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DNA mismatch repair (MMR) is a highly conserved mutation avoidance
mechanism that corrects DNA polymerase misincorporation errors. In
initial steps in MMR, Msh2–Msh6 binds mispairs and small insertion/
deletion loops, and Msh2–Msh3 binds larger insertion/deletion loops. The
msh2Δ1 mutation, which deletes the conserved DNA-binding domain I of
Msh2, does not dramatically affect Msh2–Msh6-dependent repair. In
contrast, msh2Δ1 mutants show strong defects in Msh2–Msh3 functions.
Interestingly, several mutations identified in patients with hereditary non-
polyposis colorectal cancer map to domain I of Msh2; none have been found
in MSH3. To understand the role of Msh2 domain I in MMR, we examined
the consequences of combining the msh2Δ1mutation with mutations in two
distinct regions of MSH6 and those that increase cellular mutational load
(pol3-01 and rad27). These experiments reveal msh2Δ1-specific phenotypes
in Msh2–Msh6 repair, with significant effects on mutation rates. In vitro
assays demonstrate that msh2Δ1–Msh6 DNA binding is less specific for
DNA mismatches and produces an altered footprint on a mismatch DNA
substrate. Together, these results provide evidence that, in vivo, multiple
factors insulate MMR from defects in domain I of Msh2 and provide
insights into how mutations in Msh2 domain I may cause hereditary non-
polyposis colorectal cancer.
© 2011 Elsevier Ltd. All rights reserved.
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Introduction

DNA mismatch repair (MMR) systems promote
genome stability by correcting nucleotide incorpo-
ration errors that occur at the replication fork, by
regulating genetic recombination and by signaling
cellular responses to DNA damage.1–3 In each case,
the first step in initiating a DNA repair response is
recognizing the presence of a lesion. This task is
performed by the MutS family proteins: MutS in
prokaryotic cells and MutS homologs (Msh) in
eukaryotic cells. In eukaryotic MMR, two hetero-
dimeric Msh complexes recognize and bind a
mispair: Msh2–Msh6 and Msh2–Msh3. Once the
d.

mailto:jsurtees@buffalo.edu
http://dx.doi.org/10.1016/j.jmb.2011.06.030


766 Buffering Msh2–Msh6 Mismatch Repair Activity
lesion has been recognized, MutL homolog (Mlh)
proteins are recruited in an ATP-dependent manner
to form a ternary complex. The ternary complex
initiates downstream events, including unwinding
of the DNA and excision of the nascent strand. This
is followed by DNA resynthesis and ligation to fill
the resulting gap. ATP binding and hydrolysis by
Msh and Mlh complexes are essential for down-
stream events. The mutation rate increases 100- to
1000-fold when MMR is inactivated.1,4 The impor-
tance of effective MMR in maintaining genome
stability is emphasized by the fact that defects in
human MMR are associated with hereditary non-
polyposis colorectal cancer (HNPCC), a dominant
cancer syndrome that results in early age of disease
onset and increased susceptibility to a number of
cancers. HNPCC-associated mutations in MMR are
primarily in MSH2 (∼40%), MSH6 (∼10%) and
MLH1 (∼50%).5 None has been identified in MSH3,
although several studies have screened for such
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The Msh complexes, Msh2–Msh3 and Msh2–
Msh6, have distinct yet overlapping specificities in
mismatch recognition. Msh2–Msh6 recognizes and
binds mispairs and small insertion/deletion loops
(IDLs) of one to two nucleotides. Msh2–Msh3 is
primarily responsible for binding larger IDLs,
including loops of up to 17 nucleotides in length,8

although Msh2–Msh3 has also been shown to bind
some mispairs.9 We were intrigued by the contri-
bution of Msh2 to the DNA lesion recognition and
binding properties of each complex. We have
focused on domain I of Msh2, one of two putative
DNA-binding domains in the protein. Fourteen
mutations in this region have been identified in
HNPCC patients (Fig. 1),10,11–16 several of which
have been shown to have at least a mild effect on
MMR activity.17,18 Recently, deletions of Msh2
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Table 1. CAN1 mutation rates in msh2Δ1 mutants

Genotype
CanR rate
(×10−7)

Relative to
wild type

Wild type 1.8 (1.4–2.2)a 1.0
msh2Δ1 2.7 (2.3–3.1) 1.5
msh3Δ 3.0 (2.2–3.9) 1.7
msh6Δ 25.4 (22.3–28.7) 14.1
msh2Δ 48.8 (43.9–53.9) 27.1
pol3-01 77.2 (69.3–85.4) 42.9
rad27G67S 18.4 (15.7–21.3) 10.2
msh6KQFF→AAAA 4.4 (3.0–5.9) 2.4
msh2Δ1 pol3-01 229.2 (218.7–240.0) 127.3
msh2Δ1 rad27G67S 28.9 (26.8–31.1) 16.1
msh2Δ1 msh3Δ 4.4 (3.5–5.4) 2.4
msh2Δ1 msh6KQFF→AAAA 5.7 (4.9–6.5) 3.2
msh3Δ msh6KQFF→AAAA 4.8 (4.0–5.7) 2.7
msh2Δ1 msh3Δ

msh6KQFF→AAAA
11.8 (10.4–13.2) 6.6

a Canavanine assays were performed as described in Materials
and Methods. Strains used in these studies are shown in Table S1.
The 95% confidence intervals are in parentheses.
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domain I have also been identified in HNPCC
patients.19,20 However, the role of this domain in
maintaining genome stability is not clear.
The crystal structures of MutS from Escherichia coli

and Thermus aquaticus indicated that each MutS
subunit folds into five distinct domains (Fig. 1a).21,22

Domains I and IV interact with DNA, with residues
in domain I making specific contacts with the
mispair through a conserved Phe-X-Glu motif.21–23

Despite being composed of two identical subunits,
the MutS complex interacts asymmetrically with the
mispair. Only one subunit makes specific contacts
with the mispair, while domain I of the non-
mismatch binding MutS subunit makes substantial
nonspecific contacts with the phosphodiester
backbone.
In the eukaryotic heterodimeric complexes, the

domain structure is conserved (Fig. 1a), and Msh2
appears to be the non-mismatch binding subunit.
Domain I of Msh2 does not encode the conserved
mispair recognition motif (F-X-E) required for
Msh2–Msh6 interactions with a mispair,24–27 and
Msh2 domain I is not required for specific
interactions between Msh2–Msh3 and its loop
substrates.28,29 In contrast to the prokaryotic
systems, the crystal structure of human MutSα
(Msh2–Msh6) indicates that Msh2 domain I makes
only one contact with the DNA through a lysine
residue (Fig. 1b).10 In fact, the 14 N-terminal
residues form an extended strand that blocks
Msh2 DNA binding.
Previously, we deleted the entirety of Msh2

domain I (referred to as msh2Δ1), based on the Taq
MutS crystal structure,22 and characterized the effect
of this mutation with respect to Msh2–Msh3 and
Msh2–Msh6 functions in Saccharomyces cerevisiae.28,30

We found that, in vivo, msh2Δ1 was a separation-of-
function mutation: Msh2–Msh6 function was largely
unaffected, while Msh2–Msh3 function was
completely abolished.28,30

