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Summary

Mutations in the human mismatch repair (MMR) gene hMSH2 have been linked to approximately 40% of hereditary nonpolyp-
osis colorectal cancers (HNPCC). While the consequences of deletion or truncating mutations of hMSH2 would appear
clear, the detailed functional defects associated with missense alterations are unknown. We have examined the effect of
seven single amino acid substitutions associated with HNPCC that cover the structural subdomains of the hMSH2 protein.
We show that alterations which produced a known cancer-causing phenotype affected the mismatch-dependent molecular
switch function of the biologically relevant hMSH2-hMSH6 heterodimer. Our observations demonstrate that amino acid
substitutions within hMSH2 that are distant from known functional regions significantly alter biochemical activity and the
ability of hMSH2-hMSH6 to form a sliding clamp.

Introduction 1998; Gradia et al., 1997, 1999, 2000; Mazurek et al., 2002;
Wilson et al., 1999). An ATPase cycle can be conceptually di-
vided into two major steps: �-phosphate hydrolysis and releaseThe mismatch repair (MMR) machinery has been highly con-

served from bacteria to man (for review see Fishel and Wilson, of the ADP hydrolysis product followed by rebinding of a new
ATP (ADP→ATP exchange). The rate-limiting step of the human1997; Kolodner, 1996). While Escherichia coli contains a single

MutS and MutL, eukaryotes contain multiple MutS homologs MSH ATPase has been clearly demonstrated to be mismatch-
provoked ADP→ATP exchange (Gradia et al., 1997; Wilson et(MSH) and MutL homologs (MLH) (Fishel and Wilson, 1997;

Kolodner, 1996; Modrich and Lahue, 1996). The mitotic MSH al., 1999). The exchange of ADP→ATP induces a large confor-
mational transition that results in the formation of a hydrolysis-proteins play a fundamental role in DNA mispair recognition

while the function of MLH proteins is enigmatic. Five human independent sliding clamp on the DNA (Gradia et al., 1999). The
observation that ADP→ATP exchange controls MSH functionMSH proteins have been identified that assemble into three

functional heterodimers (hMSH2-hMSH3; hMSH2-hMSH6; and is similar to well-described G protein molecular switches (Fishel,
1998, 2001). GDP→GTP exchange by G proteins is gated byhMSH4-hMSH5) (Fishel and Wilson, 1997). The hMSH2-hMSH6

heterodimer recognizes single-nucleotide mismatches and GDP release, which is often mediated by guanine nucleotide
exchange factor(s) (GEF) (Sprang, 1997). The fact that mis-small insertion/deletion loop (IDL) mispairs, while hMSH2-

hMSH3 recognizes small and large IDL mispairs. The hMSH4- matched nucleotides act as a functional homolog of GEFs for
the MSH molecular switch further substantiates the analogy tohMSH5 heterodimer appears to be expressed exclusively during

meiosis I/II, and its DNA recognition properties and function are G proteins.
An MMR model that appears most consistent with the avail-largely unknown (Bocker et al., 1999; Paquis-Flucklinger et al.,

1997). able data has been proposed (termed the molecular switch
model) (Fishel, 1998, 2001). Other models for MMR have alsoA hallmark of MSH proteins is a highly conserved Walker

A/B adenosine nucleotide and magnesium binding domain. been proposed that include hydrolysis-dependent translocation
(Allen et al., 1997) and static transactivation (Junop et al., 2001).Studies of both hMSH2-hMSH6 and hMSH2-hMSH3 have re-

vealed an intrinsic mismatch nucleotide-dependent ATP hydro- In the molecular switch model, the initiation of MMR is pre-
scribed by the loading of multiple MSH sliding clamps (Gradialysis (ATPase) activity (Berardini et al., 2000; Blackwell et al.,

S I G N I F I C A N C E

Loss of human MMR gene function is the largest contributor to the most frequent cancer predisposition syndrome, HNPCC, and is
found in a substantial fraction of sporadic colon, endometrial, ovarian, and upper urinary tract tumors. MMR-deficient tumors progress
rapidly through the adenoma-to-carcinoma transition and are resistant to a wide variety of therapeutic agents. Understanding the
functional consequences of MMR mutations will help in the development of rapid diagnostic screens and targeted therapeutics.
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et al., 1999). While the role of the MLH proteins is unknown, missense mutations occur in all the structural subdomains iden-
tified in the MutS crystal structure except domain I (Figure 1;they appear to specifically interact with the MSH proteins (Gu

et al., 1998; Habraken et al., 1998). Recruitment of additional Lamers et al., 2000; Obmolova et al., 2000). The hMSH2 mutant
proteins were coexpressed in a baculovirus system along withmachinery is required that ultimately results in the completion

of excision repair (Bowers et al., 2000, 2001; Clark et al., 2000; wild-type hMSH6. The heterodimers were purified utilizing an
N-terminal His tag fused to the hMSH6 protein that has beenFlores-Rozas et al., 2000). Importantly, the molecular switch

functions of hMSH2-hMSH6 and the loading of multiple MSH previously shown to result in a fully active hMSH2-hMSH6 het-
erodimer (Gradia et al., 1997). All of the missense mutant formssliding clamps appear to be a growing feature of competitive

models for MMR (Blackwell et al., 1998; Fishel, 1998, 2001; of hMSH2 were successfully copurified with hMSH6 in an appar-
ent 1:1 ratio (data not shown), indicating that none of theseHsieh, 2001).

