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Abstract
We have previously demonstrated that the human heterodimeric meiosis-specific MutS homologs,
hMSH4-hMSH5, bind uniquely to a Holliday Junction and its developmental progenitor (Snowden,
T., Acharya, S., Butz, C., Berardini, M., and Fishel, R. (2004) Mol. Cell 15, 437–451). ATP binding
by hMSH4-hMSH5 resulted in the formation of a sliding clamp that dissociated from the Holliday
Junction crossover region embracing two duplex DNA arms. The loading of multiple hMSH4-
hMSH5 sliding clamps was anticipated to stabilize the interaction between parental chromosomes
during meiosis double-stranded break repair. Here we have identified the interaction region between
the individual subunits of hMSH4-hMSH5 that are likely involved in clamp formation and show that
each subunit of the heterodimer binds ATP. We have determined that ADP → ATP exchange is
uniquely provoked by Holliday Junction recognition. Moreover, the hydrolysis of ATP by hMSH4-
hMSH5 appears to occur after the complex transits the open ends of model Holliday Junction
oligonucleotides. Finally, we have identified several components of the double-stranded break repair
machinery that strongly interact with hMSH4-hMSH5. These results further underline the function
(s) and interactors of hMSH4-hMSH5 that ensure accurate chromosomal repair and segregation
during meiosis.

MutS homologs (MSH) 2 have been identified in most organisms examined. Bacteria may
contain one or two MSH proteins, whereas the yeast Saccharomyces cerevisiae has been found
to contain six MSH proteins (MSH1–MSH6), five of which are conserved in human (hMSH2–
hMSH6) (for review see Refs. 1 and 2). MSH proteins appear to perform specific function(s)
in mismatch repair (MSH2, MSH3, and MSH6) and meiosis (MSH4 and MSH5).

The Escherichia coli MutS functions as an asymmetric homodimer. This fundamental
asymmetric nature appears conserved in the five human MSH proteins that form three
heterodimers, hMSH2-hMSH3, hMSH2-hMSH6, and MSH4-MSH5 (3–5). The mismatch
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repair (MMR)-specific heterodimers hMSH2-hMSH3 and hMSH2-hMSH6 contain two
interaction domains, one near the N terminus and one at the C terminus (5). These appear to
generally correspond with hinge (C-terminal) and clasp (N-terminal) domains (5) that were
confirmed in crystal structures of bacterial MutS bound to a mismatch (6,7). Whether similar
peptide interaction region(s) exist between MSH4 and MSH5 are unknown.

MSH proteins belong to the Walker A/B family of ATPases (8,9). Extensive biochemical
studies on the MMR-related MSH heterodimers have elucidated a highly conserved mechanism
for mismatch recognition that is initiated by mismatched DNA provoked ADP → ATP
exchange (10–12). Binding of ATP induces a conformational transition of the MSH dimer/
heterodimer that results in the formation of a hydrolysis independent sliding clamp that is
released from the mismatch and is free to diffuse along the adjacent duplex (10,13). Iterative
rounds of mispair binding and ADP → ATP exchange appear to load multiple ATP-bound
MSH sliding clamps that not only mark the mismatch region, but are also capable of interacting
with specific downstream factors to effect repair and/or apoptosis (10,13,14).

MSH4 and MSH5 appear to be uniquely expressed in the testis and ovaries during prophase I
of meiosis (4,15,16). Genetic studies in S. cerevisiae, Caenorhabditis elegans, Arabidopsis
thaliana, and Mus musculus suggest that MSH4 and MSH5 are not involved in MMR but are
required for normal chromosomal segregation and the production of viable gametes during
meiosis (17–25). Both MSH4 and MSH5 affect the number and distribution of crossovers
during meiosis, which suggests a role in both recombination and crossover interference (21,
26,27).

Pairing and synapsis of homologous chromosomes is an essential feature of meiosis I that
results in genetic recombination and ensures accurate segregation of homologs (for review, see
Ref. 28). The Holliday Junction (HoJo) was initially proposed as an intermediate in meiotic
recombination that could account for both crossovers and gene conversion products (29). The
double-strand break (DSB) repair model of recombination, which included tandem double
Holliday Junctions (dHoJo) was later proposed to account for differences between the predicted
and observed recombination products following meiosis (30). Such dHoJo’s have been
observed in vivo during meiosis in yeast (31).

Our previous studies established that hMSH4-hMSH5 uniquely and specifically recognizes a
HoJo and its developmental precursor (32). We demonstrated that binding of hMSH4-hMSH5
to HoJo’s provoked ADP → ATP exchange. ATP binding induced a conformational transition
in the hMSH4-hMSH5 complex that resulted in a hydrolysis-independent sliding clamp, which
dissociated from the HoJo cross-over core embracing two stacked parental duplex arms
adjacent to the crossover. These observations led us to propose that hMSH4-hMSH5 stabilized
and preserved the meiosis I HoJo intermediate until it was appropriately resolved to ensure
accurate parental chromosome segregation (32).

