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Proliferating cell nuclear antigen (PCNA) has been implicated in eukaryotic postreplicative mismatch
correction, but the nature of its interaction with the repair machinery remained enigmatic. We now show that
PCNA binds to the human mismatch binding factors hMutS� and hMutS� via their hMSH6 and hMSH3
subunits, respectively. The N-terminal domains of both proteins contain the highly conserved PCNA-binding
motif Qxx[LI]xx[FF]. A variant of hMutS�, lacking this motif because of deletion of 77 N-terminal residues of
the hMSH6 subunit, no longer was able to interact with PCNA in vitro and failed to restore mismatch repair
in hMSH6-deficient cells. Colocalization of PCNA and hMSH6 or hMSH3 to replication foci implies an
intimate link between replication and mismatch correction. We postulate that PCNA plays a role in repair
initiation by guiding the mismatch repair proteins to free termini in the newly replicated DNA strands.
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Mismatches introduced into DNA during replication are
addressed by the postreplicative mismatch repair (MMR)
system. In Escherichia coli, binding of the mismatch by
the MutS protein, which is able to recognize both base–
base mismatches (Jiricny et al. 1988; Su et al. 1988) and
insertion–deletion loops (IDLs) containing up to four ex-
trahelical nucleotides (Parker and Marinus 1992), trig-
gers an ATP-driven assembly of the MMR repairosome.
This contains, in addition to the homodimeric MutS pro-
tein, also the strand-discrimination endonuclease MutH
and the MutL homodimer, thought to play a bridging
role between MutS and MutH. The process also requires
the DNA helicase UvrD, single-strand DNA-binding
protein Ssb, one of several exonucleases, DNA polymer-
ase III holoenzyme, and DNA ligase. The Dam methyl-
ase, which modifies GATC sites in E. coli DNA, plays a
key accessory role in the MMR process. Because this
enzyme lags behind the replication fork by ∼2 min (Bar-
ras and Marinus 1989), the newly synthesized strand re-
mains unmethylated during this time and therefore can
be distinguished from the methylated, template DNA.
This property is used by the MutH endonuclease, which
initiates the repair process by incising the newly synthe-
sized, unmethylated strand of the DNA heteroduplex 5�
from an unmethylated GATC sequence. The MutL pro-
tein then loads the helicase–exonuclease complex at this

site (Dao and Modrich 1998), and the error-containing
strand is degraded until the mispair is eliminated. The
repair tract, stabilized by the Ssb protein, is filled in by
DNA polymerase III, and ligation of the remaining nick
and modification of the hemimethylated DNA by Dam
methylase completes the repair process (for review, see
Modrich 1989, 1991; Modrich and Lahue 1996).

The MMR process is highly conserved throughout evo-
lution. In eukaryotes, the mismatch recognition func-
tion is fulfilled by two heterodimeric factors composed
of MutS homologs MSH2 and MSH6 (MutS�) or MSH2
and MSH3 (MutS�). The former recognizes base–base
mismatches and small IDLs (Drummond et al. 1995; Pal-
ombo et al. 1995), whereas the latter binds IDLs larger
than one extrahelical nucleotide with high efficiency
(Palombo et al. 1996; Genschel et al. 1998). The MutL
function also is conserved in the form of MutL�, a het-
erodimer of MLH1 and PMS1 (hMLH1 and hPMS2 in
humans) (Kolodner and Marsischky 1999; Jiricny 2000).
Interestingly, no MutH homologs have been found to
date; this function appears to exist only in gram-negative
bacteria. In Streptococcus pneumoniae, mismatch cor-
rection is accomplished without methylation direction
(Lacks et al. 1982), and a similar situation must exist in
organisms that do not methylate their DNA, such as
Saccharomyces cerevisiae and Drosophila melanogas-
ter. In extracts of cultured D. melanogaster (Holmes et
al. 1990) and human cells (Holmes et al. 1990; Thomas et
al. 1991), mismatch-dependent DNA degradation is tar-
geted to either strand of a heteroduplex by pre-existing
nicks or gaps, and it has been shown that the repair tracts
commence at these strand interruptions (Fang and
Modrich 1993). The system appears to lack a mismatch-
dependent endonuclease activity, as covalently closed
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circular substrates are refractory to mismatch repair
(Holmes et al. 1990; Thomas et al. 1991).

The link of MMR defects with hereditary nonpolypo-
sis colon cancer (HNPCC) (for review, see Kolodner
1995; Modrich and Lahue 1996; Jiricny and Nyström-
Lahti 2000) has prompted an intensive search for the
missing members of the eukaryotic MMR repairosome.
Although the DNA helicase and the 3�-5� exonuclease(s)
remain to be identified, the system could be shown to
involve, in addition to MutS�, MutS�, and MutL�, also
the 5�-3� exonuclease EXOI (Szankasi and Smith 1995;
Tishkoff et al. 1997), PCNA (Johnson et al. 1996; Umar
et al. 1996; Eissenberg et al. 1997; Gu et al. 1998), RP-A
(Lin et al. 1998), and polymerase-� (Longley et al. 1997;
for a recent review, see Kolodner and Marsischky 1999).
The participation of PCNA, which acts as a processivity
factor for polymerase-�, was not surprising. What was
surprising, however, was that this homotrimeric sliding
clamp appeared to be required not only in the gap-filling
reaction, but also in the steps preceding the degradation
of the error-containing strand (Umar et al. 1996; Gu et al.
1998). Given that PCNA is known to be loaded at DNA
termini (for review, see Jonsson and Hubscher 1997) and
that the MMR process in human cell extracts com-
mences at such sites, we decided to study the role of this
protein in mismatch correction.

The first hint of PCNA involvement in MMR came
from Kunkel’s laboratory, where screening of yeast
and human expression libraries for proteins interacting
with MSH2 and MLH1 in two-hybrid assays yielded
clones expressing PCNA or its S. cerevisiae homolog
encoded by the POL30 gene (Umar et al. 1996). A mu-
tant allele of the yeast PCNA homolog, pol30–52 was
shown to impart a mutator phenotype and appeared
epistatic with MMR gene mutations. Biochemical stud-
ies substantiated the requirement for PCNA in MMR
inasmuch as the repair process in vitro could be inhib-
ited by the addition of a p21Cip1/WAF1 peptide containing
the PCNA-binding motif, known to abrogate the inter-
action of proteins with PCNA (for review, see Warbrick
1998). Addition of excess PCNA rescued the repair
reaction. In a similar study from Prakash’s laboratory,
the pol30–104 allele appeared to be phenotypically simi-
lar to pol30–52, and PCNA was shown to interact with
MutS� but not with MSH2 in affinity gel filtration
experiments (Johnson et al. 1996). Eissenberg and col-
leagues have examined a series of yeast PCNA mutants
and succeeded in identifying two, pol30–79 and pol30–
90, which conferred mutator phenotypes and were epi-
static with a �pms1 mutation, suggesting that the defect
was linked with MMR (Eissenberg et al. 1997).

