation site, respectively. A
heterozygote sample will result in the observation of the two fragments.

The glycosylase-mediated polymorphism detection (GMPD-check) method
has many attractive features that offer significant advantages over several cur-
rent technologies utilized for detection of known mutations. In particular,
GMPD offers the specificity of direct DNA sequencing, but is a much simpler
process with almost all mutations detected using a single enzyme (see Notes 1
and 2). The method does not rely on heteroduplex formation, but works equally
well on homozygous and heterozygous samples. The annealing of primers is
not dependent on stringent or differential hybridization conditions. Overall,
only sequence information of 20–25 nucleotides on either side of the mutation
site is required in order to design appropriate primers for the amplification
process. The process can be performed directly on any DNA sample and the
process is robust and requires relatively few manipulations. Diagnostic and
nondiagnostic primers can be designed to allow multiplexing of polymorphism
detection (see Notes 6–8). Solid-phase GMPD using one of the many appli-
cable detection systems avoids the use of time-consuming gel electrophoresis
and allows rapid and high throughput sample analysis (see Note 9).

2. Materials

2.1. 5' End Labeling of Oligonucleotides with 32P

1. T4 polynucleotide kinase (NEB Biolabs) 1 U/µL, supplied with 10X T4 PNK reac-
tion buffer: 70 mM Tris-HCl, pH 7.6, 10 mM MgCl2, 5 mM dithiothreitol (DTT).

2. γ 32P ATP, specific activity 3000 Ci/mmol.
3. 4 M ammonium acetate.
4. Absolute ethanol.
5. CentriSpin-10 column (Princeton Separations, supplied by Genosys, UK).



GMPD-Check 171

2.2. Amplification of Sample DNA

1. dNTPs, including dUTP.
2. PCR reagents: commercially available from many sources and used as per

supplier’s instructions.
3. α32P dCTP (3000 Ci/mmol).
4. Wild-type and mutant template DNA and oligonucleotide primers.

Fig. 1. Schematic diagram of GMPD-check. For visual simplicity, only extension
of the diagnostic primer following PCR amplification is shown and the extension of
the nondiagnostic primer is not shown in the diagram. The DNA fragment shown here
is an arbitrary piece of DNA. The mutation site is depicted by a G to A mutation and C
to T mutation on the upper and lower strands, respectively. “Normal” thymine posi-
tions in the arbitrary DNA fragment are depicted by “U” in the lower strand following
extension of the diagnostic primer during PCR amplification in the presence of dUTP,
which completely replaced dTTP.
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2.3. Glycosylase-Mediated Cleavage of Amplified DNA

1. Exonuclease I (diluted to 0.5 U/µL) (Amersham Life Sciences, UK).
2. Uracil DNA glycosylase (UDG) (diluted to 0.5 U/µL ) (NEB Biolabs).
3. Dilution buffer: 70 mM HEPES-KOH, pH 8.0, 1 mM DTT, 1 mM

ethylenediaminetetraacetic acid (EDTA), 50% glycerol.
4. NaOH, 5 M stock stored in plastic (not glass) container. Make up fresh every

5–6 wk.
5. Tris base (Sigma).
6. Formamide loading dye: 95% v/v formamide, 0.5% w/v bromophenol blue, 0.5%

xylene cyanol.
7. Formamide loading dye for Alf Express: 95% v/v formamide, 0.8% w/v dextran

blue (see Note 10).

2.4. Polyacrylamide Gel Electrophoresis

1. Urea.
2. 40% w/v acrylamide:bis-acrylamide (29:1).
3. TBE: 90 mM Tris base, 90 mM boric acid, 2 mM EDTA.
4. N,N,N',N'-tetramethylethylenediamine (TEMED).
5. 10% w/v ammonium persulphate. Make up fresh each time, or store in small

single-use aliquots at –20°C and thaw immediately before use.

3. Methods
3.1. 5' End Labeling of Oligonucleotide Primers with 32P

1. Place 50–60 pmol (approx 400 ng) of the diagnostic primer in 1.5-mL Eppendorf
tube.

2. Add 5 µL γ 32P ATP (3000 Ci/mmol), 2.5 µL 10X T4 PNK reaction buffer and
bring volume to 24 µL with sterile H2O (MilliQ grade).

3. Add 1 µL T4 polynucleotide kinase (1 U/µL) and incubate reaction for 30 min at
37°C.

4. To precipitate the labeled oligonucleotide and remove unused γ 32P ATP, add
25 µL 4 M ammonium acetate and 100 µL ethanol and leave at –20°C for at least
2 h Alternatively, the oligonucleotide can be purified by using centrifugation
through a gel-filtration column (see Note 11).

3.2. Amplification of Sample DNA

When using labeled oligonucloetides (see Note 12), 6 pmoles of upper and
lower primer are used to amplify the DNA fragment of interest in a PCR in the
presence of 0.2 mM dATP, dCTP, and dGTP and 0.2 mM dUTP, in a total
volume of 20 µL. Normally, 100–200 ng genomic DNA sample serves as tem-
plate for this reaction. It is recommended that a PCR of a normal or wild-type
sample (and cleavage of same) is always included in each analysis for com-
parison purposes.
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When using unlabeled oligonucleotides in the presence of labeled dNTP,
3 pmoles of upper and lower primer are used to amplify the DNA fragment of
interest in a PCR in the presence of 0.2 mM dATP, dGTP, and dUTP, 0.02 mM
dCTP, and 0.2 µL α32PdCTP in a total volume of 20 µL (see Note 13).

3.3. Glycosylase-Mediated Cleavage of Amplified DNA
1. 5 µL of PCR reaction is placed in 0.5 µL Eppendorf tube.
2. Add 1 µL exonuclease I (0.5 U/µL) and incubate at 37°C for 30 min. Enzyme is

diluted using dilution buffer.
3. The exonuclease I is inactivated by incubating the reaction at 80°C for 15 min.
4. Following heat inactivation, quick centrifuge tube to return all solution to end of

tube and put tube on ice.
5. Add 1 µL uracil DNA-glycosylase (0.5 U/µL) and incubate at 37°C for 30 min.
6. Add 1 µL 0.4 M NaOH (final concentration of 0.05 M NaOH) and heat the reac-

tion for 15 min at 95°C.
7. Add 1 µL 0.27 M Tris base (final concentration of 0.03 M Tris base) to neutralize

the reaction.
8. Add 5 µL formamide loading dye to the sample.
9. Store at –20°C until ready to carry out gel analysis.

10. Heat to 90°C for 5 min prior to loading on polyacrylamide gel.
11. For samples containing fluorescent-labeled primers, store at –20°C without adding

loading dye. Add dye immediately prior to heating and loading on gel. Prolonged
storage of the digest in loading buffer causes degradation of fragments and/or label.

3.4. PAGE
3.4.1. Manual PAGE and Autoradiography

1. Set up 20% denaturing polyacrylamide gel, containing 7 M urea and 1X TBE.
2. Wash out wells well with running buffer (1X TBE).
3. Load 5 µL of each sample (see Note 14).
4. Load labeled primer and uncleaved PCR product for use as size markers during

fragment analysis.
5. Electrophorese at 500 V for 3–4 h or until bromophenol blue dye has reached the

end of the gel.
6. Expose the gel to X-ray film for several hours (see Note 15).

