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DNA mismatch repair (MMR) is a critical genome-stabilization system. However, the molecular mechanism
of MMR in human cells remains obscure because many of the components have not yet been identified. Using
a functional in vitro reconstitution system, this study identified three HeLa cell fractions essential for in vitro
MMR. These fractions divide human MMR into two distinct stages: mismatch-provoked excision and repair
synthesis. In vitro dissection of the MMR reaction and crucial intermediates elucidated biochemical functions
of individual fractions in human MMR and identified hitherto unknown functions of human replication
protein A (hRPA) in MMR. Thus, one fraction carries out nick-directed and mismatch-dependent excision; the
second carries out DNA repair synthesis and DNA ligation; and the third provides hRPA, which plays multiple
roles in human MMR by protecting the template DNA strand from degradation, enhancing repair excision,
and facilitating repair synthesis. It is anticipated that further analysis of these fractions will identify additional
MMR components and enable the complete reconstitution of the human MMR pathway with purified proteins.

DNA mismatch repair (MMR) is a mutation avoidance sys-
tem that eliminates mispairs that accumulate in the genome
during normal DNA metabolism. MMR corrects heteroduplex
DNA that contains base-base mismatches and small insertion-
deletion mispairs. These lesions are recognized by MMR pro-
teins, the “wrong” base is excised from the newly synthesized
strand of DNA, and a repair patch is synthesized by using the
parental DNA strand as a template. In addition, MMR has
been shown to maintain genomic stability by mediating DNA
damage-induced apoptosis (for a review, see reference 32).

The Escherichia coli MMR pathway is well characterized.
Eleven activities are required to carry out MMR in E. coli,
including MutS, MutL, MutH, UvrD, ExoI, ExoVII, ExoX,
RecJ, single-stranded DNA binding protein (SSB), polymerase
III holoenzyme, and DNA ligase (8, 29, 63). These enzymes are
necessary and sufficient to perform MMR in vitro. For human
cells, less is known about the biochemistry and the components
of the repair process, and the reaction is more complex. The
human MutS (hMutS) and MutL (hMutL) homologs have
been identified by studying mutant cells that demonstrate mi-
crosatellite instability and are deficient in MMR. The most
commonly studied MMR-deficient cell lines are from patients
who have hereditary nonpolyposis colorectal cancer (for re-
views see references 7, 21, 22, 28, and 39). Like the E. coli
MutS and MutL proteins, hMutS and hMutL are involved in
the initiation phase of the repair reaction. However, unlike E.
coli MutS and MutL, hMutS and hMutL are heterodimers
(reviewed in reference 41). hMSH2 interacts with hMSH6 or

hMSH3 to form heterodimeric hMutS� (12, 43) or hMutS�
(17, 44), respectively, and hMLH1 interacts with hPMS2,
hPMS1, or hMLH3 to form three distinct hMutL heterodimers
(16, 31, 33, 35, 50). Recently, DNA polymerase � (37), prolif-
erating cell nuclear antigen (PCNA) (3, 9, 10, 15, 18, 26, 61),
human replication protein A (hRPA) (34), ExoI (2, 51, 54, 58,
59), and replication factor C (67) have been implicated in
MMR. However, biochemical evidence for the involvement of
many of these activities in human MMR is still lacking. In
addition, in comparison with the E. coli pathway, many of the
human components, e.g., a human MutH homolog(s) and a
helicase(s), have not been identified.

Efforts have been made to identify novel components of
MMR by characterizing human tumor cells that display mic-
rosatellite instability, but most of these tumor cell lines are
defective in known hMSH2 or hMLH1. To identify novel pro-
teins and to determine the involvement of known proteins in
human MMR, it is necessary to establish a reconstituted in
vitro assay system for human MMR by using fractionated ex-
tracts of wild-type cells. Similar approaches have been success-
ful in studies of mammalian DNA replication (reviewed in
reference 6), base excision repair (27), and nucleotide excision
repair (1, 40). In this study, we have fractionated HeLa cell
extracts and identified three essential fractions required for in
vitro MMR. These three fractions identify two distinct stages
in the human MMR reaction: nick-directed mismatch-pro-
voked excision is the first stage, and repair DNA synthesis is
the second stage. Purification of one fraction revealed the
active component to be hRPA. hRPA is demonstrated to play
multiple roles in the MMR pathway. The other two fractions
comprise multiple activities required for MMR and require
further fractionation.
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MATERIALS AND METHODS

Fractionation of HeLa S3 nuclear extracts. HeLa S3 cells were purchased
from the National Cell Culture Center (Minneapolis, Minn.). Unless otherwise
indicated, fractionation and chromatography were performed at 4°C.

(i) Ammonium sulfate precipitation. Nuclear extracts prepared from HeLa S3
cells (20) were fractionated by using a two-step ammonium sulfate precipitation
procedure. First, the nuclear extract was adjusted to 35% ammonium sulfate
(0.21 g/ml) and the precipitate was collected by centrifugation. The supernatant
was removed and adjusted to a final concentration of 65% ammonium sulfate by
addition of 0.19 g of solid ammonium sulfate/ml. The precipitate was collected by
centrifugation, and the supernatant was removed. The precipitates from both
treatments were resuspended in and dialyzed against buffer A (25 mM HEPES
[pH 7.5], 0.1 mM EDTA, 2 mM dithiothreitol [DTT], 0.1% phenylmethylsulfonyl
fluoride [PMSF], 1 �g of leupeptin/ml) containing 0.1 M KCl. Samples were
frozen in liquid nitrogen and stored at �80°C. The protein fractions that were
insoluble in 35 or 65% ammonium sulfate were designated FI and FII, respec-
tively.

