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Background: Very short patch repair rectifies thymidine-guanine mismatches arising from spontaneous deamination of

5-methyl cytosine.

Results: The very short patch repair pathway was reconstituted using purified enzymes.
Conclusion: Patch length depends on the concentration of DNA ligase and may be regulated by the addition of MutS and MutL.
Significance: The results suggest roles for MutL and MutS in very short patch repair.

The Escherichia coli very short patch (VSP) repair pathway
corrects thymidine-guanine mismatches that result from spon-
taneous hydrolytic deamination damage of 5-methyl cytosine.
The VSP repair pathway requires the Vsr endonuclease, DNA
polymerase I, a DNA ligase, MutS, and MutL to function at peak
efficiency. The biochemical roles of most of these proteins in the
VSP repair pathway have been studied extensively. However,
these proteins have not been studied together in the context of
VSP repair in an in vitro system. Using purified components of
the VSP repair system in a reconstitution reaction, we have
begun to develop an understanding of the role played by each of
these proteins in the VSP repair pathway and have gained
insights into their interactions. In this report we demonstrate an
in vitro reconstitution of the VSP repair pathway using a plas-
mid DNA substrate. Surprisingly, the repair track length can be
modulated by the concentration of DNA ligase. We propose
roles for MutL and MutS in coordination of this repair pathway.

The repair of mismatched bases is of extraordinary impor-
tance in maintaining genomic integrity in both eukaryotic and
prokaryotic organisms (1-3). In Escherichia coli, as is the case
in other organisms, there are multiple endogenous mechanisms
that can lead to a base-base mismatch including errors that
result during DNA replication and the spontaneous deamina-
tion of DNA bases (4 —6). Importantly, in every instance where
a mismatch is generated, the repair machinery dedicated to
correcting the error must be able to determine which DNA
strand contains the correct base and which DNA strand con-
tains the incorrect base, and subsequently repair the latter to
maintain the integrity of the genome (reviewed in Ref. 7).

The occasional misincorporation of nucleotides by DNA
polymerase III during DNA replication in E. coli is a well known
source of base-base mismatches. The base mismatches that are

* This work was supported, in whole or in part, by National Institutes of Health
Grant GM 33476 (to S. W. M.).

" Present address: Centre for Molecular Biology and Neuroscience and Insti-
tute of Medical Microbiology, Oslo University Hospital, Rikshospitalet,
Oslo, Norway.

2To whom correspondence should be addressed: CB#3280, Coker Hall, Uni-
versity of North Carolina at Chapel Hill, Chapel Hill, NC 27599. Tel.: 919-962-
0005; Fax: 919-962-1625; E-mail: smatson@bio.unc.edu.

SEPTEMBER 21, 2012+ VOLUME 287 +-NUMBER 39

missed by the proofreading exonuclease are repaired by the
methyl-directed mismatch repair pathway (reviewed in Ref. 2
and 5), which discriminates between the parental and daughter
DNA strands using the adenine methylation status of the DNA
at nearby d(GATC) sequences (8). This pathway increases the
overall fidelity of DNA replication by several orders of magni-
tude (9).

The spontaneous hydrolytic deamination of cytosine or ade-
nine residues also leads to base pair mismatches, which are
repaired by different pathways. The hydrolytic deamination of
cytosine produces a uridine-guanine mismatch (10), whereas
the hydrolytic deamination of adenosine produces a hypoxan-
thine-thymidine mismatch (11). The correct DNA strand is
recognized in each case by virtue of the fact that uracil and
hypoxanthine are not normal bases in DNA. The uridine-gua-
nine mismatch is acted on by the uracil DNA glycosylase, pro-
ducing an abasic site that is subsequently repaired by base exci-
sion repair proteins (12, 13). The hypoxanthine-thymidine
mismatch recruits the hypoxanthine DNA glycosylase that
removes the hypoxanthine base producing an abasic site (14,
15). This abasic site is then acted on by base excision repair
enzymes to facilitate repair.

Hydrolytic deamination of 5-methyl cytosine (5-mC)?® pres-
ents a more challenging situation because the product of this
event produces a T:G mismatch in which both bases are normal
components of DNA. In addition, this deamination reaction is a
common event in E. coli, as it is in all cells containing 5-mC,
occurring at a rate two or three times higher than deamination
of cytosine and more than sufficient to account for the muta-
tional hot spots found associated with sites containing 5-mC
(16). Because both guanine and thymidine are naturally occur-
ring bases in E. coli, this mismatch is intractable to most repair
pathways because strand discrimination is not possible. Pre-
sumably, this accounts for the high rate of mutation commonly
associated with DNA sequences containing 5-mC (6, 17, 18). In
addition, this T:G mismatch is refractory to the methyl-di-
rected mismatch repair pathway during stationary phase
because the double helix is fully methylated at the d(GATC)

3 The abbreviations used are: 5-mC, 5-methyl cytosine; VSP, very short patch;
Pol |, polymerase I.
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sequences that direct this repair process (19, 20). Therefore,
this particular mismatch necessitates another DNA repair
pathway.

In E. coli, the sequence 5'-CCWGG-3'/5'-CCWGG-3' is
methylated by the Dcm methylase at the second cytosine on
each strand producing a 5-mC (21). The T:G mismatch gener-
ated by spontaneous deamination of the 5-mC is repaired in
E. coli by a specific pathway that is able to discriminate between
the erroneous thymidine and the correct guanine and selec-
tively remove the incorrect thymidine (22). This repair mecha-
nism is known as very short patch (VSP) repair reflecting the
short (often less than 10 bases) patch used to restore the correct
DNA sequence (23). It is important to note that this sequence is
the only place in the E. coli chromosome that would produce a
T:G mismatch caused by spontaneous hydrolytic deamination
of 5-mC, because this sequence is the only place where the Decm
methyltransferase acts. Thus, a major function of VSP repair is
to maintain 5'-C°*™°CWGG-3' sequences within the genome
(24).

As deduced from genetic assays, VSP repair requires the Vsr
endonuclease, DNA polymerase I, DNA ligase I, MutL, and
MutS to function at maximum efficiency (25-30). The gene
product of vsr, the Vsr endonuclease, catalyzes the initiating
step in VSP repair. The Vsr endonuclease recognizes the T:G
mismatch in the appropriate sequence context and cleaves 5’ to
the mismatched T, leaving a nick with a 3'-OH and a 5'-PO,
(22, 31-34). DNA polymerase I is thought to bind at the nick
produced by Vsr cleavage and undergo nick translates, using its
5’ to 3' exonuclease activity and its 5’ to 3’ polymerase activity,
restoring the correct C:G base pair while adding a minimal
number of additional nucleotides (27). This nick translation
reaction leaves a ligatable nick that is presumably sealed by
DNA ligase I to restore the integrity of the E. coli genome. The
exact functions of MutL and MutS in the pathway remain
unknown, although MutL has been suggested to stimulate the
activity of the Vsr endonuclease (32, 35). Unlike methyl-di-
rected mismatch repair, deletion of MutS or MutL does not
abolish the activity of the VSP repair pathway. Rather, these
deletions result in a significant decrease in the efficiency of
repair. In a wild-type genetic background, VSP repair corrects a
T:G mismatch in the 5'-CTWGG-3'/5'-C*™*CWGG-3'
sequence with nearly 100% efficiency. However, in a mutL or a
mutS mutant VSP corrects T:G mismatches in the appropriate
sequence context with reduced efficiency (28 —30). These data
suggest that although MutL and MutS are not absolutely
required for the function of the VSP repair pathway, they serve
to augment or somehow regulate the pathway. Therefore, the
minimal VSP repair pathway requires three proteins: the Vsr
endonuclease, DNA polymerase I, and presumably DNA ligase
1(23,27, 36).