3.4.2. PAGE Using Alf Express

Because the fragments produced by GMPD-check are relatively small, a
high percentage acrylamide gel using the short Alf Express (Pharmacia) plates
will suffice to separate the cleaved fragments. This also reduces the time
required to ensure efficient fragment separation.

1. Make up a 15% denaturing PAG solution consisting of 21 g urea (7 M), 1X TBE
(see Note 16) and 18.75 mL of 40% acrylamide stock. Bring volume to 50 mL
with MilliQ grade H2O. Solution may be heated to help dissolve urea.
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2. Filter solution through at least a 0.45-µm filter.
3. Wash and set up gel plates according to manufacturer’s instructions.
4. Allow gel solution to return to room temperature and add 35 µL TEMED and

350 µL 10% APS to the gel solution and gently mix.
5. Pour gel according to manufacturer’s instructions, taking care to avoid the incor-

poration of air bubbles. Allow gel to polymerize fully for at least 2 h.
6. Set up gel in automated sequencer, wash out wells well with running buffer (1X

TBE) and load 4 µL of sample per well.
7. Load labeled primer and uncleaved PCR product for use as size markers during

fragment analysis.
8. Run gel at 55°C and at 500 V (constant) for 1.5–2 h (see Note 17).

3.6. Fragment Analysis
1. Determine the position of the labeled primer on the gel.
2. All detectable cleaved fragments will be similar or greater in size than this band.
3. Determine the position of the cleavage fragment for the normal or wild-type

sample.
4. If the base change at the mutation site involves a loss of a T residue, then a band

larger in size than the normal band will be detected, corresponding in size to the
position of the next T residue 3' of the mutation site.

5. If the base change at the mutation site involves a gain of a T residue, then a band
smaller in size than the normal band will be detected, corresponding in size to the
position of the mutant T residue 5' of the first normal T position.

6. If a suitable size marker (labeled) is used during PAGE, then band size can be
estimated by comparison to this marker.

4. Notes
1. GMPD-check using UDG and dUTP incorporation detects all deletion and inser-

tion mutations. As 10 out of the 12 base substitution mutations involve the gain
or loss of A/T or T/A base pairs (i.e., G>A, G>T, A>G, A>T, A>C, T>G, T>A,
T>C, C>A, and C>T), 83% of mutations can be detected with UDG and dUTP. In
reality this figure is closer to 95% or greater of all point mutations because most
disease-causing mutations are C to T (or G to A) transitions.

2. The two base changes not detected with UDG and dUTP incorporation, i.e. G to
C and C to G occur at a low frequency relative to other base substitution muta-
tions. These changes can be detected by using a modified precursor nucleotide
that substitutes for dGTP or dCTP and a corresponding DNA glycosylase.

3. Diagnostic primers are designed so that during extension, the position of the first
uracil incorporated into the extended primers differs depending on whether a
mutation is present or absent. Importantly, there must be no uracil incorporation
site between the 3' end of the diagnostic primer and the mutation site.

4. The oligonucleotide primers contain dG, dA, dT, and dC and consequently are
resistant to cleavage by UDG.
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5. AP sites can be cleaved at the phosphate linkage on the 5' and / or 3' side of the
ribose ring. Heating of the DNA at 95°C in the presence of alkali causes chemical
cleavage at the 5' side of the AP site and leaves a phosphate group at the 3' termi-
nus of the diagnostic fragment. AP endonuclease IV enzymatically cleaves at the
5' side of the AP site and leaves a 3' OH terminus on the diagnostic fragment (5).
However, cleavage of AP sites by heating at 95°C at neutral pH results in chemi-
cal cleavage at the 3' side of the AP site, which leaves a deoxyribose phosphate
moiety at the 3' terminus of the diagnostic fragment and a low level of cleavage at
the 5' side leaving a 3' phosphate group on the diagnostic fragment. This results
in the diagnostic fragment migrating as a doublet following denaturing PAGE.
The presence of this 3' deoxyribose phosphate group distinguishes the diagnostic
fragment from the unused primer where the diagnostic primer is designed such
that its 3' terminus binds at the nucleotide directly 5' adjacent to the mutation
site (6). An AP lyase enzyme can also be used in place of the heat treatment
because lyases also cleave at the 3' side of the AP site and result in a 3' deoxyribose
phosphate terminus on the diagnostic fragment (7).

6. Use of differentially labeled diagnostic primers allows one to analyse multiple
different mutations in each gel lane, allowing high sample throughput.

7. Careful design of diagnostic primers of differing lengths can also allow multi-
plexing of samples/mutations per gel lane, allowing for higher throughput frag-
ment separation.

8. Use mismatches and inosine residues in the nondiagnostic primer in order to
change the size of the normal allele will facilitate multiplex detection of muta-
tions (8). Inosines in the template strand usually direct the incorporation of
cytosine residues into the newly synthesised strand (9,10). Some or all of the
adenine residues within the primer are replaced with inosine residues or with a
mismatched base. Replacement of the penultimate 3' adenine base in the non-
diagnostic primer (upper primer) with guanine or inosine increases the length of
the normal allele following glycosylase mediated cleavage of the amplified prod-
uct. Replacement of all the adenines in the nondiagnostic primer with inosines
yields a labeled normal allele that is devoid of uracil bases and resistant to cleav-
age mediated by UDG.

9. Replacement of adenines with inosines in a primer exclude incorporation of uracil
residues in the newly synthesized DNA complementary to the primer strand. This
facilitates solid phase GMPD because UDG resistant or sensitive strands of DNA
can be amplified dependent on presence or absence of the incorporation of a
uracil residue at the mutation site (8).

10. When using the ALF Express for fragment separation and analysis (and/or use
of Cy5 label on any fluorescence detection equipment), one must use a modi-
fied formamide loading dye containing dextran blue in place of bromophenol
blue and xylene cyanol, because bromophenol blue and xylene cyanol fluo-
resce with 635 nm excitation and, hence, interfere with the detection of the Cy5
fluorescent label.
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11. Following 5' end labeling of the oligonucleotide, unincorporated γ32PATP can be
removed by ethanol precipitation or by using homemade gel filtration columns or
any of the commercially available oligonucleotide purification kits (e.g.,
CentriSpin-10 columns, Princeton Separations, supplied by Genosys, UK).

12. The diagnostic oligonucleotide can be labeled with a variety of different labels.
Radioactive label, such as 32P, is detected using autoradiography and/or phos-
phor-imaging technology. The use of fluorescently labeled oligonucleotides is
also possible with many different fluorescent labels currently available, e.g., the
label referred to in this chapter is Cy5, which is used in conjunction with the Alf
Express automated sequencer. Biotin labeling of oligonucleotides and detection
via labeled avidin is also an option.

13. DNA can be labeled for GMPD analysis by incorporation of a labeled dNTP
during PCR amplification in place of using a 5’end-labeled oligonucleotide. In
the more common scenario of using UDG and dUTP incorporation, α32PdGTP,
α32PdATP, or α32PdCTP can be used as the labeled nucleotide and α32PdTTP
may not be used.