(ii) Preparation of fractions SS1 and SS2. FI was adjusted to a protein
concentration of 5 mg/ml by using buffer B (25 mM Tris [pH 7.5], 10% glycerol,
0.01% NP-40, 0.1 mM EDTA, 2 mM DTT, 0.1% PMSF, 1 �g of leupeptin/ml)
containing 0.5 M NaCl. The diluted sample was loaded onto a single-stranded
DNA (ssDNA)-cellulose column (3 mg of DNA/g of cellulose; Sigma) as de-
scribed elsewhere (25). The column was washed with buffer B containing 0.5 M
NaCl until the flowthrough tested negative for protein by the Bradford assay (4).
The bound proteins were eluted from the column with buffer B containing 2.0 M
NaCl. The flowthrough and bound fractions, designated SS1 and SS2, respec-
tively, were pooled, concentrated with 35% ammonium sulfate, dialyzed against
buffer A containing 0.1 M KCl, and quickly frozen in liquid nitrogen. Samples
were stored at �80°C.

(iii) Phosphocellulose chromatography of HeLa nuclear extracts. Phospho-
cellulose chromatography was performed as described previously (33). Briefly,
HeLa nuclear extracts (300 mg) were adjusted to a protein concentration of 5
mg/ml by dilution with buffer A and were applied to a phosphocellulose column
(Whatman P-11, 6 cm by 10 cm2) equilibrated with buffer A containing 0.05 M
KCl. The column was washed with 200 ml of the equilibration buffer and devel-
oped with a 0.8-liter linear gradient from 0.05 to 1.3 M KCl in buffer A at a flow
rate of 1/2 column volume per h. Fractions were collected, dialyzed against buffer
A containing 0.1 M KCl, and stored in aliquots at �80°C.

(iv) MonoQ chromatography of SS2. Fraction SS2 (5 mg) was applied to a
Pharmacia 5/5 MonoQ column equilibrated with buffer A containing 0.1 M KCl
and was washed with 10 ml of the same buffer. The column was developed with
a KCl gradient from 0.1 to 0.65 M. Fractions were collected and used in MMR
assays.

Heteroduplex preparation and MMR assay. DNA heteroduplexes used in this
study were 6.4-kb circular molecules (Fig. 1) containing either a G-T mismatch
with a strand break 125 bp 5� to the mismatch (5� G-T substrate) or a TG
dinucleotide insertion-deletion mispair with a strand break 181 bp 3� to the
mispair (3� /TG\ substrate). The G-T substrate was constructed by hybridizing
Sau96I-digested f1MR3 double-stranded DNA (dsDNA) with f1MR1 ssDNA as
described previously (55). These two phages are identical in DNA sequence
except at position 5632, so that a unique G-T mismatch forms when they hybrid-
ize to each other. The 3� /TG\ substrate was prepared as described previously (46)
by first hybridizing Sau96I-digested f1MR23 dsDNA with f1MR24 ssDNA. The
nicked heteroduplex was ligated in the presence of ethidium bromide to intro-
duce supercoiling into the substrate. DNA substrates were purified by CsCl
density gradient banding, and the supercoiled substrate was incubated with gpII
protein, an endonuclease that specifically cleaves supercoiled filamentous phage
DNA at the origin of replication in the viral strand (38). This procedure gener-
ates a strand break in the viral strand (V) 181 bp 3� to the heterology (see Fig.
1). A homoduplex (5� A-T) was also constructed as described for the 5� G-T
heteroduplex, but using both single-stranded and double-stranded f1MR1
DNAs.

Unless otherwise specified, the MMR assay was performed as described pre-
viously (20) in a 15-�l reaction mixture containing 100 ng (24 fmol) of hetero-
duplex DNA, 50 to 60 �g of nuclear extract or fractionated protein, 10 mM
Tris-HCl (pH 7.6), 5 mM MgCl2, 1.5 mM ATP, and 0.1 mM each deoxynucleo-
side triphosphate. After incubation at 37°C for 15 min, DNA samples were
recovered by phenol extraction and ethanol precipitation and were digested with
the restriction enzymes Bsp106 and HindIII (5� G-T substrate) or BglI (3� /TG\

substrate). Reaction products were analyzed by 1% agarose gel electrophoresis
and visualized by UV illumination in the presence of ethidium bromide.

Southern blot analyses. MMR reactions were carried out as described above
or as indicated. Reaction products were linearized with Bsp106, electrophoresed
in an alkaline agarose gel (1.5%), and transferred onto a nylon membrane.
Membranes were blotted with 32P-labeled oligonucleotide probes (purchased
from Gibco) complementary to sequences that flank the Bsp106 restriction site.
Oligonucleotides were specific for DNA fragments C1 (5�-ATGGTTTCATTG
GTGACGTT-3�), C2 (5�-GATTCTGTCGCTACTGATTAC-3�), V1 (5�-AACG
TCACCAATGAAACCAT-3�), or V2 (5�-CAGCACCGTAATCAGTAGCG-
3�) (see Fig. 1 for details). Blots were exposed to X-ray film, and reaction
products were visualized by autoradiography.

Antibodies and Western blot analyses. Antibodies against hMSH2, hMLH1,
and PCNA were purchased from Oncogene Sciences (Boston, Mass.), and anti-
bodies against the 70- and 34-kDa subunits of hRPA either were a generous gift
from Zhengxiang Pan (Mount Sinai School of Medicine, New York, N.Y.) or
were obtained from Santa Cruz Biotechnology, Inc. (Santa Cruz, Calif.). Protein
samples were fractionated by sodium dodecyl sulfate-polyacrylamide gel electro-
phoresis (SDS-PAGE) and transferred to nitrocellulose membranes for Western
blot analysis. Membranes were hybridized with antibodies against the 70- and
34-kDa subunits of hRPA. Bound antibody was detected by chemiluminescence
using a secondary antibody conjugated with horseradish peroxidase (Amer-
sham).