In vitro, msh2Δ1–Msh3 was severely impaired
for its overall DNA-binding activity, indicating a
much reduced affinity for DNA.28 Despite this,
1,10-phenanthroline–copper (OP-Cu) footprinting
studies demonstrated similar patterns of protection
of a +8 loop substrate in the presence of msh2Δ1–
Msh3 and Msh2–Msh3, indicating that the deleted
form of the protein forms a nucleoprotein complex
similar to that formed by the wild-type Msh2–Msh3
complex. We concluded that Msh2 domain I makes
nonspecific contacts that are important for Msh2–
Msh3 to interact with the DNA substrate, but not in
forming a distinct and specific protein–DNA confor-
mation. The severely reduced affinity of msh2Δ1–
Msh3 for DNA presumably accounts for a significant
portion of the strong Msh2–Msh3-specific defect in
vivo in the presence of the msh2Δ1 allele.28

In contrast to Msh2–Msh3, Msh2–Msh6 function
in vivo was largely unaffected by the presence of the
msh2Δ1 mutation, indicating that Msh2 domain I
plays a distinct role in Msh2–Msh3 versus Msh2–
Msh6 activity in yeast. Furthermore, it appeared that
Msh2 domain I is dispensable for Msh2–Msh6
function. An alternative possibility is that the very
mild phenotype is a result of additional factors
in vivo that compensate for any biochemical defects
in the msh2Δ1–Msh6 complex, thereby buffering
the MMR system from these defects. As shown
below, we found that domain I of Msh2 is required
for wild-type DNA-binding activity of Msh2–Msh6
in vitro. However, this defect is masked in vivo by a
number of factors/conditions, including mutational
load, interactions with the DNA polymerase pro-
cessivity factor proliferating cell nuclear antigen
(PCNA) and the N-terminal region (NTR) of Msh6.
Our observations demonstrate the robustness of
MMR and, particularly, Msh2–Msh6-specific MMR
in vivo.
Results

msh2Δ1 has subtle effects on Msh2–Msh6
function in vivo

The msh2Δ1 allele results in the deletion of
residues 2–133 of Msh2. Despite this substantial
alteration in the coding sequence, previous work has
indicated that Msh2–Msh6-specific functions were
largely unaffected in msh2Δ1 mutants (Table 1).28,30

We created the msh2Δ1 allele in a strain background
(FY23 and FY86)31 without the hemagglutinin tag
that was present in our earlier work (see Materials
and Methods; Table S1). In this study, we were
interested in specifically looking at Msh2–Msh6
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function in vivo. For this reason, we chose to use the
canavanine resistance assay to measure mutation
rates. This assay identifies primarily −1 frameshifts
and base substitutions in CAN1 (the preferred
substrates for Msh2–Msh6) that lead to resistant
colonies; msh3Δ has only a very weak phenotype in
this assay (Table 1).9,30,32,33 There was a small but
statistically significant increase in CAN1 mutation
rates in themsh2Δ1 strains constructed for this study
relative to the MSH2 controls, similar to previous
observations.30 The mutation rate in the msh2Δ1
background was comparable to that in the msh3Δ
background (1.5-fold versus 1.7-fold increase over
wild type, respectively). In contrast, an msh6Δ
resulted in a 14-fold increase in mutation rate over
wild type, similar to previous observations.30,33 This
is consistent with msh2Δ1 conferring an Msh2–
Msh3-specific phenotype.
To test for subtle MMR defects in msh2Δ1,

we performed mutation spectrum analysis by
sequencing the CAN1 gene in canavanine-resistant
papillations (Table 2). We found that the mutation
spectrum in msh2Δ1 was distinct from that in
msh3Δ.9 In msh2Δ1, the frequency of frameshift
mutations was 31%, similar to the observed 34%
frequency in msh3Δ and consistent with a defect in
Msh2–Msh3 activity.9 However, the frequency of
base substitutions in msh2Δ1 (60%) was intermediate
to that observed in msh3Δ (46%)9 and in msh6Δ
(86–89%)9,33 and is similar to the observed frequency
in msh3Δ msh6Δ (68%),33 indicating a possible defect
in both Msh2–Msh3 and Msh2–Msh6 functions.

Increasing cellular mutational load has a
significant effect on mutation rate in
msh2Δ1 background

The mutation spectra seen in msh2Δ1 strains
suggest subtle defects in msh2Δ1–Msh6 function.
We reasoned that a defect in msh2Δ1–Msh6
function might be masked by the high fidelity
(mutation rates: 1×10−6 to 1×10−7)34 of the replica-
tive polymerases. If the mutation rate is low, then
Table 2. CAN1 locus mutation spectrum

Genotype (strain)

Percent of each mutation type

Base
substitution Frameshift Othera nb

Wild type (EAY236) 76 17 7 29
msh2Δ1 (EAY2039

and EAY2040)
60 31 9 68

The CAN1 locus was PCR amplified and sequenced from
canavanine-resistant colonies obtained from wild-type and
msh2Δ1 strains.

a Refers to larger deletion, insertion or recombination events.
b Number of mutations identified in CAN1.
the requirement for MMR would be similarly low.
To test this, we combined the msh2Δ1 allele with
mutations that increase the mutational load of the
cell. First, we introduced an allele of rad27,
rad27G67S,35 into the msh2Δ1 background. This
allele causes an increase in mutation rate by
affecting the nuclease functions of Rad27, a flap
endonuclease that acts in Okazaki fragment proces-
sing. The rad27G67S allele had a 10.2-fold increase in
mutation rate over the wild type in the canavanine
resistance assay. When combined with msh2Δ1, this
allele conferred a mutation rate 16-fold above wild
type (Table 1). This is a multiplicative effect of the
two mutations, indicating a defect in both pathways;
however, the result is somewhat subtle. To test a
higher background mutation rate, we next intro-
duced the pol3-01 allele into the msh2Δ1 background.
pol3-01 encodes a mutation in the exonuclease
function of polymerase δ36,37 and increases the
mutation rate in the cell 43-fold over wild type.
pol3-01 msh2Δ1 mutants showed a 127-fold increase
in mutation rate over the wild type (Table 1), a
greater than multiplicative effect on mutation rate.
Thus, there is a synergistic effect between these
mutations that increase the cells' mutational load
and msh2Δ1, suggesting that msh2Δ1 may cripple
MMR in a manner that becomes functionally
relevant in the presence of a higher background
mutation rate.