14. Normally, one may load 5 µL of sample per well. However, this may be altered,
depending on how well the oligonucleotide primer was labeled with 32P and how
long one is willing to leave the radioactive gel exposed to the X-ray film.

15. A good starting point for X-ray film exposure is overnight exposure at –20°C.
16. Do not autoclave TBE for use with the Alf Express.
17. The actual running time of the gel is determined by the size of the expected cleav-

age fragments. The progress of the fragments can be estimated by assuming bro-
mophenol blue runs approx as an 8 mer and xylene cyanol as a 28 mer in a 20%
denaturing PAG.
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15

Use of Uracil DNA Glycosylase in Scanning
for Unknown DNA Mutations and Polymorphisms

Glycosylase-Mediated Polymorphism Detection (GMPD-Scan)

Pat Vaughan

1. Introduction
Detection of unknown mutations and polymorphisms is a central ingredient

in disease gene discovery and genetic diagnosis in addition to polymorphism
discovery and genotyping programs. An optimum system for detection of
sequence variation needs to offer specificity, sensitivity, flexibility, as well as
ease of use.

The GMPD scan described here and represented diagrammatically in Fig. 1,
is based on the fact that the normal four nucleotides that constitute DNA can be
partially replaced by specific and related modified nucleotides (1). These modi-
fied bases are then susceptible to the action of specific DNA glycosylases that
excise the modified base from the DNA and the resultant abasic site can be
enzymatically or chemically cleaved (2,3). These modified bases can be intro-
duced into DNA by chemical treatment of the DNA, or more commonly by the
incorporation of the corresponding modified nucleotides into DNA during poly-
merase chain reaction (PCR) amplification.

Briefly, the sample DNA is amplified using the four normal precursor nucle-
otides (dGTP, dATP, dTTP, and dCTP) and one modified precursor nucle-
otide. The essence of this technique, as mentioned above, is that the modified
precursor nucleotide partially replaces one of the normal dNTPs. The modified
precursor nucleotide described here is dUTP, which can substitute for dTTP in
a DNA polymerization reaction. A low level of dUMP is introduced randomly
into the amplified target gene sequence during DNA amplification, carried out
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in the presence of the four normal precursor nucleotides and dUTP. Therefore,
the reaction contains both dTTP and dUTP. The ratio of the dUTP to dTTP is
such that one U is incorporated per strand of amplified DNA (see Note 1). One
primer is labeled prior to amplification so as to analyze one strand of the target
sequence. Both strands must be analyzed to detect all possible mutations within
that fragment. Both strands may be analyzed simultaneously by using differen-
tially labeled primers (see Note 2). See schematic diagram in Fig. 1. The modi-
fied base, in this case uracil, is then excised with Uracil DNA glycosylase.
Uracil-DNA-glycosylase (UDG) is a highly specific DNA repair enzyme that

Fig. 1. Schematic diagram of GMPD-scan. For visual simplicity, only extension of
the diagnostic primer following PCR amplification is shown and the extension of the
nondiagnostic primer is not shown in the diagram. The DNA fragment shown here is
an arbitrary piece of DNA. The mutation site is depicted by a G to A mutation and C to
T mutation on the upper and lower strands, respectively. “Normal” thymine positions
in the arbitrary DNA fragment in the lower strand are depicted by “T” and by “T” or
“U” following extension of the diagnostic primer during PCR amplification in the
presence of dUTP and dTTP.
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cleaves the N-glycosidic bond between the base uracil and the sugar deoxyri-
bose in a DNA molecule and generates an apyrimidinic (AP) site (4,5). The
phosphate linkages at the AP sites are then cleaved with 5' or 3' specific agents
(see Note 3). As the uracil is incorporated randomly, glycosylase-mediated
cleavage of the amplified DNA will yield a population of DNA fragments of
various lengths. The individual cleavage products are separated by gel electro-
phoresis and this produces a ladder of bands somewhat identical to the T lane
of a sequencing gel. The number of bands indicates the number of Ts in the
original target sequence. The appearance or disappearance of a cleavage frag-
ment when compared to the known DNA sequence indicates the presence of a
mutation. The location and sequence of the mutation can then be determined
by size analysis of the normal and mutant fragments.

2. Materials

2.1. 5' End Labeling of Oligonucleotides with 32P

1. T4 polynucleotide kinase (New England Biolabs) 1 U/µL, supplied with 10X T4
PNK reaction buffer: 70 mM Tris-HCl, pH 7.6, 10 mM MgCl2, 5 mM dithiothre-
itol (DTT).

2. γ 32P ATP, specific activity 3000 Ci/mmol.
3. 4 M ammonium acetate.
4. Absolute ethanol.
5. CentriSpin-10 column (Princeton Separations, supplied by Genosys, UK).

2.2. Amplification of Sample DNA

1. Labeled and unlabeled oligonucleotides (see Notes 2 and 4).
2. dNTPs, including dUTP.
3. PCR reagents: commercially available from many sources and used as per

supplier’s instructions.
4. α32P dCTP (3000 Ci/mmol)
5. Wild-type and mutant template DNA and oligonucleotide primers.

2.3. Glycosylase-Mediated Cleavage of Amplified DNA

1. Exonuclease I (diluted to 0.5 U/µL ) (Amersham Pharmacia Biotech).
2. CentriSpin-10 column (Princeton Separations, supplied by Sigma Genosys) or

S300HR spin columns (Amersham Pharmacia Biotech).
3. Uracil DNA glycosylase (UDG) (diluted to 0.5 U/µL) (New England Biolabs).
4. Dilution buffer: 70 mM HEPES-KOH, pH 8.0, 1 mM DTT, 1mM ethylenedi-

aminetetraacetic acid (EDTA), 50% glycerol.
5. NaOH, 5 M Stock stored in plastic (not glass) container. Make up fresh every 5–6 wk.
6. Tris base (Sigma).
7. Formamide loading dye: 95% v/v formamide, 0.5% w/v bromophenol blue, 0.5%

xylene cyanol.
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8. Formamide loading dye for Alf Express: 95% v/v formamide, 0.8% w/v dextran
blue (see Note 5).

2.4. Polyacrylamide Gel Electrophoresis (PAGE)

1. Urea
2. 40% w/v acrylamide:bis-acrylamide (29:1).
3. 40% w/v acrylamide:bis-acrylamide (99:1).
4. TBE: 90 mM Tris base, 90 mM boric acid, 2 mM EDTA (see Note 6).
5. N,N,N',N'-Tetramethylethylenediamine (TEMED).
6. 10% w/v ammonium persulfate.
7. Glycerol.

3. Methods
3.1. 5' End Labeling of Oligonucleotide Primers with 32P

1. Place 50–60 pmoles (approx 400 ng) of the diagnostic primer in 1.5-mL Eppen-
dorf tube.

2. Add 5 µL γ 32P ATP (3000 Ci/mmol), 2.5 µL 10X T4 PNK reaction buffer and
bring volume to 24 µL with sterile H2O (MilliQ grade).