Here we report the reconstitution of the E. coli VSP repair
reaction using purified proteins and a model plasmid DNA sub-
strate. We demonstrate the requirement for the Vsr endonu-
clease, DNA polymerase I, and DNA ligase I in a minimal VSP
repair reaction. In this reaction the length of the repair patch
can be modulated by altering the DNA ligase concentration.
Furthermore, we show that MutS and MutL are implicated in
the regulation of VSP repair as demonstrated by their ability to
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reduce the length of the repair patch at a defined DNA ligase
concentration.

MATERIALS AND METHODS

Cloning—The gene encoding the Vsr endonuclease (vsr) was
amplified from E. coli GE1752 genomic DNA using the follow-
ing primers: 5'-GGGAATTCCATATGGCCGACGTTCAC-
GAT-3" and 5'-TTCCGCTCGAGAGCGAGTAAATGAAT-
CCC-3' designed to introduce an Ndel site and an XhoI site on
the N- and C-terminal ends of the gene, respectively. The
amplified DNA fragment was digested to completion with Ndel
and Xhol and inserted into the expression plasmid pTYB1
(New England Biolabs). The construct used for expression and
purification of the Vsr endonuclease contained vsr in frame
with the intein::CBD and was verified by sequencing.

The polA gene was amplified from GE1752 genomic DNA
using the following primers: 5'-TTTTTCATATGGTTCAGA-
TCCCC-3" and 5'-TTTTTGGATCCTTAGTGCGCCTGA-
TCC-3' designed to introduce an Ndel site and a BamHI site on
the N- and C-terminal ends of the gene, respectively. The
amplified DNA fragment was inserted into the pET15b expres-
sion plasmid (Novagen) using the Ndel and BamHI restriction
sites. This construct was verified by sequencing and used for
expression and purification of DNA polymerase 1.

The ligA gene was amplified from genomic GE1752 genomic
DNA using the following primers: 5'-GGAATTCCATATGG-
AATCAATCGAACAACA-3" and 5'-CGCGGATCCTCAGC-
TACCCAGCAAACGC-3' designed to introduce an Ndel site
and a BamHI site on the N-terminal and C-terminal ends of the
gene, respectively. Cloning of the /igA gene was as detailed
above for the polA gene. The construct was verified by
sequencing.

The pUC19-VSR plasmid was constructed by digesting
pUC19 DNA (New England Biolabs) with BamHI and EcoRI
and inserting a duplex DNA fragment containing multiple
Nt.BbvClI nicking sites. The duplex DNA fragment was pre-
pared by annealing the following synthetic oligonucleotides:
5'-AATTCCTCAGCAATCCTCAGCCAGGCCTCAGCTG-
GCCTCAGCG-3" and 5'-GATCCGCTGAGGCCAGCT-
GAGGCCTGGCTGAGGATTGCTGAGG-3'. The annealing
reaction created compatible ends for insertion into the BamHI-
and EcoRI-digested pUC19 vector. Clones containing the cor-
rect DNA insert were identified and verified by restriction
digest. The supercoiled plasmid was purified using a CsCl/EtBr
gradient.

Protein Purifications—BL21(ADE3) (F~ ompT hsdSz(rg mg™)
gal dem (ADE3)) cells harboring the pTYB1-Vsr plasmid were
grown in 500 ml of LB medium containing 100 pg/ml ampicillin at
37°C to an Agy, of 0.6—0.8. The temperature was reduced to
16 °C, and protein expression was induced by the addition of 0.5
mM isopropyl B-p-thiogalactopyranoside. The cells were grown
for 16 hat 16 °C, harvested by centrifugation, suspended in 5 ml
of VSR lysis buffer (25 mm Tris-HCI, pH 8.0, 1 mm EDTA, 0.1
mM PMSF, 0.1 mm benzamidine, 500 mm NaCl, 10% (v/v) glyc-
erol) and frozen for later use.

Cells in VSR lysis buffer were thawed at 4 °C. Lysozyme was
added to a final concentration of 50 ug/ml, and the mixture was
incubated at 4 °C for 60 min. Triton X-100 was added to a final
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concentration 0.1% (v/v), and the mixture was slowly heated to
20 °C with stirring. The mixture was briefly sonicated to reduce
viscosity and centrifuged at 50,000 X g for 60 min to clarify the
lysate. The supernatant was applied to a 1-ml chitin resin (New
England Biolabs) column equilibrated with VSR lysis buffer and
washed until the flow-through contained no detectable protein
as measured by a Bradford protein assay. Five ml of VSR lysis
buffer containing 50 mm DTT was applied and allowed to flow
through the column. The column was then sealed and incu-
bated at 4 °C for 48 h. Ten ml of VSR lysis buffer were used to
elute the column, and 1-ml fractions were collected. Fractions
containing Vsr were pooled and dialyzed twice against VSR
Superdex buffer (250 mm NaCl, 25 mm Tris-HCI, pH 8.0, 1 mm
EDTA, 2 mm DTT, 10% (v/v) glycerol). The dialyzed pool was
concentrated to 300 ul using an Amicon Ultra 15 10,000 molec-
ular weight cutoff (Millipore) centrifugal concentration device
and applied to an equilibrated Superdex 200 gel filtration col-
umn (Amersham Biosciences). Seventy 0.5-ml fractions were
collected, and fractions containing the Vsr endonuclease were
pooled and dialyzed three times against VSR storage buffer (250
mM NaCl, 25 mMm Tris-HCI, pH 8.0, 1 mm EDTA, 2 mm DTT,
50% (v/v) glycerol). Purified Vsr endonuclease was stored at
—20 °C and was greater than 95% pure as judged by SDS-PAGE.
Fresh protein preparations were made frequently to prevent
possible artifacts resulting from degradation products.

BL21(ADE3) cells harboring the pET15b-PolA plasmid were
grown in 500 ml of LB medium containing 100 ug/ml ampicillin
at 37 °Cto an Ay, of 0.6. The production of DNA polymerase I
was induced by the addition of isopropyl B-p-thiogalactopyr-
anoside to a final concentration of 0.5 mm. The cells were incu-
bated for an additional 4 h at 37 °C and harvested by centrifu-
gation. The cells were suspended in 5 ml of Pol I lysis buffer (500
mM NaCl, 50 mm Tris-HCI, pH 7.5, 5 mMm imidazole, 10% (v/v)
glycerol) and frozen for later use.