An interaction with PCNA facilitates
msh2Δ1–Msh6-directed repair

Our analysis of msh2Δ1 in pol3-01 and rad27
strains suggested that additional DNA repair factors
buffer msh2Δ1 defects. We tested whether PCNA
interactions could mask defects in Msh2 function
through its interaction with Msh6. Msh2–Msh6
interacts with DNA polymerase processivity factor
PCNA through a conserved consensus PCNA
interaction peptide (PIP) box near the N-terminus
of Msh6.38,39 This interaction has been suggested to
recruit or retain MMR proteins to the replisome.
Disruption of this motif impairs Msh6 interactions
with PCNA and leads to a small increase (∼2-fold)
in mutation rate in vivo, as measured in the
canavanine assay.38,39 We reasoned that an interac-
tion with PCNA might localize msh2Δ1–Msh6 to
the replication fork, where it would be in close
proximity to nascent mispairs. This would create a
high local concentration of msh2Δ1–Msh6 that
might compensate for the in vitro defects in substrate
affinity that we observed (see below). To test this,
we introduced chromosomal mutations in MSH6,
replacing the KQFF consensus residues with
AAAA.38 As previously observed, the mutation
in the PIP box alone resulted in a 2.4-fold increase in
mutation rate (Table 1), similar to that observed in
an msh2Δ1 or an msh3Δ background, which,



Table 3. CAN1mutation rates in the presence ofmsh6NTR
alleles expressed on ARS-CEN vectors

Relevant genotype (strain) CanR rate (× 10−7)
Relative to
wild type

MSH6a 2.1 (1.6–2.7)b 1.0
msh2Δ1a 5.4 (4.5–6.4) 2.5
msh3Δa 4.8 (3.6–6.1) 2.3
msh2Δ1 msh3Δa 8.9 (7.3–10.7) 4.2
msh6Δc 19.2 (17.0–21.4) 9.0
msh2Δ1 msh6Δc 55.6 (52.3–59.0) 26.1
msh3Δ msh6Δc 33.0 (28.5–37.7) 15.5
msh2Δ1msh3Δ msh6Δc 67.8 (61.9–73.8) 31.8
msh6-R232E K271E R289d 2.8 (2.1–3.6) 1.3
msh2Δ1 msh6-R232E

K271E R289Ed
10.0 (8.8–11.4) 4.7

msh3Δ msh6-R232E
K271E R289Ed

8.1 (6.3–10.2) 3.8

msh2Δ1 msh3Δ msh6-R232E
K271E R289Ed

26.2 (22.3–30.4) 12.3

msh6Δ290–299e 4.9 (4.0–5.9) 2.3
msh2Δ1 msh6Δ290–299e 25.0 (22.5–27.6) 11.7
msh3Δ msh6Δ290–299e 13.9 (11.2–16.8) 6.5
msh2Δ1 msh3Δ msh6Δ290–299e 41.3 (36.7–46.1) 19.4
msh6Δ269–299f 6.1 (4.9–7.3) 2.9
msh2Δ1 msh6Δ269–299f 40.0 (36.8–43.4) 18.8
msh3Δ msh6Δ269–299f 14.6 (12.0–17.4) 6.9
msh2Δ1 msh3Δ msh6Δ269–299f 44.7 (38.5–51.2) 21.0
msh6Δ252–299g 7.1 (6.0–8.2) 3.3
msh2Δ1 msh6Δ252–299g 35.9 (32.1–39.9) 16.9
msh3Δ msh6Δ252–299g 17.4 (14.4–20.7) 8.2
msh2Δ1 msh3Δ msh6Δ252–299g 62.7 (54.5–71.4) 29.5

a msh6Δ strains transformed with pCK1 encoding MSH6.
b Canavanine assays were performed as described in Materials

and Methods. Strains used are shown in Tables S1 and S2. The
95% confidence intervals are in parentheses.

c msh6Δ strains transformed with the empty vector pRS416.
d msh6Δ strains transformed with pSP6 encoding msh6 K232E

K271E R289E.
e msh6Δ strains transformed with pSP3 encodingmsh6Δ290–299.
f msh6Δ strains transformed with pSP5 encoding msh6Δ269–299.
g msh6Δ strains transformedwith pSP4 encodingmsh6Δ252–299.
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although small, was statistically significant. When
this allele was combined with msh3Δ or with
msh2Δ1, there was a 2.7- or 3.2-fold increase in
mutation rate over the wild type, respectively
(Table 1),38,39 which was statistically significant
(pb0.001). In the msh2Δ1 msh3Δ msh6AAAA back-
ground, we observed a 6.6-fold increase in mutation
rate over wild type (Table 1). This is a significant
increase, indicating that the PIP box motif in Msh6
helps buffer the effects of the deletion of Msh2
domain I in vivo. Furthermore, the fact that the triple
mutant has a mutation rate that is higher than that of
either double mutant indicates that Msh2 domain I
plays a role outside of Msh2–Msh3 function, perhaps
aiding in interactions with PCNA.

Additional portions of MSH6 NTR buffer msh2Δ1
defects in MMR

The PIP box motif is located at the extreme of the
so-called NTR of Msh6. This region is upstream of
Msh6 domain I and is not present in MutS or Msh2
proteins. Recently, an additional functional domain
within the NTR was identified and was demon-
strated to have nonspecific duplex DNA-binding
activity in vitro.40 Disruption of this nonspecific
DNA-binding region (residues 228–299 in yeast
Msh6), by deletion or substitution, reduced DNA
binding in vitro and caused modest increases in
mutation rates in vivo,40 indicating that it has a role
in Msh2–Msh6 function.
We examined the effect of four mutations in

the NTR DNA-binding region, msh6Δ252–299,
msh6Δ269–299, msh6Δ290–299 and msh6 K232E
K271E R289E, on mutation rates in the presence of
msh2Δ1. In each strain background, a low-copy
(ARS-CEN) plasmid carrying an empty vector,
wild-type MSH6 or one of four msh6 alleles was
introduced into anmsh6Δ background. As previously
described,40 the deletion alleles msh6Δ252–299,
msh6Δ269–299 and msh6Δ290–299 resulted in small
but significant (pb0.001) increases in mutation rate
(Table 3), approximately 2.3- to 3.3-fold over the
wild-type background, in the canavanine resistance
assay. This is similar to the effect of the msh2Δ1 allele.
However, when these msh6 alleles were present in an
msh2Δ1 background, there were synergistic increases
in mutation rate, ranging from 11.7- to 18.8-fold over
wild type. This phenotype was not simply a result of
the loss of Msh2–Msh3 function in an msh2Δ1
background.28 In an msh3Δ background, there was
an increase in mutation rate in the presence of the
msh6 alleles but only an approximately 2- to 3-fold
increase over the msh6 alleles on their own, roughly
half or less of the effect observed with the msh2Δ1
allele. Furthermore, in the msh3Δ msh2Δ1 back-
ground, the msh6 alleles led to even higher mutation
rates, with a roughly additive effect. This indicates
that defects in both Msh2–Msh3 and Msh2–Msh6
functions are contributing to the elevated mutation
rate.
Unlike the deletion alleles of msh6 described

above, themsh6 R232E K271E R289E allele conferred
no phenotype in the canavanine assay (Table 3),
although it was shown to cause a small but
significant increase in mutation rate in the more
sensitive lysine reversion assay.40 However, when
this allele was combined with msh2Δ1, we observed
a significant (∼4-fold) increase in mutation rate. As
with the alleles described above, this does not
appear to simply be a result of the defect in Msh2–
Msh3 function. In the presence of this allele, there
was a synergistic effect on mutation rate when the
msh2Δ1 andmsh3Δ alleles were combined. Together,
these data indicate that msh2Δ1 leads to a defect in
Msh2–Msh6 activity as well as a defect in Msh2–
Msh3 activity. However, in the Msh2–Msh6 context,
regions within the Msh6 NTR appear to compensate
for the loss of Msh2 domain I.
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As expected, in msh6Δ, there was a 9-fold increase
in mutation rate over the wild type. There was a
further increase in the msh6Δ msh3Δ background, up
to about 16-fold over wild type. This is consistent
with what has been observed previously when both
partners for Msh2 have been eliminated.33 Unex-
pectedly, there was an additional synergistic in-
crease in mutation rate in the presence of themsh2Δ1
allele (32-fold), suggesting that the msh2Δ1 protein
may interfere with MMR-independent repair in a
way that Msh2 does not.

