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A problem in understanding eukaryotic DNA mismatch repair
(MMR) mechanisms is linking insights into MMR mechanisms from
genetics and cell-biology studies with those from biochemical
studies of MMR proteins and reconstituted MR reactions. This
type of analysis has proven difficult because reconstitution ap-
proaches have been most successful for human MMR whereas
analysis of MMR in vivo has been most advanced in the yeast
Saccharomyces cerevisiae. Here, we describe the reconstitution of
MMR reactions using purified S. cerevisiae proteins and mispair-
containing DNA substrates. A mixture of MutS homolog 2 (Msh2)-
MutS homolog 6, Exonuclease 1, replication protein A, replication
factor C-A1N, proliferating cell nuclear antigen and DNA polymer-
ase § was found to repair substrates containing TG, CC, +1 (+T), +2
(+GC), and +4 (+ACGA) mispairs and either a 5’ or 3’ strand inter-
ruption with different efficiencies. The Msh2-MutS homolog 3 mis-
pair recognition protein could substitute for the Msh2-Msh6
mispair recognition protein and showed a different specificity
of repair of the different mispairs whereas addition of MutL ho-
molog 1-postmeiotic segregation 1 had no affect on MMR. Repair
was catalytic, with as many as 11 substrates repaired per molecule
of Exo1. Repair of the substrates containing either a 5’ or 3’ strand
interruption occurred by mispair binding-dependent 5’ excision
and subsequent resynthesis with excision tracts of up to ~2.9 kb
occurring during the repair of the substrate with a 3’ strand in-
terruption. The availability of this reconstituted MMR reaction now
makes possible detailed biochemical studies of the wealth of muta-
tions identified that affect S. cerevisiae MMR.

DNA replication fidelity | genome instability | mutator phenotype |
cancer | mutagenesis

NA mismatch repair (MMR) is a critical DNA repair

pathway that is coupled to DNA replication in eukaryotes
where it corrects misincorporation errors made during DNA
replication (1-9). This pathway prevents mutations and acts to
prevent the development of cancer (10, 11). MMR also con-
tributes to gene conversion by repairing mispaired bases that
occur during the formation of recombination intermediates (3, 4,
12). Finally, MMR acts to suppress recombination between di-
vergent but homologous DNA sequences, thereby preventing the
formation of genome rearrangements that can result from non-
allelic homologous recombination (4, 13-15).

Our knowledge of the mechanism of eukaryotic MMR comes
from several general lines of investigation (3-9). Studies of
bacterial MMR have provided a basic mechanistic framework for
comparative studies (5). Genetic and cell-biology studies, primarily
in Saccharomyces cerevisiae, have identified eukaryotic MMR
genes, provided models for how their gene products define
MMR pathways, and elucidated some of the details of how
MMR pathways interact with replication (1-4). Reconstitution
studies, primarily in human systems, have identified some of the
catalytic features of eukaryotic MMR (7-9, 16, 17). Biochemical
and structural studies of S. cerevisiae and human MMR proteins
have provided information about the function of individual
MMR proteins (6-9).
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In eukaryotic MMR, mispairs are bound by MutS homolog 2
(Msh2)-MutS homolog 6 (Msh6) and Msh2-MutS homolog 3
(Msh3), two partially redundant complexes of MutS-related pro-
teins (3, 4, 18, 19). These complexes recruit a MutL-related
complex, called MutL. homoloh 1 (Mlhl)—postmeiotic segrega-
tion 1 (Pmsl) in S. cerevisiae and Mlhl-postmeiotic segregation
2 (Pms2) in human and mouse (3, 4, 20-23). The Mlh1-Pms1/
Pms2 complex has an endonuclease activity suggested to play
a role in the initiation of the excision step of MMR (24, 25).
Downstream of mismatch recognition is a mispair excision step
that can be catalyzed by Exonuclease 1 (Exol) (26-28); however,
defects in both §. cerevisiae and mouse Exol result in only
a partial MMR deficiency, suggesting the existence of additional
excision mechanisms (26, 27, 29). DNA polymerase 8, the single-
strand DNA binding protein replication protein A (RPA), the
sliding clamp proliferating cell nuclear antigen (PCNA), and the
clamp loader replication factor C (RFC) are also required for
MMR at different steps, including activation of MIh1-Pms1/Pms2,
stimulation of Exol, potentially in Exol-independent mispair ex-
cision, and in the gap-filling resynthesis steps of MMR (3, 16, 17,
24, 27, 30-36). Although much is known about these core MMR
proteins, it is not well understood how eukaryotic MMR is coupled
to DNA replication (1, 2), how excision is targeted to the newly
replicated strand (1, 25, 37-39), or how different MMR mech-
anisms such as Exol-dependent and -independent subpathways
are selected or how many such subpathways exist (1, 24, 27, 29).

S. cerevisiae has provided a number of tools for studying
MMR, including forward genetic screens for mutations affecting
MMR, including dominant and separation-of-function muta-
tions, the ability to evaluate structure-based mutations in vivo,
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cell biological tools for visualizing and analyzing MMR proteins
in vivo, and overproduction of individual MMR proteins for
biochemical analysis. However, linking these tools with bio-
chemical systems that catalyze MMR reactions in vitro for
mechanistic studies has not yet been possible. Here, we describe
the development of MMR reactions reconstituted using purified
proteins for the analysis of MMR mechanisms.

