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Hereditary nonpolyposis colorectal cancer is caused by germ-
line mutations in DNA mismatch repair genes. The majority of
cases are associated with mutations in hMSH2 or hMLH1; how-
ever, about 12% of cases are associated with alterations in
hMSH6. The hMSH6 protein forms a heterodimer with hMSH2
that is capable of recognizing a DNA mismatch. The het-
erodimer then utilizes its adenosine nucleotide processing abil-
ity in an, as of yet, unclear mechanism to facilitate communica-
tion between the mismatch and a distant strand discrimination
site. Themajority of reportedmutations inhMSH6 are deletions
or truncations that entirely eliminate the function of the pro-
tein; however, nearly a third of the reported variations are mis-
sense mutations whose functional significance is unclear. We
analyzed seven cancer-associated single amino acid alterations
in hMSH6distributed throughout the functional domains of the
protein to determine their effect on the biochemical activity of
the hMSH2-hMSH6 heterodimer. Five alterations affect mis-
match-stimulated ATP hydrolysis activity providing functional
evidence that missense variants of hMSH6 can disrupt mis-
match repair function andmay contribute to disease. Of the five
mutants that affect mismatch-stimulated ATP hydrolysis, only
two (R976H and H1248D) affect mismatch recognition. Thus,
three of the mutants (G566R, V878A, and D803G) appear to
uncouple themismatch binding andATPhydrolysis activities of
the heterodimer. We also demonstrate that these three muta-
tions alter ATP-dependent conformation changes of hMSH2-
hMSH6, suggesting that cancer-associatedmutations inhMSH6
can disrupt the intramolecular signaling that coordinates mis-
match binding with adenosine nucleotide processing.

The process ofDNAmismatch repair (MMR)2 is essential for
maintaining genomic stability through recognition and correc-

tion of mismatched nucleotides and small insertion/deletion
loops. In human cells, threeMutS homologs (hMSH2, hMSH3,
and hMSH6) assemble into two functional heterodimers that
recognize a DNA lesion and initiate the MMR process. The
hMSH2-hMSH6 heterodimer is most abundant and recognizes
single base mismatches and small insertion/deletion loops. It
signals for repair through a heterodimer of MutL homologs,
hMLH1-hPMS2. In addition to initiation of repair, theseMMR
proteins also participate in signaling for cell cycle arrest and
apoptosis in response to DNA damage (1, 2).
Key conserved features of all MutS homologs, including

hMSH2 and hMSH6, are highly conserved ATP-binding and
hydrolysis motifs located near the C termini (3). Their ability to
bind and hydrolyze ATP is crucial for MMR function, and this
ATP hydrolysis (ATPase) activity is stimulated by a DNA mis-
match (3–6). DNA binding by MSH2-MSH6 occurs in the
presence of ADP and is inhibited by ATP (4, 7–9). Mismatch
binding leads to a rapid exchange of ADP for ATP resulting in a
conformation change to a sliding clamp that freely diffuses
along DNA. When the ends of the DNA molecule are block-
aded, the MSH2-MSH6 sliding clamps remain trapped on the
DNA (9, 10). This conformational change and movement on
the DNA requires ATP but not ATP hydrolysis (9, 10). These
observations led to the formation of a “molecular switch”model
for hMSH2-hMSH6 function, which proposes that multiple
hMSH2-hMSH6 complexes load at the site of a DNA mis-
match, and through an ATP-dependent passive diffusion along
the DNA, they communicate a signal between the mismatch
and a distant strand discrimination signal (4, 11).
Cells lacking functional MMR accumulate mutations at an

increased rate (12). This mutator phenotype is underlined by
the causal role that loss of MMR plays in the heritable cancer
syndrome, hereditary non-polyposis colorectal cancer
(HNPCC) (13). Although germline mutations in hMSH2 or
hMLH1 account for the majority of HNPCC cases, a subset
(12%) of reportedMMRmutations are found in hMSH6 (MMR
Genes Variant data base) (14). Tumors with mutated hMSH6
display a later age of onset and are less likely to fulfill the
Amsterdam criteria for HNPCC (15) than tumors with hMSH2
mutations. Interestingly, female hMSH6mutation carriers have
a higher frequency of endometrial cancers and endometrial
hyperplasia (16, 17). These differences in clinical characteristics
make understanding the underlying biochemical defects asso-
ciated with mutations of hMSH6 important for elucidating its
role as a tumor suppressor.
Although most cancer-associated mutations in hMSH6

result in truncations or deletions of the protein, about one-
third are missense mutations encoding a single amino acid

* This work was supported, in whole or in part, by National Institutes of Health
Grant CA115783 (NCI). This work was also supported by the Wendy Will
Case Cancer Foundation, Grant RSG-07-145-01-CCG from the American
Cancer Society. The costs of publication of this article were defrayed in part
by the payment of page charges. This article must therefore be hereby
marked “advertisement” in accordance with 18 U.S.C. Section 1734 solely to
indicate this fact.

