











Regulation of hMSH2-hMSH6 ATPase

TABLE 1
ATP binding
With magnesium Without magnesium
Protein K, B,.../Er K, B,./Er
M M
wWT 0.6 1.6 0.8 2.1
2KA/6 6.0 0.2 0.6 1.5
2/6KA 0.7 2.0 11 1.4
2KA/6KA 3.4 0.4 86.7 0.004

[y-**S]ATP was used to examine ATP binding in the pres-
ence of magnesium under poorly hydrolyzable conditions. We
verified that in the absence of magnesium [y->*S]ATP binds
with ~10-fold weaker affinity to hMSH2-hMSH6 than 3?P-la-
beled ATP (Fig. 1B; (21). It is important to be aware that during
the 10-min cross-linking in the presence of magnesium, there is
likely to be significant but slow hydrolysis of the [y->*S]phos-
phate (Key((y-5sjarpy = 0.1 min~') (34). For example, we
observe a decrease in cross-linking affinity for both WT sub-
units compared with experiments in the absence of magnesium
(Fig. 1, B and C). As shown above, hydrolysis may result in an
inability to rebind and/or trap [y->°S]ATP associated with the
WT heterodimer, effectively decreasing the cross-linking affin-
ity. Nevertheless, both WT subunits appear capable of binding
[y->*S]ATP simultaneously (Fig. 1C). These studies also con-
firm that the 6KA mutant subunit may bind [y->**S]ATP in the
presence of magnesium (Fig. 1C). Taking the cross-linking
studies as a whole, we conclude that the Walker A lysines are
required for ATP hydrolysis by both the hMSH2 and hMSH6
subunits, hMSH2(Lys-675) plays a role in binding/retaining
ADP under all conditions, the hMSH6 subunit displays high
affinity binding to ATP, and ATP binding by hMSH6 enhances
ATP binding by hMSH2. We also observe that hMSH6 releases
its ADP hydrolysis product and thereafter appears unable to
cross-link adenosine nucleotide.

To further examine the effect of magnesium on ATP binding,
we performed a filter-binding assay at 4 °C with [y-**S]ATP,
where any background hydrolysis is largely eliminated (supple-
mental Fig. S1A and Table 1) (34). In general, the [y->*S]ATP
filter binding (K,) and cross-link affinity (S, ;) in the presence
or absence of magnesium appear largely equivalent (compare
Fig. 1, B and C, and supplemental Table S1 with Table 1). We
observed near saturation binding of the two possible Walker
A/B sites by WT in the absence of magnesium (supplemental
Fig. S1A). In contrast, the WT protein appears half-saturated in
the presence of magnesium with an equivalent K, to the WT
protein in the absence of magnesium (supplemental Fig. S1A
and Table 1, see B, ,,/E1). The 2/6KA mutant protein displays
half-saturation independent of magnesium with a K, value
nearly equivalent to that of the WT protein (supplemental Fig.
S1A and Table 1). Interestingly, the 2KA/6 mutant protein also
approaches half-saturation independent of magnesium (sup-
plemental Fig. S1A), yet in the absence of magnesium, it dis-
plays a K, nearly equivalent to that of WT and 2KA/6, whereas
in the presence of magnesium, the K, is increased 10-fold (sup-
plemental Fig. S1A and Table 1). The saturation and K, of 2KA/
6KA in the presence of magnesium mimic the 2KA/6 mutant
protein in the presence of magnesium, whereas there is mini-
mal [y->*S]ATP- binding in the absence of magnesium. These