Results

MMR Is Catalyzed in Vitro by Purified S. cerevisiae Proteins. In the
studies described here, we used a series of circular phagemid-
based mispair-containing substrates that allow detection of MMR
directed by a strand interruption called a nick. These substrates
contained TG, CC, +1 (+T), +2 (+GC), or +4 (+ACGA) mispairs
that disrupted a restriction endonuclease cleavage site on the
continuous strand, which was restored upon MMR-mediated ex-
cision and resynthesis of the nicked strand (Fig. 14). A nick was
present either at an Nael site 343 bp 5’ to the mispair or at an
AflIII site 442 bp 3’ to the mispair (Fig. 1B); these nicks are
further from the mispair than those used in human MMR

A Sequence Plasmid
TG | CCCAATATGCATTCGAGGCGGGA pPRDK506 NsiI N
GGGTTATACGTGAGCTCCGCCCT PRDK505 XhoI C
CC | CCCAATCTGCACTCGAGGCGGGA pRDK507 XhoI N
GGGTTAGACGTCAGCTCCGCCCT pRDK508 PstI C

T
+1 | CCCAATCTGCAGTCGAGGCGGGA pRDK1253  NspI N
GGGTTAGACGTCAGCTCCGCCCT pPRDK1252 PstI C
+2 | CCCAATCTGCAGTCCAGGCGGGA pRDK1254  FspI N
GGGTTAGACGTCAGCTCCGCCCT pRDK1252  PstI C
Acce
+4 | CCCAATCTGCAGTCGAGGCGGGA pRDK513 MTuIl N
GGGTTAGACGTCAGCTCCGCCCT pPRDK508 PstI C
B Sacl
Nael & v ! C 1007 —m-Afiill +Msh2-6
ae\ 5 -&-Nael +Msh2-6

-®-Nael -Msh2-6

%Repair
3

n
o

0 hr 1hr 2hr 3hr 4 hr

Nael Substrate Afllll Substrate

4 0 1 2 3 4 4 0 1 2 3 4 hr
MW MR - + + + + + -+ + + + + Exol
— S Se— — — — -2.9 kb
—_— — — -1.8 kb
— -1.1kb

Fig. 1. Repair of pBluescript-based mispair-containing plasmids in a recon-
stituted in vitro MMR system. (A) Sequence of the polylinker region between
the Apal and BamHI sites of different substrates indicating the mispair, the
restriction sites in each strand, and the plasmid from which each strand was
derived. C, continuous strand N, nicked strand. (B) Map of the pBluescript
plasmid showing the positions of the various features used in the assays
presented and the relevant distances between key sites. The mispair is in-
dicated by the arrowhead. (C and D) Repair of the +1 (+T) substrates con-
taining either a 5’ nick at the Nael site or a 3’ nick at the Afllll site in
reactions for the indicated times containing Msh2-Msh6, MIh1-Pms1, Exo1,
PCNA, RFC-ATN, RPA, and DNA polymerase & with presence/absence of
Msh2-Msh6 or Exo1 as indicated. Repair was detected by digestion with Pstl
and Scal, and the repair products were visualized after agarose gel elec-
trophoresis (D) and the DNA species seen on the gels were quantified (C).
MR, markers for repair products; MW, molecular weight markers. Note:
100% repair is repair of 200 ng or 105.5 fmol of substrate.

Bowen et al.

reactions that were 128 bp 5’ and 141 bp 3’ from the mispair,
respectively. Repair of the nicked strand was detected by cleav-
age with the restriction endonuclease whose recognition se-
quence in the continuous strand was restored at the mispair site
and Scal to produce a diagnostic pair of 1.1-kb and 1.8-kb
fragments. We also constructed a homoduplex control substrate
with the sequence of pRDK1252 (Fig. 14) and a 5’ nick at the
Nael site.

It was possible to observe a repair reaction with substrates
containing either a strand interruption at the Nael site (5’ nick)
or a strand interruption at the AfIIII site (3’ nick) with a +1
insertion mispair (+T) in the nicked strand catalyzed by a com-
bination of Msh2-Msh6, Mlh1-Pms1, Exol, RPA, RFC-AIN (a
form of RFC containing an N-terminal truncation of subunit 1),
PCNA, and DNA polymerase 8 (Fig. 1 C and D). Robust repair
of the AflIII substrate required fourfold greater amounts of Exol
than repair of the Nael substrate. The reaction was linear for up
to 3 h (Nael substrate) or 4 h (AfllII substrate), resulting in
repair of as much as 85% of the substrate. Omission of Msh2-
Msh6 markedly reduced the fraction of substrate repaired (Fig.
1C). The residual repair in the absence of Msh2-Msh6 was likely
due to Exol as omission of Exol completely eliminated repair
(Fig. 1D).