Expression and purification of recombinant hRPA. The RPA expression vec-
tor was kindly provided by Marc Wold, and hRPA was purified as described
elsewhere (19). Briefly, 2 liters of culture was induced with isopropyl-�-D-thio-
galactopyranoside (IPTG) when the optical density at 600 nm reached 0.6 to 0.8.
After 2 h of incubation at 37°C, the cells were collected and resuspended in
buffer HI (30 mM HEPES [pH 7.8], 0.01% NP-40, 0.25 mM EDTA, 1 mM DTT,
and 0.25% inositol) containing the protease inhibitors PMSF, pepstatin A, and
leupeptin as described elsewhere (47, 48). The resulting supernatant was loaded
onto a 20-ml blue-Sepharose column equilibrated in HI buffer containing 0.1 M
KCl. After a wash with the same buffer, the column was sequentially washed with

FIG. 1. DNA substrates. The heteroduplexes were constructed
from f1MR phage series (see Materials and Methods) to contain (i) a
G-T mismatch and a strand break (at the Sau96I site) in the comple-
mentary strand 125 bp 5� to the mismatch (5� G-T) or (ii) a TG
dinucleotide insertion-deletion mismatch with a strand break 181 bp 3�
to the mispair (3� /TG\ substrate). The mismatches were within over-
lapping recognition sites for two restriction endonucleases so that the
DNA is resistant to hydrolysis by both enzymes. Preferential repair on
the nicked strand renders the repair products sensitive to HindIII (in
the case of the 5� G-T substrate) or BglI (in the case of the 3� /TG\
substrate). A homoduplex (5� A-T) was also constructed in a manner
identical to the construction of the 5� G-T substrate. V and C, viral
strand and cDNA strand, respectively. C1, C2, V1, and V2 represent
oligonucleotide probes (solid bars) complementary to the Bsp106-
flanking sequences in the complementary (C1 and C2) and viral (V1
and V2) strands.
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HI buffer containing 0.8 M KCl and 0.5 M NaSCN. The hRPA protein was eluted
with HI buffer containing 1.5 M NaSCN. Fractions containing hRPA were
further purified using a 5-ml hydroxylapatite column and a 2-ml Q-Sepharose
column as described previously (47, 48). hRPA was identified by its DNA binding
activity to the 5�-[32P]dT30 DNA substrate under conditions of DNA excess. This
was accomplished by the addition of unlabeled dT30 DNA and enabled accurate
determination of activity and exclusion of contaminating activities. This proce-
dure resulted in �95% protein purity. hRPA was dialyzed in HI buffer and
stored at �80°C.

DNA ligase and DNA polymerase assay. DNA ligase activity in FII was de-
termined by its ability to convert a nicked circular substrate into supercoiled
DNA. The 5� G-T substrate was incubated with 30 �g of FII at 20°C for 2 h in
the presence of ethidium bromide (0.29 nM/�g of DNA), 30 mM Tris-HCl (pH
8.0), 4 mM MgCl2, 1 mM DTT, 26 �M NAD�, and 50 �g of bovine serum
albumin/ml. As a positive control, the nicked DNA substrate was also incubated
with E. coli DNA ligase (New England Biolabs) at a final concentration of 4 U/�g
of DNA. DNA samples were recovered, fractionated in a 1% agarose gel, and
visualized under UV illumination. DNA-dependent DNA polymerase activity
was determined by measuring the incorporation of [32P]TMP using a poly(dA)/
oligo(dT)16 substrate. Reactions were performed in 20 �l at 37°C as previously
described (56). Reactions were terminated by addition of EDTA to a final
concentration of 20 mM, and unincorporated nucleotides were removed by
Sephadex G-50 spin column chromatography. Products were separated by elec-
trophoresis on 8% polyacrylamide–7 M urea DNA sequencing gels. Products
were detected by autoradiography.

RESULTS

Fractionation of HeLa nuclear extracts and reconstitution
of MMR. HeLa cell nuclear extracts were fractionated using
ammonium sulfate precipitation followed by ssDNA-cellulose
column chromatography as diagrammed in Fig. 2A. The three
resulting fractions, SS1, SS2, and FII, were assayed for the
ability to correct a heteroduplex containing a G-T mismatch
and a strand break 125 nucleotides 5� to the mismatch (5� G-T
substrate [see Fig. 1]). The product of the MMR reaction was
detected by restriction enzyme cleavage with endonucleases
HindIII (the scoring enzyme) and Bsp106, which yields two
DNA fragments of 3.3 and 3.1 kb. Cleavage by HindIII occurs
only when the mismatch is correctly repaired (i.e., by extracts
of MMR-proficient cells such as HeLa cells [Fig. 2B, lane 1]).
Assay results showed that no fraction or combination of two
fractions was proficient in MMR (Fig. 2B, lanes 2 to 7). How-

ever, MMR activity was detected when SS1, SS2, and FII were
all included in the reaction (Fig. 2B, lane 8), indicating that all
three of these fractions are required for reconstitution of hu-
man MMR in vitro. Similar results were obtained in an MMR
assay using an insertion-deletion heteroduplex substrate with a
strand break 3� to the heterology (3� /TG\ substrate [Fig. 1]);
SS1, SS2, and FII were all required for strand-specific repair of
this substrate (data not shown). Therefore, the MMR reaction
carried out in vitro using these three protein fractions appears
to possess the major characteristics of human MMR (for a
review, see reference 39): strand specificity (repair targeted on
nicked strand), bidirectionality (mismatch removed from ori-
entation of 5� to 3� or 3� to 5�), and broad substrate capability
(processing both base-base mismatches and insertion-deletion
mismatches).