results suggest combinatorial binding of [y-**S]JATP by both
subunits at less than saturating levels that is clearly affected by
magnesium. To further determine the individual subunit con-
tributions, we examined [y->*S]JATP binding at different mag-
nesium concentrations (supplemental Fig. S1B). The uniform
binding by the 2/6KA protein across multiple magnesium con-
centrations is consistent with the cross-linking studies that
show hMSH2 saturation at low magnesium that shifts to com-
binatorial subunit [y->*S]JATP binding in the presence of mag-
nesium (see Fig. 1, B and C). Similarly, the reduction in
[y->*S]JATP binding by WT and 2KA/6 with increasing concen-
trations of magnesium is consistent with decreasing hMSH6
[y-**S]ATP binding as reflected in the cross-linking analysis,
whereas the increased [y->°S]JATP binding by 2KA/6KA
reflects the ability of the hMSH6 subunit to bind ATP in the
presence of magnesium. Taken as a whole, these results indi-
cate that magnesium dramatically influences cross-linking
affinity by MSH subunits that are ultimately manifest in altered
equilibrium adenosine nucleotide binding by the MSH
heterodimer.

The hMSH2-Magnesium Complex Controls Steady-state
ATPase Activity—In the absence of DNA, the WT and Lys —
Ala heterodimers display a low level steady-state ATPase activ-
ity. Notably, the 2KA/6 mutant appears consistently 5-fold
more active than the ot her heterodimers (supplemental Fig.
S2A and Table 2). In pre-steady-state ATPase assays, WT dis-
plays an initial rapid burst of hydrolysis followed by a slower
linear rate (supplemental Fig. S2B and Table 2). The 2KA/6
mutant displays a nearly identical burst followed by a slow lin-
ear rate, indicating that hAMSH6 is fully active and can continue
to hydrolyze ATP in the absence of nucleotide binding to
hMSH2 (supplemental Fig. S2B and Table 2). However, the
2/6KA mutant lacks the initial burst and only displays a slow
linear hydrolysis rate (supplemental Fig. S2B and Table 2).
These data confirm earlier findings from yeast studies that, in
the absence of mismatched DNA, the MSH6 subunit is respon-
sible for a rapid burst of ATP hydrolysis, whereas the MSH2
subunit has a slower ATPase activity (29). The similarity
between the WT and the 2/6KA steady-state rates (supplemen-
tal Fig. S2A) indicates that WT catalytic turnover is limited by
slow hMSH2 activity. This observation, coupled with the cross-
linking studies and the high steady-state ATPase rate exhibited
by the 2KA/6 mutant, wherein hMSH2 is nucleotide-free, sug-
gests that adenosine nucleotide-bound hMSH2 acts as an allos-
teric regulator that blocks catalytic turnover by hMSHG6 follow-
ing its initial burst of ATP hydrolysis, most likely by blocking
hMSH6 ATP binding.

The effect of magnesium on ATP processing by the WT and
Lys — Ala heterodimers appeared to indicate that magnesium
might also act as a catalytic regulator. To examine the effect of
magnesium on hMSH2-hMSH6 steady-state ATPase, we
adjusted the magnesium and ATP in the reaction to fix the free
magnesium at a wide range of ATP-magnesium concentrations
(Fig. 2). If magnesium functions as a catalytic regulator (e.g. by
controlling the rate-limiting step of hMSH2(ADP) release
and/or rebinding of ATP by hMSHS6), then lower free magne-
sium should reduce protein-bound magnesium at equilibrium,
which would then allow unregulated rounds of ATP binding
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TABLE 2
ATPase activities

Regulation of hMSH2-hMSH6 ATPase

Steady-state ATPase (no DNA)

Steady-state ATPase (G/T)

Pre-steady-state ATPase (no DNA)

Protein K, Keae K, K ae Burst rate” Steady state”
M min~! M min~t st st
WwWT 43.2 0.3 61.7 19.7 0.74 0.03
2KA/6 132.7 1.6 177.8 2.6 1.02 0.04
2/6KA 47.5 0.3 80.6 1.4 ND¢ 0.04
2KA/6KA 80.7 0.2 30.5 0.1 ND ND
“ Data were fit with an exponential equation.
® Data were fit with a linear equation.
¢ND, not determinable.
WT 2KA/6 2/6KA
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FIGURE 2. The steady-state ATPase activity of hMSH2-hMSH6 is inhibited by excess free magnesium. Steady-state ATP hydrolysis in the absence of DNA
was performed at various concentrations of ATP and at 1.0 mm (green), 0.1 mm (yellow), and 0.05 mm (blue) free magnesium as indicated (36). Data points
represent an average of three independent experiments with S.D. (error bars) for each point (sometimes within the symbol).