3. Add 1 µL T4 polynucleotide kinase (1 U/µL) and incubate reaction for 30 min at
37°C.

4. To precipitate the labeled oligonucleotide and remove unused γ 32P ATP, add
25 µL 4 M ammonium acetate and 100 µL ethanol and leave at –20°C for at least
2 h. Alternatively, the oligonucleotide can be purified by using centrifugation
through a gel-filtration column (see Note 7).

3.2. Amplification of Sample DNA

Six pmoles of upper and lower primer are used to amplify the DNA fragment of
interest in a PCR in the presence of 0.2 mM dATP, dCTP, and dGTP, 0.02 mM dUTP
and 0.19 mM dTTP, in a total volume of 20 µL (see Note 1). Normally, 100–200 ng
genomic DNA sample serves as template for this reaction. It is recommended that
a PCR of a normal or wild-type sample (and cleavage of same) is always included
in each analysis for comparison purposes.

3.3. Glycosylase Mediated Cleavage of Amplified DNA
1. 10 µL of PCR is placed in 0.5-µL Eppendorf tube.
2. Add 1 µL Exonuclease I (0.5 U/µL) and incubate at 37°C for 30 min. Enzyme is

diluted using dilution buffer.
3. The Exonuclease I is inactivated by incubating the reaction at 80°C for 15 min.
4. Put sample through clean-up column, e.g. S300HR (Pharmacia) or CentriSpin-10

(Princeton Seperations).
5. Take 10 µL of ExoI-treated DNA and add 1 µL uracil DNA-glycosylase (0.5 U/µL)

and incubate at 37°C for 30 min.
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6. Add 1 µL 0.6 M NaOH (final concentration of 0.05 M NaOH) and heat the reaction
for 15 min at 95°C (see Note 3).

7. Add 1 µL 0.39 M Tris base (final concentration of 0.03 M Tris base) to neutralize
the reaction.

8. Add 7 µL formamide loading dye to the sample and heat to 90°C for 5 min prior
to loading on polyacrylamide gel.

3.4. PAGE

3.4.1. Manual PAGE and Autoradiography
1. Set up 6% denaturing polyacrylamide gel, containing 7 M urea and 1X TBE.
2. Wash out wells well with running buffer (1X TBE).
3. Load 5 µL of each sample (see Note 8).
4. Load labeled primer and uncleaved PCR product for use as size markers during

fragment analysis.
5. Electrophorese at 60 W for several hours to get maximum separation of all frag-

ments (see Note 9 and 10).
6. Expose the gel to X-ray film for several hours (see Note 11).
7. For additional detection of mutations, samples are run and analyzed on a 6%

acrylamide (99:1) nondenaturing gel [similar to gel used for single-strand con-
formational polymorphism (SSCP) analysis (6)].

3.4.2. PAGE Using Alf Express (Pharmacia)
1. Make up a 6% denaturing PAG solution consisting of 42 g urea (7 M), 1.2X TBE

(final concentration) and 15 mL of 40% acrylamide stock and bring volume to
100 mL with MilliQ grade H2O.

2. Filter solution through at least a 0.45 µm filter.
3. Wash and set up large gel plates according to manufacturer’s instructions.
4. Add 70 µL TEMED and 700 µL 10% APS to the gel solution and mix gently.
5. Pour gel according to manufacturer’s instructions taking care to avoid the incor-

poration of air bubbles. Allow gel to polymerize fully for at least 2 h.
6. Set up gel in automated sequencer, wash out wells well with running buffer

(0.6X TBE) and load 4 µL of sample per well.
7. Load labeled primer and uncleaved PCR product for use as size markers during

fragment analysis.
8. Run gel at 55°C and at 35 W (constant) for several hours (see Note 9).
9. For additional detection of mutations, samples are run and analyzed on a 6%

acrylamide (99:1) nondenaturing gel (similar to gel used for SSCP analysis)
according to the manufacturer’s instructions.

3.6.Fragment Analysis
1. Determine the position of the labeled primer on the gel.
2. All detectable cleaved fragments will be greater in size than this band.
3. Compare the pattern of cleavage fragments to that expected form the T content of

the known sequence of the DNA being analyzed.
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4. Each cleavage fragment should correspond to the sequence of the thymine resi-
dues in the known DNA sequence.

5. If the base change at the mutation site involves a gain of a T residue, then an addi-
tional band will be detected in the cleavage fragment pattern that does not corre-
spond to the known DNA (T) sequence and may be present in the homozygous or
heterozygous state. Whether the mutation exists in the homozygous or heterozy-
gous state can only be determined using GMPD using comparative analysis
between homozygous normal, heterozygous, and homozygous mutant samples.

6. If the base change at the mutation site involves a loss of a T residue, then one of
the expected bands caused by the known T residue will not be detected.

7. If this loss of T mutation is present in a heterozygous state, then the intensity of
the band due to the corresponding cleavage fragment will be reduced by 50%.

8. If a suitable size marker (labeled) is used during PAGE, then band size can be
estimated by comparison to this marker either manually or automatically using
fragment-analysis software.

9. The length or position of the gained or lost fragment is a direct indication of the
location of the polymorphism or mutation.

10. GMPD using UDG and dUTP incorporation detects all deletion and insertion
mutations. As 10 out of the 12 single-base substitution mutations involve the
gain or loss of A/T or T/A basepairs (i.e., G>A, G>T, A>G, A>T, A>C, T>G,
T>A, T>C, C>A, and C>T), 83% of single-base substitution mutations can be
detected with UDG and dUTP. In reality, this figure is closer to 95% or greater of
all point mutations because most disease-causing mutations are C to T (or G to
A) transitions.

11. The two base changes not detected with UDG and dUTP incorporation, i.e., G to
C and C to G occur at a low frequency relative to other base substitution muta-
tions. These changes can be detected by using a modified precursor nucleotide
which substitutes for dGTP or dCTP and a corresponding DNA glycosylase.

12. Alternatively, G to C and C to G changes are detected when the UDG generated
cleavage products are analyzed under SSCP-like conditions. On such a gel, a
banding pattern is observed that is somewhat similar to that observed when the
cleavage products are analyzed on the denaturing sequencing type gel, however,
the bands are often not as sharp or defined as those on the denaturing gel. Muta-
tions are detected by the observation of additional bands in the mutant sample
because of conformational changes in the those bands that alter their migration
through the gel matrix.

13. GMPD offers the specificity of direct DNA sequencing, but is a much simpler
process with almost all mutations detected using a single enzyme. The method
does not rely on heteroduplex formation, but works equally well on homozygous
and heterozygous samples. The annealing of primers is not dependent on strin-
gent or differential hybridisation conditions. The amplification of samples using
dUTP works well with several thermostable polymerases. The process can be
performed directly on any DNA sample and the process is robust and requires
relatively few manipulations.