Here we have demonstrated that the hMSH4-hMSH5 heterodimer displays two interaction
domains within each subunit located near the amino and at the C-terminal regions of the
proteins that flank the adenosine nucleotide-binding domain. We show that both the hMSH4
and hMSH5 subunits bind ATP and the poorly hydrolysable analog of ATP, ATPγS. The
collective binding of ATP by the individual subunits appears to account for the apparent
KD(ATP) of the heterodimer. We also explore the mechanism of ADP → ATP exchange and
determined that it occurs during recognition of the HoJo core. Hydrolysis of ATP does not
occur until the ATP-bound hMSH4-hMSH5 sliding clamp transits the ends of the HoJo.
Finally, we have identified several components of the DSB repair machinery that strongly
interact with hMSH4 and/or hMSH5, suggesting components of both early and late
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recombination nodules that may function with the hMSH4-hMSH5 heterodimer to ensure
accurate DSB repair and chromosome segregation during meiosis I.

EXPERIMENTAL METHODS
Protein Purification

The overexpression and purification of hMSH4 and C-terminal His6-tagged hMSH5 were
performed as previously described (32). Protein concentrations were determined by Bradford
analysis using gel filtration standards (Bio-Rad).

GST-IVTT Protein Interaction Assay
Preparation of GST-tagged protein lysates, in vitro transcription-translation (IVTT), and the
GST-IVTT interaction assay were performed as previously described (33,34). Quantitation of
each GST-IVTT interaction (Intrel) was calculated based upon the number of [35S]Met present
in each IVTT product as described previously (35) using the interaction between full-length
hMSH4-hMSH5 as the interaction standard. Previous studies have suggested that Intrel > 20%
may be considered significant. hMSH4 and hMSH5 truncations were constructed by PCR
truncation mutagenesis. The hMSH4 forward primers contained the following sequence in
addition to sequences complementary to the N-terminal truncation region of hMSH4: 5′-
GGCTCTAGAATG-3′ (XbaI site). The hMSH4 reverse primers contained the following
sequence in addition to sequences complementary to the C-terminal truncation region of
hMSH4: 5′-CGGGGTACCTCA-3′ (KpnI site). These forward and reverse primers were used
in a PCR with pET29a-hMSH4 as a template. The hMSH4 PCR product and pET29a were
digested with XbaI and KpnI, gel purified, ligated, and subclones sequenced to assure validity.
hMSH5 forward primers contained the following sequence in addition to sequences
complementary to the N-terminal truncation region of hMSH5: 5′-GGAATTCCATATG-3′
(NdeI site). hMSH5 reverse primers contained the following sequence in addition to sequences
complementary to the C-terminal truncation region of hMSH5: 5′-GGCATACTCGAGTCA-3′
(XhoI site). These forward and reverse primers were used in a PCR with pET29a-hMSH5 as
a template. The hMSH5 PCR product and pET29a were digested with NdeI and XhoI, gel
purified, ligated, and subclones sequenced to assure validity. For the hMSH5 internal deletion
(del 289–530) hMSH5-pET29a was digested with AatII, gel purified, ligated, and subclones
sequenced to assure validity.

Adenosine Nucleotide Cross-linking
Cross-linking of labeled adenosine nucleotide (α-32P, γ-32P, or γ-35S) was performed in 10 µl
of Buffer A(25mMHepes pH 8.1, 100mMNaCl, 5mM MgCl2, 1 mM dithiothreitol, 5% glycerol,
and 300 nM protein) and incubated at 25 °C for 10 min. The samples were then transferred to
ice and irradiated for 5 mm in a UV Stratalinker 1800 (Stratagene). An equal volume of 2 ×
loading buffer was added to each sample, followed by boiling for 5 min. The products of each
reaction were then resolved on a 10% SDS-PAGE gel. Prior to drying, gels were stained with
Coomassie Blue to ensure equivalent loading between lanes. Gels were dried and quantitated
by PhosphorImager (GE Healthcare). Quantitation was determined as a relative ratio to hMSH5
density.

DNA Substrate Preparation
All oligonucleotides were synthesized by Midland Certified Reagent Company Inc. (Midland,
TX). The dsDNA, YoJo, HoJo, 1EB-HoJo, and 2EB-HoJo substrates were annealed and
purified as previously described (32). The Frayed-YoJo was prepared by annealing AXdt4O:
5′-
CTAGTATAGAGCCGGCGCGCCATGTCTAGATAGCGTTAGGTTTTTTTTTTTTTTTT
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TTTTTTTTTTTTTTTTTTTTTTTT-3′ and KBdt4O: 5′-
TTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTCCTAACGCTATCTAGACA
TGGCGCGCCGGCTCTATACTAG-3′. All annealed DNA substrates were purified by high
pressure liquid chromatography with a Gen-Pak-FAX column (Waters) and concentrated with
Centricon columns (Amicon). When oligonucleotides carried a biotin group, it was linked to
the 3′ end.

Steady-state ATPase and ADP → ATP Exchange
Steady-state ATPase assays were performed in Buffer B (25 mM Hepes pH 7.8, 100 mM NaC1,
1 mM dithiothreitol, 5 mM MgC12, 5% glycerol, and 50 µg/ml acetylated bovine serum albumin)
and incubated at 25 °C for 30 min as previously described (11). ADP → ATP exchange assays
were performed in Buffer B. Four different concentrations of hMSH4-hMSH5 (0.5, 1, 1.5, and
2 pmol) were incubated with 2.3 µM [3H]ADP at 25 °C for 10 min. A 3-fold excess of DNA
was then added to the reaction, and incubation continued for an additional 10 min, followed
by the addition of 500 µM unlabeled ATP to start the reaction (t = 0). The reaction was stopped
at the indicated time points by the addition of 4 ml of ice-cold stop buffer (25 mM Hepes pH
7.8, 100mM NaCl, 10mM MgC12, and 500 µg/ml acetylated bovine serum albumin),
immediately filtered through a Millipore HAWP nitrocellulose membrane, washed with an
additional 4 ml of stop buffer, the filters air-dried, and quantitated as previously described
(11).