To further evaluate the requirement for Msh2-Msh6, the
ability of two different mutant Msh2-Msh6 proteins to substitute
for the wild-type complex in the repair of the Nael +T mispair
substrate was evaluated (Fig. 2). The mutant Msh2-Msh6 com-
plex containing the Msh6-F337A substitution that eliminates
mispair recognition (40) did not support repair, demonstrating
that mispair recognition was required for repair. In contrast, the
mutant Msh2-Msh6 complex containing a deletion of Msh6
residues 2 through 251 that eliminates the Msh6 PCNA inter-
acting site but is proficient for mispair binding (41) fully sup-
ported repair; this lack of a defect is consistent with studies
showing that mutant human Msh2-Msh6 complexes lacking the
ability of Msho6 to interact with PCNA could fully (42) or par-
tially (43) complement the in vitro MMR defect of extracts of
Msho6-defective HCT15 cells. This lack of a defect indicates that
the Msh2-Msh6-PCNA interaction is not required for MMR in
vitro and that the requirement for PCNA demonstrated below
likely reflects a role for PCNA at the gap-filling step of MMR.

By omitting individual proteins, it was found that repair of
both the Nael and AflIII +1 (+T) mispair substrates required
Msh2-Msh6, Exol, RFC-A1IN, PCNA, and DNA polymerase 3,
(Fig. 34 and B) whereas omission of RPA caused a partial repair
defect (Fig. 3B). Msh2-Msh3 was able to substitute for Msh2—
Msh6 (Fig. 34), consistent with genetic results indicating that
both Msh2-Msh6 and Msh2-Msh3 can function in the repair of
single-base insertion/deletion mispairs in vivo (18, 44). Native
RFC could substitute for RFC-AIN (Fig. 3B). Mlh1-Pms1 was
not required for repair of either substrate (Fig. 34), even though
our Mlh1-Pms1 preparations have RFC-PCNA-stimulated en-
donuclease activity (45). The lack of an Mlh1-Pms1 requirement
is consistent with the fact that both substrates are repaired by a 5
excision reaction (see The Nael and AfIlII Substrates Are Repaired
by Short and Long Patch 5’ to 3’ Excision Repair, Respectively). In
both sets of experiments in which RFC-AIN, PCNA, or DNA
polymerase & were omitted, there was a diffuse region of what
appeared to be degraded DNA migrating faster than the 2.9-kb
Scal linearized substrate. This affect was more evident in the
reactions with the AflIIT substrates where also visible was a small
amount of a DNA species that migrated at the position of single-
stranded circular pRDK1252 DNA (* in Fig. 3B, Lower). These
excision products will be discussed under The Nael and AflIIl
Substrates Are Repaired by Short and Long Patch 5' to 3’ Excision
Repair, Respectively.

Substrates containing +1 (+T), +2 (+GC), or +4 (+ACGA)
insertion mispairs or TG or CC mispairs and a nick at the Nael
site were tested in repair reactions containing either Msh2-Msh6
or Msh2-Msh3 (Fig. 4). All five substrates were efficiently
repaired in both the Msh2-Msh6- and Msh2-Msh3-containing
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+ - - - Msh2-6

- - + - Msh2-6F337A
MW MR - - - + Msh2-6A2-251

Nael +T
Substrate

18 2 3 22 % Repair

Fig. 2. Reconstituted MMR reactions in vitro require the ability of Msh2-
Msh6 to bind mispairs but not PCNA. Reconstituted mismatch repair of the
+1 (+T) substrate containing a 5’ nick at the Nael site was performed for 1 h
as described in Fig. 1. The presence or absence of Msh2-Msh6, the mispair
binding defective Msh2-Msh6-F337A protein, and the PCNA binding de-
fective Msh2-Msh6-A2-251 protein and the % repair are as indicated. MR,
markers for repair products; MW, molecular weight markers.

reactions although there were small but measurable differences
in the efficiency of repair. In the Msh2-Msh6 reaction, the +1
and TG substrates were repaired at close to the same levels and
to a modestly greater extent than repair of the +2, +4, and CC
substrates. In contrast, in the Msh2-Msh3 reactions, the +2 and
+4 substrates were repaired to a modestly greater extent than the
+1, TG, and CC substrates. These results are consistent with the
results of analysis of MMR in vivo indicating that Msh2-Msh6
repairs insertion mispairs with a preference for +1 versus +2 and
+4 mispairs and repairs base:base mispairs with CC mispairs
being less well repaired whereas Msh2-Msh3 repairs insertion/
deletion mispairs with a preference for +2 and +4 versus +1
mispairs and inefficiently repairs base:base mispairs with a pref-
erence for CC mispairs versus TG mispairs (18, 44, 46).

The Nael and Afllll Substrates Are Repaired by Short and Long Patch
5’ to 3’ Excision Repair, Respectively. In the experiments with the
+1 (+T) mispair substrates in which individual proteins were
omitted (Fig. 3), in the absence of Msh2-Msh6 or Exol, the
Scal-digested DNA was present as the full-length linear DNA
species whereas, in the absence of RPA, and to an even greater
extent in the absence of RFC, PCNA, or DNA polymerase 9, less
of the DNA was present as the full-length linear species and
there was a smear of more rapidly migrating DNA species sug-
gestive of excision products formed in the absence of DNA re-
pair synthesis. To further analyze this excision, reactions with the
+1 (+T) mispair substrates lacking DNA polymerase & with or
without Msh2-Msh6 were performed for different times and
analyzed by agarose gel electrophoresis without digestion of the
DNA with a restriction endonuclease (Fig. 54). For both the
Nael substrate and the AflIII substrate, there was a time-dependent
conversion of the substrate to species that migrated more rapidly
than the substrate DNA. With each substrate, the presence of
Msh2-Msh6 resulted in conversion of the substrate to more of
the rapidly migrating species than in the absence of Msh2-Msh6.
In the case of the Nael substrate, a discrete excision species that
ran slightly ahead of the substrate DNA was evident in the reac-
tions with Msh2-Msh6 whereas, in the AfIIII reactions, a small
amount of a discrete species migrating at or near the position
of a single-stranded circular DNA marker was evident in the
reactions with Msh2-Msh6. Excision reactions performed with an
Nael substrate lacking a mispair showed no stimulation of excision
by Msh2-Msh6, indicating that a mispair was required for Msh2-
Msho6-stimulated excision (Fig. 5B). Other control experiments
performed with the Nael substrate showed that the excision re-
action was eliminated by substituting the mispair binding defective
Msh2-Msh6-F337A complex (40) for wild-type Msh2-Msh6 or by
omitting Exol (Fig. 5C) and that the extent of excision was not
affected by the presence or absence of Mlh1-Pms1 (Fig. S1).