and hydrolysis. We found that the WT ATPase rate increased
dramatically at low free magnesium concentrations, ultimately
reaching an ATPase velocity ~50 times greater than in the
presence of excess free magnesium (Fig. 2). The 2KA/6 mutant
displayed higher basal ATPase activity, consistent with reduced
down-regulation of the hMSH6 ATPase by hMSH2, that
increased ~6-fold with lower free magnesium. In contrast, the
2/6KA increased ~30-fold at low free magnesium concentra-
tions. The simplest interpretation of these results is that low
free magnesium enhances release of ADP by hMSH2, which we
have previously demonstrated provides the largest barrier to
MSH ATPase activity (8, 29). These observations contrast with
studies of E. coli MutS that suggest that elevated magnesium
stimulates ADP release (20), although the differential effects of
magnesium on the MutS homodimer subunits may not be dis-
cernible. Our findings are comparable with those of kinesin and
G-proteins, where reduced magnesium stimulates nucleotide
diphosphate release (30, 35, 36). Because hMSH6 does not
retain ADP following hydrolysis and because the 2KA mutant
does not bind ATP under any conditions (see Fig. 1C), the
increase in 2KA/6 ATPase at low free magnesium suggests that
magnesium bound/retained by one or both of the hMSH2 and
hMSHBS6 subunits may act as at least a partial allosteric regulator
of the hMSH6 ATPase.

To further test the hypothesis that magnesium regulates
ADP release by hMSH2, we examined the mismatch-indepen-
dent release of ADP from hMSH2-hMSHS6 following the addi-
tion of excess ATP in the presence or absence of magnesium.
The WT and 2/6KA proteins bound ADP in the presence of
magnesium, whereas the 2KA/6 mutant was severely deficient
(supplemental Fig. S3; see results at time 0). These results are
consistent with preferential ADP binding by the hMSH2 sub-
unit, as indicated by the cross-linking studies (Fig. 1C). In the
absence of magnesium, there was an increase in ADP binding
by the WT protein that reflects the increased binding by the

hMSHS6 subunit (supplemental Fig. S3). ADP binding to WT in
the presence of magnesium is quite stable (supplemental Fig. S3
and Table 3). However, in the absence of magnesium, we
observe faster and nearly complete release of ADP (k. = 0.016
s~ ! compared with 0.007 s ') (Table 3). ADP release from the
2/6KA mutant also increases in the absence of magnesium
(kg = 0.014 s~ ' compared with 0.006 s~'; Table 3). These
results combined with the free magnesium ATPase studies sug-
gest that magnesium controls the release of ADP by hMSH2
and subsequent catalytic turnover.