RESULTS
The Interaction Regions between hMSH4 and hMSH5

The human MMR-specific MSH heterodimers contain defined interaction regions that
correlate with hinge and clasp domains identified in structural studies of bacterial MutS (5–
7). To map interaction domains, a full-length GST fusion protein of hMSH4 or hMSH5 was
incubated with [35S]Met-labeled IVTT fragments of hMSH5 or hMSH4, respectively.
Interactions may be compared in this system by using excess GST “bait” with limiting IVTT
“prey”; where the each prey was introduced in a calculated equimolar concentration as
determined from PhosphorImager quantitation of [35S]Met-labeled IVTT protein and
proportional to the number of methionine residues in each peptide fragment. Quantitation was
displayed relative to the known interactions between full-length hMSH4 and hMSH5 (Intrel)
(for description, see Ref. 35). We demonstrate that full-length hMSH4 interacts strongly with
hMSH5 either as an IVTT-hMSH4 with GST-hMSH5 (Fig. 1A, lane 1) or a GST-hMSH4 with
IVTT-hMSH5 (Fig. 1B, lane 1). These two interactions represent an Intrel of 100% for
comparison to subsequent peptide interactions.

To determine the interaction regions of hMSH4 required for stable heterodimer formation with
hMSH5 we first tested two overlapping truncated forms of hMSH4 (Fig. 1A, deletions, lanes
2 and 6). These studies suggested that both fragments interacted with full-length GST-hMSH5
(see Intrel quantitation). Based upon these results, we constructed five additional deletions that
truncated the interacting fragments del2 and del6. Three of these fragments (del4, −5, and −8)
displayed little or no interaction with GST-hMSH5 (Fig. 1A, deletions, lanes 4, 5, and 8). In
contrast, two fragments (del3 and del7) displayed significant interaction with full-length GST-
hMSH5 (Fig. 1A, deletions, lanes 3 and 7). Taken as a whole these studies suggest two
interaction regions, one near the N-terminal region (amino acids 357– 462) and one at the C-
terminal region (amino acids 786 –936).

To determine the interaction regions of hMSH5 with hMSH4, IVTT truncation fragments of
hMSH5 were tested for their ability to interact with full-length GST-hMSH4. Initially we
examined three overlapping truncated forms of hMSH5 (Fig. 1B, deletions, lanes 2, 8, and 9).
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We found that two of these (deletions, lane 2 and 9) significantly interacted with full-length
GST-MSH4 (Fig. 1B, see Intrel quantitation). Further truncating del9 (Fig. 1B, del10) resulted
in a strong interaction. These results suggest an interaction region between amino acids 784
and 834 of hMSH5 with hMSH4. We subdivided del2 into four overlapping fragments (del3,
-4, -5, and -6) and observed a strong interaction with del4 and del5 and little or no interaction
with del3 and del6 (Fig. 1B, deletions, lanes 3–6). These results were most consistent with an
interaction region between amino acids 152 and 263 of hMSH5 with hMSH4. The lack of any
interaction with del3 is possibly a result of peptide misfolding: an inconvenient problem
sometime associated with the IVTT-GST system. As a confirmation of these interaction motifs
we constructed del7 containing both the N-terminal and C-terminal interaction regions with a
deletion of an internal region between amino acids 270 and 558. We found a significant
interaction with full-length GST-hMSH4 (Fig. 1B, deletion, lane 7). Overall, these results
suggest that hMSH4 and hMSH5 interact in two distinct regions that flank the Walker A/B
nucleotide-binding domain (Fig. 1C). These results appear qualitatively similar to the hinge
and clasp domains identified in MMR-specific proteins hMSH2, hMSH3, and hMSH6 (5) that
were largely confirmed following structural analysis of bacterial MutS (6,7).

Both Subunits of the hMSH4-hMSH5 Heterodimer Bind Adenosine Nucleotide
hMSH4 and hMSH5 both contain a consensus Walker A/B nucleotide-binding domain. Our
previous studies demonstrated ADP (KD(ADP) ≈20 µM) and ATPγS (KD(ATPγS) ≈5.9 µM) binding
activity as well as HoJo-stimulated ATPase activity by the hMSH4-hMSH5 heterodimer
(32). To examine ATP binding by individual hMSH4-hMSH5 subunits we performed UV
cross-linking studies with [α-32P]ATP, [γ-32P]ATP, and [γ-35S]ATP (Fig. 2).

We observed non-equivalent cross-link labeling of the hMSH4 and hMSH5 subunits when
[α-32P]ATP and [γ-32P]ATP were used as substrates (Fig. 2, A and B). Whereas hMSH5 was
efficiently cross-link labeled with [α-32P]ATP and [γ-32P]ATP at the lowest concentrations of
adenosine nucleotide (160 nM), the hMSH4subunits only became efficiently labeled at higher
concentrations (c1/2 ≈ 500 nM).3 Although inefficient, both subunits appeared to be cross-link
labeled equivalently over the entire range of [γ-35S]ATP concentrations (Fig. 2C). We observe
no difference in UV cross-linking in the presence or absence of Holliday Junction DNA (Fig.
2E). This variation in cross-linking efficiency may suggest different binding properties or
perhaps unique orientation(s) of the adenosine nucleotide in the binding region that affect cross-
link efficiency.

