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Abstract

In Saccharomyces cerevisiae, Msh2-Msh3-mediated mismatch repair (MMR) recognizes and
targets insertion/deletion loops for repair. Msh2-Msh3 is also required for 3’ non-homologous tail
removal (3’NHTR) in double-strand break repair. In both pathways, Msh2-Msh3 binds double-
strand/single-strand junctions and initiates repair in an ATP-dependent manner. However, we
recently demonstrated that the two pathways have distinct requirements with respect to Msh2-
Msh3 activities. We identified a set of aromatic residues in the nucleotide binding pocket (FLY
motif) of Msh3 that, when mutated, disrupted MMR, but left 3" NHTR largely intact. One of these
mutations, msh3Y942A, was predicted to disrupt the nucleotide sandwich and allow altered
positioning of ATP within the pocket. To develop a mechanistic understanding of the differential
requirements for ATP binding and/or hydrolysis in the two pathways, we characterized Msh2-
Msh3 and Msh2-msh3Y942A ATP binding and hydrolysis activities in the presence of MMR and
3’ NHTR DNA substrates. We observed distinct, substrate-dependent ATP hydrolysis and
nucleotide turnover by Msh2-Msh3, indicating that the MMR and 3’ NHTR DNA substrates
differentially modify the ATP binding/hydrolysis activities of Msh2-Msh3. Msh2-msh3Y942A
retained the ability to bind DNA and ATP but exhibited altered ATP hydrolysis and nucleotide
turnover. We propose that both ATP and structure-specific repair substrates cooperate to direct
Msh2-Msh3-mediated repair and suggest an explanation for the msh3Y942A separation-of-
function phenotype.
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1. Introduction

DNA mismatch repair (MMR) is a highly conserved DNA repair pathway that is critical for
maintaining genome stability [1-3]. MMR is best known for recognizing and directing
repair of nucleotide misincorporation or DNA slippage events that occur at the replication
fork. MMR is initiated when replication errors are recognized and bound by MutS
homologs, or Msh proteins. Prokaryotes encode a single MutS protein whereas most
eukaryotes, including Saccharomyces cerevisiae, contain two distinct Msh complexes,
Msh2-Msh3 and Msh2-Msh6, with separate but overlapping specificities. Msh2-Msh3
primarily binds and directs repair of both small (1 nucleotide) and larger (up to 17
nucleotide) insertion/deletion loops (IDLs) [4, 5]. Msh2-Msh6 primarily directs repair of
misincorporation events and small (1-2 nucleotide) IDLs [4, 6]. Msh2-Msh3 also recognizes
and binds some mispairs, particularly C-C mispairs [7]. Once bound to a mismatch (mispair
or IDL), the Msh complex recruits the downstream MutL homolog (Mlh) complex,
primarily MIh1-Pms1 in yeast. The ternary complex formation is dependent on ATP-binding
by the Msh complex and triggers subsequent steps in MMR, including helicase and
exonuclease enzymes to remove the mismatch. Repair is completed by DNA resynthesis of
the nascent strand and ligation of the DNA [1, 2, 6].

In addition to MMR of IDLs, S cerevisiae Msh2-Msh3 is also required during genetic
recombination [8-10]. It is required for the prevention of homeologous recombination, i.e.
recombination between divergent sequences in which loop structures are formed [8, 9, 11].
Repair of large unpaired loops that can occur during meiotic recombination also requires
Msh2-Msh3 as well as the structure-specific endonuclease Rad1-Rad10, which is part of the
nucleotide excision repair (NER) pathway [12, 13]. Rad1-Rad10 cleaves at double-strand
(ds)/single-strand (ss) DNA junctions with 3’ ssDNA tails [14-16]. Msh2-Msh3 and Rad1-
Rad10 are also both required in a specialized pathway of double-strand DNA break repair
(DSBR) that involves recombination intermediates with 3’ non-homologous tails (3’ NHTS),
such as single strand annealing (SSA) and some gene conversion events [10, 17, 18]. DNA
synthesis is required to complete repair, but DNA polymerases cannot prime from
unannealed 3’ hydroxyl group. Therefore the 3' NHTs must be removed to allow synthesis
and subsequent ligation. Rad1-Rad10 is responsible for cleaving the tails, but requires
partner proteins Msh2-Msh3 and Saw1 to be recruited to the 3" NHTs [17, 19, 20]. Msh2-
Msh3 has been proposed to stabilize the recombination intermediate to promote cleavage by
Rad1-Rad10 [17, 20].

In MMR, DNA-binding and ATP-binding activities of bacterial MutS and yeast and human
Msh2-Msh6 complexes have been well-studied and demonstrated to be coordinated; DNA-
binding leads to conformational changes in MutS and Msh2-Msh6 that are transmitted to the
ATP-binding domain via the transmitter region [21-28]. Analogous conformational changes
likely occur in Msh2-Msh3; mutations in the putative transmitter region of Msh3 lead to
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defects in both MMR and 3’ NHTR in vivo [29]. Furthermore, it has been shown that the
DNA-binding domains of MutS and Msh2-Msh6 modulate activity and conformational
changes within the ATPase domain and vice versa [21, 30-37]. The presence of DNA
stimulates steady-state ATP hydrolysis, an effect that is abrogated when there are no free
DNA ends [30, 38, 39]. Therefore dissociation from DNA is thought to provoke hydrolysis.
In turn, ATP-binding reduces MutS and Msh2-Msh6 complex binding to specific DNA
substrates and is predicted to promote the formation of a sliding clamp conformation that
allows the complex to move away from the mismatch.

Fewer studies have examined the relationship between Msh2-Msh3 DNA-binding and
ATPase activities [40-43]. Nonetheless, the coordinated regulation of DNA-binding and
ATP-binding and hydrolysis by Msh2-Msh3 is thought to be critical for proper MMR
function [40, 42]. However, while there are similarities, the ATP binding and hydrolysis
activities of human Msh2-Msh6 and human Msh2-Msh3 are distinct [41, 42]. Furthermore,
the requirements for ATP binding and/or hydrolysis in the Msh3 subunit are distinct for
MMR and 3’ NHTR [29]; mutations within the conserved FLY motif of Msh3 [44] predicted
to alter the nucleotide binding pocket exhibited a strong defect in MMR but had much
milder effects on 3’ NHTR in vivo [29]. These observations led us to hypothesize that the
type of DNA substrate (MMR versus 3’ NHTR) might further regulate ATP-binding and/or
hydrolysis by Msh2-Msh3.

To develop a mechanistic understanding of the differential requirements for ATP binding/
hydrolysis in vivo in MMR and 3’ NHTR, we performed an in vitro analysis of Msh2-Msh3
ATP-binding and ATP hydrolysis activities in the presence of distinct DNA substrates and
then compared them to the activities of Msh2-msh3Y942A under the same conditions. This
mutation changes the Y (tyrosine) of the FLY motif, which is predicted to form half of a
nucleotide (ATP/ADP) sandwich in the Msh3 nucleotide binding pocket, stacking with the
adenine [44]. Replacing the Tyr with Ala is predicted to widen the adenine-binding portion
of the pocket and lead to fewer constraints on the positioning of ATP or ADP in the pocket.
We used a) a homoduplex DNA substrate to mimic non-specific DNA-binding, such as
Msh2-Msh3 would encounter during a target search, b) an MMR-specific substrate (a +8
loop; (GT)y), ¢) a splayed or d) a 3’ flap substrate to mimic 3’ NHTR intermediates (Fig. 1a).
We found that the kinetics of ATP hydrolysis by Msh2-Msh3 were substrate-dependent,
supporting a model in which distinct DNA substrates promote signature Msh2-Msh3
ATPase activity. This regulation was disrupted in Msh2-msh3Y942A and therefore required
an intact Msh3 nucleotide binding pocket. Based on these data, we suggest a possible
mechanistic explanation for the msh3Y942A separation-of-function phenotype in vivo.