We now show that PCNA interacts with hMSH3 and
hMSH6 both in vitro and in vivo, and that the hMSH6–
PCNA interaction is required for the correction of base–
base mismatches.

Results

hMSH3 and hMSH6 contain PCNA-binding motifs

PCNA appears to interact with other proteins via a con-

served motif Qxx[ILM]xx[FH][FY], followed by a noncon-
served sequence containing basic amino acids and often
also prolines (Warbrick 1998; Zhang et al. 1999). This
motif has to date been found in several human proteins
involved in cell cycle control and DNA metabolism,
such as the cell cycle regulatory protein p21Cip1/WAF1

(hCDN1) (Nakanishi et al. 1995; Warbrick et al. 1995),
the flap endonuclease FEN1 (hFEN1) (Gary et al. 1997;
Warbrick et al. 1997), the nucleotide excision repair en-
donuclease XPG (hXPG) (Gary et al. 1997), DNA methyl
transferase I (hMTDM) (Chuang et al. 1997), DNA ligase
I (hDNL1) (Montecucco et al. 1998), uracil DNA glyco-
sylase (hUNG) (Otterlei et al. 1999), and the small sub-
unit of DNA polymerase-� (hp66) (Reynolds et al. 2000).
Moreover, a partial PCNA-binding motif was found in
the large subunit of replication factor C (RFC1) (Mon-
tecucco et al. 1998), the catalytic subunit of DNA poly-
merase-� (p125) (Zhang et al. 1999), and in the Werner
Syndrome gene product (Lebel et al. 1999). For this rea-
son, we sought this motif also in the MMR proteins
MLH1 or MSH2, which were reported to interact with
PCNA in two-hybrid assays (Umar et al. 1996). To our
surprise, these latter polypeptides lacked a recognizable
PCNA-binding motif; however, it was present in hMSH6
and hMSH3 (Fig. 1A). With the exception of the S. pombe
MSH3 homology, the motif is highly conserved among
all known eukaryotic MSH3 and MSH6 homologs (Fig.
1B), in which it appears invariably very close to the N
termini (Fig. 1C). We also have aligned the sequences
immediately downstream from the PCNA-binding mo-
tifs. In the case of p21Cip1/WAF1, this region is involved in
the interaction with the interdomain connector loop
(IDCL) of PCNA (Gulbis et al. 1996). The known PCNA-
binding proteins can be divided into two distinct groups,
based on the amino acid sequence of this region: one
with a preponderance of basic residues and the other
with a high percentage of proline residues (Zhang et al.
1999). As shown in Figure 1B, MSH6 contains the pro-
line-rich region and therefore belongs to the same group
as uracil DNA glycosylase and DNA methyl transferase
I (Gulbis et al. 1996). In contrast, with the exception of
the Arabidopsis sequence, MSH3 does not contain pro-
lines in this region.

We wanted to see whether PCNA does indeed interact
with MSH6 and MSH3 and whether this motif is essen-
tial for the interaction.

PCNA interacts with hMSH6 and hMSH3
in far-Western assays

In the following experiments, we used human MutS and
MutL homologs expressed in the Baculovirus system as
described previously (Iaccarino et al. 1998; Räschle et al.
1999). The exception was an N-terminal fragment of
hMSH3, which was overexpressed in E. coli (Marra et al.
1998). The proteins were spotted directly on the mem-
brane, which then was blocked with skim milk, washed,
allowed to hybridize with recombinant PCNA, washed
again, and allowed to hybridize with the anti-PCNA an-
tibody 19F4. As shown in Figure 2A, PCNA remained

PCNA interaction with hMSH6 and hMSH3

GENES & DEVELOPMENT 725



bound to hMutS� or hMutS�, as well as to the N-termi-
nal 200 amino acids of hMSH3, but no significant inter-
action was detected with hMSH2. The truncated variant
of hMutS�, MSH6�77/MSH2, which lacks 77 N-termi-
nal amino acid residues of hMSH6 and thus also the
consensus PCNA interaction motif (Fig. 1C), also was
unable to interact with PCNA in this assay. Similarly,
no interaction was detected with hMLH1 (Fig. 2A) or
with the hMLH1/hPMS2 heterodimer hMutL� (data not
shown). Although this assay is only semiquantitative,
the interaction of hMutS� or hMutS� with PCNA ap-
peared to be stronger that that of the sliding clamp with
the flap endonuclease FEN1, shown to be mediated via
the conserved motif QGRLDDFF near its C terminus
(Warbrick et al. 1997).

As no significant interaction could be detected be-
tween PCNA and hMSH2 or hMSH6�77/hMSH2, we
postulated that the observed interaction of PCNA with
hMutS� and hMutS� must be mediated by hMSH6 and
hMSH3, respectively. However, we wanted to exclude
the possibility that PCNA recognized conformational
epitopes of the heterodimeric factors, rather than single
peptidic motifs. We therefore conducted a second far-
Western experiment, in which the constituent polypep-
tides of hMutS�, hMutS�, and hMSH6�77/hMSH2 were
separated before incubation with PCNA by denaturing
polyacrylamide gel electrophoresis on SDS-PAGE (Fig.
2B). The proteins were electrotransferred onto a mem-

brane, which subsequently was blocked with skim milk
and then hybridized with PCNA. After extensive wash-
ing, the membrane was incubated with anti-PCNA an-
tibodies, washed, and exposed to film as above. As
shown in Figure 2C, PCNA could be seen to interact
exclusively with the full-length hMSH3 and hMSH6
polypeptides. This experiment shows that the interac-
tion between PCNA and the latter proteins is not medi-
ated by conformational epitopes present either in the
heterodimer or in its individual subunits, as the proteins
in this assay are fully denatured. This finding also was
supported by the fact that the N-terminal fragment of
hMSH3 appeared to bind PCNA with high affinity in the
absence of hMSH2 (Fig. 2A).