□S The on-line version of this article (available at http://www.jbc.org) contains
supplemental Figs. S1–S4.

1 To whom correspondence should be addressed: Neag Comprehensive Can-
cer Center, University of Connecticut Health Center, 263 Farmington Ave.,
ML3101, Farmington, CT 06030-3101. Tel.: 860-679-8859; Fax: 860-679-
7639; E-mail: cheinen@uchc.edu.

2 The abbreviations used are: MMR, mismatch repair; HNPCC, hereditary
nonpolyposis colorectal cancer; ATP�S, adenosine-5�-O-(3-thiotriphos-
phate); SPR, surface plasmon resonance; h, human; WT, wild type; DTT,
dithiothreitol.

THE JOURNAL OF BIOLOGICAL CHEMISTRY VOL. 283, NO. 46, pp. 31641–31648, November 14, 2008
© 2008 by The American Society for Biochemistry and Molecular Biology, Inc. Printed in the U.S.A.

NOVEMBER 14, 2008 • VOLUME 283 • NUMBER 46 JOURNAL OF BIOLOGICAL CHEMISTRY 31641



change (14). The biochemical defects associated with these
missense mutations are unknown. In this study, we have ana-
lyzed seven missense mutations in hMSH6 that were reported
in HNPCC and suspected HNPCC families (18–20). We ana-
lyzed the recombinant mutant proteins in conjunction with
their wild-type hMSH2 partner for DNA binding and adeno-
sine nucleotide processing.We found that five of themutations
resulted in decreased in vitro biochemical functions thereby
supporting their roles in tumorigenesis.

EXPERIMENTAL PROCEDURES

hMSH6 Mutant-containing Heterodimer Preparation—
hMSH6 missense mutants were generated by QuickChange
site-directed mutagenesis (Stratagene). Wild-type and mutant
hMSH2-hMSH6 heterodimers were expressed and purified as
described previously (21). Protein concentration was deter-
mined by absorbance at 280 nm. For some mutants, dimer sta-
bility was examined by observing denaturation in the presence
of urea. 1�g of protein was incubated with 0–7 M urea in buffer
containing 25 mM Hepes (pH 8.1), 100 mM NaCl, and 5.3%
glycerol for 15 min at room temperature. The reactions were
analyzed on a 5% native gel and silver-stained to visualize pro-
teins. A separate gel was run for Western blot analysis using
polyclonal hMSH2 (Calbiochem) and hMSH6 (Bethyl Labora-
tories) antibodies to identify bands corresponding to hMSH2-
hMSH6 complex and monomer forms. The monomer and
dimer signal intensity was quantified using ImageJ (22).
ATPase Assays—ATPase activity was measured at multiple

concentrations (15–100 nM) of hMSH2-hMSH6 protein by
incubating with 16.5 nM [�-32P]ATP (PerkinElmer Life Sci-
ences) in 25mMHepes (pH 8.1), 100mMNaCl, 10mMMgCl2, 1
mMDTT, 15%glycerol, and 20–240�MunlabeledATP in 20-�l
reactions at 37 °C for 30 min. Reactions were carried out in the
presence of 41-bp DNA oligonucleotide containing a central
G/T mismatch. The fraction of hydrolyzed [�-32P]ATP was
determined by charcoal binding as described previously (4). For
analysis of DNA-independent ATPase activity, protein concen-
tration was increased to 200 nM.
Surface Plasmon Resonance (SPR) Analysis—The Biacore

T100 (GE Healthcare) optical biosensor was used to monitor
real time interaction of hMSH2-hMSH6 with DNA. A 41-bp
biotinylated DNA oligonucleotide containing a central G/T
mismatch was affixed to a streptavidin sensor chip (GEHealth-
care) to �100 resonance units. 0–180 nM of hMSH2-hMSH6
were injected over the chip at a flow rate of 30 �l/min for 3 min
in buffer containing 25mMHepes (pH 8.1), 110mMNaCl, 1mM
DTT, 2 mM MgCl2, 2% glycerol, and 25 �M ADP. After 3 min,
protein flow was halted, and injection of buffer alone was con-
tinued for another 3 min to observe dissociation. Samples were
kept at 10 °C prior to injection, and experiments were per-
formed at 25 °C. The DNA chip surface was regenerated after
each run by washing with 2.5 M NaCl at 100 �l/min for 1 min.
Data were analyzed by fitting each binding curve to a 1:1 bind-
ing model using Biacore T100 analysis software (GE Health-
care). ATP-dependent dissociation was observed using SPR by
pre-binding 50 nM hMSH2-hMSH6 to heteroduplex DNA for 3
min as above. During the dissociation phase, protein flow was
halted, and an identical buffer with 250 �M ATP was injected

over the surface at 30 �l/min. Dissociation of the protein-DNA
complex was observed for 3 min.
Adenosine Nucleotide Binding and Exchange—ATP cross-