Because the cross-linking was performed at adenosine nucleotide concentrations that were well
below the KD for ATP/ATPγS, we performed competition analysis with unlabeled ATP (Fig.
3). In these studies, unlabeled ATP was added to the labeled adenosine nucleotide prior to
cross-linking. We observed equivalent competition by individual hMSH4 and hMSH5 subunits
cross-linked with [α-32P]ATP (KI(ATP) ≈4 µM) and [γ-35S]ATP (KI(ATP) ≈ 12 µM) (Fig. 3, A and
C). The average of these results correlate well with the observed KD for ATPγS determined by
filter binding (32). We found a differential competition for cross-linking of hMSH4 and
hMSH5 with [γ-32P]ATP (hMSH4 KI(ATP)≈4 µM; hMSH5 KI(ATP)≈12µM;Fig. 3B). The increase
in KI(ATP) of hMSH5 observed when cross-linked with [α-32P]ATP compared with [γ-32P]ATP
most likely reflects subunit ATP processing. In the case of [α-32P]ATP, the cross-linked
adenosine residue may be ATP, ADP, or a mixture of these adenosine nucleotides. However,
competition of cross-linked [γ-32P]ATP must a priori reflect ATP competition. Taken as a
whole, these results suggest an asymmetry in ATP binding and/or hydrolysis by individual
subunits: an observation that is consistent with other MSH dimers/heterodimers (36).

3c1/2 is defined as the concentration of labeled ATP, which produces half the total labeling.
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hMSH4-hMSH5 ATPase and ADP → ATP Exchange Is Uniquely Stimulated by Holliday
Junctions

DNA containing mismatches display differential specificity in the stimulation of the intrinsic
ATPase activity of MMR-specific MSH proteins (11,13,37–39). We examined the specificity
of the hMSH4-hMSH5 steady-state ATPase activity. The hMSH4-hMSH5 ATPase was
stimulated by HoJo’s or a HoJo precursor (Pro-HoJo) containing three duplex arms and a
single-stranded arm surrounding the crossover region (32) (Fig. 4A). Our previous studies
suggested little or no binding to a three-way junction (Y-Junction or YoJo), although its ability
to stimulate the intrinsic ATPase was unknown. We observed a slight stimulation of the
hMSH4-hMSH5 ATPase in the presence of dsDNA, YoJo, or Frayed-YoJo DNAs compared
with the absence of DNA (Fig. 4A). This modest ATPase stimulation by canonical dsDNA has
been observed with MMR-specific MSH proteins and has been interpreted to be the result of
nonspecific DNA end stimulation (10,11,40).

ADP → ATP exchange has been shown to be the rate-limiting step for the intrinsic steady-
state ATPase of bacterial and eukaryotic MSH proteins (10–12). The kinetics of ADP → ATP
exchange may be examined by prebinding hMSH4-hMSH5 with [3H]ADP in the presence of
Mg2+. The ADP → ATP exchange reaction is started by the addition of excess unlabeled ATP
in the presence or absence of a DNA substrate. Our previous studies demonstrated that hMSH4-
hMSH5 ADP → ATP exchange was stimulated by HoJo and pro-HoJo DNA substrates (32)
(Fig. 4B). HoJo-dependent ADP release required the addition of exogenous ATP indicating a
bona fide ADP → ATP exchange process (32) (data not shown). As reported previously, little
or no ADP → ATP exchange was observed in the absence of DNA or in the presence of dsDNA
providing continued controls for the analysis (32) (Fig. 4B).

We examined the ability of the YoJo or a Y-Junction containing one duplex and two single-
stranded 40-mer arms (Frayed-YoJo) (Fig. 4B). Both structures were found to produce a slight
stimulation of ADP → ATP exchange compared with the absence of DNA, although there was
no significant difference when compared with dsDNA. These latter results are qualitatively
similar to MMR-specific MSH proteins and like the ATPase, have been interpreted to be the
result of nonspecific DNA end stimulation (10). By comparison, HoJo DNA provokes rapid
and extensive ADP → ATP exchange as we have shown previously (32). Taken with the
ATPase data, these observations place important limits on the types of DNA structures that
provoke ATP processing by hMSH4-hMSH5; suggesting high specificity for HoJo and pro-
HoJo structures (see Ref. 1 for pro-HoJo studies).

Stimulation of hMSH4-hMSH5 ATPase but Not ADP → ATP Exchange Requires an Open-end
Holliday Junction

Previous studies with MMR-specific MSH proteins have led to the hypothesis that ATP
hydrolysis largely occurs following transit off the DNA ends of model oligonucleotides (10,
13,32). Importantly, ATP-bound hydrolysis-independent sliding clamps may be trapped on
these same model oligonucleotides by blocking the ends with biotin-streptavidin; with
consequent reduction of ATPase activity (10,13,32). We constructed a HoJo substrate that
contained biotin on all four DNA ends (b-HoJo). Previous studies showed that addition of
streptavidin to b-HoJo DNA blocked the release of hMSH4-hMSH5 in the presence of ATP
(32). One unpublished formal possibility was that in the presence of streptavidin the b-HoJo
inhibited ADP release and/or ATP binding by hMSH4-hMSH5. We found that the b-HoJo-
stimulated ADP → ATP exchange was similar to the unbiotinylated HoJo (compare Fig. 5A
with 4A) and that streptavidin alone had no catalytic effect on ADP → ATP exchange (Fig.
5A). Interestingly, the addition of streptavidin to b-HoJo DNA provoked a similar stimulation
of hMSH4-hMSH5 ADP → ATP exchange as the b-HoJo or the nonbiotinylated HoJo DNAs
(compare Fig. 5A and 4A). These results are consistent with the conclusion that blocking the
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ends of the HoJo DNA substrate does not affect its ability to provoke hMSH4-hMSH5 ADP
→ ATP exchange (32).