Interestingly, although fraction SS1 did not repair a mis-
matched substrate to yield 3.3- and 3.1-kb fragments after
restriction enzyme cleavage, it produced a novel 3.2-kb DNA
species (Fig. 2B, lane 2). This species seems to disappear upon
addition of SS2 to the SS1 reaction (Fig. 2B, lane 5), suggesting
that SS2 either inhibits the formation of this species by SS1 or
converts it to something else (see below for details). In addi-
tion, a small amount of the 3.3-kb fragment was observed in
the products of reactions containing SS1 and SS2 (lane 5),
indicating that limited repair may have occurred.

hRPA substitutes for SS2. Fractions SS1, SS2, and FII are
complex protein samples, and one or more components in each
fraction could be required for the MMR reaction. To deter-
mine if any of these fractions contains a single MMR activity,
in vitro reconstitution was performed by supplementing a com-
bination of two fractions with individual factors derived from
HeLa nuclear extracts that were chromatographed as discrete
species on a P-11 phosphocellulose column (see Materials and
Methods for details). No phosphocellulose column fraction
could substitute for SS1 or FII (data not shown), but the
requirement for SS2 was eliminated by a broad range of phos-
phocellulose fractions, with peak fractions at 21 to 33 (Fig.
3A). This result was confirmed by fractionating SS2 by fast-

FIG. 2. Reconstitution of MMR in vitro. (A) Fractionation of a HeLa nuclear extract into three components required for MMR. (B) Recon-
stitution of MMR requires SS1, SS2, and FII. The DNA substrate (100 ng of the 5� G-T heteroduplex) was incubated for 15 min at 37°C in the
reaction buffer with fractions as indicated. Amounts of protein used were 15 �g of SS1, 1.5 �g of SS2, or 30 �g of FII. DNA was extracted, treated
with HindIII and Bsp106, electrophoresed on an agarose gel, and visualized by ethidium bromide staining under UV illumination. ND, not
detectable.
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performance liquid chromatography on a MonoQ column and
assaying the fractions for the ability to restore MMR profi-
ciency to SS1-FII. The SS1-FII-complementing activity was
detected in a high-salt fraction of the MonoQ column (data not
shown). These complementation experiments strongly suggest
that SS2 contains a single activity that is required in order to
reconstitute MMR in vitro.

The SS1-FII-complementing MonoQ fraction was subjected
to electrophoresis on a denaturing SDS-polyacrylamide gel.
Several polypeptides were detected, including two major spe-
cies with molecular sizes of 70 and 34 kDa (Fig. 3B). These
polypeptides are similar in size to two of the three subunits of
hRPA (a trimer of 70-, 34-, and 13-kDa subunits), suggesting
that the protein in SS2 that is required for MMR may be
hRPA. To explore this possibility, antibodies against the 70-
and 34-kDa subunits of hRPA were tested for reactivity with
the SS1-FII-complementing activity. Indeed, the 70- and 34-
kDa polypeptides in the MonoQ fraction were recognized by
the corresponding hRPA antibodies (data not shown). The
same antibodies also reacted with the 70- and 34-kDa subunits
in the complementing P-11 fraction. As shown in Fig. 3C, the
peak of antibody reactivity corresponds to the peak of the
SS1-FII-complementing activity in the fractions from the P-11
column. These results suggest that hRPA may be the compo-
nent in fraction SS2 that is required for reconstitution of MMR
in the presence of SS1-FII. This possibility was confirmed by
substituting pure recombinant hRPA in the MMR assay. As
shown in Fig. 3D, recombinant hRPA indeed substitutes for
SS2, allowing the MMR reaction product to form (lane 4) and
the 3.2-kb putative repair intermediate to disappear (lane 5).

SS1 nicks ssDNA. A novel 3.2-kb species was observed in
reactions with fraction SS1, but the level of this species was
dramatically reduced when SS2 was added to the reaction
mixtures (Fig. 2B, lane 5). The identity of this species is un-
known; however, the size of the fragment generated suggests
that the plasmid (6.4 kb) is digested into two DNA fragments
of equal size, 3.2 kb each. As all reaction products were di-
gested with Bsp106 prior to electrophoresis, a double strand
break must be generated 180° from the Bsp106 site. This po-
sition corresponds with the Sau96I site that was used to gen-
erate the nick in the complementary strand; therefore, to gen-
erate a double strand break, SSI must nick the viral strand at
a position close to the nick on the complementary strand.

If this is the case, digestion of the 6.4-kb G-T circular DNA
substrate with Bsp106 or BseRI will produce two fragments;
otherwise, a single species will be observed. The 5� G-T sub-
strate was incubated with SS1 and digested with the restriction
enzyme Bsp106. The product of this reaction was a 	3.2-kb
DNA fragment (Fig. 4A, lane 2), with an electrophoretic mo-
bility identical to that of the product of Bsp106-HindIII double
digestion of the MMR reaction product (Fig. 2B). In contrast,
digestion with BseRI created a 3.7- and a 2.7-kb fragment (Fig.
4A, lane 4). These results suggest that a strand break is made
on the viral strand at or near the Sau96I site when the DNA
substrate is incubated in the presence of SS1.

Southern hybridization was performed to map SS1-induced
nicks in the viral strand of the 5� G-T substrate. After digestion
with Bsp106, a full-length (6.4-kb) viral strand was detected in
HeLa nuclear extracts without (Fig. 4B, lane 1) or with (Fig.
4B, lane 2) aphidicolin, a DNA polymerase inhibitor. However,
after incubation with SS1 (Fig. 4B, lane 3), a defined fragment
was detected that has the same length as the fragment derived
from Sau96I-Bsp106 double digestion of f1MR1 dsDNA (com-
pare lane 3 with lane 4), suggesting that the viral strand was
nicked at or near the Sau96I site.