linking experiments were performed with hMSH2-hMSH6
protein (150 nM) incubated with 0.5 �M [�-32P]ATP for 20 min
at room temperature in 20�l of buffer containing 25mMHepes
(pH 8.1), 100mMNaCl, 1mMDTT, 11% glycerol, and 0 or 5mM
MgCl2 as indicated. The reactions were cross-linked on ice for
10min using aUVStratalinker 1800 (Stratagene) and separated
on a 6% SDS-polyacrylamide gel. Bands were visualized using
the Cyclone Storage Phosphor System (PerkinElmer Life Sci-
ences) and OptiQuant software (Packard Instrument Co.). 0.7
�g of each protein was run on a separate gel and stained with
Coomassie Blue to control for the amount of mutant protein
loaded. Signal intensity was determined using ImageJ (22).
ATP�S filter binding experiments were performedwith 100 nM
hMSH2-hMSH6 protein, 0.05 �M [35S]ATP�S (PerkinElmer
Life Sciences), and 0.5–20 �M unlabeled ATP�S as described
previously (21). [35S]ATP�S boundwasmeasured in a Beckman
LS 6500 counter. ADP3ATP exchange assayswere performed
with 40 nM hMSH2-hMSH6 incubated with 2.3 �M [3H]ADP
(PerkinElmer Life Sciences) as described previously (21). 60 nM
heteroduplex DNA and 0.5 mM ATP were added to start the
reaction. Bound [3H]ADP was quantified using a Beckman LS
6500 counter.
Partial Trypsin Proteolysis—1�g of hMSH2-hMSH6 protein

was incubated in trypsin proteolysis buffer (50 mM ammonium
bicarbonate, 25 mM Hepes, 100 mM NaCl, 1 mM DTT, 1 mM
MgCl2, 0.1 mM EDTA, and 20% glycerol) with increasing
amounts of trypsin (0–160 ng) in 20-�l reactions for 45 min.
Reactions were stopped by the addition of Laemmli sample
buffer and boiling. 0.5 �g of protein were loaded onto 8% SDS-
PAGE and visualized by silver staining. Western blot analysis
was performed to identify hMSH2 and hMSH6 fragments.
Mass spectrometry was also used to identify peptide fragments
in specific bands of interest. The bands were excised, and gel
pieces were subjected to in-gel reduction, carboxyamidom-
ethylation, and tryptic digestion (Sigma). As described previ-
ously (23), peptide sequences were determined by microcapil-
lary reverse-phase chromatography directly coupled to a
Finnigan LTQ quadrupole ion trap mass spectrometer
equipped with a commercial nanoelectrospray source. Inter-
pretation of the resulting tandemmass spectroscopy spectra of
the peptides was facilitated by programs developed in the Uni-
versity of Connecticut Health Center Proteomic and Biological
Mass Spectrometry facility and by data base correlation with
the algorithm Sequest (24).

RESULTS

HNPCC-associated hMSH6 Missense Mutations Do Not
Affect Ability of the Protein to Interact with hMSH2—Weexam-
ined seven cancer-associated missense mutations in hMSH6
identified in HNPCC kindreds or familial cancer patients sus-
pected of having HNPCC (18–20) to determine their effects on
the biochemical activity of the hMSH2-hMSH6 heterodimer.
These mutations encode for single amino acid substitutions
(S144I, S285I, G566R, D803G, V878A, R976H, and H1248D),
which lie throughout the structural subdomains of hMSH6 as
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determined from the hMSH2-hMSH6 crystal structure (Fig.
1A) (25). The hMSH2-hMSH6 heterodimer was purified via a
hexahistadine tag on the N terminus of hMSH6. hMSH6 and
hMSH2 co-purify in an apparent 1:1 ratio as determined by
Coomassie staining of an SDS-polyacrylamide gel demonstrat-
ing that none of the missense mutations affect heterodimer
formation (data not shown). We further examined the G566R
and H1248D mutants for effects on heterodimer stability. The
G566Rmutation had been suggested previously to affect dimer
stability when expressed in mammalian cell culture (26). The

H1248D mutation is located near
the C terminus of hMSH6 in a
region that overlaps with hMSH2
(Fig. 1B) in a domain that had been
determined to affect dimer interac-
tion (27). Analysis of the dimer to
monomer ratio following urea-
dependent denaturation does not
reveal effects of either mutation on
heterodimer stability (supplemental
Fig. 1).
Steady-state ATPase Activity Is