PCNA coimmunoprecipitates with hMutS� and hMutS�

The interaction of hMSH6 and PCNA in vivo could be
substantiated by coimmunoprecipitation experiments
(Fig. 3A), in which the anti-hMSH6 monoclonal antibody
66H6, which recognizes the native polypeptide, was used
to precipitate its cognate protein from human cell ex-
tracts. PCNA and hMSH2 were coimmunoprecipitated
with hMSH6 from extracts of the MMR proficient TK6
cells, but not from extracts of HCT15 cells, which lack
full-length hMSH6 (Papadopoulos et al. 1995). Unfortu-
nately, the inverse experiment could not be conducted,
as the anti-PCNA antibody available to us binds an epi-

Figure 1. Consensus PCNA-binding motif. (A) Alignment of the conserved PCNA-binding motifs of hMSH6, hMSH3, p21Cip1/WAF1

(hCDN1), flap endonuclease FEN1 (hFEN1), DNA methyltransferase I (hMTDM), XPG endonuclease (hXPG), DNA ligase I (hDNL1),
uracil DNA glycosylase (hUNG), and the small subunit of DNA polymerase-� (hp66). (B) Evolutionary conservation of the putative
PCNA-binding motifs of hMSH6 and hMSH3 homologs from human (Homo sapiens), mouse (Mus musculus), budding yeast (S.
cerevisiae), fission yeast (Schizosaccharomyces pombe), and Arabidopsis thaliana. The residues important for binding are shown in
boldface. Basic residues in the flanking sequences are in gray, and proline residues are underlined. The numbers in brackets denote the
amino acid residues of the respective PCNA-binding motifs. (C) Schematic representation of hMSH6, hMSH6�77 (which lacks 77
N-terminal amino acid residues of hMSH6), and hMSH3, showing location of the PCNA-binding motifs, the proposed sites of
interaction with hMSH2, as well as the positions of the mismatch-, ATP- and magnesium-binding sites. The numbers represent amino
acid residues; numbers in brackets above hMSH6�77 refer to the corresponding amino acid residues in full-length hMSH6.
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tope in the PCNA protein–protein interaction region and
therefore does not function in coimmunoprecipitations.

Because of the low amounts of hMSH3 in human cells
(Genschel et al. 1998; Marra et al. 1998), the interaction
of this latter polypeptide with PCNA contained in cell

extracts also could not be shown. For this reason, we
examined the interaction of the recombinant proteins in
the coimmunoprecipitation assays. The polyclonal anti-
hMSH3 antiserum coimmunoprecipitated hMSH3 with
hMSH2 and PCNA (Fig. 3C). As anticipated, the anti-
hMSH6 antibody 66H6 coimmunoprecipitated hMSH6
with hMSH2 and PCNA, but only hMSH2 could be co-
immunoprecipitated from mixtures containing PCNA
together with the truncated variant hMSH6�77/hMSH2
(Fig. 3B).

hMSH3 and hMSH6 colocalize with PCNA
to replication foci

PCNA is an abundant protein that is distributed
throughout the nucleus. However, during replication,
PCNA forms foci of aggregated protein (Leonhardt et al.
2000) that have been shown to colocalize with newly
replicated DNA labeled with 5-bromodeoxyuridine
(BrdU). Immunofluorescence studies conducted with the
MMR-proficient HeLa cells showed that in cells under-
going DNA replication, both hMSH6 and hMSH3 colo-
calize with PCNA to these foci. Figure 4A shows that the
overlap of the PCNA and hMSH6 signals is essentially
complete (yellow spots), even though there is some free
excess hMSH6 (green) visible in the merged image. In the
case of hMSH3, the overlap is complete, and no free pro-
tein is visible in the S phase nuclei (Fig. 4B). This is
consistent with the significantly greater abundance of
hMSH6 as compared with hMSH3 (Genschel et al. 1998;
Marra et al. 1998). In a control experiment, we wanted to
show that the hMSH6 and hMSH3 proteins did indeed
colocalize with newly replicated DNA. To this end, we
labeled the cells with BrdU shortly before fixation. As
can be seen in Figure 4C,D, the BrdU signals completely
overlap with those due to the two MMR proteins.

The N-terminal 77 amino acids of hMSH6 are required
for localization to replication foci

The PCNA consensus binding motif of hMSH6 is located
close to its N terminus (Fig. 1B,C), and we have shown
above that a truncated polypeptide lacking the N-termi-
nal 77 amino acids was no longer able to interact with
PCNA, either alone or within the context of hMutS� in
coimmunoprecipitation assays (Figs. 2 and 3). We wanted
to see whether the same was also true in vivo. To answer
this question, we made use of hMSH6-deficient HCT15
cells, either untransfected, or stably transfected with ex-
pression vectors carrying either full-length hMSH6
cDNA (Lettieri et al. 1999) or the truncated version
hMSH6�77 (T. Lettieri et al., unpubl.). Indirect immu-
nofluorescence experiments showed that whereas the
signal due to hMSH6 was absent from the nuclei of un-
transfected HCT15 cells (Fig. 5A), because of truncating
mutations in both alleles of the hMSH6 gene (Papado-
poulos et al. 1995), in the HCT15/MSH6 transfectant,
the stably expressed full-length hMSH6 colocalized with
PCNA to the replication foci (Fig. 5B). In contrast, the
truncated hMSH6 polypeptide in the HCT15/MSH6�77
clone was localized in the nuclei but failed to concen-

Figure 2. Far-Western analysis of PCNA interactions with
MMR proteins and their variants. (A) Increasing amounts (top
line) of the purified recombinant proteins listed on the right
were spotted onto a nitrocellulose membrane, which then was
hybridized with PCNA. The membrane subsequently was
probed with the anti-PCNA monoclonal antibody 19F4 (see Ma-
terials and Methods). [MSH3 (1–200)] 200 N-terminal amino
acid residues of hMSH3 expressed in E. coli; (FEN1) flap endo-
nuclease used as a positive control. (B) hMutS� (lane 1),
hMSH6�77/hMSH2 (lane 2), and hMutS� (lane 3) subunits sepa-
rated by SDS-PAGE and visualized by staining with Coomassie
blue. (M) Molecular weight markers (from top to bottom: 200,
116, 97, and 66 kD). (C) The denatured proteins from B were
transferred onto a nitrocellulose membrane, which was treated
as in A above (see Materials and Methods). A and C are autora-
diographs of the membranes, where the protein bands were vi-
sualized by ECL (see Materials and Methods).
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trate in replication foci during S phase (Fig. 5C, left),
unlike PCNA, which formed distinct foci in the same
nuclei (Fig. 5C, right). These results imply the N-termi-
nal 77 amino acid residues of hMSH6 are responsible for
targeting hMSH6 to the replication foci in S phase cells
in vivo. It is tempting to suggest that the targeting is
mediated by PCNA and that it involves its conserved
interaction motif in the IDCL. However, we cannot for-
mally exclude the possibility that the N-terminal region
of hMSH6 contains other sequence motifs responsible
for targeting the protein to replication foci. As the trun-
cated polypeptide is defective in mismatch repair, it is
conceivable that it fails to interact with other members
of the MMR machinery and that this is the real reason
for its staying out of the replication foci. This doubt
could only be answered by expressing in HCT15 cells a
mutant of hMSH6 that is deficient in MMR, but which
can interact with PCNA. Unfortunately, such a mutant
is not available at present. However, we believe, based
on the study of interactions of PCNA with hMSH6 and
hMutS� in vitro (see above), that the PCNA–hMSH6 in-
teraction plays a key role in the localization of the latter
protein to the replication foci.