The cells were thawed at 4 °C and lysed, and a cleared lysate
was prepared as described above. The cleared lysate was applied
to a 1-ml Talon metal affinity resin (BD Bioscience) column
equilibrated with lysis buffer and washed as above. The column
was eluted with 10 ml of Pol I lysis buffer containing 200 mm
imidazole. Fractions containing Pol I were pooled and dialyzed
twice against Pol I MonoQ buffer (40 mm NaCl, 50 mm Tris-
HCl, pH 7.5, 2 mm EDTA, 1 mm DTT, 10% glycerol). The dia-
lyzed pool was loaded onto a MonoQ HR (10/10) column
(Amersham Biosciences) equilibrated with Pol I MonoQ buffer
and washed until the flow-through contained no detectable
protein. The column was eluted with a 160-ml linear NaCl gra-
dient from 40 to 500 mm NaCl. DNA polymerase I eluted at
~200 mM NaCl. Fractions containing DNA polymerase I were
tested for endonuclease activity using supercoiled pUC19
DNA. Fractions that contained no detectable endonuclease
activity were pooled and dialyzed three times against Pol I stor-
age buffer (50 mm Tris-HCI, pH 7.5, 1 mm DTT, 0.5 mM EDTA,
50% (v/v) glycerol) and stored at —20 °C. DNA Polymerase I
was determined to be greater than 95% pure as judged by
SDS-PAGE.

BL21(ADE3) cells harboring pLysS (Novagen) and pET15b-
LigA were grown at 37 °C in 500 ml of LB containing 100 ug/ml
ampicillin and 50 ug/ml chloramphenicol to an Ay, of 0.6 —
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0.8. Expression of DNA ligase I was induced by the addition of
isopropyl B-p-thiogalactopyranoside to a final concentration of
0.5 mm. The cells were incubated for an additional 4 h at 37 °C
and harvested by centrifugation. The pellets were suspended in
5 ml of Ligase I lysis buffer (500 mm NaCl, 50 mm Tris-HCl, pH
7.5,10% (v/v) glycerol) and frozen for later use.

The cells were thawed at 4 °C, lysed and a cleared lysate was
prepared as described above. The lysate was applied to a 1-ml
nickel-charged His bind resin (Novagen) column equilibrated
in Ligase I lysis buffer and washed as above. The column was
eluted using Ligase I lysis buffer containing 200 mm imidazole.
Fractions containing Ligase I were pooled and dialyzed twice
against Ligase I MonoQ buffer (50 mm NaCl, 50 mm Tris-HCl,
pH 7.5,2 mm EDTA, 1 mm DTT, 10% (v/v) glycerol). The dia-
lyzed pool was loaded onto a MonoQ HR (10/10) column,
washed, and eluted as described above for DNA polymerase I.
Ligase I eluted at ~250 mm NaCl. Relevant fractions were
pooled and dialyzed twice against 100 volumes of Ligase I
Superdex buffer (250 mm NaCl, 50 mm Tris-HCl, pH 7.5, 1 mm
DTT, 2 mm EDTA, 10% (v/v) glycerol). After dialysis the pool
was concentrated to 300 ul using an Amicon Ultra 15 30,000
molecular weight cutoff (Millipore) centrifugal concentration
device and loaded onto a Superdex 200 gel filtration column
(Amersham Biosciences) equilibrated in Ligase I Superdex
buffer. The column was eluted with 35 ml of Lig I Superdex
buffer, and fractions (0.5 ml) were collected. Fractions contain-
ing DNA ligase I were tested for endonuclease activity using
supercoiled pUC19 DNA. Fractions containing DNA ligase I
and lacking detectable endonuclease activity were pooled and
dialyzed into Ligase I storage buffer (10 mm Hepes-KOH, pH
7.4,50 mM NaCl, 0.1 mm EDTA, 1 mm DTT, 50% (v/v) glycerol).
After dialysis DNA ligase I was stored at —20 °C. DNA ligase I
was determined to be greater than 95% pure as measured by
SDS-PAGE. MutS and MutL were expressed and purified as
previously described (37, 38).

pUCI19-VSR Substrate Construction—The pUC19-VSR plas-
mid (10 pg) was digested in a 50-ul reaction with 10 units of
Nt.BbvCl at 37 °C for at least 10 h. After the addition of 250 ul
of buffer PBI (supplied in Qiagen PCR clean kit), the reactions
were heated to 80 °C for 20 min. The aliquots were immediately
applied to a PCR clean column and centrifuged according to the
protocol provided by the supplier. The resulting gapped
pUC19-VSR DNA was eluted from the spin column in 30 ul of
10 mMm Tris-HCI (pH 7.5). Three synthetic oligonucleotides
were designed to be annealed into the gap created by the
above procedure: 5'-TCAGCAATCCTCAGCTAGGCCTC-
AGCTGGCCTCAGCG-3', 5'-TCAGCAATCCTCAGC>™".
CAGGCCTCAGCTGGCCTCAGCG-3', and 5'-TCAGCA-
ATCTTCAGCCAGGCCTCAGCTGGCCTCAGCG-3'. The
first oligonucleotide creates a T:G mismatch within the
sequence context 5'-CTAGG-3'/5'-CCTGG-3’ where the mis-
match is underlined. The second oligonucleotide forms a
homoduplex DNA and serves as a control. The third oligonu-
cleotide creates a T:G mismatch (underlined) outside the
5'-CCWGG-3'/5'-CCWGG-3' sequence context also serving
as a control. Each oligonucleotide was purified on a 16% dena-
turing polyacrylamide gel prior to annealing and was phosphor-
ylated using T4 polynucleotide kinase (New England Biolabs).
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The phosphorylated oligonucleotides were annealed into the
gapped pUC19-VSR DNA as follows: annealing reaction mix-
tures (47 pl) contained 30 ul of gapped pUC19-VSR DNA, 30.6
pmol of phosphorylated oligonucleotide, 50 mm Tris-HCI (pH
7.5),10 mm MgOAc, 5 mm dithiothreitol, 50 mm NaCl and were
heated to 80 °C in a GeneAmp PCR System 2400 Thermocycler
(Applied Biosystems). The temperature was subsequently
reduced by 1°C/min until the reaction temperature reached
16 °C. ATP (final concentration of 1 mm) and T4 DNA ligase
(200 units; New England Biolabs) were added, and the reaction
was incubated at 37 °C for 60 min. Covalently closed DNA was
isolated using a CsCl/EtBr gradient or by gel extraction. The
concentration of the substrate was measured spectrophoto-
metrically at 260 nm. To produce a radiolabeled substrate the
oligonucleotide was phosphorylated using T4 polynucleotide
kinase in the presence of 40 uCi of [y->*P]ATP.