Affected in HNPCC hMSH6 Mis-
sense Mutants—The MSH2-MSH6
heterodimer contains an intrinsic
low level ATP hydrolysis activity
that is stimulated in the presence of
mismatched DNA and is essential
forMMR (3–6).We determined the
steady-state ATPase activity of
hMSH6 missense mutants in the
presence or absence of a DNA mis-

match. In the absence of DNA, themajority of mutants showed
only a slightly lower kcat than wild-type protein, with H1248D
and V878A appearing more significantly affected (Table 1 and
supplemental Fig. 2). The H1248D mutation is located in the
ATPase domain (see Fig. 1B) in close proximity to where the
�-phosphate would reside and may coordinate with the ABC-
ATPase signature helix of hMSH2 to promote hydrolysis of
ATP in the hMSH6 nucleotide binding pocket. In the presence
of heteroduplex DNA, more dramatic changes in kcat and cata-
lytic efficiency (kcat/Km) were seen for five of the seven hMSH6
mutant proteins (Table 1 and supplemental Fig. 2). The G566R
mutant, although similar in ATPase activity to wild-type pro-
tein in the absence of DNA, had a dramatic reduction in mis-
match-stimulated ATPase, suggesting deficiencies in other
aspects of its activity.
DNA Mismatch Binding Is Not Affected for Most of the

hMSH6 Mutants—Pre-steady-state kinetic experiments indi-
cate thatMSH2-MSH6 undergoes a rapid burst of ATP hydrol-
ysis followed by a slow rate-limiting step (8), whichmay require
mismatch binding to overcome (4). Thus, we sought to deter-
mine whether missense mutations in hMSH6 affect DNA mis-
match recognition. The kinetics of hMSH2-hMSH6 binding to
a 41-bp heteroduplex oligonucleotide was examined by SPR
(supplemental Fig. 3). Multiple protein concentrations (0–120
nM) were analyzed to determine the equilibrium dissociation
constant (KD(G/T)) (Table 2). All of the hMSH6 mutant-con-
taining heterodimers retained an ability to interact with hetero-
duplex DNA, and most mutants displayed KD(G/T) similar to
wild-type protein. Twomutants R976H and H1248D displayed
reduced affinity for themismatchwithKD(G/T) values increased
�4- and 7-fold, respectively. The R976H mutation lies in the
clamp domain of the protein (Fig. 1A), and data from the crystal
structure indicate that neighboring residues Asn-975 and Arg-
974 interact with the DNA backbone during mismatch recog-
nition (25); thus it is not surprising that this mutation would
affectmismatch binding.However, as noted above, theH1248D

FIGURE 1. Location of hMSH6 missense mutations. A, seven hMSH6 missense mutations tested mapped to
the human hMSH2-hMSH6 heterodimer crystal structure (25). The hMSH2 subdomain is indicated in pink, and
the hMSH6 subunit is labeled by subdomain. The missense mutations lie throughout the subdomains of
hMSH6. S144I and S285I lie in an N-terminal region of the protein that was removed prior to crystallization. DNA
containing a mispair is shown in lime green. B, two overlapping ABC ATPase active sites of hMSH2 (pink) and
hMSH6 (blue) are formed at the C-terminal heterodimer interface. ADP is bound to the P-loop of each subunit.
His-1248 of hMSH6 lies near the bound nucleotide on a parallel �-helix. C, reverse view of hMSH6 showing a
close-up of the location of G566R, D803G, and V878A in the connector and lever domains. All structural repre-
sentations were created with PyMOL.

TABLE 1
ATP hydrolysis activity of hMSH2-hMSH6 missense mutants in the
presence and absence of a DNA mismatch
In the presence of homoduplex DNA, wild-type kcat/Km is 19.7 � 10�4 M�1�min�1.

ATPase (G/T DNA) ATPase (no DNA)
kcat kcat/Km � 10�4 kcat kcat/Km � 10�4

min�1 M�1�min�1 min�1 M�1�min�1

Wild type 24.0 � 4.2 35.8 1.6 � 0.2 1.6
S144I 15.6 � 1.3 36.0 1.1 � 0.1 3.6
S285I 13.0 � 1.0 38.3 0.8 � 0.0 2.1
G566R 2.7 � 0.2 12.6 1.2 � 0.3 0.6
D803G 5.6 � 0.4 9.7 0.6 � 0.0 3.5
V878A 8.1 � 0.8 26.2 0.5 � 0.0 0.9
R976H 5.7 � 0.5 30.8 1.3 � 0.1 2.1
H1248D 1.0 � 1.0 13.0 0.3 � 0.0 0.6

TABLE 2
DNA and nucleotide binding properties and nucleotide exchange of
hMSH2-hMSH6 mutants
In the presence of homoduplex DNA, wild-type KD(G/C) is 48.6 nM.

hMSH6
mutation

DNA binding,
KD(G/T)

ATP�S binding,
KD(ATP)