Msh2–Msh6 and msh2Δ1–Msh6 protein
complexes are present in the cell at
similar levels

We considered the possibility that differences in
protein levels might account for the lack of an in vivo
phenotype in the msh2Δ1 strain background. To
address this, we examined the amount of wild-type
Msh2–Msh6 and msh2Δ1–Msh6 present in the cell.
We first performed quantitative Western blots of
Msh2, msh2Δ1 and Msh6 (Fig. 2 and Materials and
Methods; data not shown) using whole-cell lysates
from wild-type, msh2Δ and msh6Δ strains (FY23,
EAY281 and EAY337, respectively). We determined
that there are 1600±250 [standard error of the mean
(SEM)] molecules of Msh2 and 1300±390 (SEM)
molecules of Msh6 per cell in mid-log vegetative
cultures and found similar levels of msh2Δ1 and
Msh2 produced under these conditions. Therefore,
the deletion of Msh2 domain I does not appear to
affect the levels of Msh2 in the cell. Also, the fact that
we were able to purify msh2Δ1–Msh6 using the
same purification protocol as Msh2–Msh6 indicates
that the deletion does not grossly affect protein
stability.
Based on these results, the cellular concentration of

Msh2, assuming a cell volume of approximately
40 fl,41–43 is roughly 4 μM. The local concentration
within the nucleus could be up to about an order of
magnitude higher, given a volume of approximately
1      2     3   4      5  6     7     8     9    10  11     12   

MSH2 mMSH2 lysate

msh2Δ lysate with
added MSH2-MSH6

Lane:

(FY23); lanes 12–14: msh2Δ1 lysates from independent mid-
EAY2040).
3 fl,41 depending on the localization of these proteins.
Similarly, the cellular concentration of Msh6 is
approximately 3.25 μM. This value is about five
times lower than the levels measured previously44

and is consistent with the bulk of Msh2 being in
complex with Msh6.45,46 These concentrations are
well above the Kd for Msh2–Msh6 and msh2Δ1–
Msh6 DNA binding (see below).

msh2Δ1–Msh6 shows defects in DNA
binding specificity

The genetic analysis of msh2Δ1 described above
suggests that msh2Δ1–Msh6 defects could be
compensated for by other DNA repair factors. A
prediction of this analysis is that msh2Δ1–Msh6
would show defects in function when examined in
isolation. msh2Δ1–Msh6 was purified using the
same protocol as that for Msh2–Msh6. We investi-
gated the DNA-binding activity of msh2Δ1–Msh6 in
a gel mobility shift assay by comparing binding to
a 49-mer homoduplex substrate with binding to a
49-mer substrate containing an extrahelical A
nucleotide in the middle of the top strand (Fig. 3).
These experiments revealed that msh2Δ1 does
confer a significant defect in Msh2–Msh6 binding
activity. In particular, the mutant protein has a
reduced affinity for DNA and shows no apparent
preference for mispaired DNA. msh2Δ1–Msh6
binds equally well to a homoduplex and a +1
mispair DNA substrate in this assay (approximate
Kd of 60 nM for each). This is in contrast to the wild-
type protein, which binds mispaired substrates
with higher affinity than homoduplex substrates
(approximate Kd of 15 nM and 60 nM, respectively)
(Fig. 3).47–51 Furthermore, msh2Δ1–Msh6 binding
to both substrates more closely resembles Msh2–
Msh6 bound to the nonspecific (homoduplex) DNA
substrate. Salt concentration affected the affinity
but not the specificity of msh2Δ1–Msh6. Gel
mobility shift experiments performed at 50 mM
NaCl revealed a roughly 2-fold higher affinity of
  13    14

sh2Δ1
Fig. 2. Quantitative and compar-

ative Western blots for Msh2 and
msh2Δ1 using polyclonal anti-
Msh2 antibody. The representative
Western blots of Msh2 are shown.
Lanes 1–3: three independentMSH2
lysates from mid-log phase cultures;
lanes 4–9: msh2Δ lysates +0, 0.26 ng,
0.52 ng, 1.04 ng, 1.56 ng and 2.08 ng
of purified Msh2–Msh6, respectively.
Lanes 10 and 11: MSH2 lysate from
independent mid-log phase cultures

log phase cultures (lanes 12 and 13, EAY2039; lane 14,
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msh2Δ1–Msh6 for both homoduplex and the +1
insertion DNA substrates; at 150 mM NaCl, the
affinities decreased by about 50% for both sub-
strates (data not shown). These data support a
general reduction in affinity of msh2Δ1–Msh6 for
the specific (+1 insertion) DNA substrate.
Previously, we found that msh2Δ1–Msh3 was

defective in nonspecific DNA-binding activity but
nonetheless retained specificity and the signature
OP-Cu footprint of the wild-type protein.28 To
determine if msh2Δ1–Msh6 retained an Msh2–
Msh6 signature footprint, we performed OP-Cu
footprinting with Msh2–Msh6 and msh2Δ1–Msh6
using the same +1 substrate used in the gel mobility
shift assay described above (Fig. 4). OP-Cu is a small
chemical nuclease that cleaves in the minor groove
of DNA. We performed gel mobility shift assays
and treated the entire gel with OP-Cu (see Materials
and Methods), excised the shifted complexes, eluted
the DNA and separated the resulting fragments
on a sequencing gel. The footprint is subtle, and
the quantification is shown with the cleavage in
the shifted complex at each position relative to the
unshifted (i.e., unbound) substrate (Fig. 4a). When
the DNA is protected from cleavage, the bars of
the histogram are below 1.0; enhanced cleavage
results in bars above 1.0. Msh2–Msh6 exhibited a
discrete region (or valley) of protection on either
side of the +1 nucleotide. On the top strand,
about three nucleotides were protected on the 5′
side of +1, and about six nucleotides were
protected on the 3′ side in the presence of Msh2–
Msh6. The extrahelical nucleotide was also pro-
tected. On the bottom strand, seven nucleotides on
the 5′ side and nine nucleotides on the 3′ side of +1
were protected upon Msh2–Msh6 binding (Fig. 4).
This is a tighter footprint than has been observed
previously using DNase I footprinting (Fig. 5)47,52,53
and single-molecule DNA unzipping54 (although
the latter indicated a smaller footprint than the
former) but is consistent with the crystal structure
of human Msh2–Msh6.10 Because OP-Cu is a small
chemical, it likely has greater access to DNA in the
Msh2–Msh6 nucleoprotein complex than the much
larger DNase I protein. Interestingly, there is a
region of enhanced cleavage about nine nucleotides
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5′ of the insertion, which could be due to alterations
in the DNA structure itself.
In contrast to Msh2–Msh6, msh2Δ1–Msh6 bind-