Vsr Nicking Assays—Reaction mixtures (20 ul) contained 50
ng of the indicated DNA substrate (~1.5 nm molecules), 6 mm
MgCl,, 25 mm Tris-HCI (pH 7.5), 20 mm NaCl, 6.1 mm 2-mer-
captoethanol, 50 ug/ml BSA and were preincubated at 37 °C for
2 min. The reactions were initiated by the addition of the indi-
cated amount of the Vsr endonuclease and stopped after a
10-min incubation at 37 °C by the addition of 5 ul of stop solu-
tion (50 mm EDTA, 0.05% (v/v) bromphenol blue, 45% (v/v)
glycerol). The products were resolved on a 1.4% 40 mm Tris-
acetate, 1 mm EDTA (pH 8.3) (TAE)-buffered agarose gel con-
taining 0.5 ug/ml ethidium bromide. The gel was UV-irradiated
at 254 nm for 30 min to ensure equivalent staining of nicked and
supercoiled DNA and restained using 0.5 pg/ml ethidium bro-
mide for 30 min. The intensity of each species on the gel was
quantified with Alpha Imager Software using the spot densi-
tometry tool, and the fraction of the total DNA that was nicked
was calculated.

VSR nicking reactions to determine location of nick site were
as described above using 50 ng of pUC19-VSR heteroduplex
[**P]DNA and were terminated by the addition of 180 ul of a
solution containing 10 mm Tris-HCI (pH 7.5), 100 mm NaCl, 20
mM EDTA, and 162 pg/ml oyster glycogen. The Vsr endonu-
clease was removed by phenol/chloroform extraction followed
by an ethanol precipitation. The pellets were suspended in 17 ul
of 10 mm Tris-HCI (pH 7.5) followed by digestion with EcoRI +
BamHI in an appropriate buffer. The digestion products were
analyzed on a 16% denaturing polyacrylamide gel run at 30 W
for 90 min.

DNA Polymerase I Repair Assays—Reaction mixtures (20 ul)
contained 50 ng of pUC19-VSR heteroduplex DNA, 6 mMm
MgCl,, 25 mm Tris-HCI (pH 7.5), 20 mm NaCl, 6.1 mm 2-mer-
captoethanol, 50 ug/ml BSA, 50 um of each dNTP, and the
indicated concentration of DNA polymerase I and were prein-
cubated for 2 min at 37 °C. The reactions were initiated by the
addition of the Vsr endonuclease at a final concentration of 52
nM. The reactions were incubated at 37 °C for 60 min and ter-
minated as indicated above. The Vsr endonuclease and DNA
polymerase I were removed by phenol/chloroform extraction
followed by ethanol precipitation. Pellets were suspended in
17.5 wul of 10 mm Tris-HCI (pH 7.5) and digested with XcmlI +
AlwNI at 37 °C for 60 min. The reactions were stopped and
analyzed using agarose gel electrophoresis as described above.
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The fraction of DNA repaired was calculated as the total DNA
cleaved by both Xcml and AlwNI divided by the total DNA in
each lane.

VSP Repair Patch Length Assays—Reaction mixtures (100 ul)
contained 200 ng of pUC19-VSR heteroduplex DNA, 6 mMm
MgCl,, 25 mm Tris-HCI (pH 7.5), 20 mm NaCl, 6.1 mm 2-mer-
captoethanol, 50 ug/ml BSA, 10 um dATP, 0.5 um dCTP, 10 um
dGTP, 10 umdTTP, 2 uCi [a-*>P]dCTP, 26 um NAD*, 17.3 nm
DNA polymerase I, and the indicated concentrations of DNA
ligase I, MutS, and/or MutL and were preincubated at 37 °C for
2 min. Reactions that included MutS, MutL, or MutS and MutL
also contained 1 mm ATP. The reactions were initiated by the
addition of 50 nm Vsr endonuclease and allowed to proceed for
60 min. The reactions were stopped as indicated above, and the
proteins were removed by phenol/chloroform extraction fol-
lowed by ethanol precipitation. The pellets were suspended in
33 pl of 10 mm Tris-HCI (pH 7.5). Each suspended DNA pellet
was split into three samples: one sample contained 16.5 ul and
two samples contained 8.3 ul of the initial 33 wl. The first sam-
ple was prepared for agarose gel electrophoresis. The second
sample was digested with AlIwNI and Xcml in a final volume of
20 pl for 60 min at 37 °C. The third sample was digested with
Bfal and Pvull at 37 °C for 90 min. 0.5 ul of Taql was then added
to the reaction, and the reaction was allowed to proceed at 65 °C
for 60 min. The first and the second reactions were resolved on
a 14% TAE-buffered agarose gel containing 0.5 ug/ml
ethidium bromide. The gel was UV-irradiated and restained as
described above and imaged using Alpha Imager Software. The
gel was then soaked in 300 ml of 40% (v/v) methyl alcohol, 10%
(v/v) acetic acid, and 3% (v/v) glycerol for 60 min, dried, and
exposed to a phosphor storage screen followed by quantifica-
tion using ImageQuant software. The third reaction was
resolved on a 6% native polyacrylamide gel and stained with 0.5
pg/ml ethidium bromide. The gel was imaged using Alpha
Imager Software and then exposed to a phosphor storage
screen followed by quantification using ImageQuant software.
Specific activity was calculated as the number of counts per
cytosine per band as a function normalized to the specific activ-
ity of band 2 in the lane containing no ligase or band 2 in the
lane containing no MutS and no MutL. The resulting specific
activity was normalized by using the ethidium bromide-stained
image to correct for small gel loading inequalities.

RESULTS

The components of the VSP repair pathway, as deduced from
genetic studies, include the Vsr endonuclease, DNA polymer-
ase [, DNA ligase [, MutL, and MutS (25). The current model for
VSP repair postulates that the Vsr endonuclease incises the
DNA backbone 5’ to the mismatched thymidine within the
sequence context 5'-CTWGG-3'/5'-C*™*CWGG-3' produc-
ing a single strand break with a 3'-OH and a 5'-PO,, (34). DNA
polymerase I then binds and removes the mismatched thymi-
dine and several nucleotides beyond the mismatch via the 5" —
3’ nick translation ability of the polymerase. DNA ligase I seals
the nicked DNA to restore the integrity of the DNA strand, and
genetic studies (27, 30, 39) suggest that the length of the repair
track is short, perhaps 10 nucleotides or less. In addition, both
MutL and MutS are utilized in this pathway, although they are
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FIGURE 1. SDS-PAGE analysis of purified DNA polymerase I, DNA ligase |,
and the Vsr endonuclease. Purified proteins (3 ng) were resolved onan 11%
polyacrylamide gel run in the presence of SDS and stained with Coomassie
Blue. Lane 1, molecular mass standards (size in kDa indicated on the left); lane
2, DNA polymerase [; lane 3, DNA ligase |; lane 4, the Vsr endonuclease.

not strictly required (27, 28, 40—42). We have completed a
biochemical reconstitution of a minimal VSP repair reaction
using purified VSR endonuclease, DNA polymerase I, and DNA
ligase and have begun to investigate the role MutS and MutL in
the context of a reconstituted VSP repair pathway.