To demonstrate that the direction of excision was 5’ to 3’ from
the nick, we took advantage of the inability of restriction endo-
nucleases to cleave sites in single-stranded DNA (47). Excision
in the 5’-to-3’ direction past the +1 (+T) mispair in the Nael
substrate was monitored by loss of cleavage of an Sacl site

18474 | www.pnas.org/cgi/doi/10.1073/pnas.1318971110

located 44 bp 3’ to the mispair (Figs. 14 and 5D). In the absence
of excision, double digestion with Sacl and Scal produced 1.1-
and 1.8-kb species. In excision reactions containing Msh2-Msh6,
full-length linear DNA was also generated due to resistance to
cleavage by Sacl. In the absence of Msh2-Msh6, this full-length
linear DNA product was absent, indicating that excision did not
reach the Sacl site. Identical experiments were used to characterize
the excision products formed with the AflIII substrate where the
+1 (+T) mispair was located 2.48 kb 5’ of the nick at the AflITI
site and 0.44 kb 3’ of the nick. Excision in the 5'-to-3" direction
from the AfIIII site was following by monitoring digestion at the
Scal site 1.4 kb 3’ of the nick whereas 3'-to-5’ excision was mon-
itored by digestion at the Sacl site 0.4 kb 5’ from the nick (Figs. 14
and S5E). These experiments showed that some of the excision
products formed in the reactions with Msh2-Msh6 had extended
in the 5’-to-3’ direction past the Scal site, rendering it resistant to
digestion, resulting in the formation of Scal-resistant circular
DNA. In contrast, there appeared to be no excision in the 3’-to-5’
direction leading to the formation of Sacl-resistant circular DNA.

The excision products formed in 3-h reactions with substrates
containing a +1 (+7T) mispair and nicks at either the Nael or
AAfIIII sites with or without Msh2-Msh6 were then characterized
by electron microscopy using Escherichia coli single-stranded
DNA binding protein (SSB) to stain the single-stranded regions
of DNA. This analysis revealed a variety of molecules ranging
from those lacking apparent single-stranded regions (no excision)
to those lacking apparent double-stranded regions (complete ex-
cision) (Fig. 64); however, note that double-stranded regions of
fewer than ~150 bp and single-stranded regions of fewer than
~100 bp are likely not visible using this technique. The distribution
of the lengths of the single-stranded regions formed in these
reactions is plotted in Fig. 68 along with the position of the mis-
pair in each substrate in the 5’ direction from the nick in the sub-
strate. With both substrates, there were more molecules with
excision tracts extending past the site of the mispair, as well as
extending past the Sacl site in the substrate containing the nick
at the Nael site or past the Scal site in the substrate containing
the nick at the AflIII site, in reactions containing Msh2-Msh6
compared with reactions lacking Msh2-Msh6. This distribution of
excision products is consistent with the Msh2-Msh6 dependence
of MMR observed (Figs. 1 and 3) and the electrophoretic and
restriction digestion based analysis of the excision products
(Fig. 5).

B + + o+ o+ + RPA
Exo1l + -+t + + o+ + o+ + PCNA
Mih1-Pms1 + + - + + + o+ + - + + Pold
Msh2-6 + o+ o+ - - + o+ o+ o+ - - RFC-1A
Msh2-3 MW MR - - - - + MW MR - - - - - + RFC
Nael +T SO N S —_— — b Nt e N bt -2 9 Ky
ael + - il L skb
Substrate —- -8
—_— — — -1.1kb
— —
28 3 30 13 32 30 9 N/A N/A N/A 12 % Repair
. — — — — -T _—-—__-Zka
Afllll +T -
—_— — 1.8 kb
Substrate —_—