Loss of hMSH6 N terminus attenuates mismatch
repair efficiency

The experiments described above showed that the N ter-

minus of hMSH6, which contains the consensus PCNA-
binding motif, is necessary for interaction of the two
proteins in vitro, as well as for targeting of hMSH6 to
replication foci in vivo. We therefore wanted to know
how the absence of this motif affected the efficiency of
mismatch correction. In previous experiments, extracts
of cells deficient in hMutS� could be complemented to
mismatch repair proficiency by the addition of the mis-
match binding factor, either purified from human cells
(Drummond et al. 1995) or expressed in the Baculovirus
system (Iaccarino et al. 1998). As shown in the Western
blot in Figure 6A, extracts of HCT15 cells lack hMSH6
and, correspondingly, are deficient in mismatch correc-
tion (Fig. 6B). Addition of recombinant hMutS� restored
the MMR proficiency of these extracts to near wild-type
levels (cf. HeLa extract, Fig. 6B), but an equal amount of
hMSH6�77/hMSH2 was substantially less effective, re-
storing the repair efficiency to only 20%. Similarly, ex-
tracts of the HCT15/MSH6 cells, in which the MMR
defect was corrected by the stable expression of full-
length hMSH6, were largely MMR proficient, whereas
extracts of HCT15/MSH6�77 cells, expressing the trun-
cated hMSH6 polypeptide, were MMR deficient (Fig. 6B).
In the HCT15/MSH6�77 cells, the amount of the trun-
cated hMSH6 polypeptide expressed from the stably
transfected vector, as well as that of hMSH2, was notice-
ably lower than that present in MMR-proficient HeLa
cells (Fig. 6A). It therefore could be argued that the MMR

Figure 3. Coimmunoprecipitation of hMSH6 or hMSH3 with PCNA. (A) Two hundred micrograms of nuclear extracts of TK6 or
HCT15 cells was incubated with the anti-hMSH6 monoclonal antibody 66H6, and the immunoprecipitates were loaded onto a
denaturing SDS–polyacrylamide gel adjacent to lanes containing 20 µg of the untreated extracts of the same lines. The proteins then
were electrotransferred onto a nitrocellulose membrane, which was hybridized with antibodies against hMSH6 and hMSH2 (top) or
PCNA (bottom). PCNA can be seen to coimmunoprecipitate with hMSH6 in TK6 extracts (lane TK6). No PCNA signal was detectable
in coimmunoprecipitates from HCT15 extracts (lane HCT15), which lack full-length hMSH6 (lane HCT15 NE). (IgG) Immunoglobulin
light chain. (B) Two picomoles of recombinant hMutS� or hMSH6�77/hMSH2 was mixed with 6 pmoles of recombinant PCNA, and
the immunoprecipitation was performed with the anti-hMSH6 monoclonal antibody as described in Materials and Methods. No PCNA
was coimmunoprecipitated from a mixture with hMSH6�77/hMSH2 or when hMutS� was omitted (lane PCNA). (IgG) Immunoglob-
ulin heavy chain. Left lane contains the input proteins (1 pmole hMutS� and 3 pmoles PCNA) loaded on the gel directly without
immunoprecipitation. (C) Same as B except that hMutS� was used in place of hMutS�, and the immunoprecipitations were conducted
with a polyclonal anti-hMSH3 antiserum (see Materials and Methods). Left lane contains the reference proteins (1 pmole hMutS� and
3 pmoles PCNA) loaded directly on the gel without immunoprecipitation. The figures are autoradiographs of the membranes, where
the proteins were visualized by ECL (see Materials and Methods).
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deficiency of the HCT15/MSH6�77 line might be due to
the low level of the MSH6�77 polypeptide rather than to
its inability to interact with PCNA. We cannot discount
this possibility at present. However, expression of a
similar amount of the full-length hMSH6 in HCT15/
MSH6 cells (Fig. 6A) rescued the MMR-deficient pheno-
type of these cells, both in vivo and in vitro (Fig. 6B;
Lettieri et al. 1999), and it is therefore likely that the
repair defect in the HCT15/MSH6�77 cells is indeed due
to the lack of interaction between the truncated hMSH6
and PCNA.

In the above experiments, we complemented the defi-
cient HCT15 extracts with amounts of recombinant pro-
teins roughly similar to those found in extracts of MMR-
proficient cells (Fig. 6A, cf., lanes HeLa and HCT15 +
MutS�). Under these conditions, the hMSH6�77/hMSH2
hMutS� variant (20 ng) was unable to complement the
MMR-deficient HCT15 extracts. However, this factor is
proficient in mismatch binding, and the resulting pro-
tein–DNA complex is sensitive to ATP (P. Dufner and J.
Jiricny, unpubl.), which suggests that both subunits are

correctly folded and functional. We decided to test
whether increasing the concentration of the hMSH6�77/
hMSH2 factor altered the outcome of the experiment. As
shown in Figure 6B, addition of a 10-fold higher amount
(200 ng) of the truncated heterodimer to the repair assay
restored the efficiency of MMR in the complemented
extracts to wild-type levels, which suggested that the
truncated factor is indeed functional, but that it fails to
interact with the repair complex at low concentrations
because of its lack of the N-terminal targeting sequence.
However, at higher concentrations, the need for this tar-
geting signal is no longer essential, as the protein can
find its cognate partners without it. This is reminiscent
of the PCNA interaction with FEN1, in which interac-
tion of the two proteins at low concentration could be
shown to be attenuated in the absence of the conserved
interaction motif, but this effect could be overcome at
higher FEN1 concentrations (Gomes and Burgers 2000).

Peptides containing the consensus PCNA-binding
motif of p21Cip1/WAF1, hMSH3, and hMSH6 inhibit
MMR in vitro

Kunkel and colleagues showed that addition to the in
vitro MMR assay of a 20-mer synthetic peptide
KRRQTSMTDFYHSKRRLIFS, which contains the
PCNA-binding motif of p21Cip1/WAF1, inhibited repair ef-
ficiency (Umar et al. 1996). To show that this consensus

Figure 5. Colocalization of hMSH6 and PCNA to replication
foci in HCT15 cells either untransfected (A) or stably trans-
fected with a vector expressing hMSH6 (B) or the truncated
variant hMSH6�77 (C). Indirect immunofluorescence of cell
nuclei stained with antibodies against hMSH6 (green) or PCNA
(red). Superimposition of the red and green signals gives yellow
color, which is indicative of colocalization of the two proteins.
See text for details.