The central role of MMR in mutation avoidance has been mutations affected the ability of hMSH2 and hMSH6 to interact.
This observation confirms previous studies that identified twounderlined by its connection to the common cancer susceptibility

syndrome hereditary nonpolyposis colorectal cancer (HNPCC) (for interaction domains between hMSH2 and hMSH6 but found no
effect of missense mutations on the protein-protein interactionreview see Muller and Fishel, 2002). HNPCC tumors that origi-

nate from defects in MMR genes typically display genome-wide (Guerrette et al., 1998).
To determine the effect of these missense mutations on theinstability (termed microsatellite instability or MSI; for definition

see Dietmaier et al., 1997). MSI results from unrepaired replica- ability of the hMSH2-hMSH6 heterodimer to recognize and bind
DNA mismatches, gel shift analysis was performed with a 41 bption errors within simple repeat sequences that are normally

corrected by the MMR system. The vast majority of HNPCC oligonucleotide containing a central G/T mismatch (Gradia et al.,
1997). Compared to the wild-type protein, the hMSH2(P622L)-families have been found to contain an alteration of either

hMSH2 or hMLH1 (Peltomaki and Vasen, 1997). Mutations of hMSH6 and hMSH2(R524P)-hMSH6 proteins failed to elicit a spe-
cific gel shift of the labeled G/T mispair (Figure 2A). These resultsthe other MMR genes are either absent (hMSH3 and hPMS1)

(Liu et al., 2001) or rare and largely associated with atypical suggest that the hMSH2(P622L)-hMSH6 and hMSH2(R524P)-
hMSH6 proteins confer a fundamental defect in mismatch rec-families (hMSH6, hPMS2, and hMLH3) (Kolodner et al., 1999;

Wijnen et al., 1999; Wu et al., 2001). These and other studies ognition.
Additionally, we examined mispair binding by total internalsuggest that the operative heterodimers associated with

HNPCC are hMSH2-hMSH6 and hMLH1-hPMS2 (Fishel, 2001). reflectance (TIR) using an IAsys biosensor (Affinity Sensors, Cam-
bridge, England) (Figure 2B). TIR measures the real-time accumula-Single amino acid missense alterations account for approxi-

mately 25% of the hMSH2 mutations found in well-defined tion of mass on the surface of a cuvette that is maintained in
microscopic equilibrium via continuous stirring of a closed system.HNPCC kindreds (Peltomaki and Vasen, 1997). The functional

defects associated with these missense mutations are un- The 41 bp oligonucleotide containing a central G/T mispair was
attached to the binding surface via a biotin-streptavidin linkageknown. We have constructed seven hMSH2 missense mutations

that change amino acids located throughout the structural sub- (Mazurek et al., 2002). To calculate the equilibrium dissociation
constant (KD(G/T)), multiple protein concentrations of hMSH2-domains identified by extrapolation to the MutS crystal structure

(Lamers et al., 2000; Obmolova et al., 2000). In all but one case, hMSH6 wild-type or missense mutant heterodimer were exam-
ined and the corresponding real-time binding isotherms calcu-the tumors from patients carrying these mutations have been

confirmed to display MSI, indicating a general defect in MMR lated. An example of the hierarchy of mispair binding by TIR at
a single isotherm is shown (Figure 2B). Interestingly, none of the(Borresen et al., 1995; Froggatt et al., 1996; Mary et al., 1994;

Moslein et al., 1996; Orth et al., 1994). We have placed these hMSH2-hMSH6 missense mutant proteins retain the maximum
binding (Bmax) of the wild-type protein. Moreover, between amissense mutations into the context of hMSH2-hMSH6, purified

the resulting heterodimer, and examined their effect on MSH 2- and 8-fold reduction in KD(G/T) was observed (Table 1). Consis-
tent with the gel shift studies, hMSH2(P622L)-hMSH6 andfunction using six different biochemical measures. We find that

the six missense mutations of hMSH2 that result in MSI cause hMSH2(R524P)-hMSH6 displayed among the highest KD(G/T) (Ta-
ble 1). The sensitivity of the IAsys system is underlined by themultiple subtle defects in mispair binding and ATP processing

that appear to be magnified into an altered ability to efficiently hMSH2(N596�)-hMSH6 protein, which appears to behave simi-
larly to the hMSH2(R524P)-hMSH6 protein by TIR (see KD(G/T)form sliding clamps. These results suggest that these missense

mutations promote tumorigenesis by reducing the molecular data in Table 1) but forms a relatively stable, though less effi-
cient, gel shift.switch function(s) of hMSH2-hMSH6 and the number of sliding

clamps on mismatched DNA. Evaluation of the remaining mis-
Steady-state ATP hydrolysis is altered by HNPCCsense alteration suggests that it is either a noncontributory poly-
missense mutationsmorphism or affects other functions of hMSH2-hMSH6.
hMSH2-hMSH6 contains an intrinsic ATPase activity that is
stimulated by mismatched nucleotides (Gradia et al., 1997). TheResults
steady-state ATPase activity of each of the missense mutants
was determined by classic Michaelis-Menton analysis. We usedHNPCC missense mutations affect mispair

DNA binding the Norit method for examining ATPase activity, which measures
the release of inorganic phosphate (Gradia et al., 1997). PreviousSeven hMSH2 missense mutations were identified in well-

defined HNPCC families (Figure 1). PCR mutagenesis was used work has shown the Norit method to be superior to thin-layer
chromatography (TLC) or polyacrylamide gel electrophoreticto create these seven mutant forms of hMSH2 and included

hMSH2(D167H), hMSH2(K393M), hMSH2(R524P), hMSH2(N596�), (PAGE) analysis because of the ease of data acquisition, re-
duced expense, and the large number of analyses that couldhMSH2(P622L), hMSH2(G674S), and hMSH2(T905R). The seven
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Figure 1. Extrapolated structural location of
hMSH2 missense mutations

Insert shows a projection of the hMSH2 and
hMSH6 heterodimer subunits onto the E. coli MutS
homodimer structure (Lamers et al., 2000). The
location of amino acids was determined by
sequence alignment of hMSH2 with E. coli
MutS. Subdomains are identified and color-
coded. The mispair-containing DNA is shown in
yellow. The subunit enlargement has been ro-
tated 30�. The location of the missense mutations
examined in this study are marked with pink lines
and dots to color-coordinated labels. The
hMSH2(T905R) residue is located within a C-ter-
minal region that was removed prior to crystalli-
zation.