—_— — — -1.1kb

B 23 2 18 3 8 16 10 N/A N/A N/A 12 % Repair

Fig. 3. Repair of the +T substrate containing a 5’ nick at the Nael site or a 3’
nick at the Afllll site in vitro requires Msh2-Msh6 or Msh2-Msh3, and Exo1,
PCNA, RFC, RPA, and DNA polymerase § but not MIh1-Pms1. Repair of the
indicated substrate in 3-h reactions was assayed by digestion with Pstl and
Scal as indicated in Fig. 1. The effect of omission of Exo1, MIh1-Pms1, and Msh2-
Msh6 or substitution of Msh2-Msh3 for Msh2-Mshé6 is shown in A, and the
effect of omission of RPA, PCNA, DNA polymerase 8, and RFC-A1N or sub-
stitution of RFC for RFC-A1N is shown in B. The * in B shows the position of a
DNA species formed in the —PCNA, —DNA polymerase 5, and —RFC-A1N
reactions with the Afllll substrate that has the same mobility as single-
stranded pBluescript circular DNA. MR, markers for repair products; MW,
molecular weight markers; N/A, no visible repair.
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Fig. 4. Mispair specificity of Msh2-Msh6 and Msh2-Msh3 dependent repair.
Reactions containing either Msh2-Msh6 or Msh2-Msh3 were performed for
3 h with substrates containing a 5’ nick at the Nael site and containing +1
(+T), +2 (+GQ), +4 (+ACGQ), TG, and CC mispairs as indicated (See Figs. 1 and
3). The extent of repair indicated was that relative to the repair of the +1 (+
T) substrate present in each set of reactions. The average extent of repair of
the +1 (+T) substrate in the Msh2-Msh6 reactions was 49% and in the Msh2-
Msh3 reactions was to 67%.

Discussion

A critical problem in understanding the mechanisms of MMR is
linking insights into MMR mechanisms from genetics and cell-
biology studies with biochemical studies of individual MMR
proteins and reconstituted MMR reactions. In particular, this
type of analysis would allow evaluating how well in vitro MMR
reactions correspond to in vivo MMR reactions and facilitate
reconstituting features of MMR that have thus far been observed
only in vivo. Thus far, reconstitution approaches have been most
successful for human MMR whereas analysis of MMR in vivo has
been most advanced in S. cerevisiae. Consequently, because
many human MMR proteins must be expressed using baculo-
virus or purified directly from mammalian cells (17, 22, 43, 47—
49) and because human and S. cerevisiae MMR proteins are not
completely homologous, it can potentially be difficult to evalu-
ate insights from S. cerevisiae genetics in human MMR re-
constitution studies. To overcome these barriers, in the present
study, we have reconstituted nick-directed MMR reactions using
S. cerevisiae proteins. Critical to these efforts has been the
optimization of protein overproduction and purification to al-
low purification of proteins using plasmid-based overproduction
in small volumes of cells to facilitate the investigation of mutant
MMR proteins.

We observed that a mixture of Msh2-Msh6, Exol, RPA,
PCNA, RFC, and DNA polymerase § would repair a mispaired
phagemid substrate containing a +1 (+T) mispair and either 5’
strand interruption located 343 bp from the mispair or a 3’
strand interruption located 442 bp from the mispair. Msh2—
Msh6, Exol, PCNA, RFC, and DNA polymerase § were abso-
lutely required for repair whereas RPA was partially required
and Msh2-Msh3 could substitute for Msh2-Msh6. The reactions
were approximately linear for up to 3-4 h and could approach
repair of 100% of the substrate DNA. The slow kinetics most
likely reflects the rate of excision because multiple repair reac-
tions occur per Exol molecule during the time course (~11 Nael
substrates and ~3 AflIII substrates repaired per Exol) and
higher levels of Exol are required to observe repair of the AfIIIT
substrate that requires a much longer excision tract than repair
of the Nael substrate. The Msh6-F337A substitution that elim-
inates mispair recognition by Msh2-Msh6 (40) eliminated repair,
demonstrating that the observed reaction was a true mispair-
driven repair reaction rather than a nonspecific excision and
resynthesis reaction. Eliminating the ability of Msh2-Msh6 to
interact with PCNA had no affect on MMR in vitro even though
PCNA was required for the complete repair reaction in vitro.
This lack of a defect could reflect the fact that Exol-dependent
MMR does not require the Msh2-Msh6—PCNA interaction in
vivo (1) and that the requirement for PCNA in the in vitro MMR
reactions is most likely at the gap-filling step (17, 32, 34). The
ability to perform this type of genetic analysis in vitro demonstrates

Bowen et al.

a key feature of the in vitro MMR system reported here and
supports the view that the reconstituted reactions observed re-
flect some of the properties on MMR in vivo.