Fraction SS1 carries out nick-directed and mismatch-de-

FIG. 3. hRPA substitutes for SS2. (A) Reconstitution of MMR in
SS1-FII by phosphocellulose P-11 fractions. MMR assays were per-
formed on reaction mixtures containing 100 ng of G-T heteroduplex,
15 �g of SS1, 30 �g of FII, and 2 �l of a P-11 fraction as indicated.
(B) SDS-PAGE of a MonoQ fraction that contains two major polypep-
tides with molecular sizes of 70 and 34 kDa and restores MMR to
SS1-FII. Fraction SS2 was purified by Pharmacia HR 5/5 MonoQ
column chromatography (see Materials and Methods), and the activity
complementing SS1-FII was detected by an MMR assay (data not
shown), electrophoresed on an SDS–12% polyacrylamide gel, and
stained with Coomassie brilliant blue. (C) Western blot analyses of
P-11 fractions. P-11 fractions (50 �l) were precipitated by an equal
volume of 20% trichloroacetic acid and neutralized with Tris base
prior to electrophoresis on an SDS–12% PAGE gel. Proteins were
transferred to a nitrocellulose membrane and analyzed by Western
blot analysis using antibodies against the 70- or the 34-kDa subunit of
hRPA. (D) hRPA substitutes for SS2 in MMR. When present, hRPA
was at 1.0 �g.
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pendent excision. A possible mechanism to create the nick of
the viral strand is excision of the complementary strand to
generate a nuclease-susceptible ssDNA region around the pre-
existing strand break. The excision activity must also then be
present in SS1. To test this hypothesis, we performed experi-
ments to determine if excision occurs in the SS1 reaction. In
HeLa nuclear extracts, MMR excision intermediates contain a
single-stranded region spanning the shorter patch between the
nick and the mismatch in a circular substrate. The extent of the
ssDNA region can be mapped relative to a restriction endo-
nuclease cleavage site by Southern blot analysis (14, 18). Fig-
ure 5 shows such an analysis with the 5� G-T substrate. As
expected, hybridization with the complementary fragment C1
(from the Bsp106 site to the mismatch to the strand break [Fig.
1]) placed the untreated substrates at the Sau96I site (Fig. 5,
lane 3, 3.2 kb). After incubation with HeLa nuclear extracts in
the presence of aphidicolin, a group of smeared molecules
approximately 200 bp shorter than the untreated substrate
were detected (Fig. 5; compare lanes 1 and 3). These molecules
are excision intermediates that accumulate when DNA synthe-
sis is blocked (14, 18). When the DNA substrate was incubated
with SS1, similar reaction products were observed (Fig. 5, lane
2), suggesting that SS1 can carry out excision along the short
path between the strand break and the mismatch, thereby
leading to a ssDNA region in the viral strand. Southern hy-
bridization was also carried out on the same blot with comple-

mentary fragment C2 (from Bsp106 to BseRI to the strand
break [Fig. 1]). There was no evidence of excision in this region
of the substrate, which is the longer path from the nick to the
mismatch (Fig. 5, lanes 4, 5, and 6). These results suggest that
SS1 may be capable of nick-directed mismatch-provoked exci-
sion.

To further determine if excision in SS1 is dependent on the
mismatch, a Sau96I-nicked homoduplex (5� A-T) was sub-
jected to Southern hybridization analysis. As shown in Fig. 5,
lanes 7 and 9, little (if any) excision was detected on either side
of the strand break. Therefore, we conclude that SS1-mediated
excision is conducted in a manner dependent on both a pre-
existing strand break and a mismatch.

hRPA protects the template strand from incision by nucle-
ases. While the excision reaction is required for MMR, the
viral strand nicking activity is detrimental to the process, and it
is likely that one component of the MMR pathway inhibits this
reaction. As mentioned above, addition of SS2 to SS1 blocks
the production of the 3.2-kb DNA fragment by SS1, suggesting
that SS2 may possess this inhibition function. We therefore
assessed hRPA for the ability to prevent SS1 from nicking
DNA substrates. As shown in Fig. 6A, the amount of nicked
viral strand decreased as the concentration of hRPA increased.
One microgram of hRPA is sufficient to prevent SS1 (30 �g)
from making strand breaks in the ssDNA region during the
MMR reaction (Fig. 6A, lane 4). Interestingly, E. coli SSB
binds ssDNA and is functionally similar to hRPA, but SSB
does not substitute for hRPA in the reaction with human

FIG. 4. SS1 carries out ssDNA incision. Repair reactions were per-
formed as described in the legend to Fig. 2B. DNA products were
recovered and digested with the indicated restriction enzyme.
(A) Analysis of the repair product on a native agarose gel. DNA was
cleaved with Bsp106 (lanes 1 and 2) or BseRI (lanes 3 and 4). (B) Anal-
ysis of the repair product on an alkaline agarose gel. DNA was digested
with Bsp106 and analyzed by Southern blotting. The membrane was
hybridized with the 32P-labeled oligonucleotide 5�-AACGTCACCAA
TGAAACCAT-3� (probe V1 [solid bar]), which is complementary to
the 3� flanking sequence of Bsp106 on the viral strand. Lane 4 (MR1)
contained double-stranded f1MR1 DNA digested with Bsp106 and
Sau96I, which served as a marker to locate the single-stranded nick of
the viral strand by SS1. APD, aphidicolin; HL, HeLa nuclear extract;
MR1, flMR1 dsDNA.

FIG. 5. Mismatch-provoked and nick-directed excision by SS1. Re-
actions were performed by incubating a DNA heteroduplex (5� G-T)
or homoduplex (5� A-T) with SS1 (30 �g) or HeLa nuclear extracts
(HL, 50 �g) containing 100 nM aphidicolin (APD), as indicated. Prod-
ucts were cleaved with Bsp106, electrophoresed on alkaline agarose
gels (1.5%), and transferred to nylon membranes as described in Ma-
terials and Methods. The membrane was hybridized with probe C1
(5�-32P-ATGGTTTCATTGGTGACGTT-3�) (lanes 1, 2, 3, 7, and 8) or
probe C2 (5�-32P-GATTCTGTCGCTACTGATTAC-3�) (lanes 4, 5, 6,
9, and 10), which are complementary to the 5� and 3� flanking se-
quences of the Bsp106 site in the complementary strand, respectively.
HL, HeLa nuclear extract; ITM, excision intermediates; solid bars,
32P-labeled probes.
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MMR proteins: as much as 8 �g of SSB failed to protect the
continuous strand of the substrate from nicking in the presence
of SS1 (Fig. 6A, lane 8). These results suggest that hRPA
interacts specifically with human MMR proteins.

hRPA enhances mismatch-provoked excision. The impact of
hRPA on excision and repair of the nicked mismatch-contain-
ing DNA strand was assessed by using the Southern blots
described above and probe C1. As shown in Fig. 6B, lanes 3 to
5, probe C1 detected increasingly shorter DNA fragments in
reactions carried out with SS1 and increasing concentrations of
hRPA; this suggests that hRPA may stimulate MMR-associ-
ated excision in the mismatch-containing DNA strand. The
increase in the shorter DNA fragments was also observed
when a lower concentration of E. coli SSB was incubated with
SS1 (Fig. 6B, lanes 6 and 7), indicating that SSB at a low
concentration can also stimulate MMR-associated excision.
However, this stimulation was inhibited in the presence of a
high concentration of SSB, as evidenced by the fact that inter-
mediates in reactions containing 8 �g of SSB are almost iden-
tical to those in the original substrate (Fig. 6B; compare lanes
8 and 9). Inhibition of MMR-associated excision was not de-
tected when 8 �g of hRPA was added to SS1 (data not shown).
These results again suggest that a specific interaction between
hRPA and other MMR proteins is required for the human
MMR reaction.