ing resulted in more extensive protection of the top
strand, particularly on the 3′ side of the +1
Protection
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described in Materials and Methods. The left panel shows
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indicate regions of the footprint that are different in the
msh2Δ1–Msh6 footprint compared to that of Msh2–Msh6.
The asterisk indicates the position of the +1 extrahelical
nucleotide.
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was quite broad, extending at least 14 nucleotides
downstream of +1 and 12 nucleotides upstream. In
contrast to the pattern of protection with the wild-
Fig. 4. In situ footprinting of DNA–protein complexes with
DNA complexes were separated by gel electrophoresis and trea
Histograms of representative protection patterns of the +1 loo
substrate is shown. The signal of each band of bound DNA
absence of protein. Values greater than 1.0 represent enhanced
cleavage. The asterisk in the top panel indicates the position o
indicates the position of the +A nucleotide, which is on the op
bottom strands of the +1 loop substrate in the presence o
independent experiments. Bands that were protected from cle
indicated by circles. The extent of enhanced cleavage or prote
type protein, the residues opposite the +1 loop, on
the bottom strand, were only weakly protected by
msh2Δ1–Msh6 binding. These results indicate that
msh2Δ1–Msh6 binds the +1 DNA substrate with
less specificity than does Msh2–Msh6, resulting in
an extended footprint in the presence of OP-Cu. The
physical absence of Msh2 domain I may also allow
access to regions of the DNA that would otherwise
be occluded, such as the +1 mispair itself. It is worth
noting that OP-Cu is sensitive to distortions in the
DNA, and this might also affect the pattern of
protection observed with msh2Δ1–Msh6.
We also compared the DNase I footprints of

Msh2–Msh6 and msh2Δ1–Msh6 (Fig. 5). The foot-
print generated in the presence of Msh2–Msh6 was
essentially the same, on both the top and the bottom
strands, as previously described.47,53 The bound-
aries of the DNase I footprint in the presence of
msh2Δ1–Msh6 were similar to those in the presence
of Msh2–Msh6. However, there were some key
differences. First, a higher concentration of msh2Δ1–
Msh6 was required to detect a footprint, consistent
with a lower affinity for the DNA substrate. Second,
binding of msh2Δ1–Msh6 led to several bands with
enhanced cleavage within the footprint. These
bands appeared at the lower msh2Δ1–Msh6 con-
centration before other portions of the footprint
were protected. It is possible that the absence of
Msh2 domain I allows DNase I access to this region
of the DNA. Thus, while Msh2 domain I does not
make direct contact with the DNA in general, it may
block access to the DNA substrate. Alternatively, the
mode of binding may be affected in the absence of
this domain.
These footprinting data (OP-Cu and DNase I)

indicate that msh2Δ1–Msh6 binds in the vicinity of
the mispair but that the protection patterns differ
somewhat from those of Msh2–Msh6. These differ-
ences may account for the altered specificity and
affinity of msh2Δ1–Msh6 for DNA substrates. The
OP-Cu and DNase I footprinting experiments
provide complementary information about
msh2Δ1–Msh6 binding. For instance, the relatively
weak but extensive protection of the bottom strand
in the presence of OP-Cu indicates reduced speci-
ficity in this region. In contrast, the DNase I
footprinting indicates no apparent increase in
protection of the bottom strand. Instead, five
OP-Cu. Msh2–Msh6–DNA complexes or msh2Δ1–Msh6–
ted with OP-Cu as described inMaterials andMethods. (a)
p bottom strand substrate. Only the central portion of each
was normalized to the equivalent band produced in the
cleavage; values lower than 1.0 represent protection from
f the +1 nucleotide (+A). The arrow on the bottom panel
posite strand. (b) Summary of OP-Cu cleavage of top and
f Msh2–Msh6 or msh2Δ1–Msh6 based on at least three
avage are indicated by arrowheads. Enhanced cleavage is
ction is indicated by the shading.
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positions were cleaved more efficiently (Fig. 5, left).
Interestingly, this region was strongly protected in
the OP-Cu footprinting. Because OP-Cu is sensitive
to DNA conformation, unlike DNase I, this may
reflect a widening of the minor groove in this region
to prevent OP-Cu activity. Nonetheless, these results
show a clear difference between Msh2–Msh6 and
msh2Δ1–Msh6 DNA binding.

msh2Δ1–Msh6 bends DNA substrates

The crystal structures of MutS homologs indicated
that the DNA substrate is bent by 40–60° upon
protein binding. Domain I of MutS appears to be
involved in this bend,21,22 whereas domain I of
human Msh2 does not.10 A circular permutation
bending assay was developed to observe DNA
bending in a gel mobility shift assay.47,55 In this
assay, a +1 IDL was placed in the middle or at either
end of a 99-mer oligonucleotide substrate. When
Msh2–Msh6 is bound to the +1 loop in the middle of
the substrate, the mobility of the complex is slower
than when the complex is formed at either end of the
substrate, indicating that the DNA substrate is bent
upon binding.47 We used this assay to determine
whether domain I of Msh2 is required for inducing a
bend in the DNA (Fig. 6). Despite the loss in
specificity and affinity of msh2Δ1–Msh6 DNA-
binding activity, we found that the protein was
still able to bend DNA in this assay and that the
bending pattern looked like that withMsh2–Msh6.47

Therefore, Msh2 domain I does not appear to be
required to induce the bend in the DNA. This is
consistent with the crystal structure of human
Msh2–Msh6 in complex with a +1 substrate in
which domain I of Msh2 does not make direct
15T 45T 75T

no protein

15T 4

msh2

15T 45T 75T

bound DNA

free DNA
contact with the DNA.10 The fact that msh2Δ1–
Msh6 induces a bend in the DNA like Msh2–Msh6
indicates that it retains some specificity for the +1
loop despite the decreased affinity and specificity
described above.
Discussion

Msh2 domain I is required for wild-type
Msh2–Msh6 DNA-binding activity

Domain I of Msh2 plays distinct roles in Msh2–
Msh6 versus Msh2–Msh3 in vivo, with this domain
being largely dispensable forMsh2–Msh6 activity.28–30
The current study provides additional evidence that
Msh2 domain I has different functions in the two
Msh complexes.
The crystal structure of human MutSα (Msh2–

Msh6) provided mechanistic support for the lack of
an Msh2–Msh6-specific phenotype in msh2Δ1. As
had been predicted, Msh2 is the non-mismatch
binding subunit.10,24,25,27–29 However, unlike the
non-mismatch binding subunit in prokaryotic
MutS structures, which has extensive interactions
with the DNA backbone,21,22 domain I of Msh2
makes only one contact with the DNA backbone,
through Lys6, and is predominantly rotated away
from the DNA.10 This is consistent with Msh2
domain I being dispensable for in vivo function of
Msh2–Msh6 in S. cerevisiae28 and predicts that
removal of Msh2 domain I would not have a severe
impact on DNA-binding activity. However, our
DNA-binding data indicate that the removal of
Msh2 domain I results in a severe impairment of
5T 75T