2. Materials and methods

2.1 Reagents

Phosphoenol pyruvate (PEP), FTE nicotinamide adenine dinucleotide (NADH), pyruvate
kinase, lactate dehydrogenase were obtained from Sigma. A 200 mM stock solution of PEP
was made in 0.5 M Tris—acetate (pH 7.5). NADH was dissolved in 10 mM Tris—acetate (pH
7.5) and the concentration was determined spectrometrically, using an extinction coefficient
of 6250 M-1 cm-1. ATP was obtained from Amersham Pharmacia Biotech and was
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dissolved in 0.5 M Tris—HCI (pH 7.5), with the concentration determined
spectrophotometrically using an extinction coefficient of 1.54 x 105 M-1 cm-1.
Oligonucleotides used to construct homoduplex, +8 loop, 3’ flap and splayed substrates were
purchased from Integrated DNA Technologies, Coralville, IA and have been described
previously [43].

Msh2-Msh3 was initially purified as described previously [45]. Over the course of this
study, it became necessary to modify our purification protocol due to the fact that PBE94 is
no longer available. In place of PBE94, we used Q-Sepharose Fast Flow (GE) as the first
chromatography step. Induced cells were resuspended and frozen in 1 X MSH buffer (25
mM Tris-HCI pH 7.5, 1 mM EDTA) with 200 mM NaCl. The Q-Sepharose column was
loaded at 200 mM NaCl and eluted with a linear gradient to 1M NaCl. Msh2-Msh3 eluted at
approximately 250 mM NaCl. The final PBE94 column was similarly replaced with Q-
Sepharose, loaded at 200 mM NaCl and eluted at 500 mM NaCl. Msh2-msh3Y942A
purified exactly as the wild-type Msh2-Msh3 complex (Fig. 1b). The in vitro activities of
both Msh2-Msh3 and Msh2-msh3Y942A were indistinguishable in side-by-side
comparisons of the two purification protocols (data not shown). Protein concentrations were
determined by Bradford assay.

Recently, it was demonstrated that the actual transcriptional start site for MSH3 was
different than the previously annotated start site [7]. The construct that we have used for
overexpression of MSH3 for purification contains both start sites [43, 45-47]. To ensure that
the protein we were using is the correct version, we sent purified Msh3 for N-terminal
sequencing (University of Pittsburgh) and determined that our purified protein has the
correct start site (data not shown).

2.2 DNA substrates

The homoduplex (LS1/LS2), MMR (LS2/LS8), splayed (LS1/LS3) and 3’ flap (LS1/LS3/
LS16) synthetic substrates have been described previously [43, 47]. DNA substrates were
prepared at 20puM. Top strand oligonucleotides were mixed with excess of the corresponding
bottom oligonucleotide (1:1.2) in 100 mM NaCl, 10 mM MgCI2 and 0.1 mM EDTA. The
mixture was heated to 95 °C for 5 min and then allowed to cool slowly to room temperature,
to allow the strands to anneal. The annealed oligonucleotide substrates were purified by gel
filtration (HR S-300 spin columns; Amersham Biosciences) to remove any unannealed
oligonucleotide. This step is important because Msh2-Msh3 binds well to single-stranded
DNA [43], which interfered with the kinetic analysis (data not shown). All substrates were
verified by gel electrophoresis. All substrates used in this study are shown schematically in
Fig. la.

2.3 Gel mobility shift assay

The standard reaction (10 ul) contained 1 nM 32P 5/ end-labeled substrate in 20 mM HEPES
(pH 7.5), 100 mM NaCl, 1 mM DTT, 40 pg/ml BSA, 2 mM MgCl,. The reactions were
assembled on ice and then incubated at room temperature for 5 minutes. The samples were
electrophoresed through 4% non-denaturing polyacrylamide gels in 45 mM Tris borate, 0.5
mM EDTA at 130V for 45 minutes in a water-cooled gel electrophoresis apparatus. The gels
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were dried and exposed to a Phosphorimager screen (Molecular Dynamics). ImageQuant
was used to quantify bound and free DNA. The approximate Ky’s shown in Fig. 4b represent
the protein concentration at 50% maximal binding. The values are an average of at least 3
independent experiments with 2 different protein preparations.

2.4 Filter binding assays

The affinity of Msh2-Msh3 for nucleotide was measured using a double-filter method for
nitrocellulose filter binding [48]. 20 pl reactions contained 1X reaction buffer (20mM Hepes
pH 7.6, 40 pg/ml BSA, 2mM MgCl,, 1ImM DTT, 100mM NaCl), 50nM protein, 250nM
DNA (when present) and the indicated concentration of ATPyS spiked with 35S-ATPyS.
Upon addition of protein, reactions were incubated for 10 minutes at 4°C. Nitrocellulose
(0.45 um, Biorad) was soaked in 1X reaction buffer overnight at 4°C. Hybond DEAE
membrane (GE) was washed three times with 1M NaCl and in 0.1M NaOH for 10 seconds.
The DEAE was placed on a dot blot apparatus and overlaid with nitrocellulose and a
vacuum was applied. Reactions were applied to the nitrocellulose in duplicates, and washed
three times with 1X reaction buffer. Membranes were dried and exposed to Phospholmager
screen (Molecular Dynamics), imaged using Typhoon scanner and quantified using
ImageQuant. A standard curve of ATPyS was used to calculate the number of pmol ATPyS
bound by Msh2-Msh3 or Msh2-msh3Y942A.

For the ADP competition experiments, Msh2-Msh3 or Msh2-msh3Y942A (50 nM) was pre-
incubated with DNA substrate (250 nM), as described above. ADP (0.5 mM) was added and
allowed to bind on ice for 10 minutes. ATPyS (8 uM) spiked with 35S-ATPyS was added to
the reaction and incubated at room temperature for 30 or 60 seconds and then applied to
nitrocellulose as described above. Binding of ATPyS in the presence of ADP was
normalized to binding in the absence of ADP under equivalent conditions.

2.5 ATPase assays

Hydrolysis of ATP was monitored using a coupled spectrophotometric assay [45-46,55]. In
this assay, the conversion of ATP to ADP and P;j is linked to the oxidation of NADH to
NAD*, and is monitored as a decrease in absorbance at 340nm. Assays were performed at
30°C and monitored using a Varian, Cary-50 Bio UV-visible spectrophotometer. The
reaction conditions include 20 mM Tris-acetate (pH 7.5), 0.3 mM NADH, 5 mM PEP, 20
U/mL pyruvate kinase, 20 U/mL lactate dehydrogenase, 2 mM magnesium acetate, DNA (at
indicated concentrations) and Msh2-Msh3 (at indicated concentrations) and up to 1 mM
ATP. Reactions were initiated with DNA, Msh2-Msh3 and ATP in that order. ATP titration
was performed by addition of incremental amounts of ATP until maximal rates were
achieved. Volume additions were taken into account for accurate calculation of ATP
concentration. In a typical reaction, approximately 80 data points were fit to a linear curve.
The rate of ATP hydrolysis at each ATP concentration was calculated by multiplying the
slope of the line by 159 (the change in absorbance of NADH per unit time) [49]. In the
optimization experiments (Fig. 3), 100 nM Msh2-Msh3 was used. In all subsequent
experiments, 50 nM Msh2-Msh3 was used. The kinetic parameters of Msh2-Msh3 at 50 nM
and 100 nM were similar at equivalent protein:DNA ratios (data not shown).
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For ATPyS titration experiments, 50 nM Msh2-Msh3 was pre-incubated with 2 mM
magnesium and 1 mM ATP in the absence of DNA or 250 nM DNA, 2 mM magnesium and
100 pM ATP, in the presence of DNA substrate. Different ATP concentrations were used in
the absence or presence of DNA because of the different K, of Msh2-Msh3 for ATP under
those conditions (Table 1). When steady state was achieved (constant slope), ATPyS was
titrated into the reaction. Rate of ATP hydrolysis was determined after each ATPyS
increment. At the end of the titration, rates were normalized to no ATPyS (100% activity).
From the resulting curves, concentration required for inhibition of ATPase activity by 50%
was calculated.