The Vsr endonuclease, DNA ligase I, and DNA polymerase I
were purified as described under “Materials and Methods.”
Each protein was judged to be greater than 95% homogeneous
as evaluated by SDS-PAGE (Fig. 1). The visible protein product
migrating below the full-length Vsr endonuclease is a well doc-
umented N-terminal degradation product of the Vsr endonu-
clease that partially reduces the activity of the protein, whereas
the specificity of the nicking reaction is not altered (32, 33, 43).
It is a minor contaminant and does not appear to increase with
time. None of the purified proteins contained contaminating
endonuclease activity.

The DNA substrate used for reconstitution of the VSP repair
pathway (see Fig. 5) is a derivative of pUC19 and is fully Dcm-
and Dam-methylated in vivo. A single T:G mismatch exists
within the sequence context 5'-CTAGG-3'/5'-C>™°CTGG-3/,
making this covalently closed heteroduplex a substrate for the
Vsr endonuclease. The T:G mismatch interrupts an Xcml
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restriction site rendering the substrate resistant to Xcml diges-
tion. If the T:G mismatch is appropriately repaired to a C:G, the
duplex becomes sensitive to digestion by Xcml. Repair in the
opposite direction (i.e., to an T:A) leaves the site resistant to
cleavage by the Xcml endonuclease. A similar substrate was
constructed with no mismatch, and a substrate with a T:G mis-
match outside the 5'"CCAGG-3'/5'-CCTGG-3' sequence con-
text was also prepared.

The Vsr Endonuclease Reaction—Previous reports (22, 31)
have shown that the Vsr endonuclease introduces a nick 5’ to
the mismatched thymidine within the sequence context
5'-CTWGG-3'/5'-C>™*CWGG-3'. However, the Vsr nicking
reaction has largely been studied using synthetic oligonucleo-
tides. To demonstrate Vsr-catalyzed nicking on a plasmid sub-
strate, the covalently closed circular heteroduplex described
above was used (Fig. 2). As the Vsr endonuclease concentration
increased, the fraction of the substrate converted to nicked
DNA increased, demonstrating a dependence on the Vsr endo-
nuclease for the conversion of covalently closed circular DNA
to nicked circular DNA (Fig. 24, lanes 2—6). At a concentration
of 52 nm Vsr, essentially all of the substrate was converted to a
nicked form. There is no evidence for the production of a linear
DNA species.

We performed the same experiment using either a homodu-
plex DNA substrate or a substrate that contained a T:G mis-
match outside the 5'-CTWGG-3'/5'-CCWGG-3' sequence
context. Using the homoduplex substrate, we were unable to
detect measurable nicking catalyzed by the Vsr endonuclease
consistent with previous reports using oligonucleotide sub-
strates (31) (Fig. 24, lanes 8—12). We were, however, able to
detect a small amount of nicking when using the substrate that
contained a T:G mismatch outside the 5'-CTWGG-3'/5'-
CCWGG-3' sequence context (Fig. 24, lanes 14-18). This
result is consistent with previous reports indicating the ability
of Vsr to recognize and cleave DNA, albeit much less efficiently,
in sequences that are related to but not identical with the
canonical Vsr recognition sequence (31, 33). Importantly, the
fraction of the DNA substrate nicked at this alternate location is
significantly reduced. Taken together, these results demon-
strate that the preferred substrate for the Vsr endonuclease
contains a T:G mismatch within the 5-CTWGG-3'/5'-
CCWGG-3' sequence, and nicking of a covalently closed circu-
lar molecule is robust in vitro.

Although the experiment described above demonstrates that
the Vsr endonuclease produces a nick in the pUC19-VSR het-
eroduplex substrate in a Vsr-dependent manner, the assay does
not demonstrate that the nick is produced immediately 5’ to the
mismatched thymidine. To precisely define the location of the
nick produced by the Vsr endonuclease, a covalently closed
pUC19-VSR heteroduplex substrate containing an internal **P
label was prepared as described under “Materials and Meth-
ods.” The [*’P]DNA substrate was incubated with varying con-
centrations of the Vsr endonuclease and subsequently cleaved
with EcoRI and BamHI to release the relevant DNA fragment
for analysis by denaturing PAGE. The expected product of Vsr-
catalyzed cleavage immediately 5’ to the mismatched thymi-
dine is a DNA fragment 21 nucleotides in length. The 43-nu-
cleotide DNA fragment represents the DNA species that was
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FIGURE 2. Vsr-catalyzed nicking of a covalently closed circular DNA substrate. Vsr-dependent nicking reactions were as described under “Materials and
Methods.” A, the titration of the Vsr endonuclease was from 153 to 0 nm with each DNA substrate, and incubation was for 10 min at 37 °C. The reactions were
stopped, and the products were resolved on a 1.4% agarose gel containing 0.5 ng/ml ethidium bromide. The positions of nicked (N) and covalently closed (CC)
DNA are noted on the right. A representative gel is shown. B, quantification of Vsr nicking reaction using covalently closed DNA substrates. The fraction of
nicked DNA was determined as indicated under “Materials and Methods.” The data represent the average of at least three experiments with error bars
indicating the standard deviation about the mean. The plasmids used were covalently closed DNA containing a T:G mismatch the Vsr recognition sequence (@),
covalently closed homoduplex DNA (H), and covalently closed DNA containing a T:G mismatch outside the Vsr recognition sequence (A).

not nicked by Vsr. As seen in Fig. 3, nicking by the Vsr endonu-
clease resulted in the production of a unique product 21 nucle-
otides in length, indicating that Vsr cleaves the DNA immedi-
ately 5’ to the mismatched thymidine.

The Vsr Endonuclease and DNA Polymerase I Are Able to
Repair a T:G Mismatch in Vitro—A previous report (27) sug-
gested that DNA polymerase I removed the mismatched thy-
midine by nick translation with the incorporation of the correct
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deoxycytosine. To test this in the context of an in vitro recon-
stitution, we incubated the pUC19-VSR heteroduplex substrate
with 52 nM Vsr endonuclease (a concentration that will produce
maximal nicking of the substrate) and increasing concentra-
tions of DNA polymerase I (Fig. 4). The resulting product was
digested simultaneously with Xcml to confirm repair and
AIwNI to linearize the plasmid to increase quantification accu-
racy. If the substrate is repaired with 100% efficiency, then two
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FIGURE 3. The Vsr endonuclease incises DNA immediately 5’ to the mismatched thymidine. Vsr nicking reactions were as described under “Materials and
Methods.” The Vsr endonuclease was incubated with covalently closed pUC19-VSR heteroduplex [*2PIDNA (shown on the right; asterisk denotes location of 32P,
and carats denote the G:T mismatch) for 10 min at 37 °C. The reactions were stopped, and the Vsr endonuclease was removed by organic extraction followed
by EtOH precipitation. The circular DNA was incubated with EcoRl and BamHI, which flank the Vsr endonuclease recognition sequence as noted in the depiction
of the substrate on the right. The resulting products were resolved on 16% denaturing polyacrylamide gel. Lane 1, no protein control; lane 2, 153 nm Vsr; lane 3,
51 nm Vsr; lane 4,17 nm Vsr; lane 5, 5.7 nm Vsr; lane 6, 1.9 nm Vsr; lane 7, 0.6 nm Vsr.

products are expected on an agarose gel (1888 and 820 bp)
representing cleavage by both Xcml and AlIwNI. A single prod-
uct at 2708 bp represents an unrepaired species cleaved only by
AlwNI As expected, DNA polymerase I is required for the
repair of the mismatched T:G in the pUC19-VSR heteroduplex
because in the absence of DNA polymerase I, there is no repair
of the DNA substrate (i.e., not cleaved with Xcml; Fig. 44, lane
3). Moreover, as the concentration of DNA polymerase I was
increased, the fraction of the substrate repaired also increased.
We conclude that DNA polymerase I binds the 3'-OH pro-
duced by VSR cleavage and extends the end by at least one
nucleotide, replacing the mismatched T with a C and restoring
the Xcml restriction site. In fact, DNA polymerase I catalyzes
significant extension of the 3'-OH as shown below.