Δ1-MSH6

Fig. 6. DNA bending assay of
msh2Δ1–Msh6. The left panel is a
cartoon of the results expected if
protein binding led to DNA bend-
ing. The right panel shows the
unbound substrates and msh2Δ1–
Msh6 (100 nM) bound to 90-mer
substrates with +1 insertions at
positions 15, 45 and 75, as described
in Materials and Methods.
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both efficiency and specificity of DNA-binding
activity. Furthermore, the footprint of msh2Δ1–
Msh6 on DNA by OP-Cu (Fig. 4) or DNase I (Fig. 5)
is altered, indicating increased nonspecific interac-
tions. These changes are in contrast to what we
previously observed with msh2Δ1–Msh3 DNA-
binding activity.28 msh2Δ1–Msh3 had significantly
reduced DNA-binding activity, but the remaining
activity appeared to be specific.28 Therefore, Msh2
domain I is important for both specific and non-
specific DNA binding in the context of Msh2–Msh6,
whereas it is critical for only nonspecific binding in
the context of Msh2–Msh3 bound to an IDL.
Based on the MutSα crystal structure, Msh2

domain I is not predicted to be involved in inducing
the ∼45° bend in the DNA.10 Interactions between
Msh6 and the DNA appear to be sufficient to
generate this bend. This is in contrast to the crystal
structure of Taq MutS, in which domain I of the non-
mismatch binding subunit is hypothesized to con-
tribute to DNA bending.22 Our bending assay with
msh2Δ1–Msh6 is consistent with the prediction
based on the MutSα structure; the mutant complex
retains its ability to bend a +1 mispaired substrate.
Therefore, Msh2 domain I is not required for DNA
bending (Fig. 6).

Low mutation rates buffer the reduced activity of
msh2Δ1–Msh6 in vivo

Increasing the mutational load in the cell, by
introducing rad27 or pol3mutations, revealed defects
in msh2Δ1–Msh6 activity in vivo (Table 1). The
increase in mutations appears to saturate MMR
function in the msh2Δ1 background. This indicates
that, under normal conditions, msh2Δ1–Msh6 is
sufficiently active to repair the few mutations that
arise, negating the biochemical defects that we
observed in vitro. However, if is the system is
stressed, the weakened msh2Δ1–Msh6 cannot func-
tion adequately.
It is worth noting that, unlike msh2Δ, the msh2Δ1

allele is not synthetically lethal with pol3-01.37 The
pol3-01 mutation leads to activation of the S-phase
checkpoint,56 inducing both error-prone and error-
free DNA repairs, which could lead to an accumu-
lation of mutations.56 Datta et al. suggested that the
synthetic lethality between pol3-01 and msh2Δ is due,
at least in part, to the role of Msh2 as a DNA damage
sensor to activate the checkpoint.56 If this is the case,
this would suggest that msh2Δ1 retains this function.

Msh6 NTR buffers the effect of the deletion of
Msh2 domain I

The NTR of Msh6 consists of the ∼300 N-terminal
amino acid residues ofMsh6. The crystal structure of
human MutSα does not include this region,10 and
its function is not well understood. The Msh6 NTR
contains the PIP box at the extreme N-terminus of
the protein,38,39 an acidic region that encodes a
putative DNA mimic40 and a nonspecific DNA-
binding activity within residues 228–299.40 We
tested the ability of the PIP box and the nonspecific
DNA-binding activity to buffer the deletion of Msh2
domain I in Msh2–Msh6-specific MMR activity.
Both regions had an effect, but to different extents.
Disruption of the PIP box in Msh6 significantly

reduces interactions with PCNA.38,39,57 In vivo, these
mutations resulted in small but reproducible in-
creases in the mutation rates (Table 1), similar to
previous observations.38,39 Interestingly, themsh2Δ1
msh3Δ msh6KQFF→AAAA strain exhibited a signif-
icant increase in mutation rate compared to msh3Δ
msh6KQFF→AAAA ormsh2Δ1 msh6KQFF→AAAA,
indicating that the PIP box plays a role in Msh2–
Msh6 function that compensates for the loss of Msh2
domain I. These data further suggest that the effect
of msh2Δ1 is not simply due to a defect in Msh2–
Msh3 activity. One possibility is that the interaction
with PCNA serves to keep msh2Δ1–Msh6 in
proximity to the DNA, stabilizing the bound
complex on the DNA and increasing the local
concentration at or near the replisome.
When we combined msh2Δ1 with msh6 mutations

within the nonspecific DNA binding motif of the
Msh6 NTR, we observed a significant effect on
mutation rates, with much higher rates than those
observed with the single mutants. This region of the
Msh6 NTR may partially compensate for loss of
nonspecific DNA-binding activity in the msh2Δ1
mutant. However, the effect of the deletions on
DNA binding by the Msh6 NTR does not precisely
correlate with the effect on mutation rates. msh6
R232E K271E R289E demonstrated the most mild
phenotype in the canavanine resistance assay but
had a strong effect on DNA binding,40 similar to that
of msh6Δ252-290, which had a stronger mutator
phenotype (Table 2).40 Therefore, this region of the
NTR may have additional functions that help buffer
the absence of Msh2 domain I, possibly stabilizing
the Msh2–Msh6 complex or the Msh2–Msh6 com-
plex bound to DNA.
Interestingly, sequence alignments between the

NTR of Msh3 andMsh6 do not indicate the presence
of a similar domain in Msh3. Therefore, Msh3 may
be unable to compensate for a loss in nonspecific
binding in the same way as Msh6.

Msh2 domain I in HNPCC and hereditary
colon cancer

Of the domain I MSH2 polymorphisms observed
in HNPCC patients, several have been found to have
no effect on MMR on their own when tested in S.
cerevisiae, while others had either weak or strong
effects on MMR.17,18 Therefore, these alleles have
varying effects on Msh2 function. Several alleles that



776 Buffering Msh2–Msh6 Mismatch Repair Activity
showed either no phenotype or a weak phenotype
alone exhibited a synergistic increase in mutation
rate in an msh6Δ background, consistent with a
defect on Msh2–Msh3 activity.18 In our work, we
similarly observed a synergistic effect on mutation
rate when we combined msh2Δ1 with the msh6 NTR
alleles. However, the effect was stronger than that
observed in the absence ofmsh3 (Table 2), indicating
an effect of the deletion in addition to its role in
Msh2–Msh3 activity. Instead, it appears that the
msh2Δ1 allele makes Msh2–Msh6 activity suscepti-
ble to defects in the presence of weak msh6 alleles in
the PIP box and the NTR. Martinez and Kolodner
observed a similar effect with the weak msh2E194G
allele.18 This allele is within domain II of Msh2 but
may affect the positioning of domain I.10,18 In a
screen identifying enhancer mutations, eight weak
msh6 alleles were isolated, although none was in the
NTR. The authors suggested that the msh2 allele
sensitized the Msh2–Msh6 pathway to inactivation.
In both the present study and in Martinez and
Kolodner,18 Msh6 itself appears to have a buffering
effect when Msh2 is compromised.
Combinations of weaker alleles are likely relevant

for atypical cases of hereditary colon cancer that do
not fulfill the criteria for HNPCC. Martinez and
Kolodner proposed a model in which an inherited
weak allele in MMR could then be combined with a
somatic “second hit”mutation in another MMR gene,
leading to a strong MMR defect.18 Similarly, two
different alleles could be inherited from each parent,
each of which is weak, and, when combined, generate
a strong defect in MMR.58,59 Studies with MLH1 in
S. cerevisiae indicated that genetic background is
relevant when assessing a mutator phenotype in
vivo, particularly in the case of weaker alleles.60

Similarly, Heck et al. found that natural variants in
the subunits of Mlh1–Pms1 in yeast led to a defect
in MMR through negative epistasis.61 Therefore,
weak alleles, such as those studied in the current
work, are likely important in many cases of cancer
development, and it may be important to analyze
multiple MMR genes in microsatellite instability
positive tumors in order to identify a combination
of mutations responsible for the disease phenotype.
Despite the mild mutator phenotype, domain I of

Msh2 is essential for intact Msh2–Msh6 function.
The ability of the cell to buffer biochemical defects in
the msh2Δ1 background is striking and should be
considered when evaluating the effects of putative
HNPCC mutations in in vivo assays.