2.6 Data Analysis

To obtain kinetic parameters, data obtained from coupled spectroscopy were analyzed using
non-linear curve fitting in Prism v 5.04 (GraphPad Software, Inc.). Two kinetic models,
Michaelis-Menten (MM) and Hill equations, were used to fit the data [50]. The MM
equation is the simpler of the two and is

U:Vmax [ S} /(Km+ [ S])

where v is the rate of ATP hydrolysis, Vinax is the maximal rate of ATP hydrolysis, [S]
signifies substrate (ATP) concentration and K, is the concentration of substrate when the
rate of the reaction is half V5 indicating half saturation [50] (Fig. 2¢). The data were also
fit to the Hill equation, which takes into account multiple active sites present in the enzyme.
The Msh2-Msh3 complex has two composite active sites, and therefore, Hill equation is an
appropriate fit. The equation is defined as

Y:Vmax ([S} Ah)/(Km_'—([S] Ah))

where Y is the rate of ATP hydrolysis
[S] is the substrate concentration
K is the concentration of substrate at half maximal rate of hydrolysis
h is the Hill constant which defines the cooperativity between active site.

If the Hill co-efficient is 1, the active sites are non-cooperative. If the co-efficient is less
than 1, the active sites are negatively cooperative while co-efficient greater than 1 indicates
positively cooperativity [50]. In the case of negative cooperativity, the binding and/or
catalysis at one site inhibits catalysis and/or binding at the other. In the scenario of positive
cooperativity, binding and/or catalysis at one active site promotes binding and/or catalysis at
the other. When ATP binding appeared to exhibit negative cooperativity, a comparison was
done in Prism to determine which model more accurately described the data.

From the kinetic parameters we calculated Kqat and Keat/ K- Keat 1S the catalytic rate, the
maximum number of substrate molecules converted to product per enzyme per minute and is
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calculated as the ratio of Va1 and enzyme concentration. Keai/Kpy, is also known as catalytic
efficiency. Each ATPase assay or ATPyS inhibition assay was performed at least two times
in duplicate, with each of two different protein preparations.

Msh2-Msh3 has two ATPase sites, both of which are required for its MMR and 3’ NHTR
repair functions in vivo [29, 51]. We recently demonstrated that alterations to the ATP-
binding pocket of S. cerevisiae Msh2-Msh3, including msh3Y942A, have different
phenotypic outcomes with respect to MMR and 3’ NHTR and we proposed that this is due to
distinct requirements in Msh3 with respect to ATP binding and/or hydrolysis [29]. To test
this hypothesis, we first characterized the ATP binding and hydrolysis activity of Msh2-
Msh3, in the presence of DNA substrates that mimic either MMR (+8 loop) or 3’ NHTR
(splayed or 3’ flap) substrates, which has not been examined previously. We then compared
these activities with those of Msh2-msh3Y942A. The msh3Y942A allele is defective for
MMR but competent for 3’NHTR and heteroduplex rejection in vivo [29]. Based on the
human Msh2-Msh3 crystal structure [44], we predicted that the Y942A change would open
up the nucleotide binding site and alter the tight regulation of ATP-binding and/or
hydrolysis required by MMR.

3.1 ATPase activity of Msh2-Msh3

We characterized the ATPase activity of Msh2-Msh3 using an enzyme-coupled
spectroscopy assay in which conversion of ATP to ADP (and P;) was linked to NADH
oxidation to NAD™ (Fig. 2a and Materials and Methods) [52, 53]. Oxidation of NADH was
monitored continuously as a decrease in absorbance at 340nm over time and the rate of ATP
hydrolysis is derived from the slope of that line (Fig. 2b). The rates of ATP hydrolysis as a
function of ATP concentration (derived from the slopes) were plotted and approximated by
the Michaelis-Menten equation, from which V.« and K, values were derived (Fig. 2c¢). In
this example, the presence of a MMR-specific substrate (+8 loop) significantly decreased the
Km for ATP (828.2 + 151.4 uM in the absence of DNA; 49.3 £ 8.41 uM in the presence of
+8 loop DNA substrate), but had little effect on the Vax for ATP hydrolysis (1.0 pM/min
without DNA versus 0.88 pM/min with the +8 loop DNA substrate).

The strength of this kinetic ATPase assay is that it allows continuous measurement of
ATPase activity over time in the same reaction. However, by the time Msh2-Msh3 has
reached Vax at about 1.5 mM ATP, the protein will have spent approximately an hour at
30°C. We wanted to determine whether this long incubation affects the activity of the
enzyme, i.e. are the rates measured at the later time points artificially reduced due to a loss
of Msh2-Msh3 activity over time? To test this, we performed side-by-side ATP titrations, in
duplicate (A and B) (Table 1). After equilibration in the absence of ATP, Titration 1 (1A
and 1B) started at 65 pM ATP and continued up to 1125 pM ATP (left side of Table 1).
Titration 2 (2A and 2B) started at a low ATP concentration (5 uM) and arrived at 65 pM
after one hour (right side of Table 1). This titration was continued up to 1125 uM ATP. The
rates measured at the same ATP concentrations were indistinguishable in the two titrations
despite the fact that one reaction was incubated for an additional hour. Therefore Msh2-
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Msh3 does not appear to lose activity in the time frame of the assay and this is a powerful
assay to characterize the kinetics of Msh2-Msh3 ATP hydrolytic activity.

3.2 Msh2-Msh3 exhibits distinct kinetic parameters in the presence of different DNA

substrates

Msh2-Msh3 promotes MMR and 3’ NHTR and we previously isolated putative ATP binding
mutants that behave differently in the two pathways [29]. To determine whether MMR and
3’ NHTR DNA substrates differentially modulate Msh2-Msh3 ATPase activity through
altered nucleotide binding and/or hydrolysis, we performed a careful analysis of Msh2-Msh3
ATPase activity in the presence of homoduplex, MMR (+8 loop) and 3’ NHTR (splayed and
3’ flap) DNA substrates (Fig. 1a).

To identify optimal conditions for these experiments, we first performed titrations with
divalent cations (Fig. 3a) and with the different DNA substrates (Fig. 3b) in the presence of
Msh2-Msh3. ATP hydrolysis by Msh2-Msh3 required a divalent cation and magnesium
(Mg(OAc),) was preferred over manganese (MnCl,) or calcium (CaCl,) (Fig. 3a) with an
optimal concentration of 2 mM, which we used in all subsequent experiments, consistent
with previous work with Msh proteins [22, 23, 30, 40, 54-56]. Manganese was able to
support ATP hydrolysis with an optimal concentration of 0.8 mM MnCl,, although the
maximal rate was two-fold lower that that at the optimal magnesium concentration (0.4 uM/
min. versus 0.2 pM/min.). CaCl, did not support any ATP hydrolysis. Furthermore, Msh2-
Msh3 did not hydrolyze GTP (data not shown).

In DNA titration experiments, Msh2-Msh3 aggregated when in excess over DNA (data not
shown). Msh2-Msh3 also exhibited DNA substrate inhibition above stoichiometric
concentrations (Fig. 3b), making it difficult to determine a K,°NA. However, we have
previously measured apparent Kq’s of Msh2-Msh3 for different DNA substrates [43]. At 100
mM NacCl, the salt concentration used here, Msh2-Msh3 exhibited a similar affinity for the
+8 and splayed substrates, with an approximate Ky of ~40-50 nM [43]. Msh2-Msh3 had an
approximately four- to five-fold lower affinity for homoduplex DNA(~220 nM) [43].
Therefore, we performed ATP titrations at three different ratios of Msh2-Msh3:DNA (1:1,
1:5 and 1:10), corresponding to 50 nM DNA (1:1), close to the Kyq for MMR and 3’NHTR
substrates, 250 nM DNA (1:5), close to the K4 for homoduplex DNA and 500 nM DNA
(1:10) (Table 2). We reasoned, based on Ky values, that the proportion of Msh2-Msh3 bound
to MMR and 3’ NHTR substrates at 1:1 should be similar to the proportion bound to
homoduplex DNA at 1:5. We included the 1:10 to determine any effect of increased Msh2-
Msh3/DNA complex formation and excess DNA on the kinetic properties on Msh2-Msh3.