be performed in tandem. Results of all three methods appear ATP binding is affected by HNPCC missense mutations
The steady-state ATPase activity of MSH proteins can be furtheridentical (unpublished data).
separated into several detectable partial reactions. In additionA substantial deficiency in ATPase activity was observed
to mispair recognition, the ATPase cycle requires release offor both hMSH2(R524P)-hMSH6 and hMSH2(P622L)-hMSH6
bound ADP followed by ATP binding (ADP→ATP exchange), the(Figure 3A; Table 1). We found that the most reliable assessment
formation of a sliding clamp, hydrolysis-independent diffusion/of the specific activity of the ATPase associated with a MSH
dissociation of this sliding clamp from the end of the oligonucle-protein preparation was to calculate the catalytic efficiency (Kcat/
otide substrate, and finally, recycling of the MSH protein toKM) (Mazurek et al., 2002). There appears to be a general correla-
its initial mispair recognition form by �-phosphate hydrolysistion between the catalytic efficiency of the mismatch-dependent
(Gradia et al., 1999).ATPase and the KD(G/T) for DNA binding to a G/T mispair (see

We examined ATP binding activity using filter retention ofFigures 2B and 3A and Table 1). This correlation is not surprising
labeled ATP (Figure 3B) and UV crosslinking of labeled ATPsince mispair recognition initiates the ATPase cycle (Gradia et
(Figure 3C) by the MSH heterodimer proteins. These and other

al., 1997). Except for the hMSH2(T905R)-hMSH6 protein, all the
methods of measuring ATP binding activity were found to pro-

MSH missense mutant proteins appear to display a significantly duce similar results. Because of the relative simplicity of pro-
reduced catalytic efficiency compared to the wild-type protein. cessing large numbers of samples and the likelihood that the
However, none of these missense mutant proteins are com- nucleotide remains in the triphosphate form throughout the anal-
pletely deficient in ATPase activity. In most cases the catalytic ysis, binding to the poorly hydrolyzable analog of ATP, ATP�S,
efficiency was reduced to a level that was comparable to the was measured (KD(ATP)) (Figure 3B; Table 1). Previous studies
background activity observed with the wild-type protein in the suggested that ATP binding was largely unaffected by the addi-
presence of homoduplex DNA (�22 � 104 M�1·min�1) (Berardini tion of exogenous homoduplex or heteroduplex DNA (Gradia
et al., 2000; Gradia et al., 1997, 1999, 2000; Mazurek et al., et al., 2000). However, to maintain the distinction between ATP
2002; Wilson et al., 1999). Background ATPase activity in the binding and mispair recognition efficiencies, we examined the
presence of homoduplex DNA appears to be largely the result binding affinity of hMSH2-hMSH6 missense mutant proteins for
of nonspecific interaction with DNA ends, a condition that is ATP�S in the absence of added DNA.

We found that all of the hMSH2-hMSH6 missense mutantunlikely to occur in vivo (Gradia et al., 1999).
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proteins displayed a modestly reduced affinity for adenosine
nucleotide compared to the wild-type protein (Figure 3B; Table
1). The hMSH2(P622L)-hMSH6 protein appeared substantially
deficient for ATP�S binding (Figure 3B; Table 1). These results
are consistent with a fundamental defect of this heterodimer
protein to process adenosine nucleotide. As a general rule, the
affinity for ATP�S appeared to recapitulate the steady-state
ATPase activity of the mutant proteins (Table 1; Figures 3A and
3B). The exception was the hMSH2(R524P)-hMSH6 protein,
which efficiently bound ATP�S, yet appears defective for its
steady-state ATPase. These latter results suggest that ATP
binding and mispair-dependent hydrolysis are dissociated
within the hMSH2(R524P)-hMSH6 protein.

The hMSH2-hMSH6 heterodimer contains two ATP binding
protomers. The efficiency of ATP binding by the individual sub-
units was examined by UV crosslinking of labeled ATP�S to the
hMSH2-hMSH6 heterodimer (Figure 3C). We found that ATP�S
binding by the hMSH2 subunit appeared compromised in many
of the missense mutations compared to the wild-type protein
(Figure 3C). Taken as a whole, the ATP�S crosslinking studies
largely recapitulate the ATP�S filter binding results (compare
Figure 3B with Figure 3C and Table 1). However, these crosslink-
ing studies appear to be the first to directly examine binding by
individual subunits as a mechanism for MSH heterodimer dysfunc-
tion. A disconnect between the binding affinity of individual
subunits was observed for the hMSH2(R524P), hMSH2(P622L),
hMSH2(G674S), and hMSH2(T905R) proteins. We found that
ATP�S binding by the hMSH2(G674S) subunit was reduced, a
likely result of its location within the Walker A (P loop) region
(domain V; Figure 1) involved in contacting the �-phosphate of

Figure 2. Mispair binding activity of HNPCC missense mutations ATP. The hMSH2(P622L)-hMSH6 protein results in a hMSH2
A: Gel mobility shift assay of wild-type hMSH2/hMSH6 and HNPCC mutants. peptide that appears completely deficient in ATP�S binding
The proteins were incubated with a mismatch (G/T) in the presence of 25 while its heterodimeric partner hMSH6 retains a substantial
�M ADP at 37�C for 5 min followed by electrophoreses in a 5% polyacryl- binding activity. Finally, the hMSH2(R524P) subunit displayed
amide gel for 2.5 hr at 4�C. B: IAsys Biosensor TIR analysis of hMSH2/hMSH6

reduced ATP binding activity, yet appeared to enhance ATPand HNPCC mutants. An overlay of the association curves determined with
binding by the hMSH6 subunit. These results suggest that both50 nM concentration of each protein with a G/T mismatch is displayed.