Mismatch-provoked ATP Processing—We examined the sub-
unit contribution to the mismatch-stimulated ATPase activity
of hAMSH2-hMSHS6 (Fig. 3A and Table 2). As reported previ-
ously (8), mismatched DNA significantly stimulates the WT
ATPase activity (k.. = 0.3 min~ ', Ky pnay = 19.7 min~'; Fig.
3A and Table 2). However, mismatched DNA failed to stimu-
late the ATPase activity of 2KA/6 and 2/6KA mutant proteins
(Fig. 3A and Table 2). These results suggest that the ability to
appropriately bind and/or hydrolyze ATP by both subunits is
necessary for the efficient mismatch-stimulated ATPase. We
next examined mismatch-dependent ADP — ATP exchange by
WT and Lys — Ala mutants (Fig. 3B and Table 3). In the pres-
ence of magnesium, mismatched DNA provoked rapid ADP —
ATP exchange by the WT protein (k= 0.24 s~ ). In contrast,
the 2/6KA mutant performed ADP — ATP exchange ~3-fold
more slowly (k= 0.09s™ '), and the 2KA/6 mutant protein did
not appreciably bind or exchange ADP (Fig. 3B and Table 3).
Our cross-linking studies show that the hMSH6 subunit is
nucleotide-free in the WT protein, whereas the hMSH6 sub-
unit in the 2/6 KA mutant binds ATP (see Fig. 1C). These obser-
vations suggested that an ATP-bound hMSH6 subunit might
inhibit the release of ADP by hMSH2. To test this hypothesis,
we performed a similar ADP — ATP exchange experiment in
the absence of magnesium, where the hMSH6 subunit within
the 2/6KA mutant does not bind ATP, whereas the hMSH6
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Regulation of hMSH2-hMSH6 ATPase

TABLE 3
Nucleotide exchange
No DNA G/T
Protein k¢ with magnesium k¢ without magnesium k¢ with magnesium k¢ without magnesium
57! 5! 57! s

WwT 0.007 0.016 0.24 0.04

2KA/6 ND“ ND ND ND

2/6KA 0.006 0.014 0.03 0.09

2KA/6KA ND? ND ND ND

“ND, not determinable.
?ND, not done.

subunit of the WT protein readily binds ATP (see Fig. 1B). We
found that ADP is completely released from the 2/6 KA mutant,
whereas ADP release by the WT protein is dramatically
reduced (Fig. 3C). These results are consistent with the conclu-
sion that hMSH6 must be nucleotide-free prior to interaction
with a mismatch for efficient ADP — ATP exchange by hMSH2
to occur.

hMSH?2 and Magnesium Control the Formation of a Stable
Sliding Clamp—Mismatch-provoked ADP — ATP exchange
induces the formation of an hAMSH2-hMSHS6 sliding clamp that
is capable of bidirectional diffusion along DNA (11, 21). To
determine whether the distinct adenosine nucleotide process-
ing properties of hAMSH2 and hMSH6 are important for clamp
formation, we employed surface plasmon resonance and exam-
ined ATP-dependent dissociation of the heterodimers from
mismatched DNA (Fig. 44 and supplemental Table S2). Impor-
tantly, the WT and mutant proteins display similar &, and kg,
consistent with nearly identical mismatch binding/dissociation
(Kp; Fig. 4A and supplemental Table S2). In the presence of
magnesium, the addition of ATP resulted in rapid dissociation
of the WT protein consistent with the formation of a sliding
clamp that is released from the open end of the DNA (Fig. 44
and supplemental Table S2). In contrast, the 2KA/6KA mutant
fails to dissociate and displays a slow k_ expected for equilib-
rium mismatch dissociation. This result suggests that the 2KA/
6KA is incapable of forming a sliding clamp. The 2KA/6 and the
2/6KA mutant proteins were capable of dissociating from the
mismatch, although at significantly slower rates compared with
WT (Fig. 4A and supplemental Table S2).

We then examined the effect of magnesium on ATP-pro-
voked hMSH2-hMSH6 mismatch dissociation (Fig. 4, Band C).
When magnesium was included during binding but excluded
during the addition of ATP, the WT protein again dissociated
rapidly from DNA, the 2/6KA mutant dissociated more slowly
than in the presence of magnesium, and the 2KA/6 dissociation
was inhibited severely enough that it resembled the 2KA/6KA.
We interpret these results as follows. When magnesium is pres-
ent at any stage in the surface plasmon resonance system (Fig. 4,
A and B), the 6KA subunit retains at least some ATP binding
activity, and the 2/6KA can attain a sliding clamp form capable
of dissociating from mismatched DNA. In contrast, the 2KA
subunit does not retain sufficient ATP binding affinity when
magnesium is excluded during the ATP dissociation step, and
the 2KA/6 heterodimer exhibits seriously defective sliding
clamp formation. To further test these conclusions, we omitted
magnesium from both the binding and dissociation steps to
produce a condition where all combinations of the Lys — Ala
heterodimers have lost their affinity of ATP (see Fig. 1B). The