Msh2-Msh3 ATPase activity was highest when the protein and DNA were at stoichiometric
concentrations (Fig. 3b; Table 2, top panel). Relative to the absence of DNA, Vpnax Of
Msh2-Msh3 was decreased ~ 10% in the presence of homoduplex and increased slightly
(1.4-fold) in the presence of the specific MMR and 3’'NHTR (both splayed and 3’ flap) DNA
substrates, small differences that are reflected in the k¢4 Values. In contrast, the differences
in KyTP were much more significant. The K,ATP decreased by 8.8-fold in the presence of
homoduplex DNA compared to the absence of DNA, a striking effect given that the Ky for
binding homoduplex DNA would suggest only a small fraction of Msh2-Msh3 would be in
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complex with this DNA substrate. In the presence of the specific substrates (+8, 3’ flap and
splayed) the K,ATP was decreased approximately 100-fold compared to the absence of
DNA. As a result, the ke,/Km (catalytic efficiency) of Msh2-Msh3 is 19-fold higher in the
presence of MMR and 3’ NHTR substrates than in the presence of homoduplex DNA.

When the stoichiometric ratio of protein:DNA was 1:5 (Table 2, middle panel), Vmax
decreased about two-fold in the presence of DNA compared to the 1:1 ratio. Consequently,
the keat in the presence of all four DNA substrates decreased. The K,ATP in the presence of
homoduplex DNA decreased three-fold, possibly due to increased homoduplex DNA-
binding at this ratio. In contrast, the K,ATP in the presence of the three repair substrates
increased 3- to 6-fold, indicating that as the equilibrium is shifted toward Msh2-Msh3 in
complex with repair substrates, ATP binding and/or hydrolysis is altered (reduced).
Nonetheless, the catalytic efficiency of Msh2-Msh3 in the presence of homoduplex at 1:5
(protein:DNA; ~ K4 for homoduplex) remained ten-fold lower than that of Msh2-Msh3 in
the presence of repair substrates at stoichiometric (1:1; ~ Kq for MMR and 3’ NHTR
substrates) concentrations of protein and DNA, at which complex formation is predicted to
be similar. Finally, the k.o/Ky, in the presence of all DNA substrates was decreased five- to
twelve-fold when DNA was in five-fold excess over protein. Notably, at this protein:DNA
ratio, the keqt/Kiy values of Msh2-Msh3 in the presence of the 3" NHTR substrates more
closely resembled that in the presence of homoduplex DNA than the K.,/Kr, in the presence
of the MMR substrate. Importantly, the kinetics of ATPase activity in the presence of two 3
NHTR substrates (splayed and 3’ flap) were indistinguishable, consistent with the Msh2-
Msh3 binding to these substrates similarly [43] (Fig. 4b).

To test the possibility that the increased complex formation and/or excess DNA alters Msh2-
Msh3’s interaction with ATP, the ratio of Msh2-Msh3 to DNA was increased to 1:10 (Table
2, bottom panel). Vs« in the presence of homoduplex, +8-loop and the splayed Y
substrates were similar to that observed at a 1:5 ratio. Notably, the K,TP was elevated in
the presence of the +8 loop substrate, but not in the presence of either homoduplex or 3’
NHTR substrate. Consequently, the kqqt/Kp, in the presence of the +8-loop substrate was ~
3-fold lower at the 1:10 ratio. This is consistent with the idea that excess MMR substrate
altered Msh2-Msh3 ATP binding. This may be due to higher order complex formation in the
presence of a loop structure which slows hydrolysis. This does not appear to be the case in
the presence of homoduplex DNA or the splayed (3’ NHTR) DNA substrate at the 1:10
ratio. Therefore, at all three ratios the kinetic data indicated that the homoduplex, MMR and
3’ NHTR DNA substrates modulated Msh2-Msh3 ATPase activity in distinct ways,
indicating differential, context-specific regulation of Msh2-Msh3 ATPase activity.

Because the Msh2-Msh3 complex has two composite ATPase active sites (one in Msh2 and
the other in Msh3) [44], the data were also approximated by the Hill equation to take into
account the potential influence of each active site on the other [50] (see Materials and
Methods). Notably, the Hill coefficient, which indicates cooperativity, was substrate-
dependent. In the absence of any DNA or in the presence of the +8 substrate, the Hill
coefficient was close to 1 at all three protein:DNA ratios, consistent with non-cooperative
ATP binding/hydrolysis. However, in the presence of the homoduplex substrate the Hill
coefficient was low (0.3-0.4) at all Msh2-Msh3:DNA ratios, indicating negative
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cooperativity in which ATP binding/hydrolysis at one site has an inhibitory effect on
binding/hydrolysis at a second site [50] in the presence of homoduplex DNA. In the
presence of the 3’ NHTR DNA substrates at stoichiometric concentrations, the Hill
coefficient of 0.6 suggested weak negative cooperativity, but this was relieved as the DNA
concentration was increased. These observations indicate that the regulation of the Msh2-
Msh3 ATPase cycle is differentially modulated in a DNA substrate-dependent manner.

3.3 Msh2-msh3Y942A retains wild-type DNA- and ATPyS-binding activity

Msh2-Msh3 exhibited differential kinetics of ATP hydrolysis, depending on the DNA
substrate present. But are these differences important in vivo for the distinct repair functions
of Msh2-Msh3? To address this question, we took advantage of the msh3Y942A allele that is
defective in MMR but competent for 3’ NHTR in vivo [29]. To determine whether the in
vivo separation-of-function phenotype of msh3Y942A was a result of abrogating the
substrate-dependent differences in the hydrolytic cycle, we wanted to examine Msh2-
msh3Y942A ATPase activity in the presence of homoduplex, MMR and 3’ NHTR DNA
substrates. But because DNA substrate (and presumably complex formation) has a
significant impact on the kinetics of Msh2-Msh3 ATPase activity, we first assessed the
ability of the mutant protein complex to bind and distinguish between homoduplex, MMR
and 3 NHTR DNA substrates. We performed gel mobility shift assays to determine whether
Msh2-msh3Y942A retained wild-type DNA-binding activity (Fig. 4a). Based on the crystal
structure of human Msh2-Msh3, Y942 was predicted to form part of the Msh3 nucleotide
binding pocket, away from the DNA-binding domains [44] and therefore was not predicted
to affect DNA interactions. In fact, the DNA-binding activity of Msh2-msh3Y942A was
very similar to that of wild-type Msh2-Msh3 [43]. Its substrate specificity was intact and
Msh2-msh3Y942A bound to the different substrates with affinities similar to those of Msh2-
Msh3, although Msh2-msh3Y942A may have a slightly higher affinity for the 3’ NHTR
substrates. Notably, neither Msh2-Msh3 nor Msh2-msh3Y942A DNA-binding distinguished
between the splayed substrate or the 3’ flap substrate. Therefore the splayed substrate was
the primary 3’ NHTR substrate used for subsequent analyses (see below).

We also compared the ability of Msh2-Msh3 and Msh2-msh3Y942A to bind ATPyS, a
poorly hydrolysable analog of ATP in the absence or presence of DNA substrate (Fig. 5).
Using a nitrocellulose filter binding assay, we observed largely substrate-independent
ATPyS-binding by Msh2-Msh3 (Fig. 5). Binding by Msh2-Msh3 and Msh2-msh3Y942A
was largely indistinguishable and was saturated at about 16 pM ATPyS with between 1.5
and 2 pmol of ATPyS bound per 1 pmol of Msh2-Msh3 complex (with two nucleotide
binding sites per complex).