Figure 4. Colocalization of hMSH6 or hMSH3 and PCNA to
replication foci in HeLa cells in vivo. (A) Indirect immunoflu-
orescence of HeLa nuclei stained with antibodies against
hMSH6 (green) or PCNA (red). Superimposition of the red and
green signals gives yellow color, which is indicative of colocal-
ization of the two proteins. (B) As in A except that the cells were
stained with a polyclonal anti-hMSH3 antibody (green). (C) As
in A except that cells were labeled with BrdU for 1 h before
fixation, and the nuclei then were stained with anti-BrdU anti-
bodies (green). (D) As in C except that the nuclei were stained
with anti-hMSH3 polyclonal antibody. Note that the MMR pro-
tein signals in A and B are green, whereas those in C and D are
red.
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sequence was involved also in the binding of PCNA to
hMSH6 and hMSH3, we challenged our MMR assays
with the peptides RQSTLYSFFPKSPALSDANK and
RQAVLSRFFQSTGSLKSTSS, containing the consensus
PCNA-binding motifs of these two MMR proteins, re-
spectively (residues thought to be essential for protein–
protein interactions are set in boldface). As shown in
Figure 7, both peptides reduced MMR efficiency, albeit
somewhat less efficiently than the control p21Cip1/WAF1

peptide. As peptides with related sequences from
hMSH2 and hMLH1, used as negative controls, failed to
affect repair efficiency in this assay, our results imply
that the putative consensus PCNA interaction motifs of

hMSH6 and hMSH3 are indeed functional, and that the
MMR defect associated with the hMSH6�77/hMSH2
factor is linked with the loss of this motif. The observed
inhibitory effect of the hMSH3 and hMSH6 peptides was
apparently specific, as repair efficiency could be largely
restored by the addition of excess recombinant PCNA
(data not shown).

Discussion

In the present study, we have confirmed previous find-
ings that implicated PCNA in MMR (Johnson et al. 1996;
Umar et al. 1996; Eissenberg et al. 1997; Gu et al. 1998).

Figure 6. Complementation of the MMR defect of HCT15 cells in vitro and in vivo. (A) Western blot of cytoplasmic extracts used
in MMR assays shown in B. (Lanes 1,2) 50 µg HeLa and HCT15, respectively; (lane 3) HCT15 cell extract (50 µg) supplemented with
20 ng of recombinant hMutS�; (lane 4) HCT15 cell extract (50 µg) supplemented with 20 ng of recombinant hMSH6�77/hMSH2; (lane
5) extract of HCT15 cells stably transfected with hMSH6 cDNA (50 µg); (lane 6) extract of HCT15 cells stably transfected with
hMSH6�77 cDNA (50 µg). (B) Mismatch repair efficiencies of extracts shown in A; lane number correspond with those in A. The light
gray column indicates the repair efficiency of HCT15 extract supplemented with 200 ng of recombinant hMSH6�77/hMSH2.

Figure 7. Inhibition of G/T mismatch repair
with peptides carrying the consensus PCNA-
binding sites of hMSH3 (amino acids 20–39),
hMSH6 (amino acids 3–22), and p21Cip1/WAF1

(amino acids 140–163). Similar peptide se-
quences from hMSH2 (amino acids 227–249 and
373–392) and hMLH1 (amino acids 148–167)
were used as controls (see Materials and Meth-
ods).
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However, contrary to the published results (Umar et al.
1996), we have found no biochemical evidence of inter-
action between PCNA and MLH1 or MSH2 (Fig. 2; data
not shown). Instead, we could show that the PCNA slid-
ing clamp directly interacts with the hMSH6 and
hMSH3 subunits of the human mismatch binding fac-
tors hMutS� and hMutS� via their very N termini,
which carry the consensus PCNA-binding motifs Qxx-
[LI]xxFF (Fig. 1). As deletion of the N-terminal 77 amino
acid residues of hMSH6, which contain this motif, abro-
gated the interaction of hMutS� with PCNA in coimmu-
noprecipitation assays as well as in mismatch repair in
vitro, we conclude that this interaction is essential for
MMR.

The requirement for PCNA as the processivity factor
of polymerase-� during the late, gap-filling step of MMR
is clear. But why should it be necessary for PCNA to
interact with the mismatch binding factor(s), during the
early stages of the process (Umar et al. 1996; Gu et al.
1998)? The most likely answer to this question lies in its
propensity to be loaded and to remain bound at strand
interruptions (Jonsson and Hubscher 1997). As noted ear-
lier, the eukaryotic MMR systems appear to lack endo-
nuclease activities such as MutH, which might be ca-
pable of specifically incising the newly synthesized
strand, and we therefore must assume that the repair
process can initiate solely at pre-existing strand interrup-
tions. In the lagging strand of newly replicated DNA,
gaps or nicks between Okazaki fragments might repre-
sent suitable (and numerous) MMR initiation sites. In
the leading strand, which is synthesized continuously,
the only available point at which exonucleolytic degra-
dation of the newly synthesized strand could conceiv-
ably commence is the 3� terminus of the primer strand.
However, the 3� terminus of the leading strand is
blocked by the extending DNA polymerase-�, whereas
the gaps or nicks between Okazaki fragments are pro-
cessed rapidly by RNaseHI, FEN1, and DNA ligase I
(Levin et al. 1997). Thus, if the MMR system is to make
use of these initiation points, it first must gain access to
them. We postulate that this access is mediated by the
interaction of the MMR proteins with PCNA, which is
known to be present at these DNA termini, both in the
leading and in the lagging strand, during replication. In
the former, it acts as the processivity factor for polymer-
ase-�, whereas in the latter, it is thought to guide first
FEN1 (Tom et al. 2000), then DNA ligase I (Montecucco
et al. 1998), to their respective substrates (Jonsson and
Hubscher 1997). It is therefore conceivable that in the
leading strand, mismatch binding will induce a confor-
mational change in hMutS�, which will then translocate
along the DNA until it reaches the DNA polymerase
complex. By interacting with PCNA, hMutS� might dis-
place the replicating enzyme, thus liberating the 3� ter-
minus of the primer strand and allowing the assembly of
the repairosome. In the lagging strand, hMutS� might
translocate along the DNA to reach the terminus of the
mismatch-containing Okazaki fragment, where it could
either prevent the binding of FEN1 or DNA ligase I to
PCNA or, in the case in which these complexes already

have formed, bring about their dissociation. The MMR
repairosome then could assemble at such sites, such that
the helicase(s) and exonucleases that are part of the
MMR complex could initiate the degradation of the er-
ror-containing strand.