absence of magnesium did not affect mismatch binding for any
of the proteins (Fig. 4C). However, ATP-provoked dissociation
by WT occurred more slowly, and none of the Lys — Ala
mutant proteins dissociated from the mismatched DNA (Fig.
4C). In general, the ATP-dependent dissociation from mis-
matched DNA appeared to mimic the magnesium-dependent
ability of both MSH subunits to bind and cross-link ATP (com-
pare Fig. 4, A-C, with Fig. 1, B and C). These results are con-
sistent with the conclusion that both the hMSH2 and hMSH6
subunits must be bound by ATP to efficiently dissociate from
the mismatched DNA.

To determine whether the proteins formed sliding clamps
during ATP-provoked dissociation, we blocked the open end of
the mismatched DNA with digoxigenin-anti-digoxigenin (Fig.
4D) (37). These experiments were performed as for Fig. 4B
except that the magnesium concentration was varied with the
addition of ATP. At high concentrations of magnesium (5 mm),
the WT protein is stable for ~8 min on the double-blocked end
mismatched DNA (kg = 0.002 s~ '). This result indicates that
the WT protein sliding clamps are stably trapped on the dou-
ble-blocked end mismatched DNA (11). However, as magne-
sium concentrations were decreased, the k. increased signifi-
cantly (k= 0.008 s~ '), consistent with direct dissociation of
the WT protein from the double-blocked end mismatched
DNA (Fig. 4D). We observe little change in dissociation kinetics
for the mutant proteins (Fig. 4D). Taken together with the
cross-linking data, these results suggest that that magnesium
plays an essential role in coordinating the appropriate ATP
processing that ultimately results in stable sliding clamps.

DISCUSSION

The hMSH2-hMSH6 ATPase is limited by ADP release,
which is stimulated by mismatch binding (8, 30). Subsequent
ATP binding by hMSH2-hMSHS6 produces a sliding clamp (8,
30). Several models have been proposed for MMR (16). Our
studies detail the kinetic steps associated with ADP/ATP proc-
essing by the individual subunits of human hMSH2-hMSH6
(Fig. 5) and appear uniquely consistent with the molecular
switch model for MMR (Fig. 5) (8, 11).

Nucleotide-free hMSH2-hMSHS6 is likely to be rare in the
absence of mismatched DNA because the MSH6 subunit binds
and hydrolyzes ATP rapidly (Fig. 5) (21). Moreover, our cross-
linking studies suggest that ATP-bound hMSH6 significantly
stimulates ATP binding by MSH2 (Fig. 1C). Pre-steady-state
ATPase analysis indicates that hMSH6 hydrolyzes ATP rapidly
(1 s~ "), whereas hMSH2 hydrolyzes ATP more slowly (0.03
s~ 1), similar to yeast Msh2-Msh6 (29). As observed with the
yeast proteins, we find that the hMSH6-ADP complex is short
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FIGURE 3. Mismatch-provoked hydrolysis and ADP — ATP exchange of
hMSH2-hMSHB6. A, steady-state ATP hydrolysis in the presence of a 41-bp
oligonucleotide containing a central G/T mismatch was performed using 200
nm WT, 2KA/6, 2/6KA, or 2KA/6KA protein and [y->2P]ATP. Following incuba-
tion at 37 °C for 30 min, the amount of y->?P released was determined as
described previously (8). Data points represent an average of three independ-
ent experiments with S.D. and were fit with the Michaelis-Menten equation. B
and C, WT and Lys — Ala mutants were prebound to [*HJADP. The release of
ADP upon the addition of a 41-bp G/T mismatched DNA (100 nm) and ATP (1
mm) in the presence (B) or absence (C) of magnesium (5 mm) was measured
using filter binding as described previously (8). Data points represent the
average of three independent experiments with S.D. (error bars) and were fit
to a single exponential decay.

lived (21). In contrast, hMSH2 remains tightly associated with
ADP (hMSH2(ADP); Fig. 5).