FII carries out gap filling and ligation. The above results
indicate that SS1 carries out mismatch-provoked excision on
the nick-containing DNA strand of heteroduplex DNA and
that fraction SS2 (or hRPA) protects the template DNA strand
from degradation. When the MMR reaction is carried out in

the presence of SS1 and SS2 and in the absence of FII, the
reaction is blocked at the DNA synthesis step (Fig. 4). There-
fore, it seems possible that FII might perform gap-filling DNA
synthesis and/or DNA ligation. To test this hypothesis, repair
intermediates were characterized in reactions with or without
FII. As shown in Fig. 7A, the nicked complementary strand
was a 6.4-kb species in reactions containing FII (lane 3), SS1-
FII (lane 4), hRPA-FII (lane 6), and SS1-hRPA-FII (lane 7).
However, reaction products in all reactions, except in that
containing SS1, hRPA, and FII, still contained a mismatch,
indicating that repair had not occurred (see Fig. 2B). There-
fore, the 6.4-kb species is likely to result from sealing of the
strand break by a DNA ligase in FII. This is consistent with the
observation that SS1 is very active in repair excision (Fig. 5,
lane 2, and Fig. 7A, lane 2), but FII inhibits this excision
activity (Fig. 7A, lane 4), possibly because it removes the DNA
substrate by ligating strand breaks that are required for in vitro
MMR (20, 57). These results strongly suggest that fraction FII
contains a ligase activity required for in vitro MMR. Our ligase
activity assay confirmed that this was indeed the case. Like E.
coli DNA ligase, FII could convert a nicked circular DNA
substrate into a supercoiled molecule in the presence of
ethidium bromide (Fig. 7B).

FII was assayed for DNA-dependent DNA polymerase ac-
tivity by using a primer extension assay. The reactions moni-
tored the extension of an oligo(dT)16 primer annealed to a
poly(dA)1,500 template using an [�-32P]TTP substrate. Increas-
ing concentrations of FII were incubated with the DNA sub-
strate, and incorporation of [�-32P]TMP into high-molecular-
weight products was determined. Reaction products were
separated by denaturing PAGE and detected by autoradiogra-
phy. Results are presented in Fig. 7C; the products observed
were 50 to 100 bases in length and increased in intensity with
increasing concentrations of FII. These results demonstrate
that FII contains a DNA-dependent DNA polymerase activity.
Preincubation of FII with the DNA polymerase �-specific in-
hibitory monoclonal antibody (Fig. 7C, lanes 4 to 6) SJK
132-20 revealed minimal inhibition, suggesting that the poly-
merase responsible for the extension observed is either DNA
polymerase � or DNA polymerase ε. However, it should be
noted that the conditions employed for the assay were opti-
mized for DNA polymerase � (56) and that the FII fraction
also likely contains DNA polymerase �.

The gap-filling activity of FII is dependent on hRPA. It is not
clear whether the gap-filling step of the in vitro MMR reaction
is carried out by FII alone or by FII with another component(s)
in SS1 and/or SS2 (hRPA). Previous studies indicate that
ssDNA binding activity is essential for DNA repair synthesis
during mammalian nucleotide excision repair (53). Thus, it
seems possible that FII-mediated gap filling requires hRPA.
To address this issue, the excision and repair synthesis steps of
the human MMR reaction were carried out sequentially. The
5� G-T substrate was incubated with SS1-hRPA, and the repair
intermediates from this reaction were purified and used as a
substrate for a gap-filling reaction in the presence or absence
of FII and SS1 or hRPA. The reaction products were analyzed
by Southern blotting. As shown in Fig. 7D, reactions contain-
ing FII alone (lane 2) or FII with SS1 (lane 5) had about the
same amount of full-length dsDNA (6.4 kb) as the control
reaction (lane 1), suggesting that gapped intermediates recov-

FIG. 6. Role of hRPA in MMR. The DNA substrate was incubated
with SS1 in the presence or absence of hRPA or SSB, as indicated, and
products were analyzed by Southern blot hybridization. The membrane
was probed with 32P-labeled V1 (5�-AACGTCACCAATGAAACCA
T-3�) (A) or 32P-labeled C1 (5�-ATGGTTTCATTGGTGACGTT-3�)
(B). APD, aphidicolin; HL, HeLa nuclear extract; Blank, reaction
containing no protein; solid bars, 32P-labeled probes.
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ered from the SS1-hRPA reaction are not converted into full-
length dsDNA in these reactions. However, when the reaction
was carried out in the presence of FII and hRPA (lane 3),
more than 30% of the gapped intermediates were converted to
full-length molecules, indicating that gap filling and ligation
had occurred. In the presence of aphidicolin, no full-length
ligated products were formed (Fig. 7D, lane 4), suggesting that
DNA synthesis is required to form this product. Interestingly,
when E. coli SSB was substituted for hRPA in the gap-filling
reaction, approximately 30% of the gapped substrates were