Although plausible, this hypothesis might appear to
have one major flaw: if the replicative polymerase syn-
thesizes ∼100 nucleotides per second, how does the
MMR system catch up after the detection of a mis-
match? One possibility concerns the ability of hMutS�
to translocate along the DNA. All MutS homologs con-
tain a highly conserved ATP-binding region near their
respective C termini, and several studies have shown
that the integrity of this site is essential for the biologi-
cal function of the mismatch binding factors (Wu and
Marinus 1994; Iaccarino et al. 1998, 2000; Studamire et
al. 1998). Recent reports showed that, after mismatch
recognition, the bound heterodimeric factor undergoes a
conformational change, which transforms it to a sliding
clamp that can leave the mismatch site and translocate
along the DNA helix (Allen et al. 1997; Blackwell et al.
1998; Gradia et al. 1999; Iaccarino et al. 2000). It may be
able to reach the replication fork in this manner. The
second scenario is based on the existence of the replica-
tion foci (Hozak et al. 1994; Leonhardt et al. 2000). It
seems probable that the replication complex does not
travel along the DNA, but rather that the DNA is being
translocated through matrix-bound replication factories
(Hozak et al. 1993; Leonhardt et al. 2000). Our present
evidence shows that hMSH3 and hMSH6, and thus most
likely also the other members of the MMR machinery,
colocalize with PCNA, as well as with many other rep-
lication-associated polypeptides such as RF-C, DNA
methyltransferase I, FEN1, DNA ligase I, polymerases �,
�, and � to these factories (see Kelman 1997; Montecucco
et al. 1998 and references therein). It is possible that
hMutS� is scanning the newly replicated DNA for mis-
matches while situated in a close geographical proximity
to the replicating polymerases. Its ability to displace
polymerase-� from its complex with PCNA after mis-
match detection might then be substantially facilitated.
This physical proximity of the MMR proteins to the rep-
lication complexes would, in a similar fashion, facilitate
the interaction between the mismatch binding factor
and the PCNA–DNA ligase I complex. Clearly, because
of its similar biochemical properties, an analogous role
in the repair of IDLs can be ascribed to hMutS�.

hMSH3 and hMSH6 join the long line of proteins ca-
pable of interacting with PCNA. Although this factor is
homotrimeric and thus potentially is capable of interact-
ing with three partners, this was predicted to be unlikely
due to steric reasons. However, the crystal structure of
bacteriophage RB69 sliding clamp–DNA polymerase
complex (Shamoo and Steitz 1999; Hingorani and
O’Donnell 2000) may have revealed how the structurally
highly conserved polymerase processivity factors might
interact with more than one protein. The RB69 polymer-
ase interacts with its clamp through the last 10 or so
C-terminal amino acids, which hook the polymerase to
the clamp. The final five residues have a stable helical
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structure, but the adjoining five act as a flexible tether,
which may enable the polymerase to move rapidly on or
off the 3� terminus of the primer without completely
dissociating from the template DNA. Thus, extrapolat-
ing to the eukaryotic systems, it is plausible that the
vacant interdomain connector loops (IDCLs) of PCNA,
which are the sites of protein–protein interactions (Gul-
bis et al. 1996), remain accessible even while the sliding
clamp is in a complex with another protein. Transient
dissociation of the polymerase would permit access to
another protein containing a PCNA interaction motif.
The striking structural similarities between the C-ter-
minal peptide of the RB69 polymerase and the C termi-
nus of p21Cip1/WAF1 (Shamoo and Steitz 1999; Hingorani
and O’Donnell 2000) suggest that both these proteins
interact with their respective sliding clamps in a similar
manner. The PCNA-binding motifs of all the proteins
listed in Figure 1A are located close to the protein ter-
mini. Their high degree of sequence conservation im-
plies that they will form short, flexible connector do-
mains analogous to that of RB69 polymerase. The hy-
pothesis that polypeptides not only compete for binding
to PCNA ab initio, but that they may be able to displace
other proteins from pre-existing complexes with the slid-
ing clamp thus appears highly plausible. Should this be
the case, however, the competition for PCNA would
have to be regulated. One way of achieving this goal is
through a pecking order of protein–PCNA interactions,
in which proteins would be able to displace polypeptides
with weaker PCNA-binding motifs, but not those with
stronger ones. Moreover, highly abundant proteins
might displace less abundant ones. This would explain
why the p21Cip1/WAF1 protein, which has a high affinity
PCNA-binding motif and which is transcriptionally in-
duced by p53 after DNA damage, apparently can abro-
gate all transactions at the replication fork. The system
might have an even greater flexibility if we consider that
the affinity for PCNA and thus the position of a given
protein in the pecking order might be modulated by in-
teractions with other proteins, conformational changes
or post-translational modifications (Chen et al. 1996;
Warbrick et al. 1997; Scott et al. 2000). Reversible phos-
phorylation of Thr 145 or Ser 146 of p21Cip1/WAF1, for
example, has been shown to modulate its PCNA-binding
(Scott et al. 2000). Assuming that the interaction of
PCNA and the mismatch repair machinery is indeed re-
quired for initiation of the repair process and thus also
for strand discrimination as suggested above, then
hMSH3 and hMSH6 would have to be higher in the peck-
ing order than DNA polymerase-� and DNA ligase I. Ex-
periments aimed at testing this hypothesis are currently
in progress in our laboratory.

While this article was under review, Clark et al. (2000)
reported the existence of a direct interaction between
PCNA and MSH3 and MSH6 from both S. cerevisiae and
human. They could show that substitution of the con-
served residues within the respective PCNA-binding
motifs of these proteins with alanine abolished their in-
teractions with the yeast PCNA. Their data thus provide
further evidence in support of our prediction that the

interactions of the human MMR proteins with PCNA
indeed are mediated by the conserved N-terminal motif
Qxx[LI]xx[FF].

Materials and methods

Antibodies and reagents

Dulbecco’s modified Eagle medium (DMEM), RPMI-1640 me-
dium, fetal bovine serum (FBS), and Geneticin were from
GIBCO BRL Life Technology. Hygromycin B and complete pro-
tease inhibitor cocktail were from Boehringer Mannheim
GmbH.

The rabbit anti-MSH6 polyclonal serum was described previ-
ously (Palombo et al. 1995). The mouse anti-hMSH6 mAbs
21F10 and 66H6 were purchased from Serotec. Polyclonal anti-
MSH3 rabbit antiserum (NTH3) was generated at Eurogentec by
immunization with a His 6–tagged N-terminal polypeptide of
hMSH3 (amino acids 1–200), according to standard protocols.

The mouse monoclonal antibodies against MSH2 (Ab-2) and
PMS2 (Ab-1) were from Calbiochem-Novabiochem, the anti-
MLH1 antibody (13271A) was from PharMingen, and the anti-
bodies against PCNA (19F4) and BrdU (5-bromo-2�-deoxyuri-
dine-5�-monophosphate) conjugated to fluorescein were from
Boehringer Mannheim. The mouse monoclonal antibody
against �-tubulin (N357), the HRP-linked anti-mouse and anti-
rabbit antibodies, polyvinylidene difluoride (PVDF) transfer
membrane (Hybond-P, 0.45 µm), and Western blotting detection
reagent enhanced chemiluminescence (ECL) were purchased
from Amersham Pharmacia Biotech. The mouse monoclonal
antibody against PCNA (PC10), the anti-mouse and the anti-
rabbit IgGs conjugated to FITC or tetramethylrhodamine
(TRITC), and DAPI were from Sigma-Aldrich. Other chemicals
were purchased from Sigma-Aldrich unless indicated otherwise.