We determined that the b-HoJo or the unbiotinylated HoJo in the presence of streptavidin,
stimulated the hMSH4-hMSH5 ATPase similar to the HoJo alone (compare Fig. 5B with 4B).
However, the addition of streptavidin to the b-HoJo dramatically decreased the hMSH4-
hMSH5 ATPase (Fig. 5B). These results appear qualitatively similar to the reduction in ATPase
observed with blocked-end mismatched substrates and MMR-specific MSH proteins. Taken
as a whole, we conclude that hMSH4-hMSH5 steady-state ATP hydrolysis requires unblocked
HoJo DNA.

Work by Lilly and colleagues (41) have demonstrated that the four arms of a HoJo adopt a
“stacked-X” configuration. Our previous work showed that blocking one of the two arms on
both ends of the stacked-X (2EB) was sufficient to retain hMSH4-hMSH5 on a HoJo (32).
These results were interpreted to suggest hMSH4-hMSH5 formed a hydrolysis-independent
sliding clamp that embraced two duplex arms of a HoJo (32).

The hMSH4-hMSH5 ATPase studies were consistent with two possibilities: 1) any single open-
end on a HoJo DNA is capable of provoking hMSH4-hMSH5 ATP hydrolysis, or 2) transit of
hMSH4-hMSH5 off the openend(s) of a HoJo is required for ATP hydrolysis. The 2EB HoJo
appeared to be a superb substrate to distinguish between these two possibilities because each
side of a stacked-X contains one blocked-end and one open-end. Whereas the 2EB HoJo
structure was capable of retaining hMSH4-hMSH5 sliding clamps, the ability of these half-
blocked end structures to provoke ADP → ATP exchange has not been reported. We found
that 2EB as well as a HoJo containing a single (one of four) biotin-stretavidin blocked end
(1EB) provoked hMSH4-hMSH5 ADP → ATP exchange equivalently to an unblocked HoJo
(Fig. 6A). We conclude that HoJo-dependent ADP release and subsequent ATP binding is
unaffected by blocking any of the four DNA ends with biotin-streptavidin.

We examined these same substrates for their ability to stimulate the hMSH4-hMSH5 ATPase
activity (Fig. 6B). We also observed no stimulation of the hMSH4-hMSH5 ATPase in the
presence of streptavidin alone when compared with the absence of DNA (data not shown; Fig.
4A). Moreover, an unblocked HoJo or the 1EB HoJo appeared to stimulate the hMSH4-hMSH5
ATPase activity equivalently (kcat/Km = 0.0016 min−1 µM

−1, Km = 125 µM; kcat/Km = 0.0014
min−1 µM

−1, Km = 132 µM, respectively). However, the 2EB HoJo DNA drastically reduced the
hMSH4-hMSH5 ATPase activity to levels observed in the absence of DNA (kcat/Km = 0.004
min−1 µM

−1, Km = 193 µM; Fig. 6B). These results are consistent with the conclusion that an
open-end DNA is not sufficient to provoke hMSH4-hMSH5 ATP hydrolysis; rather ATP
hydrolysis requires transit off the stacked HoJo ends.

hMSH4-hMSH5 Interacts with a Subset of Recombination Proteins
The pairing of homologous chromosomes prior to the reduction division associated with
meiosis I is accomplished by DSB repair of hundreds of induced chromosomal DSBs (42,
43). Our previous studies have suggested that hMSH4-hMSH5 recognizes the recombination
intermediates of pro-HoJo and HoJo associated with DSB repair (32). The formation of these
pro-HoJo and HoJo structures requires a number of recombination components that include
the RecA/RAD51 family members. We surveyed several human recombination components
for their interaction with hMSH4 and hMSH5 using the GST-IVTT interaction methodology.
Interactions were quantified relative to the known stable interaction between hMSH4 and
hMSH5 (Intrel(hMSH4) or Intrel(hMSH5); Fig. 7).

We found a specific interaction between hMSH4 and human RecA/RAD51 family members
hRAD5ID and XRCC3 (Fig. 7A). In addition, hMSH4 appears to strongly interact with the
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recombination SWI/SNF helicase hRAD54 (Fig. 7A). The interaction between hMSH4 and
hXRCC3 appears to be nearly twice as robust as the interaction between hMSH4and hMSH5.
We observed a similar strong interaction between hMSH5 and hRAD51D, hXRCC3, and
hRAD54; the latter nearly twice the stable interaction between hMSH4 and hMSH5 (Fig.
7B). We also observed a specific interaction between hMSH5 and hRAD51B (Intrel(hMSH4) =
58%; Fig. 7B), whereas the interaction between hMSH4 and hRAD51B was significantly less
robust (Intrel(hMSH5) = 23%; Fig. 7A). No significant observed interaction was observed
between either hMSH4 or hMSH5 with hRad51, hRAD51C, hXRCC2, and hRAD52. The lack
of a direct interaction between hMSH4 and hRAD51 contrasts to the report of Neyton et al.
(44). We have also observed a modest interaction between hMSH4 and hMSH5 with hExol
(data not shown), an exonuclease thought to be involved in recombination intermediate
processing during meiosis (45). These studies begin to detail the individual interactions
between protein components that appear in the recombination foci during meiosis I.