FIG. 7. FII contains gap-filling and ligase activities required for
MMR. (A) FII carries out gap-filling and ligase reactions. The DNA
substrate was incubated with SS1, hRPA, and FII as indicated, and
products were analyzed by Southern hybridization using probe C1
(5�-32P-ATGGTTTCATTGGTGACGTT-3�). (B) Conversion of nicked
circular DNA into supercoiled DNA by FII. The 5� G-T substrate was
incubated with E. coli DNA ligase (lane 4) at a final concentration of
4 U/�g of DNA or with 30 �g of FII (lane 5) at 20°C for 2 h in the
presence of ethidium bromide (0.29 nM/�g of DNA). Double-stranded
f1MR1 replicative-form DNA with (lane 2) or without (lane 1) Sau96I
digestion was used as a reference for linear (LN), supercoiled (SC),
and open circular (OC) DNA, as indicated. (C) DNA polymerase
activity in FII. FII was assayed for DNA polymerase activity as de-
scribed in Materials and Methods. Reaction mixtures contained 7.5
(lanes 1 and 4), 15 (lanes 2 and 5), or 30 (lanes 3 and 6) �g of protein
and were incubated for 15 min at 37°C. To test for inhibition by
monoclonal antibody SJK132-20 (MoAb), reaction mixtures were in-
cubated with 1 �g of antibody for 15 min on ice prior to initiation of
the polymerase reactions (lanes 4 to 6). (D) The gap-filling activity of
FII requires hRPA. The DNA heteroduplex was incubated with SS1-
hRPA, and the repair intermediates were purified by phenol extraction
and ethanol precipitation. Intermediates were incubated with FII in
the presence or absence of hRPA or SS1. Products were either ana-
lyzed by Southern blotting using the 32P-labeled probe C1 (5�-ATGG
TTTCATTGGTGACGTT-3�) after cleavage by Bsp106 (lanes 1 to 5)
or digested by Bsp106 and HindIII, followed by agarose gel electro-
phoresis as described in the legend to Fig. 2B to determine if the
mispaired base is removed during the gap-filling reaction (lanes 6 to 8).
APD, aphidicolin; ITM, excision intermediates; solid bar, 32P-labeled
probe.
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converted to the 6.4-kb product in the presence of FII and E.
coli SSB (data not shown). This result suggests that hRPA may
bind and protect the ssDNA region during repair synthesis
associated with MMR. To determine if the removal of the
mispaired base is associated with hRPA-FII-mediated gap fill-
ing, DNA products were subjected to digestion by restriction
enzymes HindIII (scoring enzyme) and Bsp106 (see Fig. 1 for
assay details). As shown in Fig. 7D, the expected repair prod-
ucts (3.1- and 3.3-kb fragments) were observed in reactions
containing FII and hRPA (lane 8), but minimal levels (if any)
were observed in reactions containing FII only (lane 7). It was
noted that the repair rate (16%) in the partial reaction (gapped
substrate, FII, and hRPA) was lower than that (39%) in a
normal reaction (nicked substrate, SS1, SS2, and FII [see Fig.
2B, lane 8]). On the other hand, a similar lower rate (22%) was
also observed when whole HeLa cell nuclear extracts were
tested for processing of the gapped DNA substrate (data not
shown) (compare the repair rate of 22% in this gap-filling
reaction with that of 72% in a normal reaction [Fig. 2B, lane
1]). Therefore, the DNA substrate used in the gap-filling re-
action seems to be a limiting factor. Nevertheless, these obser-
vations clearly indicate that the hRPA-dependent gap filling by
FII employed the continuous strand as a template for repair
resynthesis and that the mispaired base in the nicked strand
was removed during the process.

DISCUSSION

Identifying components of the human MMR reaction. Hu-
man MMR is a complex process that involves many proteins
and protein complexes. hMutS and hMutL are essential MMR
components which have been identified and characterized in
human cells, but other components have not been well char-
acterized. In this study, a HeLa nuclear extract was separated
into three fractions, SS1, SS2 and FII, each of which is required
in order to reconstitute MMR in vitro (see Fig. 2B). When
MMR reactions were carried out in the presence of one or two
of these three fractions, it was evident that the human MMR
reaction proceeds in two stages: mismatch-provoked excision
and DNA repair synthesis. This marks the first time that the
human MMR reaction has been dissected and reconstituted in
vitro.

SS1 is capable of initiating strand-specific MMR in a manner
dependent on a mismatch and a strand break, as evidenced by
the fact that the repair excision intermediates generated by SS1
are almost identical to those produced in HeLa nuclear ex-
tracts containing aphidicolin (Fig. 6A, lanes 1 and 2). In addi-
tion, SS1-mediated excision was not detected when a homodu-
plex was used in the reaction (Fig. 5, lanes 7 and 9). Previous
studies have shown that defects in human MutS and MutL
homologs and PCNA abolish mismatch-provoked excision (9,
18, 23, 46, 61). In E. coli, a helicase and at least four exonucle-
ases are involved in MMR-associated excision (8, 29, 63), and
human MMR may be mechanistically similar. Therefore, it is
conceivable that SS1 from HeLa cells includes hMutS, hMutL,
PCNA, helicase, and nuclease activities. Western blot analysis
indeed revealed that MSH2, MLH1, and PCNA are present in
significant amounts in SS1. Although a helicase(s) and an exo-
nucleases(s) that participate in human MMR have not yet been
identified or characterized, ExoI, which possesses a 5�-to-3�

exonuclease activity, has been implicated in MMR (2, 51, 54,
58, 59). It may be possible to purify an MMR-associated heli-
case(s) and exonucleases, including ExoI if it is required for
MMR, by additional fractionation of SS1. Biochemical analy-
ses of these protein fractions will improve understanding of the
mechanism of MMR in human cells.

Although SS1 carries out nick-directed mismatch-provoked
excision along the shorter path between the strand break and
the mismatch with the 5� G-T substrate, SS1 does not carry out
this reaction with the 3� /TG\ substrate (data not shown). This
is presumably because SS1 cannot carry out excision in the
3�-to-5� direction from the nick to the mismatch. Previous
studies indicate that HeLa cells possess a bidirectional mech-
anism to remove a mismatch (14). Depending on the location
of a strand break relative to the mismatch, MMR-associated
excision occurs in a 5�-to-3� or a 3�-to-5� direction. Because
MMR reconstituted in vitro in the presence of SS1-hRPA-FII
corrects the 3�/TG substrate in a strand-specific manner (data
not shown), it is likely that 3�-to-5� excision activity is present
in SS2 and/or FII. Further studies are required in order to
determine which of these two fractions contains 3�-to-5� exci-
sion activity.