DNA Ligase I Seals the Nick Produced by DNA Polymerase
I-catalyzed Nick Translation—Initial experiments demon-
strated that purified DNA ligase I was able to catalyze the liga-
tion of a Vsr-nicked DNA substrate, albeit poorly, where the
mismatched base had not been removed (data not shown).

SEPTEMBER 21, 2012+ VOLUME 287 +-NUMBER 39

Because of this confounding ligation product, we measured
ligation after the incorporation of [a->?P]dCMP by DNA
polymerase I to ensure that any ligation product visible in the
autoradiograph had undergone the complete VSP repair reac-
tion. We incubated pUC19-VSR heteroduplex substrate, Vsr,
DNA polymerase I (both proteins at concentrations sufficient
to ensure a complete reaction; see Figs. 2 and 4) and a titration
of DNA ligase I. After incubation at 37 °C, proteins were
removed by organic extraction, the DNA was precipitated, and
the products were divided into two aliquots. One aliquot was
untreated to reveal covalently closed DNA, and the second ali-
quot was digested with XcmlI and AIwNI to confirm repair and
enhance quantification.

The result of this experiment, shown in Fig. 5, demonstrated
that DNA ligase I was able to seal the nick generated as a result
of nick translation by DNA polymerase I as evidenced by the
formation of covalently closed product containing [a->*P]
dCMP (Fig. 5, right panel, lanes 7, 9, 11, 13, 15, and 17). Addi-
tional evidence supporting this conclusion derives from the fact
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FIGURE 4. DNA polymerase | and the Vsr endonuclease are sufficient to
repair a T:G mismatch. The VSP repair reaction contained 50 ng of covalently
closed heteroduplex substrate, 52 nm Vsr endonuclease, and a titration of
DNA polymerase | from 467 to 0.2 nm as described under “Materials and Meth-
ods.” After incubation at 37 °C for 60 min, the reactions were stopped, DNA
polymerase | and the Vsr endonuclease were removed by organic extraction,
and the DNA was precipitated with EtOH. A, the DNA was digested with Xcml
and AlwNI, and products were resolved on a 1.4% agarose gel containing 0.5
ng/ml ethidium bromide. Marker lanes are shown on both sides of the gel.
B, experiments identical to the one shown in A were quantified as described
under “Materials and Methods.” The data presented represent the averages of
at least three experiments with error bars representing standard deviations
from the mean. The fraction of DNA repaired was calculated as described
under “Materials and Methods.”

this product can be cleaved by XcmI and AIwNI to yield the
expected products at 1888 and 820 bp (Fig. 5, left panel, lanes 8,
10, 12, 14, 16, and 18). A small amount of DNA migrates at the
position of linear DNA (2708 bp), indicating cleavage with
AlwNT1 in the absence of DNA repair (i.e., resistant to Xcml).
Thus, the product of the DNA polymerase I extension reaction
is a ligatable nick consistent with nick translation catalyzed by
DNA polymerase I.

Inspection of the autoradiograph in the right panel reveals an
unexpected result. There was significantly more [a-**P]|dCMP
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incorporated into the repaired DNA at low ligase concentra-
tions than at high ligase concentrations. This is evident upon
comparison of the covalently closed DNA product (Fig. 5, right
panel, compare lanes 7 and 17), as well as comparison of the
820-bp DNA fragment produced after restriction endonuclease
digestion (Fig. 5, right panel, compare lanes 8 and 18). We sus-
pected that the increased incorporation of [a->*P]dCMP at low
DNA ligase I concentrations might be due to multiple rounds of
DNA polymerase I binding, synthesis, and dissociation prior to
the ligation event because DNA polymerase I has a modest pro-
cessivity (10-15 nucleotides/binding event) and would not be
expected to synthesize a long repair patch in a single binding
event on a nicked DNA template (44). At higher concentrations
of DNA ligase I, there would be fewer rounds of synthesis and
rebinding by DNA polymerase I. Effectively, there appeared to
be a competition between DNA polymerase I and DNA ligase I
for the nick generated by the DNA polymerase I nick transla-
tion event. Thus, at high concentrations of DNA ligase I there
was a higher probability of sealing the nick prior to binding by
another molecule of DNA polymerase I. At low concentrations
of ligase I, there were multiple rounds of binding and synthesis
by DNA polymerase I. If this is the case, then the length of the
repair track should be much greater at low ligase I concentra-
tions than at high ligase I concentrations.

To test this hypothesis, we completed the reaction as detailed
above with a modification that allowed the measurement of
repair track length. Upon completion of the repair reaction at
multiple ligase I concentrations, the DNA from each sample
was analyzed in three separate reactions. The first reaction was
resolved on an agarose gel to determine whether the DNA spe-
cies was covalently closed. The second reaction was digested
with AlwNI and Xcml to confirm that the DNA species was
indeed repaired (data not shown). The third reaction was
digested with Bfal, Pvull, and Taql, which produces eight
restriction fragments resolvable on a 6% polyacrylamide gel
(Fig. 6). By quantifying the relative amount of radioactivity
incorporated into each restriction fragment, it was possible to
estimate the distance over which DNA polymerase I had incor-
porated nucleotides prior to sealing of the nick by DNA ligase .