A 0 1 1 2 2 3 3 hr
MW + + - + + - Msh2-6
. —
L9 ——— — e — et W—
=+ % Excision
2 S Products
Z o
-——
. —
o T — - e b
(et
* g Excision
£9 Products
<o
— + +
B Nael Control C Nael +T
Substrate Substrate
0 3 3 3 3 3 3 3 hr
+ + + + + + + - Exot
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Fig. 5. Excision on the +1 (+T) substrate containing either a 5’ nick at the Nael
site or a 3’ nick at the Afllll site is in the 5'-to-3’ direction and is stimulated by
Msh2-Msh6. Excision reactions were performed with +T substrates containing
a5 nick at the Nael site or a 3’ nick at the Afllll site in reactions containing Mlh1-
Pms1, Exo1, PCNA, RFC-A1N, RPA without DNA polymerase & with or without
Msh2-Msh6 or with Msh2-Msh6-F337A as indicated for the indicated times. The
reaction products were analyzed by agarose gel electrophoresis without prior
digestion with Pstl. MW indicates size standards. (A) Excision reactions were
performed for 0-3 h. The * indicates a prominent excision product seen with the
Nael substrate in reactions containing Msh2-Msh6. The + shows the position of
a DNA species that migrates at the position of single-stranded pBluescript cir-
cular DNA seen with the Afllll substrate in reactions containing Msh2-Msh6. (B)
Excision reactions performed with a substrate containing a 5’ nick at the Nael
site but lacking a mispair showing the absence of apparent excision products in
reactions containing Msh2-Mshé. (C) Excision reactions performed with a +1
(+T) substrate containing a 5’ nick at the Nael site where Msh2-Msh6 or Exo1
were omitted or the mispair binding defective Msh2-Msh6-F337A protein was
substituted for Msh2-Msh6 showing that Msh2-Msh6, mispair binding, and
Exo1 were required for the formation of excision products. (D) Analysis of ex-
cision products formed with the +T substrate with a 5’ nick at the Nael site by
digestion with Sacl (Sa, 387 bp 5’ from the Nael site) + Scal (Sc, 2,156 bp 5’ from
the Nael site). The* indicates the full-length linear double-stranded DNA species
seen in the presence of Msh2-Msh6. (E) Analysis of excision products formed
with the +1 (+T) mispair 3’ nick Afllll substrate by digestion with Sacl (Sa, 2,523
bp 5’ from the Nael site) or Scal (Sc, 1,371 bp 5 from the Afllll site) or without
digestion (UD). The e indicates the Scal-resistant nicked circular double-stranded
DNA species formed. The * indicates the full-length linear double-stranded DNA
species. The + indicates a DNA species that migrates at the position of single-
stranded pBluescript circular DNA. PM indicates 100 ng of unincubated sub-
strate DNA digested with Scal as a control for complete digestion.
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Fig. 6. Electron microscopy shows that excision results in single-stranded
gaps whose length is stimulated by Msh2-Msh6. Excision reactions were
performed for 3 h with +1 (+T) substrates containing either a 5’ nick at the
Nael site or a 3’ nick at the Afllll site in reactions containing Exo1, PCNA, RFC-
A1N, and RPA without DNA polymerase 8§ with or without Msh2-Msh6 as
indicated. In addition, the reaction with the substrate with the strand in-
terruption at the Nael site also contained MIh1-Pms1. (A) A series of rep-
resentative DNA molecules obtained, with single-stranded DNA stained with
E. coli SSB and thus appearing thicker. (Left) Double-stranded circular DNA
followed by, from left to right, double-stranded circular DNAs with increasing
sizes of single-stranded gaps. (Right) Single-stranded circular DNA. (Scale bar:
100 nm.) (B) Plot of the distribution of single-stranded gap sizes observed.
The positions of the mispair, Sacl, and Scal sites are indicated relative to the
position of the nick assuming excision is in the 5’ to 3’ direction.

The Msh2-Msh6 and Msh2-Msh3 mispair recognition com-
plexes were essentially equally active in promoting MMR in
vitro. Both complexes promoted the repair of two different base—
base mispairs and three different insertion mispairs. Msh2-Msh6
promoted the repair of the +1 base insertion and TG mispairs to
a greater extent than the +2 and +4 base insertion and CC
mispairs whereas Msh2-Msh3 promoted the repair of the 4+2 and
+4 base insertion mispairs to a greater extent than the +1 base
insertion mispair and to an even greater extent than the TG and
CC mispairs. The observed repair of the insertion mispairs par-
allels the results of genetic studies in S. cerevisiae indicating that
Msh2-Msh6 and Msh2-Msh3 can repair +1 base insertion mis-
pairs with relatively equal efficiency whereas repair of larger
insertion mispairs is more dependent on Msh2-Msh3 than on
Msh2-Mshé (18, 44, 46). The relatively efficient repair of the +2
and +4 base insertion mispairs by Msh2-Msh6 was greater than
predicted from genetic studies but was similar to the efficient
repair of large insertion mispairs promoted by human cell
extracts complemented by either Msh2-Msh6 or Msh2-Msh3
(50). The observation that Msh2-Msh3 could promote repair of
TG and CC mispairs and that Msh2-Msh6 could promote repair
of TG and to a lesser extent CC mispairs is consistent with ge-
netic studies that have indicated that Msh2-Msh3 can repair
some base—base mispairs in vivo (46); note that inefficient repair
of a TG mispair mediated by human Msh2-Msh3 has been
observed in a reconstituted MMR system (16). Interestingly,
the relative differences between the efficiency of repair of the

18476 | www.pnas.org/cgi/doi/10.1073/pnas.1318971110

different mispairs was less than might be predicted from the
results of genetic studies of MMR in S. cerevisiae, suggesting that
mispair affinity may not be rate-limiting in MMR reactions in
vitro and that other features of MMR in vivo, such as sequence
context affects (51, 52), may determine the efficiency of repair of
different mispairs in vivo.