Multiple TIR binding experiments using variable concentrations of each independent and interactive functions between the subunits of
hMSH2/hMSH6 protein were performed to determine association (KA) and the hMSH2-hMSH6 heterodimer may be uniquely affected by
dissociation (KD) constants. From these values, an equilibrium dissociation the missense mutations.
constant (KD(G/T)) was calculated for the interaction of each protein with a
G/T mismatch (see Table 1).

ADP→ATP exchange is affected by HNPCC
missense mutations
We examined mismatch-provoked ADP→ATP exchange by the
hMSH2-hMSH6 missense mutant heterodimer (Figure 4A). To

Table 1. Kinetic constants of wild-type and mutant hMSH2-hMSH6 protein binding to G/T mismatch DNA, ATPase efficiency in the presence of a G/T
mismatch, ATP�S binding, and protein dissociation from a G/T mismatch in the presence or absence of ATP as determined by total internal reflection

DNA Binding ATPase ATP�S Binding Sliding Clamp Dissociation

kassoc 10�4 kdissoc 10�3 KD(G/T) KM Kcat/KM � 104* KD(ATP) koff(buffer only) 10�3 koff(ATP) 10�3

sec�1 nM�1 sec�1 nM �M M�1min�1 �M sec�1 sec�1

hMSH2-hMSH6 (WT) 4.0 � 0.3 6.1 � 0.9 15.3 43.3 42.3 1.0 2.0 � 0.1 329.0 � 30.3
hMSH2(D167H)-hMSH6 1.8 � 0.6 10.9 � 2.0 60.5 27.6 27.5 1.8 2.2 � 0.2 389.0 � 22.5
hMSH2(K393M)-hMSH6 1.6 � 0.3 7.0 � 1.0 43.8 46.3 22.2 2.4 2.1 � 0.1 186.0 � 24.9
hMSH2(R524P)-hMSH6 1.5 � 0.3 10.8 � 2.0 72.1 158.5 1.9 1.6 27.0 � 6.4 42.3 � 2.6
hMSH2(N596�)-hMSH6 1.3 � 0.5 11.4 � 1.5 88.0 46.7 16.1 2.9 2.1 � 0.2 314.0 � 32.9
hMSH2(P622L)-hMSH6 0.7 � 0.1 6.8 � 0.6 97.1 ** ** 186.0 5.3 � 0.3 5.0 � 0.1
hMSH2(G674S)-hMSH6 2.3 � 0.3 8.3 � 1.0 36.1 26.3 22.4 1.6 2.0 � 0.2 305.0 � 13.1
hMSH2(T905R)-hMSH6 2.8 � 0.3 7.2 � 0.9 25.7 29.4 38.1 1.5 1.8 � 0.1 311.0 � 17.2

* For comparison, the Kcat/KM for hMSH2-hMSH6 in the presence of a homoduplex oligonucleotide is 22.0 � 104 M�1·min�1 (Mazurek et al., 2002).
** Insufficient ATPase activity to accurately determine.
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Figure 4. ADP→ATP exchange activity

A: Adenosine nucleotide exchange was performed by preincubating 40
nM of each protein with [3 H]ADP followed by the addition of excess unla-
beled ATP. After incubation at 37�C for the specified time, the remaining
[3 H]ADP bound to the protein complexes was determined by filter binding.Figure 3. Steady-state ATPase and ATP binding activity of missense
B and C: TIR analysis of hMSH2-hMSH6 dissociation from a mismatched oligo-mutations
nucleotide. B: We washed 50 nM of wild-type hMSH2-hMSH6 bound to a

A: Steady-state ATPase. ATPase assays were performed with multiple con- G/T mismatch in the IAsys biosensor with buffer alone or buffer containing
centrations of each protein (to ensure �20% total hydrolysis) except for 250 �M ATP. The corresponding off-rate (Koff) values are displayed. C: TIR
hMSH2(R524P) and hMSH2(P622L) where 150 nM protein was used as a result studies of the dissociation from a mismatched oligonucleotide. The dissocia-
of their low ATPase activity. The assays contained 240 nM G/T heteroduplex tion curves for each protein in the presence of 250 �M ATP are displayed
DNA, 17 nM [�-32P]ATP, and increasing concentrations of unlabeled ATP as as a function of percentage of protein initially bound to the mismatch. From
shown on the x axis. Following incubation at 37�C for 30 min, the amount these curves and the corresponding buffer-only dissociation curves (not
of released [�-32P] was determined (Gradia et al., 1997). B: ATP binding shown), Koff values were calculated.
activity. 100 nM of each protein was incubated with the indicated concen-
trations of ATP�S. The reactions were incubated at 37�C for 15 min, and the
amounts of ATP�S bound were determined by filter binding. C: [35S]ATP�S
binding to individual hMSH2 or hMSH6 subunits. Phosphorimaging of Coo-
massie-stained gel, the Coomassie-stained gel showing the position of the mismatch-provoked ADP→ATP exchange t1/2 	 0.2–2 s. The ex-
hMSH2 and hMSH6 proteins, and quantitation of [35S] signal from the phos- ceptions were the hMSH2(R524P)-hMSH6 and hMSH2(P622L)-
phorimager are shown. Binding and analysis are detailed in the Experimen- hMSH6, where the t1/2 was �10 sec and �180 sec, respectively.
tal Procedures.