The steady state ATPase of hMSH2-hMSH6 in solution
matches the slow rate of hMSH2 hydrolysis. These results are
consistent with the conclusion that ADP release by hMSH2 also

Regulation of hMSH2-hMSH6 ATPase

limits the hAMSH6 ATPase. However, the kinetic difference in
ATP hydrolysis by hMSH2 (0.03 s ') and hMSH6 (1 s~ ") would
seem to suggest that the hAMSH6 subunit might hydrolyze >30
ATP before the AMSH2(ADP) complex is established. The sim-
plest solution for this conundrum is to propose that any aden-
osine nucleotide-bound form of hAMSH2 is capable of suppress-
ing hMSH6 ATP hydrolysis. Indeed, the significant increase in
the hMSH2 cross-linking affinity (S, 5) when hMSH6 is con-
strained to an ATP-bound state (see 2/6KA cross-linking stud-
ies) suggests that both subunits are likely to bind ATP prior to
hydrolysis by hMSH6. A subsequent two-step hydrolysis proc-
ess that includes release of the ADP hydrolysis product by
hMSH6 would ultimately result in hMSH2(ADP) and hMSH6
in the apo state, the predominant form observed in cross-link-
ing studies here and by Mazur et al. (21).

The observation that ATP hydrolysis substantially increases
with reduced free magnesium suggests that magnesium plays
an essential role in maintaining the hMSH2(ADP) complex. A
similar mechanism has been reported for the monomeric kine-
sin K1F1A, whose ATPase activity is also inhibited by excess
free magnesium (36). Control of nucleotide diphosphate (NDP)
release by magnesium mimics features of G protein nucleotide
exchange, as we previously proposed (30). Our observations
contrast studies with the E. coli MutS that suggest that magne-
sium enhances ADP release (20). The modest increase in 2KA/6
ATPase activity at low free magnesium appears to suggest that
the hMSH6 subunit may also retain magnesium following cat-
alytic turnover that then inhibits subsequent catalytic cycles.
Together, these observations underline a central role for mag-
nesium in the control of hAMSH2-hMSH6 ATPase activity (Fig.
5).

Following mismatch binding, ADP release takes ~4 s and
probably involves disruption of magnesium at the Walker A/B
site (Table 3 and Fig. 5) (36). Release of ADP and magnesium by
hMSH2 relieves the nucleotide binding inhibition of hMSHS,
which rapidly binds ATP. This order of events appears different
from yeast Msh2-Msh6, where Msh6 is thought to bind ATP
after binding to the mismatch, leading to the release of ADP by
Msh2 (21). As noted above, our results indicate that under con-
ditions where hMSH6 binds and cross-links stably to ATP, the
nucleotide cross-linking affinity of hMSH2 increases (see
2/6KA in Fig. 1C). We also noted that the hMSH2 subunit
within the 2/6KA heterodimer hydrolyzes ATP and remains
ADP-bound (see 2/6KA in Fig. 1C). However, mismatch-pro-
voked ADP release by 2/6KA when the mutant hMSH6 subunit
may bind but not hydrolyze ATP is significantly inhibited and
probably forms a dead-end complex (see 2/6KA, +Mg in Figs.
1C and 3B; see Fig. 5). In contrast, ADP release by hMSH2 is
relatively rapid and complete when the hMSH6 subunit is inca-
pable of binding adenosine nucleotide (see 2/6 KA, —Mgin Figs.
1B and 3C) or is nucleotide-free (see WT, +Mg in Fig. 1C and
Fig. 3B). Together, these results suggest that hAMSH6 must be in
the apo state for efficient mismatch-dependent release of ADP
by hMSH2 (Fig. 5).