Materials and Methods

Plasmids and yeast strain construction

All yeast transformations were performed using the
lithium acetate method.62 Yeast strains were derived from
the S288c background and are detailed in Supplementary
Tables 1 and 2.
To make an msh2Δ1 allele without the hemagglutinin

tag that was present in our earlier work,28 we created an
untagged version of our integration vector (pEAI169).30

Briefly, we replaced the 3′ end ofmsh2Δ1-HA4 with a BlpI-
NheI fragment from the 3′ end of MSH2 from pMMR8.63

This generated the single-step integration vector pEAI245,
which was digested with PvuI and PvuII and used to
introduce msh2Δ1∷LEU2 into FY23 (MATα) and FY86
(MATa),31 as well as other strain backgrounds (Tables S1
and S2). Integrations were verified by PCR.
The pol3-01 and rad27 alleles were introduced into the

msh2Δ1 background by mating followed by sporulation
and tetrad dissection. For pol3-01, EAY565 (MATa ura3-52
leu2Δ trp1Δ63 pol3-01)35 was mated with EAY2039 and
EAY2040 (both MATα msh2Δ1∷LEU2). For rad27G67S,
EAY595 (MATa leu2Δ1 ade8 rad27-G67S) was mated with
EAY2040 (MATα msh2Δ1∷LEU2). The diploids were
sporulated, and four spore tetrads were replicated onto
synthetic complete (SC)-leucine to select for msh2Δ1. For
pol3-01, Leu+ colonies were tested for the presence of the
allele by PCR, followed by diagnostic digestion by BstUI
and EcoRV. For rad27-G67S, Leu+ colonies were first
tested by qualitative canavanine patch assay (rad27 alleles
have high mutator activity)64 and on 0.02% methyl
methanesulfonate plates (rad27 alleles are methyl metha-
nesulfonate sensitive).64

The msh3Δ strains were constructed by integrative
transformation with pEAI88 (msh3Δ∷hisG-URA3-hisG)
digested with EcoRI. Transformants were selected on
SC-uracil. Spontaneous loss of URA3 (pop-out) was then
selected on 5-fluoroorotic acid. Integration and pop-out
events were verified by PCR.
The msh6Δ strains were constructed by amplifying a

chromosomal msh6Δ∷KANMX fragment from the yeast
deletion collection. The resulting PCR product was used to
transform various yeast strains. The transformants were
selected on YPD+G418, and integrationwas verified by PCR.
The integrative plasmid used to introduce the PCNA

binding mutation into MSH6 was obtained from the
Kunkel laboratory.38 In this plasmid, the sequence encoding
the KQFF residues within the conserved PCNA binding
motif was mutated to instead encode AAAA. The plasmid
was digested with AflII and used to transform the
appropriate strains. Transformants were selected on SC-
Ura, and then, URA3 was popped out on 5-fluoroorotic
acid. The presence of the mutations was verified by PCR
followed by diagnostic digests and DNA sequencing.
MSH6 and msh6 alleles on low-copy-number plasmids

were obtained from the Kunkel laboratory.40 HindIII-
BamHI fragments of these plasmids were sub-cloned into
pRS416, which carries the URA3 marker.
Mutational analyses

Quantitative canavanine resistance assays were per-
formed as described previously.30 For most strains, we
analyzed mutation rates from at least two isolates. We
calculated mutation rates for the individual isolates (at
least 22 individual colonies) and found that they were
statistically the same. We therefore grouped the data from
the isolates in each strain to generate the mutation rates
shown in Tables 1 and 2. When a single isolate was tested,
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at least 44 individual colonies were used to calculate
mutation rates. We used the Ma–Sandri–Sarkar Maximum
Likelihood Estimator method65 to calculate mutation rates
and 95% confidence intervals. We developed a spread-
sheet to facilitate these calculations. Subsequently, Hall et al.
developed a web tool for these calculations (FALCOR),66

which we used to validate our calculations.
The m values calculated by the Ma–Sandri–Sarkar

Maximum Likelihood Estimator are normally distributed.
Therefore, we carried out student t-tests between pairs to
determine p values. Differences were considered signifi-
cant when pb0.01.
For the mutation spectra, canavanine-resistant papilla-

tions from wild-type and msh2Δ1 strains were selected.
The CAN1 gene was amplified by PCR and analyzed by
DNA sequencing.

Msh2–Msh6 and msh2Δ1–Msh6 purifications

For overexpression and purification of msh2Δ1, we
digested pEAE967 with NheI and XhoI and replaced it
with an msh2Δ1 fragment amplified from pEAI16930 to
generate pEAE263. We then inserted the BglII fragment
from YEp13, which encodes the LEU2 marker, into the
BglII site of pEAE263 to generate pEAE248.
Msh2–Msh6 was overexpressed and purified from a

protease-deficient strain of S. cerevisiae (EAY33) containing
pEAE9 (MSH2) and pEAE219 (MSH6) as described
previously.47 msh2Δ1–Msh6 was purified using pEAE248
(msh2Δ1) and pEAE219. msh2Δ1–Msh6 was purified from
EAY158, a protease-deficient yeast derivative of EAY33
deleted for MSH2. msh2Δ1–Msh6 purified with yields
similar to those of wild type, suggesting that the deletion
mutation did not disrupt protein stability. Protein concen-
trations were determined in the Bradford assay using
bovine serum albumin (Sigma-Aldrich) as a standard.

Gel mobility shift assays

The 49-mer DNA substrates used in gel mobility shift
assays were homoduplex (LS1/LS2) and +1 insertion
(LS2/LS6), as described previously.68 The extrahelical
nucleotide is A. Substrates were prepared as described
previously.68 The standard DNA binding assay (10 μl)
contained 50 nM 5′ end-labeled [32P]substrate in 20 mM
Hepes (pH 7.5), 100 mM NaCl, 1 mM DTT and 40 μg/ml
of bovine serum albumin. Reactions were assembled on
ice with Msh2–Msh6 or msh2Δ1–Msh6 added last and
then incubated at room temperature for 5 min. Samples
were electrophoresed through 4% non-denaturing poly-
acrylamide (29:1) gels in 45 mM Tris–borate and 0.5 mM
ethylenediaminetetraacetic acid (EDTA) (pH 8.0) at 130 V
for 45 min in a water-cooled gel electrophoresis apparatus.
Gels were dried and exposed to a PhosphorImager screen
(Molecular Dynamics) and quantified with ImageQuant
(Amersham). The percent of bound substrate consisted of
all substrates shifted above the unbound DNA substrate.
Approximate Kd was defined as the protein concentration
at which 50% of the DNA substrate was bound.