3.5 Msh2-msh3Y942A displays altered kinetics of ATP hydrolysis

We performed a kinetic analysis of the ATPase activity of Msh2-msh3Y942A, ata 1:1
(approximate Ky for MMR and 3’ NHTR substrates) and 1:5 (approximate K for
homoduplex) protein to DNA ratio (Table 3). Because the effects of the splayed and 3’ flap
substrates on Msh2-Msh3 kinetic properties were indistinguishable (Table 2) and because
Msh2-msh3Y942A bound the splayed and 3’ flap substrates equivalently (Fig. 4), we only
used the splayed substrate when analyzing Msh2-msh3Y942A. At the 1:1 ratio, the K,,ATP
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of Msh2-msh3Y942A was 2-fold lower than that of Msh2-Msh3 in the absence of DNA or
in the presence of homoduplex DNA, but was unchanged in the presence of the MMR and 3’
NHTR DNA substrates (Table 3, upper panel). In contrast, at a 1:5 stoichiometry of protein
to DNA (Table 3, lower panel), K,ATP were ~2-fold lower for Msh2-msh3Y942A with all
three DNA substrates tested. Unlike Msh2-Msh3, K,ATP of Msh2-msh3Y942A in the
presence of the MMR and 3'NHTR substrates was not affected by DNA concentration,
indicating that increased Msh2-msh3Y942A ATP binding was not altered by complex
formation with either the MMR or 3’ NHTR substrate. The lower K,ATP under all DNA
conditions for Msh2-msh3Y942A could be a result of more efficient ATP binding or faster
nucleotide exchange. Alternatively, both subunits could be more fully occupied by ATP,
which is not thought to be the case for Msh2-Msh3 [42].

Overall, despite the lower KTP, the mutant complex had reduced hydrolytic activity
compared to Msh2-Msh3. Under all conditions, the maximal rate of ATP hydrolysis was
approximately 50% that of Msh2-Msh3 (compare Tables 2 and 3). One possibility is the
altered msh3 nucleotide binding pocket does not bind ATP in the correct conformation
and/or allows ATP to dissociate prior to hydrolysis. Alternatively, the communication
between the ATPase sites of Msh2 and Msh3 may be disrupted leading to sub-optimal
hydrolytic activity.

Notably, when the data were approximated by the Hill equation, the Hill coefficient for
Msh2-msh3Y942A in the presence of homoduplex DNA was close to 1, whereas for Msh2-
Msh3 is was 0.3. Therefore negative cooperativity in the presence of the homoduplex
substrate is lost with Msh2-msh3Y942A (Table 3), indicating that an intact nucleotide
binding pocket in Msh3 is required for this level of regulation. In contrast, the weak negative
cooperativity in the presence of the 3’ NHTR substrate at stoichiometric concentrations was
unchanged at 0.6.

3.5 ATPyS inhibition of Msh2-Msh3 ATPase activity is substrate-dependent

The ATP hydrolysis data indicate that: 1) the Msh2-Msh3 ATPase cycle is differentially
affected by homoduplex, MMR and 3 NHTR DNA substrates and 2) the Msh2-msh3Y942A
complex has an altered hydrolytic cycle relative to Msh2-Msh3. But these data do not
indicate what step (or steps) in the cycle are differentially regulated by DNA substrate and
by the msh3Y942A mutation. To address the first question, i.e. the step(s) in the Msh2-
Msh3 hydrolytic cycle modulated by DNA substrate, we characterized the ability of ATPyS
to inhibit ATPase activity of Msh2-Msh3 (Fig. 6). Because ATPyS is a very weakly
hydrolysable analog of ATP, when bound to Msh2-Msh3 it will effectively block hydrolysis.
Furthermore, ATPyS can only bind if a nucleotide binding site has been vacated by ADP (or
ATP). Therefore ATPyS inhibition is an indirect measure of nucleotide turnover within the
complex.

Msh2-Msh3 ATPase reactions in the absence (Fig. 6a)or the presence of homoduplex DNA
(Fig. 6b), MMR DNA substrate (Fig. 6¢) or 3 NHTR substrate (Fig. 6d) were allowed to
reach steady-state, at which point ATPyS was titrated into the reactions. We determined the
concentration of ATPyS required for 50% inhibition of ATPase activity (Fig. 6e). In the
absence of DNA, a high concentration of ATPyS (6.3 mM) was required to achieve 50%
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inhibition of Msh2-Msh3 ATPase activity (Fig. 6a), consistent with the high K,ATF (Table
2) and with slow ADP—ATP exchange in the absence of DNA [40]. In contrast, ATPyS
efficiently inhibited Msh2-Msh3 ATPase activity in the presence of DNA, consistent with
the more rapid ADP—ATP exchange observed by Wilson et al, 1999 [40]. Importantly, we
observed differences depending on the DNA substrate present in the reaction. In the
presence of homoduplex DNA, 50% inhibition of Msh2-Msh3 ATPase activity was
achieved at 5.2 UM ATPyS (Fig. 6b), suggesting that Msh2-Msh3 binds ATPyS efficiently
when bound to the non-specific substrate. In contrast, in the presence of the MMR substrate
(Fig. 6¢), 50% inhibition required 52.5 pM ATP~S, a 16-fold increase relative to the
homoduplex substrate, indicating less efficient ATPyS binding in the presence of the MMR
substrate. Notably, the 3 NHTR substrate did not have the same effect on ATPyS binding in
this assay as the MMR substrate. 50% inhibition occurred at 8.5 pM, more closely
resembling inhibition in the presence of homoduplex DNA and demonstrating a clear
difference in the effect of the MMR and 3’ NHTR substrates in this assay. This is in contrast
to the relatively subtle differences observed in the ATPase assays and suggests that specific
steps in the hydrolytic cycle are differentially regulated by DNA substrate.

We considered the possibility that ADP dissociation (following hydrolysis) was substrate-
dependent, thereby differentially affecting the ability of ATPyS to bind Msh2-Msh3in the
ATPyS inhibition experiments. To examine the effect of ADP on ATPyS binding, we pre-
bound Msh2-Msh3 to ADP in the absence or presence of DNA substrates and then measured
the amount of ATPyS bound after a 30 or 60 second incubation, by nitrocellulose filter
binding (Fig. 7a). The amount of ATPyS binding in the presence of ADP was normalized to
the amount of ATPyS binding in the absence of ADP, in the absence or presence of the three
DNA substrates. ADP was able to inhibit ATPyS binding by Msh2-Msh3 with and without
DNA. At 30 seconds, there was slightly more ATPyS binding in the presence of
homoduplex DNA (0.77 £ 0.05) than in the absence of DNA (0.54 + 0.15) or in the presence
of either repair substrate (0.51+ 0.16 for MMR; 0.53 + 0.1) but binding was
indistinguishable at 60 seconds. These data indicate that there is not a substantial substrate-
dependent effect on ATP (ATPyS) binding in the presence of ADP and suggest that ADP
turnover is not the substrate-dependent step in the Msh2-Msh3 ATPase cycle.