Peptides

The following peptides were synthesized by Chiron Technolo-
gies Pty: hMSH6 (3–22), RQSTLYSFFPKSPALSDANK; hMSH3
(20–39), RQAVLSRFFQSTGSLKSTSS; hMSH2 (227–249), RKKAD
FSTKDIYQDLNRLLKGKK; hMSH2 (373–392), RQTLQEDLLR
RFPDLNRLAK; hMLH1 (148–167), TQITVEDLFYNIATRRKALK;
hCDN1 (p21Cip1/WAF1, 140–163), RKRRQTSMTDFYHSKRR
LIFSKRK. The peptides derived from hMSH2 (227–249) and
hCDN1 (p21Cip1/WAF1) were kindly provided by Felix R. Althaus
(Institute of Pharmacology and Toxicology, University of Zürich,
Switzerland). All peptides were dissolved in milli-Q water at a
concentration of 1 mg/mL and stored at −80°C.

Cell lines and extract preparation

The HeLa and HCT15 (MSH6−/−) cells were grown in DMEM,
supplemented with 10% FBS. TK6 cells were maintained in
RPMI-1640 medium, supplemented with 10% FBS. The HCT15
cell line and M13 mp2 phage DNA were kindly provided by
Thomas Kunkel (National Institute of Environmental Health
Sciences, Research Triangle Park, NC). Transfections of HCT15
cells with hMSH6 (Nicolaides et al. 1996) and hMSH6�77 (Pal-
ombo et al. 1995) cDNA expression vectors were performed as
described (Lettieri et al. 1999). Selected clones HCT15/MSH6
and HCT15/MSH6�77 were maintained in RPMI-1640 me-
dium, supplemented with 20% FBS and Geneticin (900 µg/mL)
or hygromycin B (200 µg/mL), respectively.

Protein extracts were prepared from HeLa, TK6, HCT15,
HCT15/MSH6, and HCT15/MSH6�77 cell lines by using
5 × 108 cells harvested in the logarithmic growth phase, as de-
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scribed (Marra et al. 1998). Briefly, after cell resuspension in
ice-cold hypotonic buffer to yield a cell density of 1 × 108 cells/
mL, the cells were allowed to swell in a glass Dounce homog-
enizer (Kontes) for 20 min on ice, and then lysed mechanically
by applying four or more strokes with a tight (type B) pestle.
When >80% cells were lysed, the nuclei were pelleted, and the
supernatant was centrifuged at 12,000g for 10 min at 2°C, frozen
in liquid nitrogen in aliquots, and stored at −80°C. The nuclei
(prepared as above) were suspended in extraction buffer contain-
ing 25 mM HEPES/KOH (pH 7.5), 155 mM KCl, 10% sucrose,
0.5 mM dithiothreitol (DTT), 1 µg/mL leupeptin, 1 mM PMSF,
and the mixture was agitated on a rotating wheel for 1 h at 4°C.
After pelleting the nuclear debris at 14,500g for 20 min at 4°C,
the supernatants were extensively dialyzed against buffer con-
taining 25 mM HEPES/KOH (pH 7.6), 50 mM KCl, 0.1 mM
EDTA, 10% sucrose, 0.5 mM DTT, 1 µg/mL leupeptin, 1 mM
PMSF. The extracts then were clarified at 20,000g, 15 min at
4°C, frozen in liquid nitrogen in aliquots, and stored at −80°C.
The protein concentrations were estimated by the Bradford
method (BioRad) using BSA as standard.

Expression and purification of the recombinant proteins

The baculovirus vectors carrying cDNA inserts encoding
hMSH6, hMSH2, and hMSH3 (Palombo et al. 1996) as well as
hMSH6�77 proteins (Palombo et al. 1995) were used to infect
cultures of Sf9 cells (GIBCO). Coinfection with hMSH2 and
hMSH6, hMSH2 and hMSH6�77, or hMSH2 and hMSH3 viral
vectors resulted, respectively, in the expression of hMutS�,
hMSH6�77/MSH2, and hMutS� in high yields. The procedure
for protein recovery and purification was described previously
(Palombo et al. 1995). The hMSH3 (1–200) polypeptide was ex-
pressed in E. coli and purified as described previously (Marra et
al. 1998). Recombinant PCNA(a kind gift of Zophonias Jonsson
and Ulrich Hübscher, Institute of Veterinary Biochemistry, Uni-
versity of Zürich, Switzerland) and FEN1 were kindly provided
by Zophonias Jonsson and Ulrich Hübscher.

Western blots

Aliquots of cytoplasmic extracts (50 µg), nuclear extracts (20
µg), or recombinant proteins (5 pmoles) were loaded on 7.5% or
10% SDS–polyacrylamide gels. After electrophoresis, the pro-
teins were transferred to Hybond-P PVDF membranes by elec-
troblotting at 30 V, 4°C overnight. The membranes were
blocked with 5% low-fat milk in TBST (100 mM Tris-HCl at pH
8, 150 mM NaCl, 0.1% Tween 20) for 1 h at room temperature.
They then were incubated for 1 h at room temperature with the
primary mouse monoclonal IgGs: anti-hMSH6 (21F10, 1.3 ng/
mL); anti-hMSH2 (Ab-2, 0.1 µg/mL); anti-PCNA (19F4, 0.5 µg/
mL); anti–�-tubulin (N357, 7.5 ng/mL) or polyclonal rabbit anti-
MSH3 (NTH3, diluted 1:5000). After three washes with TBST
containing 5% low-fat milk, the membranes were incubated for
1 h with HRP-conjugated anti-mouse IgG (1:5000) or anti-rabbit
IgG (1:5000). The immunoreactive proteins were visualized by
ECL.

Far-Western

Recombinant hMutS�, hMSH2/hMSH6�77, hMutS�, hMSH2
(Iaccarino et al. 1998), and hMSH3 N-terminal 200 amino acids
(Marra et al. 1998) and FEN1 (0.2–6 pmoles each) were blotted
onto Protran nitrocellulose (Schleicher and Schuell GmbH), us-
ing a Bio-Rad manifold. Alternatively, 5 pmoles of hMutS�,
hMSH2/hMSH6�77, and hMutS� was separated on a 7.5% SDS–
polyacrylamide gel and transferred onto a Hybond-P PVDF

membrane by electroblotting at 30 V, 4°C overnight. The mem-
branes were blocked with 5% low-fat milk in TBST for 1 h and
then incubated with 3 µg/mL of recombinant PCNA at 4°C
overnight. After extensive washing, the membranes were incu-
bated for 1 h at room temperature with anti-PCNA mAb (19F4),
followed by secondary HRP-conjugated anti-mouse IgG. The an-
tibodies and PCNA were diluted in TBST containing 5% low-fat
milk. The signals were visualized using the ECL system.