In situ OP-Cu footprinting

In situ OP-Cu footprinting was performed as described,68

using the same substrates as in the gel mobility shift assays.
Briefly, binding reactions were performed in 10-μl
volumes containing 1–2 pmol 32P-labeled DNA substrate
as described above for the gel mobility shift assays.
Sonicated salmon sperm DNA (100 ng) was added to each
reaction. Protein–DNA complexes were separated by
electrophoresis through a 6% non-denaturing polyacryl-
amide gel. The gel was immersed in 10 mM Tris–HCl
(pH 8.0) and then treated with 20 ml of solution A (2 mM
OP-Cu and 0.45 mM CuSO4; Sigma-Aldrich) and 20 ml of
solution B (1:200 dilution of 3-mercaptopropionic acid in
ddH20; Sigma-Aldrich). After 15 min at room temperature,
digestion was stopped by the addition of 20 ml of solution
C (28 mM neocuproine; Sigma-Aldrich). Protein–DNA
complexes and free DNA bands were located by
autoradiography of the wet gel and excised, crushed and
eluted overnight at 37 °C in 0.5 M ammonium acetate and
1 mM EDTA (pH 8.0). The extracted DNA was phenol:
chloroform extracted, precipitated with ethanol, dried and
resuspended in 6 μl of loading dye [98% formamide,
10 mM EDTA (pH 8.0), 0.025% xylene cyanol and 0.025%
bromophenol blue]. Samples were separated by electro-
phoresis on 10% denaturing urea polyacrylamide gels.
Sequencing standards were created by dimethyl sulfate
(Sigma-Aldrich) modification of DNA substrates and
cleavage with NaOH to generate G→A DNA ladders.
The gels were dried on DE81 paper and exposed to a
PhosphorImager screen for quantification (ImageQuant).
The footprint patterns were quantified by normalizing
each band relative to the total counts per lane.

DNase I footprinting

DNase I footprinting was performed essentially as
previously described.47 Briefly, Msh2–Msh6–DNA com-
plexes were formed at room temperature in a 25-μl
reaction containing either a radiolabeled 99-mer sub-
strate with a +T insertion in the center of the substrate
(+1 substrate) or a 99-mer homoduplex DNA substrate.47

DNase I (0.33 units; New England Biolabs) was added
to each reaction and incubated for 2 min at room
temperature. Stop buffer (90 μl) (1.6 M ammonium
acetate, 400 μg/ml of sonicated salmon sperm DNA and
0.1 mM EDTA) was added to quench the reaction. The
samples were phenol:chloroform extracted twice, chloro-
form extracted and then precipitated with ethanol. The
pellets were air dried and resuspended in 6 μl of
formamide dye.69 The reactions were electrophoresed
through a 10% acrylamide, 50% urea and 1× Tris–borate–
EDTA sequencing gel at 75 W for 90 min. The DNase I
reactions were run alongside dimethyl-sulfate-modified
sequencing reactions of the same substrates, which were
included as markers. Gels were dried onto DE81 paper
and exposed to a PhosphorImager screen. The data were
visualized and analyzed by ImageQuant.

DNA bending assay

DNA bending assays were performed essentially as
previously described.47,55 Briefly, duplex 90-base-pair
DNA substrates containing a single T insertion at
positions 15, 45 and 75 were radiolabeled and used as
substrates in a gel mobility shift assay with Msh2–Msh6 or
msh2Δ1–Msh6. Approximately 200 ng of pBluescript was
added to the reaction just prior to electrophoresis. Samples



778 Buffering Msh2–Msh6 Mismatch Repair Activity
were separated by electrophoresis in a water-cooled
apparatus at 250 V for 90 min. The gels were dried on
3MM Whatman paper and exposed to a PhosphorImager
screen. The data were visualized by ImageQuant.
Quantitative Western blots

TheMSH2 strain used was FY23,31 themsh2Δ strain was
EAY28170 and the msh2Δ1 strains were EAY2039 and
EAY2040 (this study, Table S1). Polyclonal antibodies
against S. cerevisiae Msh2 and Msh6 were previously
described.71

Cultures were grown to OD600=0.6, and the cells were
lysed as previously described.72 Three replicates of wild
type, six replicates of msh2Δ and msh6Δ and three
replicates of msh2Δ1 were performed. Dilutions of the
cells just prior to lysis and just after lysis were counted on
a hemacytometer (in triplicate for quantitative blots) to
determine the lysis efficiency and the cell concentrations.
Cell lysates or purified protein was run by SDS-PAGE and
then transferred to Bio-Rad Laboratories Trans-Blot
nitrocellulose (Hercules, CA) by full immersion in a Mini
Trans-Blot Cell (Bio-Rad). The membrane was blocked
overnight at 4 °C and then incubated with the 1:4000
diluted primary anti-Msh2 or anti-Msh6 antibody for 1 h,
followed by incubation with 1:4000 diluted horseradish-
peroxidase-conjugated goat anti-rabbit antibody for 1 h. It
was then treated for chemiluminescent detection as
directed with the Amersham ECL Plus System (GE
Healthcare). The membrane was exposed to Kodak
BioMax Light film.
For quantitative blots, equal-volume replicates from the

same aliquot of wild-type cell lysate that were calculated
to contain 2.3×106 lysed cells were loaded to monitor
consistency. This number of lysed cells provided amounts
of Msh2 or Msh6 that were in the linear range for
measurement. For a standard curve, increasing amounts
of purified Msh2–Msh6 heterodimer were added back to
null strain lysate, which controlled for possible cross-
reacting proteins.
For comparative blots, one or more lanes of wild-type

cell lysate were loaded to provide a reference. An equal
number of lysed cells for each strain were loaded.
Developed film images were scanned into Tiff files at

300 dpi and processed with Adobe Photoshop CS2,
Version 9.0.2. One box fitting the largest band on the gel
was used to take the measurements (mean gray value) of
each band and of the background of every lane directly
below the desired band. Background values were sub-
tracted from band values to give the band intensity.
The band intensity was plotted over the number of

Msh2 or Msh6 molecules/cell loaded. To calculate the
lysate volume needed to load 2.3×106 lysed cells (cell
equivalents), we calculated the concentration of cell
equivalents in the lysate: the mean of the three post-lysis
cell counts was divided by the mean of the three pre-lysis
cell counts, and the resulting value was subtracted from
1.00 to give the lysis efficiency. The lysis efficiency was
multiplied by the pre-lysis cell concentration to give the
concentration of cell equivalents in the lysate. In the
reference standard lanes, the same calculation was
performed with the null strain lysate to load 2.3×106

lysed cells, and then zero, 0.26 ng, 0.53 ng, 1.04 ng, 1.56 ng
or 2.08 ng of Msh2–Msh6 dimer was added to the null
strain lysate to make the standard curve. A linear
regression line was then fit to the curve with MS Office
Excel 2003, and the equation was used to solve for the
number of Msh2 or Msh6molecules/cell in each wild-type
lane. Three quantitative blots were made for both Msh2
and Msh6 using independent cultures, and SEM is the
SEM for the three independent experiments.
Supplementary materials related to this article can be

found online at doi:10.1016/j.jmb.2011.06.030
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