3.6 Msh2-msh3Y942A ATPase activity is more sensitive to ATP+yS inhibition than Msh2-

Msh3

The two-fold reduction in the maximal ATPase activity of Msh2-msh3Y942A indicated that
the FLY motif mutation alters the hydrolytic cycle of Msh2-Msh3. The wild-type DNA-
binding and ATPyS binding by Msh2-msh3Y942A that we observed indicated that these are
not the affected steps (Fig. 5, Tables 2 and 3). However, in contrast to Msh2-Msh3, Msh2-
msh3Y942A ATPase activity was very sensitive to inhibition by ATPyS under all conditions
(Fig. 6), indicating that the mutant complex is more accessible to ATPyS binding. In the
absence of DNA, 50% inhibition occurred at 0.8 mM ATPyS, an 8-fold reduction. Similarly,
in the presence of the DNA substrates, the concentrations of ATPyS required for 50%
inhibition of Msh2-msh3Y942A ATPase activity were 4- to 11-fold lower than in the
presence of wild-type Msh2-Msh3, indicating more efficient ATPyS binding. These
observations are consistent with an altered nucleotide binding pocket in Msh2-msh3Y942A.
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One possibility is that the difference is due to increased ADP (or ATP) dissociation from the
mutant complex, regardless of substrate. Importantly, the relative sensitivity to ATPyS
remains dependent on DNA substrate. In the presence of homoduplex and 3 NHTR DNA
substrates, 0.6 UM and 0.75 uM ATPyS were required for 50% inhibition, respectively,
while 12.5 uM ATPyS was required in the presence of the MMR substrate. This indicates
that Msh2-msh3Y 942 retains the ability to discriminate between DNA substrates, consistent
with the gel mobility shift assays (Fig. 4).

Notably, the ability of ADP to inhibit Msh2-msh3Y942A binding to ATPyS was more
substrate- and time-dependent than that of Msh2-Msh3 (Fig. 7b). At 30 and 60 seconds,
ADP had little or no effect on ATPyS binding in the absence of DNA (0.88 + 0.14 and 0.96
+ 0.16, respectively). In contrast, at 30 seconds ADP inhibited ATPyS binding to levels that
were very similar to binding by Msh2-Msh3 in the presence of either repair substrates (0.57
+ 0.1 for MMR; 0.72 £ 0.1 for 3’ NHTR). However, unlike Msh2-Msh3, the inhibitory
effect of ADP was lost at the 60 second time point in the presence of the MMR substrate
(1.12 £ 0.17), and to a lesser extent in the presence of the 3’ NHTR substrate (0.88 + 0.13).
Finally, Msh2-msh3Y942A binding to ATPyS was enhanced by the presence of ADP in the
presence of homoduplex DNA at both the 30 and 60 second time points, which may explain
the loss of negative cooperativity observed in Table 3. Therefore the msh3Y942A mutation
within the putative nucleotide binding pocket substantially altered ATPyS binding relative to
Msh2-Msh3 binding when ADP was present.

4. Discussion

This is the first characterization of the ATPase activity of yeast Msh2-Msh3. Overall, the
Kinetic parameters for yeast Msh2-Msh3 in the presence of homoduplex and +8-loop DNA
substrates are consistent with those for the human Msh2-Msh3 complex [40, 44, 54],
although Gupta et al observed <2-fold difference in the ke, between homoduplex and +6-
loop DNA substrates [44]. The effect of 3 NHTR substrates (splayed or 3’ flaps) on Msh2-
Msh3 ATPase activity has not been characterized previously, nor has the effect of different
DNA concentrations. The K,ATP we calculated for Msh2-Msh3 in the absence of DNA is
substantially higher than that observed in studies with human Msh2-Msh3 [40, 44, 54]. This
may be due to differences in the yeast and human protein complexes. However, we note that
we continued the ATP titration to significantly higher concentrations than those studies,
which may also account for the difference. Negative cooperativity has not been noted
previously, although Owen et al (2009) did note that nucleotide binding in one subunit of
human Msh2-Msh3 inhibited nucleotide binding in the other subunit in the absence of DNA
[42]. Our preliminary UV cross-linking data with yeast Msh2-Msh3 similarly indicate that
ATP preferentially interacts with Msh2 in the absence of DNA (R.E. and J.A.S.,
unpublished data).

4.1 Regulation of the Msh2-Msh3 ATPase cycle is substrate-dependent

Msh2-Msh3 binds to several different DNA structures in vitro [43] and acts in distinct
pathways of DNA repair, including MMR and 3’ NHTR. Here, we demonstrated that Msh2-
Msh3 distinguishes between the non-specific and the specific substrates to which it binds, as
indicated by negative cooperativity in the presence of homoduplex DNA (Table 2).

DNA Repair (Amst). Author manuscript; available in PMC 2015 June 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Kumar et al.

Page 14

Furthermore, our data show that Msh2-Msh3 also distinguishes between specific MMR and
3’ NHTR substrates, most notably in the ATPyS inhibition experiments (Fig. 6). The
differential sensitivity of Msh2-Msh3 ATPase activity to inhibition by ATPyS is consistent
with substrate-dependent regulation of the hydrolytic cycle. Msh2-Msh3 was significantly
more resistant to ATPyS inhibition in the presence of the MMR substrate compared to either
homoduplex or 3’ NHTR DNA (Fig. 6). We suggest that this is not simply a result of
decreased ADP—ATP exchange; ADP effectively competed for ATPyS binding similarly
with all three substrates (Fig. 7), although this assay did not look directly at ADP release.
With human Msh2-Msh3, Wilson et al (1999) demonstrated a 2-fold increase in ATP-
dependent ADP release in the presence of a loop substrate versus a homoduplex substrate
[40]. In contrast, Owen et al (2009) noted a two-fold decrease in ADP release in the
presence of a loop substrate versus homoduplex, also with human Msh2-Msh3 [42]. The two
groups used different assays and therefore it is difficult to compare their results; neither
group tested the effect of a 3’ NHTR substrate. Nonetheless, a two-fold change in either
direction would not fully account for the 6- to 10-fold differences we observed in the ATPyS
inhibition assays in the presence of MMR versus homoduplex (and 3’ NHTR) substrates
(Fig. 6). One possibility is that the MMR (IDL) structure inhibits or slows ATP hydrolysis
by Msh2-Msh3 more than alternative DNA substrates, as has been observed in pre-steady-
state experiments with MutS and Msh2-Msh6 [57, 58]. Nevertheless, these differences lead
us to propose that the substrate-dependent regulation of the ATP hydrolytic cycle is critical
in differentiating between repair pathways.

How might the different substrates modulate the ATPase cycle? Our previous foot printing
data indicated subtle distinctions in the way that Msh2-Msh3 interacts with the +8-loop
versus splayed and 3’ flap DNA structures [43]. The human Msh2-Msh3 crystal structure
also indicated differences in the Msh2-Msh3-DNA interactions, depending on the size of the
IDL [44]. We propose that the different DNA substrates induce signature conformational
changes in the DNA-binding domains of Msh2-Msh3 that are relayed to the ATPase
domains of Msh2-Msh3. These, in turn, induce specific conformational changes in the
ATPase domains of Msh2 and/or Msh3 resulting in the distinct regulation of Msh2-Msh3
function in the presence of homoduplex, MMR and 3’ NHTR DNA substrates. Consistent
with this hypothesis, yeast Msh2-Msh3 is more resistant to ATP-induced dissociation from a
3’ NHTR substrate than from an MMR substrate [43]. It is worth noting that Owen et al
(2009) similarly noted differences in human Msh2-Msh3 ATP binding and hydrolysis in the
presence of homoduplex versus a +8 loop versus a trinucleotide repeat structure [42].

4.2 Msh2-msh3Y942A alters DNA substrate-dependent regulation of ATP binding and

hydrolysis

In vivo, msh3Y942A, a mutation within the putative nucleotide binding pocket of Msh3,
disrupted MMR while leaving 3’ NHTR largely intact, suggesting different requirements for
ATP binding and/or hydrolysis in the two pathways [29]. The distinct substrate-dependent
enzyme kinetics of Msh2-Msh3 suggested that these differences might underlie the different
molecular requirements observed in vivo. To assess the extent to which the FLY motif
within the nucleotide binding pocket regulates these differences, we characterized the ATP
binding and hydrolysis activities of Msh2-msh3Y942A. Based on structural information, the
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msh3Y942A change was predicted to disrupt the putative nucleotide sandwich in the Msh3
nucleotide binding pocket [29, 44]. If this is the case, our data strongly indicate that the
sandwich is not required for ATP-binding, but rather regulates the properties of nucleotide
binding and “nucleotide turnover”, which we define as the combined effects on nucleotide
hydrolysis and/or exchange.