The second stage of human MMR in this reconstituted assay
system is DNA repair synthesis. During this stage of the reac-
tion, SS2 and FII convert gapped intermediates into closed
dsDNA molecules. We have shown that hRPA can substitute
for SS2. The components of FII that play a role in MMR are
not yet clear, but they apparently include DNA polymerase
and ligase activities required for MMR. FII does not carry out
strand-specific MMR (Fig. 2), but it does generate a 6.4-kb
full-length product that is resistant to restriction enzyme cleav-
age. This product is probably generated by a very active ligase
in FII that ligates the nick in the DNA substrate. This possi-
bility is consistent with the fact that FII inhibits SS1-mediated
nick-directed excision on heteroduplex DNA, presumably by
ligating the nick before excision takes place. Indeed, our in
vitro ligase assay shows that FII is capable of sealing single-
stranded breaks and converting a nicked circular DNA sub-
strate into supercoiled DNA (Fig. 7B). We also show that FII
contains a DNA polymerase activity. For example, FII and
hRPA convert gapped MMR reaction intermediates generated
by SS1-hRPA into full-length dsDNA molecules (Fig. 7D) (see
discussion below), and this conversion is inhibited by aphidi-
colin, indicating involvement of DNA polymerase �, �, or ε in
the gap-filling reaction. DNA polymerase activity is indeed
identified in FII by using a traditional in vitro DNA replication
assay system (Fig. 7C). Even though our data cannot rule out
the involvement of polymerase � in MMR, the gap-filling ac-
tivity detected in FII is not conducted by polymerase �, as
evidenced by the fact that an antibody specific for DNA poly-
merase � has essentially no effect on the DNA polymerization
reaction in FII (Fig. 7C). Thus, it is highly likely that DNA
polymerase � (37) and/or ε is responsible for the gap-filling
activity in FII. Western blot analyses revealed that FII also
contains abundant MSH2, MLH1, and PCNA. However, un-
like SS1, FII is unable to conduct repair excision, suggesting
that components required for excision, e.g., exonucleases, are
not present in FII.

Role of hRPA in MMR. hRPA is a human ssDNA binding
protein that is essential for cellular DNA metabolism (62)
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involving ssDNA intermediates including DNA replication (13,
64, 65), homologous recombination (36), base excision repair
(45), and nucleotide excision repair (11). Recently, Lin et al.
have demonstrated that incubation of an anti-hRPA antibody
with HeLa extracts inhibits strand-specific MMR in vitro, sug-
gesting that hRPA is also involved in MMR (34). However, the
actual role of hRPA in MMR is not known. Using an in vitro
reconstitution system, we demonstrate here that recombinant
hRPA can substitute for one of the required HeLa nuclear
fractions in MMR. Analysis of critical intermediates reveals
that hRPA plays multiple roles in human MMR in vitro.

First, hRPA protects single-stranded regions of the template
DNA strand from nuclease degradation. While SS1 is capable
of mismatch-provoked excision in the nicked strand, it also
makes a single-stranded break in the continuous strand that
serves as a template for repair synthesis. Since such a strand
break in the template strand has never been observed in the
whole-cell nuclear extract, a DNA binding activity required for
MMR must be responsible for protecting the single-stranded
region in the template strand. We found that this activity is
hRPA, as evidenced by the fact that addition of hRPA to the
SS1 reaction mixture blocks the single-stranded nicking in the
continuous DNA strand, suggesting that hRPA may bind to the
single-stranded region, protecting it from attack by nucleases
and ensuring that the template DNA strand is suitable for
repair DNA synthesis.

Second, hRPA may also directly contribute to mismatch-
provoked excision, because hRPA enhances repair excision by
SS1 (Fig. 6B). How might hRPA participate in repair excision?
It is known that in E. coli, MMR-associated excision requires
DNA helicase II to unwind the DNA helix (29), and a similar
activity should also be required for the human reaction. Pos-
sibly, hRPA facilitates DNA unwinding by a DNA helicase
activity that participates in MMR. Recently, it was shown that
yeast RPA stimulates MER3 helicase during meiotic crossing
over (42). hRPA plays a similar role in simian virus 40 (SV40)
DNA replication, during which hRPA and T antigen interact
physically and unwind the SV40 origin of replication (5, 24,
66). A DNA helicase activity that is stimulated by hRPA has
been purified from human cells (52), and it is possible that this
helicase could play a role in human MMR.

Finally, hRPA plays a crucial role in repair DNA synthesis
during human MMR. FII is required to convert gapped inter-
mediates into complete circular DNA, and this conversion also
requires hRPA (Fig. 7D). However, the mechanism by which
hRPA stimulates repair synthesis during human MMR is not
exactly clear. Previous studies have demonstrated that hRPA
stimulates the activity of DNA polymerases �, �, and ε (24, 25,
30, 60), all of which are sensitive to aphidicolin and may par-
ticipate in MMR-associated DNA repair synthesis. In fact,
evidence suggests that DNA polymerase � is involved in human
MMR (37). Therefore, it is possible that hRPA may stimulate
repair synthesis during MMR in addition to protecting the
DNA template from degradation by nucleases. Recently, Ra-
nalli et al. (49) have demonstrated that hRPA stimulates a
ligase activity of DNA ligase I, which is probably required for
MMR.

In summary, we have established an in vitro system that
enables one to dissect the complex human MMR reaction into
multiple stages. Analysis of individual stages of the reaction

has revealed crucial repair intermediates, which help to iden-
tify the requirement for hRPA in MMR and define the roles of
hRPA in the pathway. We believe that further analysis of the
three fractions described here, especially fractions SS1 and FII,
will identify additional components required for human MMR
and will eventually elucidate the molecular mechanisms of the
human pathway.
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