DISCUSSION
We initially demonstrated that hMSH4 and hMSH5 formed a specific heterodimer similar to
other MSH proteins (4). These studies laid the foundation for mapping the interaction regions
between the hMSH4 and hMSH5 heterodimer. Our results indicate that much like the hMSH2-
hMSH3 and hMSH2-hMSH6 complexes, hMSH4 and hMSH5 interact in two regions between
subunits that flank the consensus adenosine nucleotide-binding domain (Fig. 1). These two
regions would appear to correspond to the hinge and clasp domains originally proposed by
Guerrette et al. (5) and confirmed in the crystal structures of Thermus aquaticus and E. coli
MutS (6,7). Based on sequence alignment, it has been proposed that the MSH4-MSH5
heterodimer contains a large centrally located interior hole (30 Å × 70 Å), due in part to the
absence of a mismatch-interrogation domain (Domain I) (7). Our interaction analysis would
appear to support this conclusion. Combined with our proposal that ATP-bound hMSH4-
hMSH5 forms a sliding clamp that embraces stacked duplex arms of a HoJo (32), it is intriguing
to visualize two duplex DNA arms resting in this large interior hole.

We found that the hMSH4-hMSH5 heterodimer contains an intrinsic HoJo-stimulated ATPase
(32). Yet, it was unclear whether one or both subunits of the heterodimer were involved in
processing ATP. Our adenosine nucleotide cross-linking studies suggest that both hMSH4 and
hMSH5 bind [α-32P]ATP, [γ-32P]ATP, and [γ-35S]ATP (Fig. 2). Furthermore, the ATP binding
activity derived from competition analysis (average KD(ATP)  ≈ 6 µM) appeared similar to our
previously published ATP binding activity derived from filter binding studies (KD(ATP) ≈ 5.9
µM). Cross-linking with [γ-35S]ATP was exceedingly inefficient and may reflect an altered
orientation of the cross-linkable adenosine residue associated with the placement of a 35S-
moiety on the γ-phosphate. Interestingly, the hMSH4 subunit appears to display reduced
[γ-32P]ATP and [γ-32P]ATP cross-linking (c1/2 ≈ 400 nM) compared with the hMSH5 subunit
(c1/2 ≪ 160 nM) at sub-KD concentrations of adenosine nucleotide (Fig. 2). A similar subunit
difference was noted in ATP competition studies for [γ-32P]ATP cross-linking (Fig. 3). These
results support the hypothesis that hMSH4 and hMSH5 contain asymmetric ATP processing
activities; an observation that is consistent with all previously studied MSH dimers/
heterodimers.

Analysis of the hMSH4-hMSH5 steady-state ATPase and ADP → ATP exchange activities
suggests unique activation by HoJo and pro-HoJo DNA structures. These results are consistent
with previous DNA binding studies (32). hMSH4-hMSH5 does not recognize and is not
activated by single-stranded DNA, dsDNA, YoJo DNA, or frayed-YoJo DNA (Fig. 4). This
observation places significant limits on the type of DNA structure that is recognized and
subsequently activates ADP → ATP exchange by the hMSH4-hMSH5 heterodimer.
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Our studies strongly supported the hypothesis that it is the recognition of HoJo and pro-HoJo
core DNA crossover regions that provokes ADP → ATP exchange by hMSH4-hMSH5. The
observation of ADP → ATP exchange with blocked-end HoJo DNA further substantiates this
conclusion (Fig. 4– Figs. 6). In contrast, the steady-state ATPase appears dramatically reduced
in the presence of blocked-end HoJo DNA (Fig. 5). This latter result suggested that an open
DNA end was required to trigger ATP hydrolysis. A similar conclusion has been forwarded
for MMR-specific MSH proteins (10,13). The unique structure of HoJo DNAs allowed us to
test whether it was the DNA end or transit off the DNA end that provoked hMSH4-hMSH5
ATP hydrolysis. The 2EB-HoJo DNA contains a single block on one of the two duplex ends
on each side of the stacked-X HoJo arms. We have previously shown that 2EB-HoJo DNA
retains ATP-bound hMSH4-hMSH5 sliding clamps, which is the basis of the proposal that
hMSH4-hMSH5 forms a sliding clamp that embraces two duplex arms of a stacked-X HoJo
DNA (32). The hMSH4-hMSH5 ATPase activity in the presence of 2EB-HoJo appeared
similar to the background activity in the absence of DNA or in the presence of dsDNA. These
results appear to significantly reduce the possibility that interaction with the DNA end
stimulates the hMSH4-hMSH5 ATPase. Rather it appears more likely that transit off the HoJo
DNA end is required to stimulate the hMSH4-hMSH5 ATPase. We regard it similarly likely
that all other MSH ATPase activities are stimulated by transit off the model oligonucleotide
structures for which they show specific binding/activation activity.