It is clear that the length of the synthetic repair track
decreases significantly as a function of increasing DNA ligase I
concentrations. In the absence of DNA ligase, there is signifi-
cant incorporation into each of the DNA fragments produced
by the restriction digest. Band 1 (119 bp) contains the site
nicked by the Vsr endonuclease, and band 8 (644 bp) is located
furthest from the nick site. As the DNA ligase I concentration
was increased, the relative radioactive [a->*P]dCMP incorpo-
rated into band 8 decreased until it is essentially at background
levels at 120 num ligase L. In similar fashion, the relative radioac-
tivity in other bands far removed from the nick site decreased as
the DNA ligase I concentration was increased. Conversely, the
relative incorporation in band 1 was highest at the highest DNA
ligase I concentration. Taken together, this semiquantitative
analysis of patch length strongly suggests that DNA polymerase
I has the ability to synthesize a very long repair patch, presum-
ably by loading on the DNA substrate multiple times, if DNA
ligase I is not present at sufficient concentrations to seal the
nick immediately after the dissociation of DNA polymerase I
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FIGURE 5. DNA ligase | seals the nick created by DNA polymerase | nick translation. Repair and ligation reactions were conducted as described under
“Materials and Methods” using 200 ng of pUC19-VSR heteroduplex DNA (~1.2 nm molecules), 10 um dATP, dGTP, or dTTP, and 0.5 um [a->?P]dCTP, 52 nm Vsr
endonuclease, 17 nm DNA polymerase | and a titration of DNA ligase | from 1100 to 5 nm. After incubation for 60 min at 37 °C, the reactions were stopped, the
proteins were removed by organic extraction, and the DNA was precipitated with EtOH. One-quarter of each reaction was digested with Xcml and AlwNI to
confirm that repair had occurred (even-numbered lanes), and another quarter of the reaction remained untreated (odd-numbered lanes). Both the digested and
undigested reactions were run on a 1.4% agarose gel containing 0.5 ug/ml ethidium bromide. The left panel shows a gel stained with EtBr (0.5 ug/ml),
confirming that repair had occurred. The right panel shows an autoradiogram demonstrating the incorporation of [a-*2P]JdCMP and ligation to form covalently
closed circles after repair. The positions of nicked DNA (N), covalently closed DNA (CC), and the expected products of the restriction digest (2708, 1888, and 820

bp) are shown.

from the substrate. The reported processivity of DNA poly-
merase I is ~15-20 nucleotides while nick translating (44). We
presume that DNA polymerase I dissociates after each synthe-
sis event, leaving a substrate suitable for DNA ligase I. If ligase I
fails to seal the nick, then DNA polymerase I can bind again to
extend the repair track. Thus, in this minimal i# vitro reconsti-
tution, it is possible to modulate the length of the repair track by
varying the DNA ligase concentration.

MutS and MutL Coordinate the VSP Repair Reaction in Vitro—
MutS and MutL are required for maximal efficiency of the VSP
repair reaction iz vivo; in the absence of either protein, VSP
repair efficiency is significantly decreased (28 —30). In addition,
genetic evidence suggests that VSP repair tracks are quite
short and seldom extend more than 10 nucleotides in length
(30, 39). The data presented above clearly indicate that the
repair track length in the reconstituted system lacking MutL
and MutS extends well beyond the short repair tracks
observed in vivo. Perhaps MutS and MutL coordinate the
VSP repair system and act to reduce the length of the repair
track. For example, if MutL and MutS were to increase the
local concentration of the Vsr endonuclease, DNA polymer-
ase I, and DNA ligase I at the site of repair, this would make
DNA ligase I immediately available to seal the nick subse-
quent to DNA polymerase I-catalyzed nick translation and
reduce the probability of loading of a molecule of DNA
polymerase I a second time. This would have the overall
effect of creating a shorter repair track. In addition, this
would be consistent with previously reported results, indi-
cating that MutL interacts with the Vsr endonuclease and
stimulates the binding of this protein to its substrate (24, 32,
45, 46).

We tested the hypothesis that MutL and MutS may act to
decrease the repair patch length by performing the repair track
length assay detailed above using a fixed concentration of Vsr,
DNA polymerase I, and DNA ligase I with multiple concentra-
tions of MutS, MutL, or both MutS and MutL (Fig. 7). The
results of this experiment showed a significantly decreased
amount of radioactivity incorporated into the substrate mole-
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cule in the presence of both MutS and MutL and showed that
the majority of radioactivity that was incorporated by DNA
polymerase I was immediately adjacent to the mismatch site. In
reactions containing 416 nm MutS and 400 nm MutL, it is clear
that the length repair track is greatly reduced compared with
reactions that contain no MutS or MutL proteins. This effect
was dependent both MutS and MutL. The apparent track
length in reactions containing one protein or the other was
indistinguishable from control reactions lacking either protein.
Moreover, the effect of MutL+MutS on track length was con-
centration-dependent. Reactions containing a 10-fold lower
concentration of MutS and MutL showed a decrease in repair
track length that was not as pronounced as the higher concen-
trations of MutS and MutL.

DISCUSSION

The VSP repair reaction was reconstituted in vitro using
purified Vsr endonuclease, DNA polymerase I, DNA ligase I,
and a plasmid DNA substrate, verifying genetic experiments
that established the basic biochemical requirements of the
pathway. However, the length of the repair track in this recon-
stitution was much longer than observed in vivo and could be
manipulated by altering the concentration of DNA ligase I. For
this reason we describe this as the “minimal” VSP repair path-
way using only the components of the system believed to be able
to initiate and complete the repair of a T:G mismatch resulting
from deamination of 5-mC within the sequence context
5'-CTWGG-3'/5'-CCWGG-3'.

The data presented in Figs. 2 and 3 clearly demonstrate the
concentration dependence and specificity of the Vsr endonu-
clease on a covalently closed circular heteroduplex DNA mol-
ecule. Thus, the endonuclease reaction described here using a
plasmid DNA substrate is consistent with that previously
described for this protein using oligonucleotide DNA sub-
strates (31, 33).

The reconstituted repair reaction was dependent on DNA
polymerase I, as expected. Moreover, the appropriate nucleo-
tide was incorporated as evidenced by the sensitivity of the site
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are shown inside the circle. The agarose gel run to demonstrate repair of the DNA substrate, similar to that shown in Fig. 5, is not shown.

to Xcml cleavage after DNA synthesis. Efforts to reconstitute
the repair reaction using T7 DNA polymerase were not suc-
cessful (data not shown). This is likely because T7 DNA poly-
merase is not capable of strand displacement synthesis under
these conditions (47) and therefore cannot act upon the nicked
DNA substrate available after the Vsr reaction.

The repair reaction was also dependent on the addition of
DNA ligase I, as expected. Because the product of the reconsti-
tuted reaction was a covalently closed molecule, DNA poly-
merase I must use its 5’ to 3’ exonuclease to remove the dam-
aged DNA while using its 5’ to 3’ polymerase to synthesize new
DNA. If repair synthesis was the result of stand displacement
synthesis, the resulting product would contain a single-
stranded DNA flap and would not be sealed by DNA ligase.
Thus, the reconstitution reaction we have described using puri-
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fied proteins effectively demonstrates that nick translation, as
opposed to strand displacement, by DNA polymerase I is
responsible for repair-resynthesis in the VSP pathway.
Preliminary experiments indicated that ligase I was capable
of ligating the nick introduced by the Vsr endonuclease, which
restored the integrity of the DNA strand but left the mismatch
intact (data not shown). The ability of ligases to ligate ends
containing a mismatch, albeit with reduced efficiency, has been
previously reported (48). To ensure we were measuring a
“repair” reaction, we included [a->*P]dCTP to monitor reac-
tions that included the incorporation of dCMP to repair the
T:G mismatch. Inspection of these data (Fig. 5) suggested that
the length of a repair track was inversely proportional to DNA
ligase I concentration. This interpretation was confirmed by
measuring the length of repair tracks at multiple ligase I con-
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FIGURE 7. MutS and MutL shorten VSP repair track lengths in vitro. Ligation and repair reactions were conducted as described in the legend for Fig. 5 with
the addition of T mm ATP, a single concentration of DNA ligase | (4.5 nm), and the indicated concentration of MutS, MutL or both MutS and MutL. The reactions
were processed and analyzed as described for Fig. 5. The upper left panel shows the stained polyacrylamide gel, and the upper right panel shows the autora-
diogram. Fragments are listed by size with the relative distance from the mismatch shown in parentheses. The bottom panel shows quantification of [*?P]JdCMP
incorporated into each band normalized to band 2 in the lane containing no MutS or MutL. The data presented represent the averages of at least two
experiments with error bars representing standard deviations about the mean. The agarose gel run to demonstrate repair of the DNA substrate, similar to that

shown in Fig. 5, is not shown.