GMPD-Scan 185

4. Notes
1. The ratio of the dUTP to dTTP is such that approx one unit is incorporated per

strand of amplified DNA. This ratio will vary depending on the base content of
the DNA fragment being analyzed. In addition, the ratio required to analyze the
two strands of any one fragment may be different. Therefore, it may be necessary
to titrate the ratio of dUTP to dTTP required for analysis of a DNA strand by
carrying out the aforementioned amplification and subsequent glycosylase-medi-
ated cleavage using a range of ratios. Subsequently, a ratio is determined that is
most informative for that particular DNA strand, i.e., the ratio that allows one to
easily visualize a more or less uniform production of all expected GMPD cleav-
age fragments for that strand including the shorter fragments caused by cleavage
of the amplified strands at the 5' end or close to the primer and longer fragments
due to cleavage at the 3' end of the amplified strand. If all fragments cannot be
efficiently and effectively produced with any one ratio, then it may be necessary
to analyze the strand using more than one ratio.

2. Use of differentially labeled primers allows one to analyze multiple different
DNA strands in each gel lane.

3. AP sites can be cleaved at the phosphate linkage on the 5' and/or 3' side of the
ribose ring. Heating of the DNA at 95°C in the presence of alkali causes chemical
cleavage at the 5' side of the AP site and leaves a phosphate group at the 3' termi-
nus of the diagnostic fragment. AP endonuclease IV enzymatically cleaves at the
5' side of the AP site and leaves a 3'OH terminus on the diagnostic fragment.
However, cleavage of AP sites by heating at 95°C at neutral pH results in chemical
cleavage at the 3' side of the AP site, which leaves a deoxyribose phosphate moiety
at the 3' terminus of the diagnostic fragment and a low level of cleavage at the 5'
side leaving a 3' phosphate group on the diagnostic fragment. This results in the
diagnostic fragment migrating as a doublet following denaturing PAGE. An AP
lyase enzyme can also be used in place of the heat treatment because lyases also
cleave at the 3' side of the AP site and result in a 3' deoxyribose phosphate terminus
on the diagnostic fragment. The presence of this 3' deoxyribose phosphate group
following 3' AP cleavage is a useful feature because the size of each fragment con-
taining a 3' deoxyribose phosphate moiety is similar in size to that generated dur-
ing a typical dideoxysequencing experiment, i.e., fragments generated from DNA
containing random dUMP incorporation followed by UDG treatment and 3' AP
cleavage are similar in size to the fragments generated during the dideoxythymine
sequencing reaction (following eletrophoresis through a 6% denaturing gel). This
allows for easy comparison of GMPD banding pattern with a sequencing pattern.

4. The oligonucleotide primers contain dG, dA, dT, and dC and consequently are
resistant to cleavage by UDG.

5. When using the ALF Express for fragment separation and analysis (and/or use of
Cy5 label on any fluorescence detection equipment), one must use a modified
formamide loading dye containing dextran blue in place of bromophenol blue and
xylene cyanol, because bromophenol blue and xylene cyanol fluoresce with 635 nm
excitation and, hence, interfere with the detection of the Cy5 fluorescent label.
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6. Do not autoclave TBE for use with the Alf Express.
7. Following 5' end labeling of the oligonucleotide, unincorporated γ32PATP can be

removed by ethanol precipitation or by using homemade gel filtration columns or
any of the commercially available oligonucleotide purification kits (e.g.,
Centrispin-10 columns, Princeton Seperations, supplied by Genosys UK).

8. Normally, one may load 5 µL of sample per well. However, this may be altered
depending on how well the oligonucleotide primer was labeled with 32P and how
long one is willing to leave the radioactive gel exposed to the X-ray film.

9. Gel running time depends on the expected size of fragments to be analyzed, per-
centage acrylamide in the gel, and thickness of the gel.

10. Multiple loadings depending on length of fragment being analyzed. The actual
running time of the gel is determined by the size of the expected cleavage frag-
ments. The progress of the fragments can be estimated by assuming bromophe-
nol blue runs approximately as a 26 mer and xylene cyanol as a 106 mer in a 6%
denaturing PAG.

11. A good starting point for X-ray film exposure is overnight exposure at –20°C.
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16

The Use of Resolvases T4 Endonuclease VII
and T7 Endonuclease I in Mutation Detection

Jeffrey J. Babon, Matthew McKenzie, and Richard G. H. Cotton

1. Introduction
The use of resolvase enzymes to detect mutations (1) was developed in

response to the demand for a method that could screen kilobase lengths of
DNA for single nucleotide changes and small insertions and deletions. The
method is a more simple, nontoxic alternative to the chemical cleavage of the
mismatch (CCM) method (2) and as such, the techniques proceed along similar
lines; heteroduplex formation then mismatch cleavage then electrophoresis to
visualize the reaction products. Both techniques use as substrate, heterodu-
plexes generated by the melting and reannealing of query and control DNA,
usually polymerase chain reaction (PCR) products, in the same tube. If the
sequence of the two original DNA species differ at any nucleotide, then hetero-
duplex species will be generated with a base-pair mismatch at that position
(see Fig. 1). These mismatches can be bound and the DNA cleaved by at least
two resolvase enzymes, T4 endonuclease VII (1) and T7 endonuclease I (3),
both bacteriophage enzymes with similar in vivo functions. The one-step bind-
ing and cleavage reaction replace the two-step CCM procedure that uses dif-
ferent chemicals in each stage that are not active in the same buffer and thus
require a clean-up step in between. Another advantage of using resolvases
rather than chemicals for this procedure is that the one enzyme can recognize
all eight types of mismatches (a/a, t/t, c/c, g/g, a/g, t/g, a/c, t/c) (4), as well as
small loops generated when the query DNA used to form the heteroduplex
substrate contains a small insertion or deletion (5). The bacteriophage
resolvases, T4 endonuclease VII and T7 endonuclease I, have as their primary
in vivo purpose, the resolution of Holliday junctions (6,7), four-stranded DNA
junctions that are formed during the phage-replication process. These enzymes
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were later found to cleave a range of three-dimensional DNA structures. T4
endonuclease VII, in particular, has had its substrates well characterized and
the structures recognized as substrates include DNA mismatches, loops, 4- and
3- stranded junctions, gaps, overhangs (8), as well as sequence-induced bends,
such as those resulting from phased A-tracts (9). T4 endonuclease VII or T7

Fig. 1. Schematic representation of the EMC procedure to detect mutations. Het-
eroduplexes are formed by melting and reannealing WT and query DNA in the same
tube. Of the four duplex species formed during this procedure, two are heteroduplexes
(shown in bold) with mismatches present at the point of sequence differences. These
mismatches can be cleaved by resolvase enzymes and the reaction products analyzed
by electrophoresis.
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endonuclease I bind to the DNA and then cleave within six nucleotides 3' or 5',
respectively (10,11). A counternick will then be placed on the other side of the
mismatch on the opposite strand again within six nucleotides. The two nicks are
not necessarily symmetrical about the mismatch and often have very different
reaction rates (4). Occasionally, only one nick will ever be detected, therefore, the
strands are separated and the reaction products are viewed after electrophoresis
through a denaturing polyacrylamide gel so that single-stranded cleavages will be
detected, as well as double-stranded breaks. The structures recognized as substrates
for these enzymes, as well as the mechanism of cleavage, place these enzymes in a
class distinct from mismatch repair enzymes that will often cleave only some types
of mismatches or in only certain sequence contexts or else cleave at a large dis-
tance from the mismatch [for review, see (12)]. The nature of resolvase cleavage
means that all mismatch types are cleaved in almost all sequence contexts and the
DNA is cleaved close to the mismatch, allowing the mutation to be positioned
within 6 bp. The general nature of substrate recognition, however, is responsible
for a certain “background” cleavage of homoduplex regions of DNA that in certain
cases can be more intense than the mismatch cleavage product itself. This is possi-
bly caused by sequence induced secondary structure in the DNA, but the problem
is resolved by cleaving a homoduplex control DNA, any identical peaks in the
control and sample lanes are designated as background and the mutation band is
usually easily distinguished (see Fig. 2). When this precaution is taken, nearly
100% of mutations can be detected (13).

