f

Biophysical Journal
physical / Biophysical Society

MutS+y-Induced DNA Conformational Changes
Provide Insights into Its Role in Meiotic
Recombination
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ABSTRACT In many organisms, MutSy plays a role in meiotic recombination, facilitating crossover formation between
homologous chromosomes. Failure to form crossovers leads to improper segregation of chromosomes and aneuploidy, which
in humans result in infertility and birth defects. To improve current understanding of MutS+y function, this study investigates the
binding affinities and structures of MutSy in complex with DNA substrates that model homologous recombination intermediates.
For these studies, we overexpressed and isolated from Escherichia colithe yeast MutSy protein Saccharomyces cerevisiae (Sc)
Msh4-Msh5. Sc Msh4-Msh5 binds Holliday junction (HJ)-like substrates, 3’ overhangs, single-stranded (ss) forks, and the
displacement loop with nanomolar affinity. The weakest binding affinities are detected for an intact duplex and open-junction
construct. Similar to the human protein, Sc Msh4-Msh5 exhibits the highest affinity for the HJ with a Ky < 0.4 nM in solution.
Energy-transfer experiments further demonstrate that DNA structure is modulated by the binding interaction with the largest
changes associated with substrates containing an ss end. Upon binding, Sc Msh4-Msh5 displaces the ss away from the
duplex in most of the ss-containing intermediates, potentially enabling the binding of RPA and other proteins. In the case of
the junction-like intermediates, Msh4-Msh5 binding either stabilizes the existing stacked structure or induces formation of the
stacked X conformation. Significantly, we find that upon binding, Msh4-Msh5 stacks an open-junction construct to the same
extent as the standard junction. Stabilization of the junction in the stacked conformation is generally refractory to branch migra-
tion, which is consistent with a potential role for MutSy to stabilize HJs and prevent branch migration until resolution by MutLy.
The different binding modalities observed suggest that Msh4-Msh5 not only binds to and stabilizes stacked junctions but also
participates in meiotic recombination before junction formation through the stabilization of single-end invasion intermediates.

INTRODUCTION

The mismatch repair (MMR) protein family plays critical
roles in postreplication DNA repair and recombination pro-
cesses, helping to maintain genome integrity and cellular
stability (1-3). In prokaryotes, MutS and MutL act as homo-
dimers, whereas in eukaryotes, MutS homologs (Msh) and
MutL homologs (Mlh) participate in MMR as heterodimers
(4,5). The Msh proteins share significant sequence identity
and have common structural motifs, such as a f-shaped
structure, but exhibit key differences that enhance their
respective function (6-8). For instance, the Msh2-Msh6 pro-
tein complex, also known as MutSe, recognizes and initiates
repair of mismatches and small insertion-deletion loops,
whereas Msh2-Msh3 or MutSg is involved in repairing
larger loops (9). The Msh2-Msh3 protein complex is also
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implicated in the propagation of triplet repeat diseases
(10,11). Within this protein family, the MutSy or Msh4-
Msh5 heterodimeric complex plays an important role in
meiotic recombination but is not involved in MMR (12).
Genetic studies in Saccharomyces cerevisiae (Sc) have
shown that Sc Msh4-Msh5 expression is induced in meiosis
and that loss of either protein decreases crossover recombi-
nation and spore viability (12—14). Crossover recombination
is needed for proper segregation of chromosomes during
meiosis, and hMSH4-hMSHS5 foci are found at DSB and
crossover sites in human oocytes (15). Defective segregation
in humans leads to aneuploid offspring, which are typically
inviable. Human aneuploidies are associated with and are a
major cause of infertility, miscarriages, and congenital birth
defects such as Down syndrome (16,17).