The central role of hMSH4 and hMSH5 in meiosis I recombination and chromosome
segregation suggested interaction(s) with other DSB repair components. Using a simple in
vitro GST/IVTT methodology, we have identified specific interaction(s) between hMSH4 and
hMSH5 with the RecA/RAD51 family members hRAD51D and XRCC3 (Fig. 7). hMSH5 also
appears to significantly interact with hRAD51B. In the case of hXRCC3, the relative interaction
with hMSH4 and hMSH5 was nearly twice that of the interaction between the known hMSH4-
hMSH5 heterodimer (Fig. 7). The role of XRCC3 in DSB repair is unknown. The hRAD51C-
XRCC3 heterodimer has been suggested to contain a Holliday resolvase activity (46,47).
Importantly, RAD51C knock-out mice display a meiosis I pachytene arrest phenotype that
appears largely similar to hMSH4 and hMSH5 knock-out mice (48). We find no significant
interaction between hMSH4 or hMSH5 with hRAD51 unlike a previous report (Fig. 7) (44).
These results appear to suggest that hMSH4-hMSH5 interacts with one or several of the
reported hRAD51-paralog higher order complexes, rather than directly with hRAD51 or the
hRAD51 nucleoprotein filament that encourages homologous recombination during meiosis
I.

Both hMSH4 and hMSH5 strongly interact with hRAD54 (Fig. 7). The RAD54 SWI/SNF
helicase appears to enhance hRAD51 strand exchange by stabilizing the hRAD51 nucleo-
protein filament (49,50). The biochemical function of the hRAD54-hMSH4-hMSH5
interaction is unknown. One of the deficiencies in this and previous reports describing meiotic
protein associations is the lack of useful meiotic tissues to verify protein interactions.

We have proposed a role for hMSH4-hMSH5 in stabilizing pro-HoJo and HoJo DNA structures
during meiosis I homologous recombination (32). The results presented here further support
and extend this model. Both hMSH4 and hMSH5 appear to play additional role(s) in genetic
interference (21,22,24,25); a century old observation that suggests a single crossover interferes
with the development of nearby crossovers (51,52). Crossover interference may extend for
megabases on either side of the known crossover. Of the ~400 DSBs introduced during the
development of mammalian germ cells, the vast majority (~90%) are resolved by non-crossover
events. The biochemical role of hMSH4-hMSH5 in preserving crossovers and driving nearby
recombination events into non-crossovers is unknown. This process is complicated by the
observation that hMSH4-hMSH5 foci appear to form on all DSB repair events, but are only
found in late pachytene on chiasmata/crossovers (53), which are also marked by hMLH1-

Snowden et al. Page 9

J Biol Chem. Author manuscript; available in PMC 2010 March 18.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