2. Materials
T4 endonuclease VII and all necessary buffers are now commercially avail-

able from Amersham Pharmacia as part of the PassportTM EMD kit, the proto-
col used with this kit differs from that shown here, so follow manufacturer’s
instructions (see Note 1).

1. TE buffer: 10 mM Tris-HCl, pH 8.0, 1 mM ethylenediaminetetraacetic acid
(EDTA).

2. 2X annealing buffer: 1.2 M NaCl, 14 mM MgCl2, 12 mM Tris-HCl, pH 8.0
3. T4 endonuclease VII or T7 endonuclease I, dilute fresh before each experiment

to working concentration, units will differ between suppliers and preparations
therefore refer to manufacturer’s instructions or quantitate activity yourself on a
reference sample.

4. 10 reaction buffer (supplied) or: 500 mM Tris-HCl, pH 8.0, 100 mM MgCl2,
1 mg/mL bovine serum albumin (BSA), 50 mM dithiothreitol (DTT).

5. Dilution buffer: 10 mM Tris-HCl, pH 8.0, 0.1 mM glutathione, 50% glycerol,
0.1 mg/mL BSA.

6. Loading buffer: 95% formamide (toxic), 10 mg/mL blue dextran.
7. 1X kinase buffer: 50 mM Tris-HCl, pH 7.6, 10 mM MgCl2, 5 mM DTT, 0.1 mM

spermidine, and 0.1 mM EDTA.
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3. Methods

Note: This procedure can be performed fluorescently (14) or radioactively
(1,15). Fluorescent EMC is the method of choice (see Note 2) if the user has
access to an ABI-377 sequencer or analogous machine therefore the fluores-
cent protocol is given as follows. For radioactive EMC, see Note 2.

Fig. 2. Results of fluorescent EMC. Examples of weak (i), intermediate (ii), and
strong (iii), cleavage of different mismatches in the same sequence context by T4
endonuclease VII as well as two different mutations detected in the one fragment (iv).
T4 endonuclease VII was incubated with the different heteroduplexes and a
homoduplex control in the same sequence context under standard conditions. The
results of the cleavage are shown after electrophoresis and analysis on an ABI-377
sequencer. Each panel shows the result of a heteroduplex cleavage reaction (gray)
overlaid on to the homoduplex control reaction (black) Specific cleavages are marked
with arrows and are colored gray, the two major background bands in this fragment,
present in all heteroduplexes as well as the homoduplex control, are labeled with
asterisks. Approximate sizes in bp are shown above. Note that in the case of weakly
recognized mutations (i) the specific band can be less intense than the major back-
ground band whereas for strongly recognized mutations (iii) the mutation bands dwarf
the background bands. Also note that not all mutations, e.g., (i) and (ii), show two
cleavage products for the two-strand cleavages.



T4 Endonuclease VII and T7 Endonuclease I 191

3.1. DNA Preparation

Amplify target sequence from wild-type/control (WT) and query DNA using
standard PCR protocols and fluorescent primers, alternatively restriction enzyme
digested DNA can be used and the ends labeled according to standard protocols
with a fluorescent nucleotide (see Note 3). The fragment size should be kept at or
below 1 kb (see Note 4). Twenty-five nanograms of each species per resolvase
reaction is required with 2X 25 ng for the WT homoduplex control.

Purify the PCR products using standard methods such as spin-column purifi-
cation (Qia-quick spin columns, Qiagen, Germany) or gel electrophoresis, fol-
lowed by band excision and DNA extraction (e.g., Bresaclean, Bresagen
Australia), following manufacturer's instructions (see Note 5 for possible omis-
sion of this step), resuspend the DNA in TE buffer.

3.2. Heteroduplex Formation

1. Place into a tube query DNA and WT DNA in a 1:1 ratio if both species are labeled or
in a 10:1 ratio if only WT is labeled.
There should be 25 ng WT DNA per reaction and either 25 or 250 ng query DNA
depending on whether it is labeled or unlabeled respectively (see Note 6), the hetero-
duplex formation reaction can be scaled up if multiple reactions are to be performed
on the one substrate but the volume should not exceed 200 µL (see Note 7).

2. Add 2X annealing buffer or 10X PCR buffer to 1X.
3. Boil for 5 min.
4. Place the tube in 65°C water bath for at least 30 min (see Note 7).
5. Place the tube at room temperature for 30 min.
6. Place tube on ice.

3.3. Resolvase Cleavage Reaction

The heteroduplexes are now ready to be cleaved. Each reaction should con-
tain 50 ng of heteroduplex DNA and should be performed in a 10–50 µL reac-
tion volume. The heteroduplex DNA added must be of a volume low enough
that the sodium chloride or other monovalent salt concentration is diluted to
50 mM or less.

1. Add the appropriate amount of water and 10X reaction buffer to the heteroduplex
DNA and finally, add the appropriate amount of freshly diluted enzyme (see
Notes 8–11) and incubate at 37°C for 30 min.

2. Stop the reaction by adding 2 vol of ice-cold ethanol and 1/10 vol of 3 M sodium
acetate, pH 5.6 (see Note 12 for alternative).

3. Incubate on ice for at least 30 min.
4. Centrifuge at 13,000g for 10 min in a microcentrifuge, decant the supernatant.
5. Wash the pellet once with 500 µL 70% ethanol and repeat step 4.
6. Dry the pellet and resuspend in loading buffer. The samples can then be analyzed

by electrophoresis on an ABI 377 sequencer or similar instrument.
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7. For analysis on the ABI 377, electrophoresis is performed on a 4.25% (19:1)
acrylamide:bis-acrylamide, 6 M urea gel, run in TBE buffer at 3000 V. A 500 bp
fragment will take 3 h to run in this fashion. The matrix used depends on the
primer label, matrix C will detect 6-FAM, HEX, and TET-labeled DNA and a
TAMRA-labeled size marker. Matrix D will detect 6-FAM, ROX, NED, and
TAMRA-labeled DNA.

3.4. Results Analysis

Print out the results of each query DNA reaction overlaid with the
homoduplex control reaction. Cleavage peaks present in the query trace and
not the control represent differences in the sequence near that position. Any
peaks present in both that are substantially more intense in the query trace may
also represent a mutation (see Note 13–17).