ADP-ATP
exchange, t1⁄2

nM �M s
Wild type 4.78 � 0.70 0.91 � 0.20 4.2
S144I 5.65 � 0.19 1.10 � 0.19 2.5
S285I 4.96 � 0.07 0.37 � 0.26 2.1
G566R 8.51 � 1.00 4.19 � 1.21 3.2
D803G 11.59 � 0.97 0.41 � 0.11 1.1
V878A 5.43 � 0.52 1.27 � 0.23 2.8
R976H 23.15 � 2.88 0.52 � 0.13 9.5
H1248D 39.79 � 1.19 0.69 � 0.23 4.9
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mutation resides at the opposite end of the molecule in the
ATPase domain suggesting that some mutations can have
effects on functions that occur at a distant site in the molecule.
A similar effect was observed with missense mutations in
hMSH2 that affected mismatch binding, although far removed
from the mismatch binding domain (21). The remaining
hMSH6 mutations did not affect mismatch binding suggesting
some mutations may uncouple mismatch recognition from
mismatch-stimulated ATPase activity.
Missense Mutations in hMSH6 Affect Binding to Adenosine

Nucleotides—Despite the structural distance between theDNA
binding and ATP hydrolysis domains, nucleotide binding has
been shown to modulate the interaction of hMSH2-hMSH6
with DNA. ATP and ATP�S decrease protein affinity for DNA
and induce a large conformational change in the protein allow-
ing formation of a sliding clamp on DNA (9, 10). The two sub-
units MSH2 and MSH6 have differential specificity for ADP
and ATP, with MSH6 having a higher affinity for ATP and
MSH2 having a higher affinity for ADP (8, 28, 29). We exam-
ined the effect that hMSH6 missense mutations have on the
interaction of hMSH2-hMSH6 with ADP, ATP, and ATP�S.
Wild-type hMSH2-hMSH6 and the S144I, S285I, G566R,

and D803G each bind approximately one molecule of ADP per
heterodimer (Fig. 2A). Three mutations in hMSH6 resulted in
altered ability to bind ADP. R976H and H1248D had reduced
binding ability compared with wild type. Interestingly, V878A
was able to bind two molecules of ADP per heterodimer sug-
gesting that both nucleotide states are occupied by ADP in this
mutant. Although MSH2 has been demonstrated to have a

higher affinity for ADP, the fact that
mutations in hMSH6 could affect
ADP binding may indicate a cross-
talk between the subunits with
regard to nucleotide binding as has
been suggested previously (29).
We also used filter binding to

examine the effect of hMSH6muta-
tions on ATP�S binding (Fig. 2B).
Similar to our previously published
study (21), the KD(ATP�S) for the
wild-type heterodimer was 0.91 �M
with slightly more than one mole-
cule of ATP�S bound per het-
erodimer. TheG566Rmutant, how-
ever, was clearly deficient in ATP�S
binding whereas lesser defects were
observed for D803G, S285I, R976H,
and H1248D. We then examined
[�-P32]ATP binding by UV cross-
linking (Fig. 2C). These experiments
were performed in the presence and
absence of magnesium to prohibit
hydrolysis of the �-labeled phos-
phate. In the absence ofmagnesium,
ATP is bound to both subunits
and much more prominently by
hMSH6, consistent with hMSH6
containing the high affinity site for

ATP binding (8, 28, 29). As observed with the filter binding
assays, the G566Rmutant was affected in its ability to be cross-
linked to ATP, although the most notable defect was observed
in the D803G mutant heterodimer. The D803G mutation also
affected the ability to cross-link ATP to the hMSH2 subunit,
consistent with the idea of cross-communication between the
subunits. More modest defects were observed for the S285I,
V878A, and R976H mutants, although surprisingly, no defect
was observed for the H1248D mutant. The H1248D mutant
also showed similar reduction in ATP binding as wild type in
the presence of magnesium, despite the dramatic defect in
ATPase activity observed for this mutant. The reduced ATP
hydrolysis function of thismutantmight lead one to expect that
the H1248D hMSH6 subunit would retain the �-labeled phos-
phate even in the presence of magnesium, although this is not
the case. This may suggest that the reduced �-32P cross-linking
to hMSH6 in the presence of magnesium is not because of
hydrolysis of the labeled phosphate but rather is because of an
inability of hMSH6 to bind ATP in the presence of magnesium.
Taken together, the filter-binding and cross-linking studies
reveal defects in ATP binding particularly for the G566R and
D803G mutants that may partially explain their reduced mis-
match-stimulated ATPase.
hMSH6 Missense Mutants Undergo ADP 3 ATP Exchange

and Dissociation from a Mismatch—We measured the rate of
mismatch-stimulated exchange of ADP for ATP for each
mutant heterodimer by pre-binding the proteins to [H3]ADP
and initiating the reaction with mismatched DNA and excess
unlabeled ATP. Between 70 and 80% of the ADP is released in