ATP binding by hMSH2-hMSHBS6 results in dissociation from
the mismatch and the formation of a sliding clamp that takes
~1 s (Fig. 44, supplemental Table S2, and Fig. 5) (11, 38). The
process of mismatch binding, ADP — ATP exchange, and slid-
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FIGURE 4. Efficient sliding clamp formation requires ATP binding by both
hMSH2 and hMSH6 subunits. Shown are surface plasmon resonance
(Biacore) studies of WT and Lys — Ala heterodimer dissociation from a
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FIGURE 5. An illustration of the kinetic events associated with hMSH2 and
hMSH6 subunits during ADP/ATP processing for MMR. Bottom and lower
left of cycle, hAMSH6 rapidly binds ATP (green dot) followed by rapid binding of
ATP to hMSH2. hMSH6 rapidly hydrolyzes ATP and releases the resultant ADP
(vellow dot). AMSH2 hydrolyzes ATP more slowly yet retains ADP. This process
results in the major steady-state species hMSH2(ADP)-hMSH6(apo). The likely
disposition of magnesium (M) for each subunit is shown. Remaining cycle,
upon mismatch interaction, hMSH2 rapidly releases ADP (4 s). Under condi-
tions where hMSH6 is bound to ATP at the mismatch prior to ADP release, a
dead-end complex is formed that cannot undergo nucleotide exchange.
hMSH6 rapidly binds ATP, which enhances ATP binding by hMSH2 (1 s). Bind-
ing of ATP by both hMSH2 and hMSH6 results in the formation of a stable
sliding clamp (~8 min) that dissociates from the mismatch to execute the
downstream steps of MMR. Dissociation from the DNA containing the mis-
match and ATP hydrolysis completes the hMSH2-hMSH6 ATPase cycle.

ing clamp formation (5 s) appears remarkably similar to T.
aquaticus MutS kinetics (3 s) deduced by single-molecule FRET
studies (Fig. 5) (37).

The efficient formation of a stable sliding clamp requires
ATP binding by both hMSH2 and hMSH6 subunits (Fig. 4,
A—C). These observations are consistent with similar studies of
the yeast Msh2-Msh6 (21) and E. coli MutS (20). Because
hydrolysis is suppressed (29), the hMSH2-hMSH6 sliding
clamp remains in a dual ATP-bound state as well as stably asso-
ciated with the mismatched DNA for ~8 min, a length of time
nearly equivalent to a complete MMR excision reaction (29).
This kinetic stability appears remarkably similar to the ~10-

mismatched oligonucleotide in the presence of ATP (250 um). A, protein was
bound to the mismatch, washed, and dissociated from the mismatch with
ATP in the presence of magnesium (10 mm). B, protein was bound to the
mismatch and washed in the presence of magnesium (10 mm) and dissoci-
ated from the mismatch with ATP in the absence of magnesium. C, protein
was bound, washed, and dissociated from the mismatch with ATP in the
absence of magnesium. D, rates of ATP-induced dissociation of WT and Lys —
Ala mutant protein from a double-blocked end mismatched oligonucleotide
in the presence of increasing concentrations of magnesium.
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min stability of 7. aquaticus MutS sliding clamps on mis-
matched DNA (37). Moreover, magnesium plays an essential
role in maintaining the stability of the hMSH2-hMSHS6 sliding
clamp because its absence increases direct dissociation
~5-fold. Finally, the central role of the hMSH2(magnesium-
ADP) complex in the regulation of hMSH2-hMSH6 functions
may be an additional factor that explains the prevalence of
MSH?2 mutations in Lynch syndrome or hereditary nonpolypo-
sis colorectal cancer (28).
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