The hMSH2(P622L)-hMSH6 protein was found to bind approxi-
mately 20% of the initial radiolabeled ADP compared to the
wild-type protein, a result consistent with the ATP�S binding
studies (see Figures 3B and 3C). ADP→ATP exchange revealedperform ADP→ATP exchange studies, purified proteins were
that the hMSH2(P622L)-hMSH6 protein never released moreinitially bound with radiolabeled ADP, and then at time zero,
than �20% of the initially bound ADP over the time courseexcess unlabeled ATP was added to start the reaction (Gradia
of the experiment (Figure 4A). These results suggest that theet al., 1997). Approximately 80% of the bound ADP was released
hMSH2(P622L)-hMSH6 protein possesses multiple defects inwithin 5 s for the wild-type and most of the hMSH2-hMSH6

missense mutant proteins. These correspond to a half-rate of mispair binding and ATP processing. In contrast, the
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hMSH2(R524P)-hMSH6 protein bound near wild-type levels of
ADP (see Figure 3B). Yet it took �80 s to release 80% of the
bound ADP during ADP→ATP exchange. This observation sug-
gests that the ability of a mispair to provoke ADP→ATP ex-
change by the hMSH2(R524P)-hMSH6 protein is likely to be
one of its major functional defects. The hMSH2(N596�)-hMSH6
protein displayed a modest deficiency in mismatch-provoked
ADP→ATP exchange (t1/2 � 4 s), which appears consistent with
its elevated KD(G/T) values for mispair binding (Figure 2B; Table
1). Taken together, these results support the idea that mispair
recognition and ADP→ATP exchange are linked to MSH function
and that defects in this dynamic process are associated with
HNPCC.

HNPCC missense mutations affect ATP-dependent
dissociation from a mismatch
The exchange of ADP→ATP results in the release of hMSH2-
hMSH6 from a mispaired oligonucleotide in the form of a sliding
clamp (Blackwell et al., 1998; Gradia et al., 1997, 1999). Using
TIR, the rate of hMSH2-hMSH6 protein dissociation from the 41 bp
oligonucleotide containing a central G/T mismatch was measured
following addition of the binding buffer alone (koff(buffer) 	 2.0 �

0.1 ms�1) (Figure 4B). The addition of ATP to the dissociation
buffer increased the rate of hMSH2-hMSH6 protein release ap-
proximately 165-fold (koff(ATP) 	 329.0 � 30.3 ms�1) (Figure 4B).
Because the hMSH2-hMSH6 missense mutant proteins were
found to bind the G/T mismatch substrate to differing extents
(see Figure 2B), a visual comparison of release from the mis-
match was developed by computing the relative ATP-induced
dissociation (Figure 4C). The relative ATP-induced dissociation

Figure 5. Efficiency of loading multiple sliding clamps onto a circular DNAdisplays the release of each protein after setting the initially
containing a G/T mismatchbound material to 100% (Figure 4C). The absolute ATP-induced
A: Wild-type hMSH2-hMSH6 binding to circular homoduplex DNA (O-A/T)dissociation rates for buffer alone (koff(buffer)) and in the presence
and circular DNA containing a single G/T mismatch (O-G/T). Proteins (70,

of ATP (koff(ATP)) were calculated directly from the primary IAsys 105, 175, and 250 nM) were incubated with a 32P-labeled closed circular
TIR dissociation data (Table 1). plasmid DNA containing a single G/T mismatch in the presence of 25 �M

ADP at 37�C for 5 min. 250 �M ATP was then added and allowed to incubateWe observed both dramatic and modest differences in koff(buffer)
an additional 10 min. These reactions were subjected to electrophoresisand koff(ATP) when the hMSH2-hMSH6 missense mutant proteins
through a 1% TAE gel, and changes in the mobility of the DNA were mea-were compared to the wild-type protein (Figure 4C; Table sured relative to a DNA-only control. B: Electron microscopy of hMSH2-

1). However, the differences between the hMSH2(D167H)- hMSH6 bound to the O-G/T substrate. Representative molecules are shown
ranging from unbound to 3 bound hMSH2-hMSH6 proteins per circular sub-hMSH6, hMSH2(N596�)-hMSH6, hMSH2(G674S)-hMSH6, and
strate. EM quantitation was reported in Gradia et al. (1999). C: Binding ofhMSH2(T905R)-hMSH6 missense mutant proteins and the wild-
hMSH2-hMSH6 missense mutant proteins to the O-G/T substrate. Reactionstype protein appeared to be within experimental error. In con- were performed as described for A. The hMSH2(R524P) and hMSH2(P622L)

trast, the hMSH2(P622L)-hMSH6 protein was substantially de- were not tested since they did not produce a stable gel shift. D: Quantitative
analysis of A and C relative to the DNA-only control. Arbitrary distance unitsfective in koff(ATP) (compare koff(buffer) with koff(ATP); Figure 4C). Defects
are shown. Error bars were calculated from the standard error from threein koff(ATP) were found for the hMSH2(R524P)-hMSH6 protein and
independent experiments; statistically significant difference compared toto a lessor degree for the hMSH2(K393M)-hMSH6 protein. In
the wild-type protein (p value � 0.05) are marked with double asterisk.

addition, the hMSH2(R524P)-hMSH6 protein displayed a sig-
nificant defect in koff(buffer), a result that is consistent with the kdissoc

determined by the TIR binding studies. Taken together with
the ADP→ATP exchange results, these observations appear to HNPCC mutations reduce the formation of redundant
suggest that the hMSH2(R524P)-hMSH6 protein does not form ATP-bound sliding clamps
a stable long-term interaction with mismatched DNA, which We examined the loading of multiple sliding clamps onto a 3
then affects its subsequent ATP processing. It is important to kb circular DNA substrate containing a single G/T mismatch
note the correlation between ATP-induced dissociation from (Figure 5). Consistent with previous studies, the addition of wild-
the 41-mer G/T mismatch and the ADP→ATP exchange activity type hMSH2-hMSH6 in the presence of ATP (or ATP�S) resulted
for the individual hMSH2 missense mutations. This correlation in a protein concentration-dependent reduction in mobility of
is consistent with the concept that ADP→ATP exchange and these 3 kb DNA substrates (Figure 5A; Gradia et al., 1999). At
not ATP hydrolysis induces the formation of an activated MSH the highest protein concentration (250 nM), the reduction in
molecule capable of dissociating from a mismatch (Fishel, 1998, mobility extended nearly to the well (see asterisk in Figure 4A).