FIGURE 2. Adenosine nucleotide binding of WT and hMSH6 missense mutants. A, ADP binding activity.
WT and mutant hMSH2-hMSH6 was incubated with [3H]ADP. The amount of ADP bound was determined
by filter binding. Error bars indicate standard deviation of three trials. Differences in ADP binding to V878A,
R976H, and H1248D were statistically significant (p � 0.01) compared with WT as indicated by asterisks.
B, ATP�S binding. Varying concentrations of [35S]ATP�S were incubated with 100 nM hMSH2-hMSH6
protein. The amount of bound nucleotide was determined by filter binding. Points represent the average
of three trials, and the data were fit with the Michaelis-Menten equation. C, ATPS�S binding activity. WT
and mutant proteins were incubated and cross-linked to radiolabeled [�-32P]ATP in the presence or
absence of Mg2� (to inhibit hydrolysis). Binding of ATP was visualized by phosphorimaging. Signal was
adjusted for loading as measured by Coomassie stain. Values indicate quantitated band intensities for
hMSH2 and hMSH6 normalized to WT-Mg2�.
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the first 5 s for both the wild-type and mutant heterodimers
with the exception of the R976H mutant, which has a delayed
release as indicated by the slightly longer half-rate of exchange
t1⁄2 � 9.5 s (Fig. 3A andTable 2). This increased t1⁄2 may be due to
its reduced affinity for binding G/T mismatches.
Themismatch-inducedADP3ATPexchange also results in

the release ofMSH2-MSH6 from themismatch in the form of a
hydrolysis-independent sliding clamp that dissociates from the
DNAvia a free end (9, 10). SPRwas used to assessATP-depend-
ent dissociation from a mismatch. Wild-type and all missense
mutant proteins quickly dissociate from the DNA in the pres-
ence of ATP with nearly indistinguishable off-rates (Fig. 3B).
That the G566R and D803G mutants are able to dissociate in
the presence ofATPdespite their reduced affinity forATP indi-
cates that their ATP binding ability at high concentrations of
ATP is sufficient to induce dissociation, although whether they
undergo a conformational change to a sliding clamp cannot be
determined by these experiments.
hMSH6Missense Mutants Alter Nucleotide-induced Confor-

mational Change in hMSH2-hMSH6—As the G566R, D803G,
and V878A mutations appear to uncouple mismatch-stimu-
lated hydrolysis frommismatch binding despite their locations
far removed from the ATPase and mismatch binding sites (Fig.
1C), we began to investigate whether thesemutations can affect
ATP-dependent conformational changes. We performed par-
tial proteolysis of the wild-type and mutant heterodimers with
increasing concentrations of trypsin. The accessibility of tryp-
sin digestion sites in wild-type hMSH2-hMSH6 is distinguish-
able upon the addition of ATP or ATP�S indicating a signifi-
cant conformational change (Fig. 4A). Western blot analysis
reveals that the majority of novel fragments in the ATP- and
ATP�S-containing lanes are fragments of hMSH6, whereas the
majority of hMSH6 fragments in the absence of nucleotide run
off an 8% acrylamide gel indicating that hMSH6 is likely largely
unstructured in the absence of nucleotide (supplemental Fig.
4A). However, we cannot rule out that the polyclonal antibodies
used for hMSH2 and hMSH6 fail to recognize all digested frag-
ments. Upon addition of ATP and ATP�S to the G566R and
D803G heterodimers, altered proteolytic patterns are observed
comparedwithwild type (Fig. 4A). At least two prominent frag-
ments between 35 and 55 kDa observed in the wild-type diges-

tion are not present for the mutants
suggesting a different conforma-
tional state. This altered conforma-
tion is observed for V878A and
H1248D as well, although the S144I
proteolysis pattern appears similar
to wild-type protein (supplemental
Fig. 4B).
To identify the peptides that are

present in the wild-type fragments
between 35 and 55 kDa, the two
major bands were cut out from a gel
and analyzed bymass spectrometry.
Both bands consisted of peptides of
hMSH2 and hMSH6 indicating that
each band represented multiple
protected peptides that co-migrated

on the gel. The faster migrating protected species included an
hMSH2 fragment and an hMSH6 fragment. They consisted of
the entireATPase domains aswell as the long�-helices (labeled
�-helix V in hMSH2 and �-helix DD in hMSH6 in Fig. 2 of
Warren et al. (25)) that extend the length of the lever domain
connecting the ATPase domain to the clamp domain (Fig. 4B).
The slower migrating protected species include fragments that
are made up of the same domains as above plus additional
sequences in the clamp domain from hMSH2 and hMSH6. In
addition, peptides from the N-terminal DNA binding and con-
nector domains of hMSH2 were identified in this slower
migrating band, likely representing a third protected fragment
that co-migrates on the gel. The absence of these species in the
mutant heterodimer reactions suggest thatmissensemutations
in hMSH6 can alter the conformation of both hMSH6 and
hMSH2 such that the ATPase and lever domains are more
accessible to trypsin digestion.