4. Notes

1. The Amersham Pharmacia PassportTM EMD kit. The background cleavage
activity of the enzyme, although annoying, does not usually inhibit confident
mutation detection when using resolvase cleavage. A bigger drawback to the
technique is the number of manipulations required from start to finish.
Amersham Pharmacia have recently released a kit form of the EMC technique,
called Passport. This kit has been developed to increase the speed and ease of
the original EMC protocol. The kit is provided with optimized buffers and reac-
tion conditions for the heteroduplex formation, resolvase cleavage reaction,
and gel-loading steps. These conditions allow the elimination of the final etha-
nol precipitation step, and the post-PCR purification step while still giving a
sufficient signal-to-noise ratio to detect mutations. When using this kit, refer to
the manufacturer’s instructions.

2. Radioactive EMC. Label the WT PCR product in bulk using γ-32P-ATP (setting
aside 250 ng unlabeled for the homoduplex control) as follows.

Incubate the DNA for 60 min at 37°C with 1 U PNK (New England Biolabs)
and 1 µL γ-32P-ATP (10 mCi/mL, 3000 Ci/mmol) in 1 × PNK buffer (sup-
plied). The amount of radiolabel added should be adjusted to result in around
100 cpm per ng DNA.

Purify the labeled DNA from the remaining γ 32PATP by ethanol precipi-
tation (2.5 vol ice-cold ethanol, 0.1 vole 3 M sodium acetate, pH 5.2. Leave
on ice for 30 min then pellet DNA by centrifugation at 13,000g for 10 min.
Perform two ice-cold 70% ethanol washes with a 2 min centrifugation step to
pellet the DNA in each case. Resuspend the DNA at 50 ng/µL in TE buffer).
The ethanol precipitation step can be replaced by using a spin column such as
the Qia-quick nucleotide removal kit (Qiagen, Germany) according to
manufacturer’s instructions. Resuspend the DNA in TE buffer. Form hetero-
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duplexes and perform digestion as usual, stop by adding an equal volume of
loading buffer containing 25 mM EDTA and electrophorese on the appropri-
ate percent polyacrylamide gel, visualize by autoradiography.

Electrophoresis of samples under 1 kb is performed on an 8 M urea, 6%
(19:1) acrylamide/bis-acrylamide gel in 1X TBE buffer at 45 W. We routinely
use gels that are 420 × 210 × 0.4 mm in size. Often multiple loadings will be
necessary to ensure the full fragment is analyzed. Otherwise, larger fragments
remain unresolved near the top of the gel. Typically, 90 min will cover the
range up to approx 300 bp with longer times required for 300–1000 bp frag-
ments. Bromophenol blue and xylene cyanol dyes should be added to the load-
ing buffer (at 0.1%) to keep track of the position of varioussized fragments
migrating thrrough the gel. In a 6% denaturing gel, bromophenol blue migrates
approx as a 26-bp fragment whereas xylene cyanol migrates as a 106-bp frag-
ment. After electrophoresis, the gels are fixed in 10% acetic acid, dried for 1 h
and placed in a cassette with Kodak X-OMAT AR film overnight.

Radioactive EMC is inferior to fluorescent EMC for a number of reasons,
relating more to the whole process than to radioactivity vs fluorescence per se.
The near linear relationship between size (bp) and time detected (i.e., time
taken for a fragment to migrate past the laser) on an ABI-377 sequencer means
that only one run is necessary per fragment. As shown in Fig. 3, if the run
conditions in radioactive EMC are optimal for detecting smaller cleavage frag-
ments, then the larger fragments are often lost in the high concentration of
bands at the top of the gel. In addition to this, using a different fluorescent label
on each end allows each mutation cleavage band to be attributed to a position
on the correct DNA strand. Radioactive EMC has the problem of the back-
ground cleavage on the two strands being additive, when each strand is a dif-
ferent color this problem is alleviated and the signal to noise ratio increases.
Finally there is no extra labeling step required with fluorescent EMC although
fluorescent primers do need to be purchased. Of course not all laboratories
have access to an ABI-377 or similar instrument and radioactive EMC despite
its limitations is more than adequate to detect mutations.

3. End vs uniformly labeled heteroduplexes. Ensure that the fragment is end rather
than uniformly labeled. Nick-translation labeling or incorporation of label during
PCR is not recommended. End labeling ensures that each nick in the DNA, either
specific or background, has only one signal.

4. Fragment length. Lengths longer than 1 kb may make it too difficult to distin-
guish the specific signal from the background signals and also tend to make het-
eroduplex formation more difficult.

5. DNA purification. Purification post-PCR is omitted when using the Amersham
Pharmacia Passport kit. However, purification leads to consistently better results
in our hands when using raw enzyme and materials. When using unpurified PCR
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products ensure that a zero enzyme control for each heteroduplex is performed so
that PCR contaminants are not mistaken as cleavage products

6. Wild-type to mutant ratio. Using excess unlabeled query DNA yields the lowest
background cleavage, as the labeled WT DNA strands are more likely to form
heteroduplex species with the excess query strands during the melting/re-annealing
procedure, rather than reannealing to form WT homoduplexes again. This is usu-
ally convenient anyway because often the WT DNA can be prepared in bulk and

Fig. 3. Results of radioactive EMC. Five different mutants and a homoduplex control
in the same 546 bp sequence context were analyzed for mutations using T4 endonu-
clease VII cleavage. The heteroduplexes were formed by annealing radiolabeled WT
DNA and cold mutant DNA and the reaction products visualized after electrophoresis by
autoradiography. Sizes in bp are shown to the right. The specific cleavages are marked
with arrows and are, from right to left, 118 bp, 99 bp, 91 bp, 82 bp, and 81 bp, whereas
the cleavage bands present in all lanes are examples of background cleavage. The high
level of background cleavage with these fragments illustrates the need for a
homoduplex control in each experiment. Also note that the large fragment for each
mutation is not easily visible because of the high concentration of bands at the top of
the gel.
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25-ng aliquots annealed to entire query PCR products to form heteroduplexes. How-
ever, this means that only two of four heteroduplex strands are being analyzed and
occasionally this can lead to a mutation not being detected. Theoretically, near
50% of the duplexes formed by melting and reannealing WT and query DNA in a
ratio of 1:1 will be heteroduplexes and this is sufficient for the mismatch signal to
be distinguishable from the background. When both species are labeled then all
four strands are examined. A 1:1 WT:query DNA ratio is advised in this case.

7. Heteroduplex formation. There is a lot of freedom in the conditions allowing
good heteroduplex formation, however, large volumes introduce the problem of
inefficient heating of the samples during the denaturing step and should be
avoided. The matter of optimum DNA concentration is unresolved, too low and
too high a concentration have been reported to lead to various problems (16),
however, we consistently use DNA concentrations ranging from 1–40 ng/µL.
The matter of the length of time at 65°C is another unresolved issue in heterodu-
plex formation. 65°C is on the melting curve of duplex DNA and will ensure that
the temperature is high enough so that any hairpin loops or other single-stranded
structures formed while cooling down from 95°C will be able to unwind so that
duplex formation can occur. Some protocols with troublesome DNA sequences
suggest an overnight incubation (17) at 65°C, but this is seldom necessary. To
examine the heteroduplex formation reaction, run an aliquot on an agarose gel
and ensure that the major band is of the correct size and that multiple intense
bands or smeary bands are not present (16). Sometimes multistranded DNA com-
plexes or excess single-stranded DNA may be formed and this can lead to an
increased background cleavage level (16).