By comparison, at similar high concentrations of wild-type2001; Gradia et al., 1997, 1999).
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hMSH2-hMSH6 protein, a modest smearing of the homoduplex hMSH6 subunit is involved in direct interrogation of the mispair,
while the hMSH2 subunit binds the DNA phosphate backbonecontrol DNA substrate was observed (Figure 4A). Electron mi-

croscopic (EM) examination suggested that the reduction in the around the mispair (Biswas and Hsieh, 1997; Bowers et al.,
1999; Drotschmann et al., 2001; Dufner et al., 2000; Lamers etmobility was due to the loading of multiple hMSH2-hMSH6

sliding clamps into the 3 kb DNA mismatch-containing substrate al., 2000; Malkov et al., 1997; Obmolova et al., 2000); both
protein subunits additionally form half of a clamp structure(Figure 5B). A comprehensive analysis of these EM observations

is detailed in Gradia et al. (1999). around the DNA (see Figure 1). The hMSH2(P622L) residue is
located at the junction connecting the ATP binding domainWith the exception of hMSH2(T905R)-hMSH6, we found that

none of the missense mutant proteins consistently shifted the (domain V) with a “transmitter” 
 helix (domain III; see Figure
1). The transmitter 
 helix terminates in a “clasp region” (domain3 kb circular DNA substrate to an extent similar to the wild-

type protein (Figures 4C and 4D). hMSH2(R524P)-hMSH6 and IV) that appears to capture the mispaired DNA and promote a
physical interaction with the mismatch (domain I; see Figure 1).hMSH2(P622L)-hMSH6 are not shown since they were unable

to bind to the small mispaired oligonucleotide DNA substrates The hMSH2(N596�) residue is located within the transmitter 

helix (domain III), and the hMSH2(R524P) residue is located(Figure 2B). We determined the average reduction in mobility

compared to the unshifted control DNA substrate (Figure 4D). within the clasp region (domain IV). The MSH2(D167H) residue
is located in domain II, which connects domain I to the bodyThese results suggest a consistent and significant reduction

in the ability of all the missense mutant proteins, except of the hMSH2 (MutS) clamp. These four missense mutations
reduce the KD(G/T) for mispair binding 5- to 8-fold (Table 1). InhMSH2(T905R)-hMSH6, to shift the 3 kb circular substrate con-

taining a mismatch. Together with the mispair binding and aden- most cases, both the kassoc and kdissoc rates appear to be equally
affected (Table 1). However, the hMSH2(P622L) displays a dra-osine nucleotide activation studies, we conclude that the func-

tional defect associated with bona fide hMSH2 missense matic and unique effect on kassoc, suggesting a near complete
defect in the ability to initially interact with the mismatchedmutations translates to inefficient loading of multiple ATP bound

sliding clamps. DNA. The hMSH2(N596�)-hMSH6 and hMSH2(R524P)-hMSH6
proteins showed a substantially decreased kassoc and increased
kdissoc, suggesting an inability of these transmitter (domain III)Discussion
and clasp (domain IV) alterations to maintain a stable mispair
interaction. Similarly, the hMSH2(D167H)-hMSH6 protein ap-HNPCC missense mutations affect the coordination

of mispair binding with adenosine pears to destabilize the mispair recognition process, presum-
ably by affecting the connection of the mispair interaction regionnucleotide processing

We have examined seven hMSH2 missense mutations sug- (domain I) with the body of the MutS clamp.
Three missense mutations [hMSH2(K393M), hMSH2(G674S),gested to be causative of HNPCC in well-defined kindreds.

While it is likely that distinct missense mutations located within and hMSH2(T905R)] displayed less dramatic effects on the KD

for mispair binding (2- to 3-fold). The close proximity ofany of the recognized subdomains of the MutS structure may
affect the function differently (see Figure 1), we chose these hMSH2(K393) to several amino acids in domain II opens the

possibility that hMSH2(K393M) affects stabilizing interactionsseven mutations to cover the maximum number of structural
subdomains. A wide range of specific functional defects were between domains II and III (see Figure 1). This alteration appears

to have a modest affect on mispair binding but a dramatic affectfound associated with these hMSH2 HNPCC missense muta-
tions when placed in the context of the hMSH2-hMSH6 hetero- on ATP-dependent dissociation from the mismatch and the

steady-state ATPase. The hMSH2(G674S) missense alterationdimer. The mispair equilibrium dissociation constant (KD(G/T)) for
all of the mutant proteins was reduced 2- to 8-fold. A reduced is located within the highly conserved Walker A (P loop) region

and exhibits reduced ATP binding activity by the hMSH2 subunitmispair binding was largely reflected in a lowered catalytic effi-
ciency (Kcat/KM) for the hMSH2-hMSH6 ATPase. Remarkably, and background ATPase activity. This result is consistent with

reports detailing other P loop mutations and indicates a defectthe catalytic efficiency of the hMSH2(R594P)-hMSH6 and
hMSH2(P622L)-hMSH6 proteins was reduced 10- and �1000- in coordinating ATP processing activity in spite of rather modest

mispair binding defects. Finally, the hMSH2(T905R)-hMSH6fold, respectively. With the exception of the hMSH2(T905R), the
catalytic efficiency of the remaining missense mutations was protein does not appear to display any consistently significant

defects in the biochemical assays used in this study.lowered to the level of wild-type hMSH2-hMSH6 in the presence
of homoduplex oligonucleotide DNA (Mazurek et al., 2002). Al-
though the hMSH2(P622L) and hMSH2(R524P) missense mu- Reduced threshold signaling may account for

functional defects associated with HNPCC mutantstants fail to form a gel shift, the other five missense mutant
Signaling networks have been suggested to place a value on aproteins appear to form relatively normal gel shifts. These obser-
cellular signal such that it is either converted into a biologicallyvations suggest that TIR is substantially more effective than
relevant event or safely dissipated within the network (Jordangel shift analysis at accurately determining the mispair binding
et al., 2000). The sustained amplitude of the signal determines itsproperties of MMR proteins.
value. Signaling networks that interface over multiple pathways
generally employ a threshold signaling process, which impliesCorrelating structure with function