In the absence of DNA polymerase & as well as other proteins
required for DNA synthesis (RFC or PCNA), an excision reaction
was observed. This excision reaction required Exol and was stim-
ulated by both a mispair and Msh2-Msh6, where mispair binding
by Msh2-Msh6 was required for stimulating excision. Strik-
ingly, the excision tracts observed were very long, as long as
1,750 bp in reactions with the substrate containing a nick at the
Nael site and 2,900 bp with the substrate containing a nick at
the AfIIII site, which approximates the length of MMR excision
tracts predicted from genetic studies of gene conversion (12, 53).
The electron microscopy experiments indicated that the length
of the longest excision tract was threefold longer in the pres-
ence of Msh2-Msh6. These excision tract lengths were much
longer than seen in human excision reactions in vitro (16, 47)
even though the reactions described here used less Exol (20%
and 80% of the amount of Exol used in human MMR reactions
for the substrate containing a nick at the Nael site and at the
AfIII site, respectively) than used in human excision reactions
(16, 17). Although these differences could reflect the longer
incubations used here, it is also possible that human Exol1 is less
active than S. cerevisiae Exol. In contrast to the results of one
study of excision by human MMR proteins that Mlh1-Pms2
promotes termination of excision (16), Mlh1-Pms1 did not ap-
pear to have any effect on excision, and, even in the presence of
MIh1-Pms1, mispair-stimulated excision could extend well past
the mispair. These results raise the possibility that, in the S. cer-
evisiae system, termination of excision may involve some type of
competition between excision and the DNA synthesis machin-
ery or coupling of excision to the DNA synthesis machinery.

The lack of an Mlh1-Pms] requirement in the S. cerevisiae
system, even though our Mlh1-Pms1 preparations are fully ac-
tive for RFC-PCNA-dependent endonuclease activity (45),
conflicted with the results of some human MMR studies where
an MIlh1-Pms2 endonuclease-dependent MMR reaction can
occur (17). The most likely explanations for this lack of an Mlh1-
Pms1 requirement are that the Mlh1—Pms1 endonuclease is not
active under the reaction conditions used here or that the potent
5" excision-based MMR reaction seen with the AfiIII substrate
containing a 3’ nick outcompetes any Mlh1-Pms1 endonuclease-
dependent reaction. However, recent studies have indicated that
S. cerevisiae Exol-dependent MMR is not nearly as dependent
on the Mlh1-Pms1 endonuclease as Exol-independent MMR is
(1, 39), suggesting that additional components or different re-
action conditions may be required for an Mlh1-Pms1-dependent
reaction in vitro. Establishing an Mlh1-Pms1-dependent reaction
in vitro remains a key challenge for the S. cerevisiae system.

Materials and Methods

Protein Purification. The proteins used in the described studies were expressed
in either E. coli or S. cerevisiae as described in S/ Materials and Methods.
Yields ranged from 100 pg to 500 pug per L of expressing cells. All of the
protein preparations were confirmed to be greater than 95% pure by SDS/
PAGE followed by staining the gels with Coomassie Blue.

DNA Substrates. DNA substrates were constructed by annealing the combi-
nations of mutant single-stranded circular pBluescript SK+ DNAs and line-
arized, denatured mutant double-stranded pBluescript SK+ DNAs indicated
in Fig. 1. The methods used for this purpose are described in S/ Materials
and Methods.

Repair Assays. MMR assays were based on modification of previously pub-
lished procedures (16, 17, 35, 54). Proteins were diluted if necessary with 7.5
mM Hepes, pH 7.5, 10% (vol/vol) glycerol, 200 mM KCI, 1 mM DTT, and 0.5
mg/mL BSA. Then, 8.4 fmol of Exo1, 390 fmol of MIh1-Pms1, 390 fmol of
Msh2-Msh6, 290 fmol of PCNA, 80 fmol of DNA Polymerase §, 220 fmol of
RFC-A1N, and 1,800 fmol of RPA were combined into 8 pL and mixed with
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2 uL of 100 ng/pL Nael substrate and 10 pL of 33 mM Tris, pH 7.6, 75 mM KCl,
2.5 mM ATP, 1.66 mM Glutathione, 8.3 mM MgCl,, 80 pg/mL BSA, and 200
uM each of the dNTPs. The reactions, containing 118 mM KCL, were then
incubated at 30 °C. After 1-4 h, 500 mM EDTA was added to a concentration
of 20 mM followed by the addition of 40 uL of 360 pg/mL proteinase K and
0.4 mg/mL glycogen. Reactions were then incubated at 55 °C for 30 min. The
DNA products were then purified by phenol extraction and ethanol pre-
cipitation and were digested with 5 units each of Pstl and Scal for 1 h at 37 °C.
The DNA products were then separated by electrophoresis on a 0.8%
agarose gel run in Tris-Acetate-EDTA buffer (BioRad) containing 0.6 pg/mL
ethidium bromide, and the gels were photographed using a BioRad
ChemiDoc XP imaging system and Image Lab software, version 4.1. The
MMR assays containing the Afllll substrate were modified by increasing the
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is described in S/ Materials and Methods.

ACKNOWLEDGMENTS. We thank Sandra Martinez for the Exo1 plasmids, Dr.
Peter Burgers for strains and plasmids, and Drs. Richard Fishel, Paul Modrich,
and Christopher D. Putnam for helpful discussions. This work was supported
by National Institutes of Health Grants GM50006 (to R.D.K.) and GM31819
(to J.D.G.).

28. Orans J, et al. (2011) Structures of human exonuclease 1 DNA complexes suggest
a unified mechanism for nuclease family. Cell 145(2):212-223.

29. Wei K, et al. (2003) Inactivation of Exonuclease 1 in mice results in DNA mismatch
repair defects, increased cancer susceptibility, and male and female sterility. Genes
Dev 17(5):603-614.