DISCUSSION

Premature truncation and deletion mutations in the hMSH2
or hMSH6 gene result in loss of function of that gene product
leading to cancer. The significance, however, of missense vari-
ants in these genes is less clear. Whether the variation contrib-
utes to disease phenotype and whether carriers of the variant
are at increased risk are important clinical questions that may
affect patient management. Any functional assessment of the
variation can add valuable information regarding the likelihood
of its contribution to pathogenicity (30). Functional screens
such as complementation assays in yeast (18, 31) and human
cells (26) have revealed some information about the function,
or lack of function, of certain missense variants. Previously, we
examined the biochemical properties of seven missense muta-
tions of hMSH2, demonstrating that six of seven mutations
significantly disrupted the biochemical function of the hMSH2-
hMSH6 heterodimer (21). This study examines the effect of
seven different single amino acid alterations in hMSH6 on het-
erodimer function.Wehave demonstrated that five of the seven
alterations affect mismatch-stimulated ATPase activity, pro-
viding strong evidence that these variants are true disease-caus-
ing mutations, and carriers should be considered at-risk for
disease development.

FIGURE 3. ADP to ATP exchange and dissociation from a mismatch. A, exchange of ADP for ATP. hMSH2-
hMSH6 protein was pre-bound to [3H]ADP. Exchange of ADP for ATP upon the addition of a 41-bp mismatch
(G/T) containing oligonucleotide and excess ATP was determined by filter binding. Data points represent the
average of three trials and were fit to exponential decay. B, ATP-dependent dissociation from a mismatch. 50
nM concentration of each protein was pre-bound to a 41-bp mismatch (G/T) containing oligonucleotide in the
absence of ATP. The dissociation curves for wild-type and hMSH6 mutant heterodimers in the presence of 250
�M ATP are displayed as a function of the percentage of protein initially bound to the mismatch.
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Examining the manner in which cancer-associated variants
of MMR genes affect their molecular function may also help
shed light on the details of the MMR mechanism. Although
necessary for MMR function, the exact role of the mismatch
stimulated ATPase of hMSH2-hMSH6 is still not fully under-
stood (2). The heterodimer utilizes its adenosine nucleotide
processing function to directly or indirectly associate the site of
a DNA mismatch with that of a strand discrimination signal at
a distant site. This strand discrimination signal results in the

proper generation of an excision tract by which the mispaired
base is removed. Three models have been proposed for how
hMSH2-hMSH6 coordinates mismatch binding and adenosine
nucleotide processing to perform this job. A static transactiva-
tion model proposes that the MutS homologs form a ternary
complex with ATP and the MutL homologs at the site of the
mismatch that is capable of interacting with a strand discrimi-
nation site in trans (32). Two other models involve movement
of the MutS homologs away from the mismatch either via an
ATP hydrolysis-dependent translocation (33) or through the
formation of an ATP-dependent sliding clamp that diffuses
along DNA in a hydrolysis-independent fashion (4, 10). The
manner in which cancer-associated variants of hMSH6 affect
the function of the hMSH2-hMSH6 heterodimer may unravel
clues as to the mechanism by which these proteins connect the
mismatch and strand discrimination sites.
Of the fivemutants that affectmismatch-stimulatedATPase,

G566R, D803G, V878A, R976H, and H1248D, only R976H and
H1248D affect the affinity of the heterodimer to a G/T mis-
match-containing substrate. This is in contrast to our previous
study of seven hMSH2 missense variants in which the ATPase
activity andmismatch affinity seemed closely linked (21). Thus,
at least three of the hMSH6 mutations tested appear to uncou-
ple mismatch recognition from ATPase stimulation.
The S144I and S285I mutations do not have a hydrolysis

defect suggesting that adenosine nucleotide processing in these
complexes is not disrupted despite these mutations being asso-
ciated with cancer. The S144I mutation was identified in the
germline of three nonrelated cancer families but in none of 400
control individuals tested (18, 19, 34) providing strong genetic
evidence that this variant is significant for disease. Ser-144 lies
on the DNA binding surface of a PWWP domain at the N ter-
minus of hMSH6, but it does not affect binding of the N-termi-
nal fragment to DNA (35). Interestingly, tumors from different
patients carrying this mutation display microsatellite instabil-
ity, high and low phenotypes, suggesting this mutation may
affect MMR despite the lack of a biochemical defect in vitro.
S144I may have a role in downstream protein-protein interac-
tions or MMR regulation as Ser-144 has been detected as a
phosphorylation site (36). The S285Imutationwas identified in
the germline of one cancer family but not in 199 control indi-
viduals. The wild-type allele was lost because of a deletion
mutation in the tumor consistent with loss of hMSH6 function
in the tumor (18).
The two mutants among the most deficient in ATPase effi-

ciency, G566R andD803G, are affected in their affinity forATP.
A deficiency in ATP binding should result in a protein that is
incapable of mismatch-dependent nucleotide exchange and
should affect ATP-dependent sliding clamp formation (10, 37).
However, bothmutant heterodimers release ADP rapidly in the
presence of a mismatch and excess ATP and dissociate from a
mismatch-containing substrate in the presence of ATP. Thus,
although the mutants bind to the mismatch stably in the
absence of nucleotide, they are not stuck at the site of the mis-
match in the presence of ATP despite their reduced affinity for
ATP. Based on the disease phenotype of the patients carrying
these germline mutations, this result may not be surprising. A
mutant protein that can bind to a DNA mismatch, but not