Extrapolation of the bacterial MutS structure to the human ho- that both the amplitude and location are important for biological
conversion (Jordan et al., 2000). One aspect of the molecularmologs has suggested that the intrinsic asymmetry between

protomers is conserved within the consensus MSH2/MSH6 sub- switch model proposes that the number of MSH sliding clamps
specifies a threshold (amplitude and location) for the initiationunits (Lamers et al., 2000; Obmolova et al., 2000). Biochemical,

genetic, and structural comparisons have proposed that the of MMR (Fishel, 1998, 1999, 2001). The concept of a threshold
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Gel mobility shift assayssignal in MMR appears to be supported by recent real-time
DNA oligonucleotides were obtained from Midland Certified Reagent Co.observations of GFP-tagged bacterial MutS and MutL (Smith
(Midland, TX). We prepared 41 bp DNA heteroduplexes containing a centralet al., 2001). Smith et al. found MutS and/or MutL proteins
G/T mismatch (top, 5�-GCT TAG GAT CAT CGA GGA TCG AGC TCG GTGassociate with chromosomes in a small number of discrete foci
CAA TTC AGC GG-3�; bottom, 5�-CCG CTG AAT TGC ACC GAG CTT GAT

that substantially increase in size and location upon induction CCT CGA TGA TCC TAA GC-3�) as described (Gradia et al., 1997). 25 and
of DNA damage (Smith et al., 2001). The fluorescent signal 100 nM of each hMSH2-hMSH6 heterodimer was incubated with 9 fmol of
of these growing damage-induced foci coalesced at defined 32P-labeled DNA substrate in a buffer containing 100 mM NaCl, 25 mM

HEPES-NaOH (pH 8.1), 1 mM EDTA, 25 �M ADP, 15% glycerol, and 20 nglocations behind a moving replication fork and must a priori
of 200 base pair homoduplex competitor in a final reaction volume of 20 �l.contain large numbers of GFP-tagged molecules to be visible.
The reactions were incubated at 37�C for 5 min and immediately placed onThese studies are most consistent with a threshold signaling
ice. The samples were electrophoresed on a 5% polyacrylamide (29:1 bis),process.
4% glycerol gel in TBE buffer. The gels were dried, visualized using a Molecu-The efficient formation of multiple signaling MSH sliding
lar Dynamics PhosphorImager, and quantified using ImageQuant software.

clamps requires a cascade of events that is initiated with mispair Circular DNA gel shift assays were performed similarly using 3 kb nicked
recognition and is consummated by appropriate ATP processing circular heteroduplex DNA substrates generated as described (Gradia et al.,
with consequent conformational transitions. We found that all 1999). Reactions were incubated with hMSH2-hMSH6 wild-type and mutant
of the hMSH2 missense mutations, except hMSH2(T905R), were proteins at 37�C for 5 min followed by the addition of 250 �M ATP and

further incubation at 37�C for 10 min. The circular substrates were electro-reduced in their ability to load multiple sliding clamps onto
phoresed on a 1% TAE agarose gel, dried, visualized using a Molecularmispair-containing DNA (Figure 5). EM studies found a maxi-
Dynamics PhosphorImager, and quantified using ImageQuant software.mum of 3–5 hMSH2-hMSH6 proteins associated with a 3 kb

circular mismatch-containing DNA substrate (Gradia et al.,
ATPase assays

1999). However, we noted that the glutaraldehyde crosslinking
ATPase assays were performed with multiple concentrations of each

procedure used to prepare samples for EM appeared to strik- hMSH2-hMSH6 heterodimer (except for hMSH2(R524P) and hMSH2(P622L),
ingly diminish the extent of the mobility reduction observed by which were assayed at 150 nM protein because of their low-level ATPase
gel shift analysis (data not shown). Thus, it is likely that the large activity) in 25 mM HEPES-NaOH (pH 8.1), 100 mM NaCl, 10 mM MgCl2, 1

mM dithiothreitol (DTT), and 15% glycerol (Mazurek et al., 2002). The reac-reductions in mobility of the 3 kb DNA substrate are the result
tions were incubated at 37�C for 30 min, and the fraction of hydrolyzedof substantially more hMSH2-hMSH6 molecules per circular
[�-32P]ATP was determined by charcoal binding as described previouslysubstrate than determined by EM, although the exact number
(Gradia et al., 1997).is unknown. Our results demonstrate that defects in one or

several of the individual recognition and/or ATP processing ca-
ADP→ATP exchange assays

talytic steps culminates in reduced molecular switch function(s) We preincubated 40 nM of each heterodimer for 10 min at 25�C in 25 mM
of hMSH2-hMSH6, fewer sliding clamps, and an increased likeli- HEPES-NaOH (pH 8.1), 100 mM NaCl, 1 mM DTT, 2 mM MgCl2, 2.3 �M
hood that a mismatch/lesion signal will be dissipated without [3 H]ADP, and 15% glycerol. Heteroduplex DNA (240 �M) and ATP (25 �M)
biological conversion. were added to start the reaction. The reaction was stopped by the addition