We observed two major differences between Msh2-Msh3 and Msh2-msh3Y942A in our
analysis. First, Msh2-msh3Y942A did not exhibit negative cooperativity with respect to
ATP binding/hydrolysis in the presence of homoduplex DNA, illustrating that a functional
Msh3 nucleotide binding pocket is required for this regulation of ATP binding and catalysis.
Second, the ATPase activity of Msh2-msh3Y942A was significantly more sensitive to
ATPyS inhibition than Msh2-Msh3 (Fig. 5) although it retained its ability to distinguish
between DNA substrates in this assay. Thus msh3Y942A does not block ATP binding, but
rather appears to alter the mode of ATP binding. Increased ATPyS binding by Msh2-
msh3Y942A in the presence of ADP is consistent with this interpretation. One possibility is
that reduced conformational constraints within the nucleotide binding pocket allow faster
nucleotide dissociation (prior to hydrolysis) and/or alternative positioning of nucleotide
within the nucleotide binding pocket. This would, in turn, inhibit hydrolysis (Table 3)by
reducing the probability of finding the nucleotide in the pocket and correctly placed to allow
cleavage.

It is remarkable that, despite its altered ATP hydrolysis and nucleotide exchange activities,
msh3Y942A retained ~84% activity in 3’ NHTR [29]. These activities are clearly not
essential in that pathway, but are critical for MMR, which was largely abrogated in the
presence of this mutation. It may simply be that the reduced catalytic activity of Msh2-
msh3Y942A is sufficient for 3 NHTR, but not MMR. However, the increased sensitivity of
ATPase activity to inhibition by ATPyS and enhanced ATPyS binding in the presence of
ADP (altered “nucleotide turnover”) suggests that the highly ordered sequence of
conformational changes within the ATPase domain required for MMR has been disrupted.
Notably, mutation of the highly conserved glycine in the Msh3 Walker A motif
(msh3G796A or msh3G796D), predicted to block ATP binding, had a much more substantial
effect on 3’ NHTR than msh3Y942A [29]. Therefore, while Msh3 ATP binding is essential
for 3’ NHTR, efficient ATP hydrolysis may not be required.

4.3 ATP and DNA repair substrates cooperate to regulate Msh2-Msh3 repair pathway

selection

Based on our data, we suggest that Msh2-Msh3 shuttles between free, target search and
distinct repair states (Fig. 8). The repair state is determined by the specific DNA substrate,
information that is then transmitted to the ATPase domain to regulate nucleotide binding,
hydrolysis and exchange. In the absence of DNA, Msh2-Msh3 exhibits basal ATPase
activity, characterized by a low affinity for ATP (high Ky,). Previous work with human
Msh2-Msh3 indicates that DNA-binding is inhibited in the presence of ATP and that human
Msh2-Msh3 likely binds DNA in an ADP-bound form in vivo [42]. Upon binding
homoduplex DNA, the affinity of Msh2-Msh3 for ATP increases relative to free Msh2-
Msh3 (see decreased K, in Tables 2 and 3), resulting in an increase in hydrolysis and
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subsequent nucleotide exchange (ADP for ATP). Furthermore, the negative cooperativity
observed in the presence of homoduplex DNA indicates altered interactions with ATP that
we suggest prevents the initiation of repair (Fig. 8). This homoduplex-dependent negative
cooperativity requires correct nucleotide binding in the Msh3 pocket; it is lost in Msh2-
msh3Y942A. Therefore, the MMR defect in msh3Y942A could be, in part, a result of
unregulated initiation of MMR, i.e. repair in the absence of a mismatch.

Once Msh2-Msh3 locates an IDL, negative cooperativity is relieved, allowing the efficient
and appropriate initiation of MMR (Fig. 8). The ATPyS inhibition experiments (Fig. 6)
indicate that nucleotide hydrolysis and/or exchange, which together regulate the timing of
the ATP hydrolytic cycle, is slower in the presence of an IDL than in the presence of
homoduplex (or 3’ NHTSs), which may be necessary to interact with Mlh complexes (M-P;
Fig. 8) [59] and/or to generate a “sliding clamp” conformation [25, 30]. When Msh2-Msh3
is bound to the 3’NHT, the requirements for the hydrolytic cycle are relaxed (Fig. 8); ATPyS
inhibition is more efficient than in the presence of the MMR substrate (Fig. 6) but is
nonetheless compatible with 3’ NHTR invivo.

While our data do not distinguish between the relative contributions of Msh2 and Msh3 to
nucleotide binding, hydrolysis and exchange, they are consistent with the model proposed
by Owen et al (2009) [42]. In this model, Msh2-Msh3 binds DNA with Msh2 in an ADP-
bound form and Msh3 in a nucleotide-free state. IDL binding stimulates ATP binding by
Msh3. ATP hydrolysis in Msh3 then stimulates ADP—ATP exchange in Msh2, which
triggers sliding or dissociation away from the IDL. If no hydrolysis occurs in Msh3 (as
would be the case when ATPyS is bound), then ADP—ATP exchange in Msh2 would be
suppressed, as indicated by reduced ATPyS binding in our ADP competition experiment
(Fig. 7). The substrate-dependence of ATPyS inhibition of ATP hydrolysis (Fig. 6) allows us
to propose that the rate of hydrolysis following ATP binding (in Msh3 and/or Msh2) is
slowed in the presence of the MMR but not in the presence of the 3’ NHTR substrate.

In Msh2-msh3Y942A, inhibition of ATPyS binding is relieved (to varying degrees) with all
DNA substrates, consistent with the prediction that msh3Y942A interferes with the
coordination between the Msh2 and Msh3 nucleotide binding sites, facilitating inappropriate
nucleotide binding in one or both sites. MMR could be disrupted by the altered timing
and/or reduced efficiency of the hydrolytic cycle and/or affect interactions with Mlh1-Pms1.
The conformational changes induced by ATP binding are essential for Msh2-Msh6 to
interact with MIh1-Pms1 [59]. Similar changes may be required for Msh2-Msh3 to
functionally interact with MIh1-Pms1 and could be inhibited by increased “nucleotide
turnover” in Msh2-msh3Y942A. In contrast, interactions between Msh2-msh3Y942A and
Rad1-Rad10 in 3’ NHTR are apparently unaffected or not sufficiently impaired to block 3’
NHTR (Fig. 8). Msh2-Msh3 thus appears to use different modes of nucleotide binding and
hydrolysis in the presence of distinct DNA substrates to authorize and regulate the initiation
of repair and possibly repair pathway selection.
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Figure 1. DNA substrates and purified Msh2-Msh3 and Msh2-msh3Y942A
(a) The four different synthetic DNA substrates used in this study were homoduplex (non-

specific), +8-loop (MMR), splayed Y and 3'flap (3’ NHTR) substrates. (b) Purified Msh2-
Msh3 and Msh2-msh3Y942A (1.5 ug complex each) using the PBE94 purification (left) or
the Q-Sepharose Fast Flow purification protocol (right). The protein complexes were
analyzed by SDS-PAGE (8%) and stained with Coomassie Blue. Msh2 and Msh3 are
indicated. The sizes of molecular weight markers (MW; Bio-Rad, broad range) are indicated
alongside the gels in kDa.
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Figure 2. ATP hydrolysis by Msh2-Msh3 was measured by coupled spectroscopy
(a) Hydrolysis of ATP by Msh2-Msh3 was measured using a regeneration system and