8. Enzyme stability. The enzyme is quite stable in storage buffer at –20°C, however,
we recommend not storing the enzyme at working concentration for more than a
few weeks as there is a suggestion that in more dilute solutions the enzyme can
lose activity over time (J. Babon, unpublished data). It should not be repeatedly
freeze-thawed at –70°C. The enzyme is inhibited by monovalent cations such as
K+, Na+ above 50 mM, many divalent cations above 10 mM and by Zn2+ above
1 mM, its activity is minimal above 45°C and is inactivated by incubations at any
temperature above 30°C when substrate (DNA) is not present. All these param-
eters should therefore be avoided.

9. Total digestion. In our experience, the total duplex digestion should be adjusted
so that 50–90% of the substrate band remains. The total cleavage using the same
amount of substrate and enzyme will differ to some degree depending on
mutation(s) present and the sequence of the fragment. The enzyme is unlike a
restriction enzyme and is capable of entirely digesting a fragment of DNA even-
tually whether mismatches are present or not. However, this will only happen if a
large excess of enzyme is used and it is wise to quantitate the effects of the
enzyme on the particular fragment of interest before a major study is undertaken.
As the incubation continues, the shorter fragments become more intense, whereas
the larger fragments are further digested and diminish. In some cases, multiple
time-points (5 and 30 min, e.g.) may be beneficial. Overdigestion can cause the
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background cleavage products to accumulate to a level sufficient to obscure a muta-
tion, whereas underdigestion can result in a weak mutation being undetected.

10. Cleavage characteristics. The kinetics of cleavage of each mutation differ depending
on mismatch type and sequence context. The enzyme’s activity on different mis-
matches has been, in the past, classified into strong, intermediate, and weak (13).
However, in reality, the activity can cover the full range between unreactive and very
rare (3) to acting like a restriction enzyme for mismatches. In many cases the total
cleavage of a heteroduplex containing a well-recognized mismatch will be much
greater than a homoduplex control, reflecting the affinity of the enzyme for that mis-
match. However, many poorly recognized mismatches will show an insignificant
difference in the level of total digestion compared to the homoduplex control. The
other characteristics of cleavage by this enzyme is the number of nicks placed in each
strand. We have observed as many as three nicks placed within the six nucleotide
limit of cleavage at a single mismatch, therefore, observing such a phenomena does
not necessarily indicate the presence of three mutations.

11. Endonuclease VII and endonuclease I. At present, only one study has been pub-
lished using both T4 endonuclease VII and T7 endonuclease I. This study and our
experience suggests that both enzymes are equally effective in detecting mutations.
They both detect close to 100% of mutations (1,3,13). Both will recognize all types
of mismatches and small heteroduplex loops and with similar signal-to-noise ratios,
although the background cleavages are in completely different positions (see Fig. 4).

12. Stopping the reaction. Instead of ethanol precipitation and running the whole
sample on the gel, an aliquot of the digested sample can be run directly on to the
gel, which speeds up the process. The 0.2-mm ABI-377 sequencer gels cannot
tolerate even a moderate salt concentration in the sample without problems. How-
ever, if using the thicker manual sequencing polyacrylamide gels, this approach
can be used and, in this case, the reaction can be stopped by adding an equal
volume of loading buffer and EDTA to 25 mM.

13. Identifying mutations. Mutations are identified by peaks either not present at all
in a homoduplex control or else present, but as a much lower contribution to the
total cleavage. A mutation peak at the same position as a major background peak
represents the most difficult mutation to detect. In this case, one is looking for an
increase in the intensity of that peak compared to the other background peaks
present in the query trace relative to the same comparison in the control trace. If
all the peaks present in the query trace compared to the control are elevated, this
will usually mean that there has been greater total digestion in the query reaction
compared with the control and is not representative of mutations.

14. Single- vs double-stranded cleavage. Most mutations will be represented by two
peaks, one for each DNA strand. However, many mutations will only be repre-
sented by one peak as the enzyme will not always cleave both strands at a mis-
match to an extent where they are both detectable. The enzyme’s activity upon
the four mismatched bases in the two heteroduplex species present in each reac-
tion appears to be independent such that the nicking activity upon the four strands
can differ greatly in intensity. In some very rare cases that we have dealt with,
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when only two of the four strands were labeled, no cleavage products could be
seen, but when the opposite two strands were labeled a cleavage product was
visible. This, of course, is an argument for labeling all four strands.

15. Multiple mutations. Multiple mutations in the one fragment can be detected using
this technique as long as digestion is not overextensive. Because the DNA is end
labeled, overdigestion may result in the larger cleavage fragments disappearing
as they are recleaved at the position of a second or subsequent mutation. Usually,
this is not a problem if the total digestion recommendations are followed.

16. Screening criteria. To be pronounced free of mutations within the limitations of
the method, a test heteroduplex must show no peaks that are not present at a
similar level in the homoduplex control. In addition, it must be ensured that the
total digestion of both homoduplex control and sample are of similar magnitude
(note that often, but not always, the existence of a mismatch will cause the frag-
ment to be cleaved significantly more quickly, see Note 10). All four strands
must be examined for cleavage and if electrophoresis is performed on a regular
sequencing-gel apparatus, then a long and short run should be performed to ensure
that small and large fragments are visualized.

17. Increasing the signal-to-noise ratio. In rare cases, the background cleavage of
particular DNA fragments may inhibit confident screening by resolvase cleav-
age. Often this is caused by a high level of homoduplex DNA still present after
the heteroduplex formation reaction. An easy method of purifying heteroduplexes
has been published previously (18) that requires the use of biotinylated primers to
PCR amplify either the mutant or the WT DNA. The resulting heteroduplexes
will have a biotin and a fluorescent moiety on opposite strands and can be thus
purified from the homoduplex DNA by using streptavidin-labeled beads and the

Fig. 4. Detecting the same mutation with T4 endonuclease VII and T7 endonu-
clease I. A 546 bp DNA fragment with a mismatch located 118 bp from the 5' end of
the sense strand were digested with T7 endonuclease I (i) and T4 endonuclease VII
(ii). Approximate sizes in bp are shown above. In the case of this mutation, only one of
the two cleavage fragments is produced by incubation with either enzyme. T7 endonu-
clease I cleaves on the opposite side of the mismatch to T4 endonuclease VII and
hence the cleavage fragment is approx 6 bp smaller. Background bands result after
incubation with either enzyme but are located in completely different positions.
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reactions performed on the solid phase. This has been shown to greatly increase
the signal-to-noise ratio of the technique. However, it does require an extra pair
of biotinylated primers to be purchased and only two of the four heteroduplex
strands will be fluorescently labeled. Therefore, the use of this adaptation is only
recommended if the background cleavage of the DNA fragment of interest is
very high such that mutation peaks cannot be identified with confidence.
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