FIGURE 4. Partial proteolytic digestion of hMSH2-hMSH6. A, nucleotide-
induced conformational changes in hMSH2-hMSH6 were observed by trypsin
proteolysis. 1 �g of hMSH2-hMSH6 protein was incubated with 1 mM adeno-
sine nucleotide where indicated and increasing amounts of trypsin. Wild-type
and mutant heterodimers undergo conformational change in the presence of
ATP and ATP�S, but mutant proteins (G655R and D803G) lack two major pro-
tected fragments (*1 and *2), suggesting an altered conformational state.
B, peptide fragments identified by mass spectrometry analysis of bands 1 and
2 from wild-type partial proteolysis reactions mapped to the crystal structure
of hMSH2-hMSH6 bound to a mismatch (25). The hMSH6 peptide fragment
identified in each band is labeled in yellow. The hMSH2 peptide fragment
identified in band 2 is labeled in green. Two predominant hMSH2 peptide
fragments were identified in band 1 labeled in green and red. Note, the frag-
ments are mapped to the crystal structure for illustrative purposes only. The
experiments were performed in the absence of mismatched DNA and in the
presence of adenosine nucleotide. Thus, the conformation of the affected
domains shown in the figure does not necessarily reflect their conformation
in the experiment.

Biochemical Defects in hMSH6 Missense Mutants

31646 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 283 • NUMBER 46 • NOVEMBER 14, 2008



release in the presence of ATP, may be expected to behave in a
dominant negative fashion (37). Onemight expect such a dom-
inant negative mutant to exhibit different disease phenotypes
such as an earlier age of onset or a different spectrumof tumors,
including lymphomas and leukemias such as observed in rare
cases of homozygous mutant patients for hMSH6 (38, 39). The
G566Rmutation was identified in the germline of a patient that
was diagnosed with rectal cancer at the age of 62 (18). The
D803Gmutation was from a patient diagnosed with rectal can-
cer at the age of 64 (18).
What cannot be determined from these ATP dissociation

experiments, however, is the manner in which the proteins dis-
sociate from the mismatch DNA template. In the presence of
ATP and magnesium, wild-type hMSH2-hMSH6 has been
demonstrated to form a sliding clamp that freely diffuses along
DNA in an ATP hydrolysis-independent manner and dissoci-
ates from a free end of the DNA template (9, 10). However, in
the absence of magnesium, ATP can induce dissociation of
hMSH2-hMSH6 from a mismatch directly in a manner that
does not appear to involve sliding clamp formation (10). Future
experiments will need to be performed with double-blocked
end substrates to determine the manner of dissociation of the
G566R and D803G mutants. These mutants may provide tools
to further probe themechanism of sliding clamp formation and
downstream hMSH2-hMSH6 functions in MMR.
A number of reports suggest that a significant conforma-

tional change occurs in MSH2-MSH6 upon binding to DNA
and nucleotides that is likely to be crucial for proper coordina-
tion of downstream events inMMR (6, 10, 25, 29). The hMSH2-
hMSH6 crystal structure shows that the ATPase- and DNA-
binding sites are at opposite ends of the heterodimer and joined
together by the connector and lever domains (25). These inter-
mediary domains likely coordinate the conformational changes
that allow for communication between the ATP and mismatch
binding domains. We have identified single amino acid substi-
tutions in the connector (G566R) and lever (D803G and
V878A) domains (Fig. 1C) of hMSH6 that disrupt proper coor-
dination of nucleotide processing with DNA binding, suggest-
ing that the allosteric signaling between the distant sites in the
heterodimer is affected. Consistent with this hypothesis, these
variants are not fully capable of undergoing the same ATP-de-
pendent conformational changes that wild-type protein under-
goes as measured by partial proteolysis. It would seem that
these variants confer a less compact structural state upon
nucleotide binding thanwild-type protein, as protected peptide
fragments, apparent when wild-type protein is incubated with
ATP�S, are not present for the mutants. Mass spectrometry
analysis of these altered peptide fragments indicate they
include both the entire ATPase domains and long �-helices in
the lever domain of hMSH2 and hMSH6 (Fig. 4B). These�-hel-
ices connect the ATPase domains with the clamp domains in
both monomers and likely play a crucial role in coordinating
signaling between the two domains. Further structural analysis
of the G566R, D803G, and V878A mutants and surrounding
amino acids may help us unravel the detailed mechanism by
which the hMSH2-hMSH6 heterodimer communicates
intramolecularly to direct MMR. The combined results from
this study lead us to hypothesize that heterodimers containing

these three mutants are incapable of undergoing the proper
ATP-dependent conformational change on mismatched DNA
necessary to interact with hMLH1-hPMS2 and carry out the
downstream steps of MMR.
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