centrations. At low concentrations of DNA ligase I, the length
of the repair track was quite long, on the order of kilobase pairs
in length, whereas at higher DNA ligase I concentrations, the
length of the repair track was much shorter.

Because in vivo measurements have suggested that the VSP
repair track lengths are generally less than 10 nucleotides in
length (30, 39), we interrupted this result to signify that the
minimal VSP repair event was uncoordinated and did not accu-
rately represent the in vivo reaction. This result is perhaps not
surprising because each of the three proteins added to the reac-
tion is capable of acting independently on the substrate or the
intermediate in the reaction pathway. Thus, once the substrate
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has been nicked by Vsr endonuclease, the nick can be sealed by
DNA ligase I, leaving the mismatch in place, or the 3'-OH can
be extended by DNA polymerase I, removing the mismatch and
ultimately leaving a ligatable nick. In the absence of DNA ligase
I or at low concentrations of this protein, DNA polymerase I
can apparently bind and extend the 3'-OH multiple times,
resulting in long repair tracks. We note that DNA polymerase I
and ligase have been reported at roughly equal concentrations
in the cell (56, 57).

In vivo VSP repair corrects a significant fraction of T:G mis-
matches in the sequence context 5'-CTWGG-3'/5'-
C>™eCWGG-3' in the absence of MutS or MutL (29, 30). How-
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FIGURE 8. A model for VSP repair. A T:G mismatch is generated by the spontaneous hydrolytic deamination of a 5-methyl cytosine residue. MutS and MutL are
recruited to the T:G mismatched base, presumably through the interaction of MutS with the mismatch. MutS and MutL then recruit the Vsr endonuclease, DNA
ligase I, and DNA polymerase |, effectively increasing the local concentration of each of the proteins. A physical interaction between MutL and the Vsr
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of a phosphodiester bond 5’ to the mismatched thymidine. DNA polymerase | is then loaded onto the nick and undergoes nick translates to repair the
mismatch and synthesize a short repair patch. DNA ligase | seals the nick to restore the integrity of the DNA strand, and the Dcm methyltransferase methylates

the appropriate cytosine on the newly synthesized repair patch.

ever, in the presence of MutS and MutL, the efficiency of VSP
repair increases to nearly 100% (28). Therefore, MutS and MutL
must have some role in the VSP repair pathway, such that these
proteins increase the efficiency of VSP repair. Previous results
(24, 32) have shown that MutL interacts with the Vsr endonu-
clease and apparently stimulates binding to the DNA substrate.
We have confirmed this result that, in our hands, is only appar-
ent at high concentrations of MutL (data not shown). However,
this leaves the role of MutS unexplained, whereas the VSP-
related repair phenotype of mutL and mutS mutants is essen-
tially identical, suggesting that they function together in the
VSP repair pathway.

MutL has a well documented role in coordinating the activ-
ities of several proteins involved in the methyl-directed mis-
match repair pathway (2, 5). Recent work has suggested that the
general function of MutL may be to coordinate a wide variety of
repair activities in the cell (49, 50). MutS binds to mismatched
base pairs and is known to bind the T:G mispair with high
affinity (51, 52). Thus, it is easy to imagine MutS and MutL
being recruited to the T:G mispair that results from deamina-
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tion of 5-mC. We suggest that MutS and MutL serve to coordi-
nate the VSP repair pathway in some way not yet understood.
We have shown that the addition of MutS and MutL, in the
presence of ATP, significantly decreased the length of the in
vitro repair track at relatively low DNA ligase I concentrations
(Fig. 7). Importantly, this required the addition of both MutS
and MutL, although the addition of MutS alone may have a
modest effect. This coordination might be similar to the role
played by these two proteins in both methyl-directed mismatch
repair and in the control of homeologous recombination.
There are several ways in which the VSP repair reaction
might be coordinated by MutS and MutL. MutL has been
shown to stimulate the nicking reaction catalyzed by the Vsr
endonuclease (24, 32, 35). Therefore, it is possible that MutL is
able to increase the efficiency of VSP repair by stimulating the
nicking reaction catalyzed by the Vsr endonuclease. MutL is
also known to interact with the MutS protein when MutS is
bound at a mismatched base pair (53, 54). These interactions
and other potential interactions have led us to propose a model
for VSP repair diagramed in Fig. 8. MutS binds to the T:G mis-
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match in the sequence 5'-CTWGG-3'/5'-C*™*CWGG-3’ in a
similar fashion to the way MutS$ binds to a mismatch in methyl-
directed mismatch repair. MutL is then recruited to the mis-
match-MutS complex. MutL subsequently recruits the Vsr
endonuclease and coordinates its activity with that of DNA
polymerase I and DNA ligase I, effectively increasing the local
concentration of each of these proteins. The MutS-MutL com-
plex moves away from the mismatch by some as yet undefined
mechanism and allows the Vsr endonuclease to nick 5’ to the
mismatched thymidine. The MutS-MutL-DNA polymerase
I-DNA ligase I complex, still bound at a short distance from the
nicked site, then loads DNA polymerase I at the nick generated
by the Vsr endonuclease. DNA polymerase I then undergoes
nick translates to form the repair-resynthesis track. This nick
translation event repairs the T:G mismatch and produces a
ligatable nick. The MutS-MutL-DNA ligase I complex then
loads DNA ligase I at the newly formed nick created by DNA
polymerase I, allowing it to seal the nick and restore the integ-
rity of the DNA. In this model proteins are added sequentially
by the MutS-MutL complex to coordinate the repair event.
This coordination allows for the short patch length that has
been observed in vivo. Potential protein-protein interactions or
regulation of protein activities by MutS-MutL remain to be
explored.

In vivo and in vitro experiments have shown that the Vsr
endonuclease and DNA polymerase I are essential for VSP
repair (22, 27), and MutS and MutL are required for maximal
efficiency of the VSP repair reaction (28, 29). However, it has yet
to be shown that DNA ligase I is responsible for sealing the nick
created by nick translation of DNA polymerase I. A second
ligase has recently been identified: DNA ligase II (55), which
could potentially have a role in VSP repair. This result remains
to be explored further.
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