hMLH3 (54,55). These observations suggest an active process in which hMSH4-hMSH5
sliding clamps are removed from DSB repair structures destined for non-crossovers, whereas
they are retained on DSB repair structures destined for crossovers. To date, the hMSH4-hMSH5
heterodimer is the only known protein complex that is retained during this genetic transition.
It is worth noting that our observed interaction between hMSH4 and hMSH5 with hRAD54
combined with reports that RAD54 may translocate on DNA for distances of up to 30 kb
(56) may have some mechanistic relevance to genetic interference. Further studies will be
required to understand the biochemical process(es) that provide the basis for genetic
interference.
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FIGURE 1. The interaction regions between hMSH4 and hMSH5
A, regions of hMSH4 required for interaction with hMSH5. B, regions of hMSH5 required for
interaction with hMSH4. [35S]Met-labeled full-length and truncation mutants of IVTT-hMSH4
(A) or truncation mutants of IVTT-hMSH5 (B) were incubated with glutathione beads prebound
with either GST (alone) or full-length GST-hMSH5 (A) or full-length GST-hMSH4. Following
processing, reactions were separated on a 10% SDS-PAGE gel and visualized by
phosphorimager. Illustrations of the mutant constructs are shown below the gels on both panels.
Numbers correspond to the individual numbered deletions (del) and the reaction separated by
the gel above. The consensus interaction peptides are shown in the shaded blue-gray (Intrel
20–75%) or black (Intrel 75–100%) box. C, hMSH4-hMSH5 forms a specific heterodimer that
contains two interaction regions. An illustration with the two interaction regions containing
numbered amino acids is shown.
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FIGURE 2. Both subunits of hMSH4-hMSH5 bind ATP and ATPγS
hMSH4-hMSH5 (100 nM) was incubated with the indicated concentrations of labeled ATP and
exposed to UV cross-linking. Reactions were separated on a 10% SDS-PAGE gel and
visualized via phosphorimager (shown below each panel). A, [α-32P]ATP; B, [γ-32P]ATP; C,
[γ-35S]ATP;D, representative Coomassie-stained gel showing the position and equal loading
of the hMSH4 and hMSH5; E, UV cross-linking of hMSH4-hMSH5 (100 nM) with [γ-32P]ATP
(1 µM) in the presence or absence of Holiday Junction DNA (200 nM). Relative phosphorimager
quantitation is shown: ○, hMSH4; ●, hMSH5.
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FIGURE 3. Competition of adenosine nucleotide cross-linking
hMSH4-hMSH5 (100 nM) was incubated with the labeled ATP (500 nM; see below), the
indicated concentrations of unlabeled ATP (µM; shown in the boxes above lanes), and subjected
to UV cross-linking. Reactions were separated on a 10% PAGE gel, visualized, and quantitated
by phosphorimager (shown below each panel). A, [α-32P]ATP (S0.5(hMSH4) ≈ 4 µM;
S0.5(hMSH5) ≈ 4 µM); B, [γ-32P]ATP (S0.5(hMSH4) ≈ 3 µM; S0.5(hMSH5) ≈ 12 µM); C, [γ-35S]ATP
(S0.5(hMSH4) ≈ 7 µM; S0.5(hMSH5) ≈ 7 µM). Relative phosphorimager quantitation is shown: ○,
hMSH4; ●, hMSH5.
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FIGURE 4. Holliday Junctions uniquely activate the hMSH4-hMSH5 steady-state ATPase and
ADP → ATP exchange activities
A,DNA structure stimulation of the hMSH4-hMSH5 ATPase. Michaelis-Menten analysis of
the hMSH4-hMSH5 (200 nM) ATPase activity was performed as previously described (11,
32) in the absence of DNA (▲), in the presence of duplex DNA (dsDNA, 600 nM; ●), Y-Junction
DNA (YoJo, 600 nM; ♦), frayed Y-Junction DNA (Frayed-YoJo, 600 nM;), or Holliday Junction
DNA (Hojo, 600 nM; ■) in a 20-µl reaction. Error bars indicate the standard deviation of at
least three independent experiments. B,DNA structure provoked hMSH4-hMSH5 ADP →
ATP exchange. hMSH4-hMSH5 was pre-bound to [3H]ADP followed by the addition of 500
µM unlabeled ATP in the absence of DNA (■), in the presence of 3-fold excess duplex DNA
(dsDNA, ▲), Y-Junction DNA(YoJo, ♦), frayed Y-JunctionDNA(Frayed-YoJo,), and
Holliday JunctionDNA(HoJo, ●). Results are plotted as the fraction of total [3H]ADP that
remained bound over time. The standard of deviation was calculated from the average of at
least four different concentrations of hMSH4-hMSH5 (25, 50, 75, and 100 nM) and from at
least three independent experiments. C, diagram of substrates used in A and B.
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FIGURE 5. Blocking the Holliday Junction ends does not affect ADP → ATP exchange but does
inhibit the steady-state ATPase of hMSH4-hMSH5
A, ADP → ATP exchange. Pre-steady state ADP → ATP exchange was performed as described
under “Experimental Procedures” with hMSH4-hMSH5 (200 nM) in the absence of DNA but
including streptavidin (800 µg/ml, ■), in the presence of HoJo DNA containing a 3′-biotin on
the four DNA ends (b-Hojo, 600 nM, ▲), or in the presence of b-Hojo DNA (600 nM) including
streptavidin (800 µg/ml, streptavidin +b-HoJo; ●). Error bars indicate the standard deviation
of at least three independent experiments, which in some cases is within the symbol size. B,
hMSH4-hMSH5 ATPase activity. Michaelis-Menten analysis of the hMSH4-hMSH5 (200
nM) ATPase activity was performed as previously described (11,32) in the presence of
unbiotinylated HoJo DNA (600 nM) and including streptavidin (800 µg/ml; streptavidin + HoJo,
●), in the presence of HoJo DNA containing a 3′-biotin on the four DNA ends (600 nM; b-Hojo,
▲) or in the presence of b-Hojo DNA (600 nM) and including streptavidin (800 µg/ml;
streptavidin+b-HoJo, ■). Error bars indicate the standard deviation of at least three
independent experiments.
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FIGURE 6. Blocking one duplex arm on both ends of a Holliday Junction stacked-duplex does not
affect hMSH4-hMSH5 ADP → ATP exchange but inhibits ATPase activity
A, ADP → ATP exchange by hMSH4-hMSH5 is unaffected by the disposition of HoJo ends.
Pre-steady state ADP → ATP exchange was performed as described under “Experimental
Procedures” with hMSH4-hMSH5 (200 nM) in the absence of DNA (■) or in the presence of
HoJo DNA (600 nM,●), single end-blocked stacked-duplex HoJo DNA (1EB, 600 nM, ♦), or
double end-blocked stacked-duplex HoJo DNA (2EB, 600 nM, ▲). B, hMSH4-hMSH5 ATPase
activity requires an open-end HoJo stacked duplex. Michaelis-Menten analysis of the hMSH4-
hMSH5 (200 nM) ATPase activity was performed as previously described (11,32) in the absence
of DNA (▲) or in the presence of HoJo DNA (600 nM, ■), single end-blocked stacked-duplex
HoJo DNA (1EB, 600 nM, ●), or double end-blocked stacked-duplex HoJo DNA (2EB, 600
nM,♦). Error bars indicate the standard deviation of at least three independent experiments.
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FIGURE 7. Interactions between hMSH4 and hMSH5 with homologous recombination machinery
A, interaction of DSB repair proteins with hMSH5. [35S]Methionine-labeled IVTT proteins
were quantitated relative to the number of methionine residues in each protein and equimolar
amounts were precipitated with an excess of purified GST-hMSH4 protein. GST alone was
used as a precipitation control. Upper panel shows the gel of precipitated IVTT proteins.
Precipitated material was quantitated by phosphorimager, nonspecific GST-only interaction
subtracted, and the remaining interaction calculated relative to the known interactor hMSH5
(Intrel(hMSH5)) and plotted in the lower panel. B, interaction of DSB repair proteins with
hMSH4. [35S]Methionine-labeled IVTT proteins were quantitated relative to the number of
methionine residues in each protein and equimolar amounts precipitated with an excess of
purified GST-hMSH5 protein. GST alone was used as a precipitation control. Upper panel
shows the gel of precipitated IVTT proteins. Precipitated material was quantitated by
phosphorimager, nonspecific GST-only interaction subtracted, the remaining interaction
calculated relative to the known interactor hMSH4 (Intrel(hMSH4)) and plotted in the lower panel
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