30. Flores-Rozas H, Clark D, Kolodner RD (2000) Proliferating cell nuclear antigen and
Msh2p-Msh6p interact to form an active mispair recognition complex. Nat Genet
26(3):375-378.

. Lin YL, et al. (1998) The evolutionarily conserved zinc finger motif in the largest
subunit of human replication protein A is required for DNA replication and mismatch
repair but not for nucleotide excision repair. J Biol Chem 273(3):1453-1461.

32. Umar A, et al. (1996) Requirement for PCNA in DNA mismatch repair at a step pre-

ceding DNA resynthesis. Cell 87(1):65-73.

33. Xie Y, Counter C, Alani E (1999) Characterization of the repeat-tract instability and
mutator phenotypes conferred by a Tn3 insertion in RFC1, the large subunit of the
yeast clamp loader. Genetics 151(2):499-509.

34. Longley MJ, Pierce AJ, Modrich P (1997) DNA polymerase delta is required for human
mismatch repair in vitro. J Biol Chem 272(16):10917-10921.

35. Dzantiev L, et al. (2004) A defined human system that supports bidirectional mis-
match-provoked excision. Mol Cell 15(1):31-41.

36. Clark AB, Valle F, Drotschmann K, Gary RK, Kunkel TA (2000) Functional interaction of
proliferating cell nuclear antigen with MSH2-MSH6 and MSH2-MSH3 complexes.
J Biol Chem 275(47):36498-36501.

37. Langston LD, O’Donnell M (2006) DNA replication: Keep moving and don’t mind the
gap. Mol Cell 23(2):155-160.

38. Benkovic SJ, Valentine AM, Salinas F (2001) Replisome-mediated DNA replication.
Annu Rev Biochem 70:181-208.

39. Liberti SE, Larrea AA, Kunkel TA (2013) Exonuclease 1 preferentially repairs mis-
matches generated by DNA polymerase o. DNA Repair (Amst) 12(2):92-96.

40. Bowers J, Sokolsky T, Quach T, Alani E (1999) A mutation in the MSH6 subunit of the
Saccharomyces cerevisiae MSH2-MSH6 complex disrupts mismatch recognition. J Biol
Chem 274(23):16115-16125.

. Shell SS, Putnam CD, Kolodner RD (2007) The N terminus of Saccharomyces cerevisiae
Msh6 is an unstructured tether to PCNA. Mol Cell 26(4):565-578.

42. lyer RR, et al. (2008) The MutSalpha-proliferating cell nuclear antigen interaction in

human DNA mismatch repair. J Biol Chem 283(19):13310-13319.

43. Kleczkowska HE, Marra G, Lettieri T, Jiricny J (2001) hMSH3 and hMSH6 interact with
PCNA and colocalize with it to replication foci. Genes Dev 15(6):724-736.

44. Sia EA, Kokoska RJ, Dominska M, Greenwell P, Petes TD (1997) Microsatellite in-
stability in yeast: Dependence on repeat unit size and DNA mismatch repair genes.
Mol Cell Biol 17(5):2851-2858.

45. Smith CE, et al. (2013) Dominant mutations in S. cerevisiae PMS1 identify the MIh1-
Pms1 endonuclease active site and an Exonuclease 1-independent mismatch repair
pathway. PLoS Genet 9(10):e1003869.

46. Harrington JM, Kolodner RD (2007) Saccharomyces cerevisiae Msh2-Msh3 acts in re-
pair of base-base mispairs. Mol Cell Biol 27(18):6546—6554.

47. Genschel J, Modrich P (2003) Mechanism of 5'-directed excision in human mismatch
repair. Mol Cell 12(5):1077-1086.

48. Gradia S, Acharya S, Fishel R (1997) The human mismatch recognition complex
hMSH2-hMSH®6 functions as a novel molecular switch. Cell 91(7):995-1005.

49. Wilson T, Guerrette S, Fishel R (1999) Dissociation of mismatch recognition and AT-
Pase activity by hMSH2-hMSH3. J Biol Chem 274(31):21659-21664.

50. Genschel J, Littman SJ, Drummond JT, Modrich P (1998) Isolation of MutSbeta from
human cells and comparison of the mismatch repair specificities of MutSbeta and
MutSalpha. J Biol Chem 273(31):19895-19901.

. Mazurek A, Johnson CN, Germann MW, Fishel R (2009) Sequence context effect for
hMSH2-hMSH6 mismatch-dependent activation. Proc Natl Acad Sci USA 106(11):
4177-4182.

52. Marsischky GT, Kolodner RD (1999) Biochemical characterization of the interaction
between the Saccharomyces cerevisiae MSH2-MSH6 complex and mispaired bases in
DNA. J Biol Chem 274(38):26668-26682.

53. St Charles J, Petes TD (2013) High-resolution mapping of spontaneous mitotic re-
combination hotspots on the 1.1 Mb arm of yeast chromosome IV. PLoS Genet 9(4):
e1003434.

54. Muster-Nassal C, Kolodner R (1986) Mismatch correction catalyzed by cell-free ex-
tracts of Saccharomyces cerevisiae. Proc Nat/ Acad Sci USA 83(20):7618-7622.

3

4

5

PNAS | November 12,2013 | vol. 110 | no.46 | 18477

BIOCHEMISTRY


http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1318971110/-/DCSupplemental/pnas.201318971SI.pdf?targetid=nameddest=STXT