coupled spectroscopy. The hydrolysis reaction was coupled to a series of reactions that
result in the oxidation of NADH to NAD™, which decreased the absorbance at 340 nm. The
rate of decrease is a measure of rate of ATP hydrolysis (see Materials and Methods). (b)
Coupled spectroscopy is a continuous experiment and a sample ATP titration is shown. The
red arrows indicate the time of addition of additional ATP. The rate of hydrolysis is
calculated as the slope of a line fit to the data points, as shown in the inset for 192 uM ATP.
The black arrow indicates the part of the titration where the ATP concentration is 192 uM.
(c)A representative experiment is shown to illustrate the type of curves that are generated
with these data. The rate of hydrolysis, calculated as in (b), was plotted against the
concentration of ATP and the data were approximated by the Michaelis-Menten equation.
Vmax and Ky, were obtained from these equations (see Materials and Methods). In this
particular experiment, the reactions include 50 nM Msh2-Msh3, 100 mM NaCl, 2 mM
MgOAc and 250 nM DNA (+8 loop), when present.
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Figure 3. ATPase activity of Msh2-Msh3 is modulated by divalent cation and DNA substrate
(a) ATPase activity of Msh2-Msh3 is dependent on magnesium. Cation titrations were

performed with 100nM Msh2-Msh3 in the presence of 500 nM +8-loop substrate, 1 mM
ATP and 100 mM NaCl. Magnesium acetate, manganese chloride and calcium chloride were
titrated at the indicated concentrations. The inset shows low cation concentrations at higher
resolution. (b) Homoduplex, +8-loop and splayed Y substrates were titrated into an ATPase
reaction containing 50 nM Msh2-Msh3, 1 mM ATP and 100 mM NaCl. The DNA titration
was started at 50 nM and continued to 500nM DNA substrate. The rate of ATP hydrolysis
was plotted against the concentration of DNA. Red circles represent homoduplex DNA,
green squares represent +8 loop DNA and blue triangles represent splayed DNA.
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Figure 4. Msh2-msh3Y942A retains wild-type DNA-binding activity
(a) Increasing concentrations (nM) of Msh2-msh3Y942A were incubated with labeled

homoduplex, +8 loop, splayed Y and 3’ flap substrates and analyzed by electrophoretic
mobility shift assay (see Material and Methods). Substrates are illustrated above the gels. (b)
Apparent Kg’s of Msh2-Msh3 and Msh2-msh3Y942A based on titration experiments.
Values for Msh2-Msh3 are from Surtees and Alani, 2006 [43]. The values for Msh2—
msh3Y942A represent the protein concentration at 50% maximal binding for each substrate
and are an average of at least three separate experiments (£S.E.M.).
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Figure 5. Msh2-Msh3 and Msh2-msh3Y942A bind ATPyS
Filter binding assays were performed to assess ATPyS binding to Msh2-Msh3 or Msh2-

msh3Y942A Comparisons between the two protein complexes are shown (@) in the absence
of DNA, (b) in the presence of homoduplex DNA, (c) in the presence of the MMR (+8 loop)
DNA and (d)in the presence of the 3’ NHTR (splayed) DNA substrate. The protein was
incubated with increasing concentrations of ATPyS in the absence or presence of DNA
substrates (1:5 protein to DNA ratio). There is 1 pmol Msh2-Msh3 (2 pmol ATP binding
sites) in each reaction. The amount of ATPyS bound was determined using a standard curve.
The curves represent the average of at least three separate experiments for Msh2-
msh3Y942A or Msh2-Msh3 (x S.E.M.), respectively. HD is homoduplex DNA; loop is the
+8 loop MMR DNA substrate and splayed is the 3’ NHTR splayed DNA substrate.
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Figure 6. Hydrolysis of ATP by Msh2-Msh3 was inhibited by ATPyS
Increasing concentrations of ATPyS were titrated into a steady-state ATPase reaction in the

presence of 50 nM protein and 250 nM DNA substrate, when present. The rates of
hydrolysis were normalized to the rate in the absence of ATPyS (set at 100%). The dotted
line in each panel represents the concentration of ATPyS required for 50% inhibition of ATP
hydrolysis. The ATPyS titration was performed in the absence of DNA (a) or in the presence
of homoduplex DNA (b), +8 loop DNA (c) or splayed Y DNA (d). (e) The concentrations of
ATPYS required for 50% inhibition of Msh2-Msh3 ATPase activity in the presence of each
DNA substrate.
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Figure 7. ADP alters ATPyS binding by Msh2-Msh3 and Msh2-msh3Y942A
Filter binding assays were performed to assess ATPyS binding to (a) Msh2-Msh3 or (b)

Msh2-msh3Y942A pre-bound to ADP in the absence of DNA (pink), in the presence of
homoduplex DNA (light blue), in the presence of MMR DNA (+8 loop) substrate (purple) or
in the presence of 3'NHTR (splayed) substrates (green) after 30 seconds or 60 seconds. The
30 second (left; solid) and 60 second (right; checkerboard) time points are shown side-by-
side. The amount of ATPyS bound in the presence of ADP was normalized to the equivalent
condition in the absence of ADP (dark blue) and expressed as a fraction. The mean of at
least three independent experiments is plotted (+ S.E.M.) for each condition.
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Figure 8. Distinct DNA repair substrates differentially regulate Msh2-Msh3 ATP hydrolytic
cycle
We propose that Msh2-Msh3 shuttles between different free and DNA bound states. The

repair mechanism activated depends on the specific conformational changes induced by the
different DNA substrates. These conformational changes then induce distinct changes within
the ATPase domain, modulating its activities. Increased ATP binding and higher catalytic
efficiency by Msh2-Msh3 in the presence of MMR and 3’ NHTR substrates result in repair.
Increased ATP hydrolysis (relative to homoduplex) and slowed “nucleotide turnover”
(indicated by reduced ATPyS inhibition of ATPase activity relative to homoduplex and 3’
NHTR) in response to the MMR substrate are predicted to be critical for the proper initiation
of Msh2-Msh3-mediated MMR, perhaps allowing interactions with MIh1-Pms1 (M-P). In
contrast, 3’ NHTR does not require slowed “nucleotide turnover”, indicating intact
interactions between Msh2-Msh3 and Rad1-Rad10 (1-10). Altered ATP binding/hydrolysis
by Msh2-msh3Y942A in the presence of homoduplex DNA, indicated by loss of negative
cooperativity (Table 3), could promote inappropriate initiation of MMR. Decreased ATP
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hydrolysis and/or increased nucleotide turnover by Msh2-msh3Y942A in the presence of
MMR substrates inactivate MMR, but do not significantly impair 3 NHTR in vivo [29]. See
text for additional details.
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Kinetic parameters of Msh2-msh3942A ATP hydrolysis in the presence of homoduplex, MMR and 3’ NHTR

DNA substrates
1:1 ratio No DNA  Homoduplex DNA  + 8 loop substrate  Splayed Y substrate
Vinax (NM/min) @ 498 + 58 450 + 30 750 £ 50 730 £ 40
Koy (UM) b 522 + 44 42.1+12.4 12.8+2.0 83+35
Keat (Min™1) € 10.0 9 15 14.6
Keat/Km (Min~tuM™1) 0.02 0.21 1.2 1.8
Relative to no DNA d 1 10.5 60 90
Hill co-efficient € 09+0.1 0.8 +0.09 1.1+£01 0.6+0.2
1:5 ratio
Vinax (NM/min) @ 498 + 58 320+ 30 560 + 60 390 + 38
K (M) b 522 + 44 10.2+3.1 11.3+31 143+54
Keat (Mint) € 10.0 6.4 11.2 78
Keat/Km (Min~tuM~1) 0.02 0.6 1.0 05
Relative to no DNA @ 1 30 50 25
Hill co-efficient € 09+0.1 0.82 +0.07 1.0+0.2 09+0.1

aMaximum rate of ATP hydrolysis when data fit to Michaelis-Menten or Hill equation

Dissociation constant determined as the concentration of ATP at half maximal ATP hydrolysis rate data fit to Michaelis-Menten or Hill equation

c_ .. . .
Ratio of Vmax and concentration of protein

dkcat/Km of Msh2-msh3Y942A in the presence of DNA substrate relative to the absence of DNA

eDetermined when data fit to Hill equation
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