of 4 ml ice-cold stop buffer (25 mM HEPES-NaOH [pH 8.1], 100 mM NaCl,With the exception of hMSH2(T905R), tumors carrying the
10 mM MgCl2) followed immediately by filtering through a Millipore HAWPmissense mutations examined here have been shown to display
filter as previously described (Gradia et al., 1997). The filters were subse-MSI (Borresen et al., 1995; Mary et al., 1994; Moslein et al.,
quently dried, placed into scintillation fluid overnight, and quantitated using1996; Orth et al., 1994). These observations suggest that the
a Beckman counter.majority of missense mutations examined in this study result in

a general defect in MMR. Our results suggested two possibilit-
ATP�S binding

ies: (1) the hMSH2(T905R) missense mutation affects its interac- We incubated 100 nM hMSH2-hMSH6 with varying concentrations of ATP�S
tion with downstream machinery effectively disengaging the (as noted in the figure legend) in 25 mM HEPES-NaOH (pH 8.1), 100 mM
signal transduction process, or (2) the hMSH2(T905R) alteration NaCl, 10 mM MgCl2, 1 mM DTT, and 15% glycerol. The reactions were
is a noncontributory polymorphism. Interestingly, several mem- incubated at 37�C for 15 min followed by filtration through a Millipore HAWP

filter as previously described (Gradia et al., 1997). The filters were subse-bers of the hMSH2(T905R) family present with numerous adeno-
quently dried, placed into scintillation fluid, and quantitated using a Beckmanmatous polyps, a phenotype that is inconsistent with HNPCC
counter.(Froggatt et al., 1996). This observation appears to support the

notion that the hMSH2(T905R) alteration is either a noncontribu-
ATP�S crosslinkingtory polymorphism or a low-variation. Such possibilities further
Binding of [35S]ATP�S to wild-type and mutant proteins was carried out in

validate the clinical importance of performing functional studies. 10 �l of buffer containing 25 mM HEPES (pH 8.1), 100 mM NaCl, 5 mM
MgCl2, 1 mM DTT, 11% glycerol, 150 nM protein, and 0.5 �M [35S]ATP�S

Experimental procedures
(1250 Ci/mmol, 12.5 mCi/ml) and incubated at 37�C for 20 min. The samples
were transferred to ice and irradiated for 5 min in a UV Stratalinker 1800Construction of hMSH2 mutations
chamber (Stratagene). Samples were then separated on a 7% SDS polyacryl-The hMSH2 mutations were generated utilizing a two-primer PCR mutagene-
amide gel followed by drying onto Whatman filter paper. Visualization andsis protocol (Guerrette et al., 1998). The mutant and wild-type hMSH2-
quantitation was performed using the Molecular Dynamics phosphorimaginghMSH6 heterodimers were overexpressed and purified from baculovirus
system and ImageQuant software. Approximately 0.7 �g of each protein wasas previously described (Gradia et al., 1997). Protein concentrations were
loaded onto a separate gel and stained with Coomassie blue in order to accu-determined by measuring the absorbance at 280 nm. In order to control for
rately normalize the relative amount of each mutant protein to that of wild-type.preparation inconsistencies, we independently purified the hMSH2-hMSH6
The normalized signal intensity was calculated as follows: (Smutant subunit/missense mutant proteins a minimum of three times. While the data for a
Swild-type subunit)(Cwild-type/Cmutant), where S is the band intensity from [35S]ATP�Ssingle preparation of the purified hMSH2-hMSH6 missense mutant protein
phosphorimaging and C is the sum of the band intensities from both subunitsis shown, we found independent preparations to produce consistent results

(data not shown). in the Coomassie blue-stained gel.
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Ruschoff, J. (1997). Diagnostic microsatellite instability: definition and corre-Total internal reflection analysis
lation with mismatch repair protein expression. Cancer Res. 57, 4749–4756.Real-time interaction between hMSH2-hMSH6 proteins and mismatched

DNA was performed using the IAsys Biosensor (Affinity Sensors, Cambridge,
Drotschmann, K., Yang, W., Brownewell, F.E., Kool, E.T., and Kunkel, T.A.

England). We attached 41 bp duplex oligonucleotides containing a single, (2001). Asymmetric recognition of DNA local distortion. Structure-based
central G/T mismatch via a biotin-streptavidin-biotin linkage to an IAsys functional studies of eukaryotic Msh2-Msh6. J. Biol. Chem. 276, 46225–
cuvette. Indicated concentrations of wild-type and mutant hMSH2-hMSH6 46229.
were added in the presence of 25 mM HEPES (pH 8.1), 110 mM NaCl, 1

Dufner, P., Marra, G., Raschle, M., and Jiricny, J. (2000). Mismatch recogni-mM DTT, 2 mM MgCl2, 2% glycerol, and 25 �M ADP. The protein was
tion and DNA-dependent stimulation of the ATPase activity of hMutSalphaincubated with the mismatched DNA until saturation was reached (generally
is abolished by a single mutation in the hMSH6 subunit. J. Biol. Chem. 275,3 to 5 min). Association and dissociation constants were determined using
36550–36555.FastFit (Affinity Sensors) and GraFit (Erithacus Software) software analyses.

For protein dissociation studies, after binding saturation was reached, un- Fishel, R. (1998). Mismatch repair, molecular switches, and signal transduc-
bound protein was removed and replaced with a similar buffer containing tion. Genes Dev. 12, 2096–2101.
no protein and either 250 �M ATP or no nucleotide as indicated.

Fishel, R. (1999). Signaling mismatch repair in cancer. Nat. Med. 5, 1239–
1241.Electron microscopy

EM was performed as previously described (Gradia et al., 1999). Quantitative Fishel, R. (2001). The selection for mismatch repair defects in hereditary
analysis of these studies is contained in Gradia et al. (1999). nonpolyposis colorectal cancer: revising the mutator hypothesis. Cancer

Res. 61, 7369–7374.
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