Immunoprecipitations

All the steps were performed at 4°C. Monoclonal antibodies
against MSH6 (66H6) or PCNA (PC10; Sigma) were coupled to
Pan Mouse IgG Dynabeads (Dynal), and affinity-purified poly-
clonal antibody against MSH3 (NTH3) was coupled to Protein
A/G PLUS-Agarose beads (Santa Cruz Biotechnology) in 200 µL
PBS containing 0.1% BSA for 1 h with rotation. Beads were then
washed extensively with PBS/BSA buffer and incubated with 6
pmoles of PCNA mixed with either 2 pmoles of hMutS�,
hMSH2/hMSH6�77, or MutS� complexes in 80 µL of binding
buffer (20 mM Tris-HCl at pH 7.5, 40 mM KCl, 5 mM MgCl2, 1
mM glutathione, 0.05% BSA), 1 × complete protease inhibitor
cocktail, 1 mM PMSF, 10% sucrose for 2 h with rotation. After
incubation, the beads were washed with 4 × 160 µL of binding
buffer containing 150 mM NaCl and 0.1% Tween 20, resus-
pended in 30 µL of loading buffer (0.2 M DTT, 2% SDS, 1%
bromophenol blue, 20% glycerol), and denatured for 5 min at
100°C, and 15 µL was loaded on 10% SDS-PAGE. The absence
of nonspecific binding was shown by mixing PCNA with the
beads precoupled with anti-MSH6 antibody. Alternatively, 200
µg of TK6 or HCT15 nuclear extracts was incubated with 30 µL
of beads precoupled with anti-MSH6 antibody in 80 µL of bind-
ing/washing buffer (50 mM Tris-HCl at pH 7.5, 100 mM KCl, 5
mM MgCl2, 1 mM DTT, 0.05% BSA, 0.1% Triton X-100),
1 × complete protease inhibitor cocktail, 2 mM PMSF, 10%
glycerol, for 2 h with rotation. Subsequently, the beads were
washed with 4 × 160 µL of the same buffer, resuspended in 30
µL of loading buffer, and denatured for 5 min at 100°C, and 15
µL was loaded on 10% SDS-PAGE.

After gel electrophoresis, Western blotting was performed as
described above.

Indirect immunofluorescence

Subconfluent HeLa, HCT15, HCT15/MSH6, or HCT15/
MSH6�77 cells grown on coverslips were rinsed with PBS at pH
7.4 and fixed in ice-cold methanol for 10 min at −20°C. After 30
min incubation in 10% FCS to block nonspecific protein bind-
ing, the fixed cells were incubated with the following primary
antibodies: affinity-purified rabbit anti-MSH6 pAb (1:5), affin-
ity-purified rabbit anti-MSH3 pAb (1:5), or mouse anti-PCNA
mAb (PC10, 1:500) diluted in PBS containing 3% low-fat milk at
37°C for 1 h or at 4°C overnight. After washing with PBS con-
taining 3% low-fat milk, the fixed cells were incubated with
FITC-conjugated anti-rabbit IgG antibody (1:750) or TRITC-
conjugated anti-mouse IgG antibody (1:50) diluted in PBS con-
taining 3% low-fat milk, at 37°C for 1 h. After washing, the
fixed cells were stained with DAPI at 0.1 µg/mL to confirm
nuclear localization and washed again, and the coverslips were
mounted on slides by using MOWIOL 4–88 (Calbiochem).

To simultaneously detect proteins and sites of DNA synthe-
sis, we grew the cells on coverslips in 10 µM BrdU for 60 min
immediately before methanol fixation. After sequential incuba-
tion with the MSH6 or MSH3 antibodies and anti-rabbit
TRITC-conjugated secondary antibody (diluted 1:40), antigen–
antibody complexes were fixed by immersion in ice-cold metha-
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nol for 10 min at −20°C. Subsequently, the fixed cells were
treated with 2M HCl at 37°C for 60 min to denature the DNA
and then neutralized with 0.1 M borate buffer (pH 8.5) with
three changes at room temperature. In addition, the fixed cells
were washed with PBS containing 3% low-fat milk and subse-
quently incubated for 60 min at 37°C with mouse monoclonal
anti-BrdU fluorescein antibody diluted 1:5 in PBS containing
3% low-fat milk. After washing with PBS, the coverslips were
mounted on slides by using MOWIOL 4–88 (Calbiochem). The
HCT15 (MSH6−/−) cell line was used as control for nonspecific
binding of MSH6 antibodies. Controls of HeLa cells with pri-
mary antibodies omitted were also included. When photo-
graphed under the same conditions as the samples, the controls
did not show any fluorescence above background (see also Fig.
5A).

Fluorescence microscopy was performed using a computer-
interfaced, laser-scanning Leica DM IRB E microscope (Leica
Mikroscopie) equipped with Confocal Laser Scanning System
TCSSP (Leica Lasertechnik), by using HCxPLAPO 100x/1.4 oil
immersion objective. Immunolabeled slides (n = 3–4 represen-
tative fields per slide) were sectioned optically at 0.5-µm inter-
vals through the cell monolayer to obtain the appropriate focal
depth. A series of optical sections through the cells were col-
lected and images assembled using Adobe PhotoShop 5.5 soft-
ware.

In vitro mismatch repair assays

The efficiency of the cell extracts in repairing DNA mismatches
was tested as described previously (Thomas et al. 1991). Briefly,
a 13mp2 DNA heteroduplex, containing a G/T mispair in the
coding sequence of the lacZ � complementation gene, was ob-
tained by hybridizing a single-strand viral (+) DNA with the (−)
strand of replicative form DNA as described (Thomas et al.
1991). One fmole of the heteroduplex was used in a repair reac-
tion (25 µL) with 30 mM HEPES (pH 7.8), 7 mM MgCl2, 4 mM
ATP, 200 µM each CTP, GTP, and UTP, 100 µM each dATP,
dGTP, and dCTP, 40 mM creatine phosphate, 100 fmoles of
creatine phosphokinase, 15 mM sodium phosphate (pH 7.5), 50
µg of extracted protein. In complementation studies, purified
recombinant proteins were added to the extracts: 20 ng or 200
ng of wild-type or mutant hMutS� factors or 100–400 ng of
PCNA. In peptide-inhibition studies, 50-µM or 100-µM concen-
trations of the polypeptide were used. The incubation was per-
formed at 37°C for 20 min. The repair was directed to the (−)
strand of M13mp2 by the presence of a nick. The DNA hetero-
duplex then was purified and introduced by electroporation into
E. coli NR9162 (mutS strain) and plated on minimal medium in
a soft agar layer containing 0.5 mL of a log phase culture of
CSH50 (the �-complementation strain), 0.5 mg of isopropyl-�-
D-thiogalactopyranoside, 2 mg of 5-bromo-4-chloro-3-indoyl-�-
D-galactopyranoside. After incubating for 20 h at 37°C, the
plaques were assigned to one of the following phenotypes: blue,
colorless, or mixed. If no repair occurred, mixed plaques were
observed containing both blue and colorless progeny. Repair of
the substrate in a cell extract reduced the percentage of mixed
plaques and increased the percentage of pure-color plaques.
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