Meiotic recombination begins with programmed double
strand breaks (DSB) that are resected to form 3’ single-
stranded (ss) tails for invasion into a homologous duplex.
Subsequent strand invasion and displacement from duplex
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DNA form displacement loops (D-loops) and Holliday junc-
tion (HJ) precursors (18-20). Extension of the D-loop
coupled with capture of the second DSB end leads to the for-
mation of double HJs (dHJs), which upon resolution form
crossovers. Msh4-MshS5 is critical for stabilizing joint mole-
cule DNA recombination intermediates, for promoting
crossover recombination, and for proper assembly of the
synaptonemal complex in S. cerevisiae meiotic prophase
nuclei (17,20-22). Recent work has suggested that Sc
Msh4-MshS5 stabilizes single-end invasion (SEI) intermedi-
ates (21), whereas in other species, such as mice, Caeno-
rhabditis elegans, and plants, genetic and cytological
studies have indicated that MutSy appears at early stages
in meiotic recombination before dHJ formation and poten-
tially plays a role in stabilizing HJ precursors (23-26).

Crossover formation in S. cerevisiae and many other eu-
karyotes occurs through a homologous recombination
pathway involving MutSvy and the MutLy complex, formed
from the Mlh1-MIlh3 heterodimer (5,25). The endonuclease
activity of Mlh1-Mlh3 in coordination with Msh4-Msh5
leads to biased nicking of dHJs, resulting in a crossover
upon resolution of the joint molecule. One possible mecha-
nism to explain biased nicking of the dHJ intermediate is
that the interaction between Mlh1-Mlh3 and Msh4-Msh5
leads to an asymmetry in the resolution of junctions
(5,27-30).

Previous in vitro biochemical analysis demonstrated that
human MSH4-MSHS5 binds to HJs with relatively high
affinity and protects all four strands at the junction core as
revealed by DNase I footprinting (31,32). Interaction with
the HJ promotes the exchange of ADP for ATP in both sub-
units and conversion of the ATP-bound protein into a clamp
form that can encircle and slide over both duplex DNA arms
of a stacked junction, ultimately diffusing away from the
junction core (31,32). This behavior is consistent with that
of the other MutS proteins, in which binding to the appro-
priate substrate stimulates ADP-ATP exchange and induces
conformational changes that ultimately lead to recruitment
of MutL proteins (5,33). ATPase activity is a significant
component of MutSy function because mutations in the pu-
tative ATP binding region of either subunit conferred a null
phenotype (34).

In this study, we report purification of Sc Msh4-Msh5 pro-
tein and characterization of the complexes formed with
DNA substrates that closely resemble distinct meiotic
recombination intermediate structures using steady-state
and time-resolved (TR) fluorescence spectroscopic methods
at near-physiological conditions. Fluorescence anisotropy
measurements, which monitor molecular rotation from
which size and shape can be inferred, have been used effec-
tively to measure protein binding to DNA in such diverse
systems as CAP-DNA, HU-DNA, and others (35-38). These
methods have been shown to accurately determine dissocia-
tion constants in the nanomolar and picomolar ranges (36)
while avoiding the caging and dilution effects that some-
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times influence gel-based data (39). We also employed
Forster resonance energy transfer (FRET) measurements
to probe the conformational changes associated with Sc
Msh4-MshS5 binding to different DNA substrates that model
recombination intermediates. Previously, FRET measure-
ments have effectively measured DNA conformational
changes induced by protein binding in MutS and Msh2-
Msh6 (40—-42). Importantly, TR fluorescence measurements
yield information on local conformational dynamics and can
capture any heterogeneities in the system (43—46). By using
these methods to examine Sc Msh4-Msh5 binding interac-
tions, we have determined that the complex binds with
high affinity to both SEI and junction-like intermediates
and induces conformational changes upon binding. These
results shed light on the preferred binding substrates of
the Msh4-MshS protein; are consistent with Msh4-Msh5
engaging with early, pre-dHJ recombination intermediates;
and suggest a role for Msh4-Msh5 at multiple points in
the process of meiotic recombination.

MATERIALS AND METHODS

Purification of S. cerevisiae MutS homologs Msh4
and Msh5

Unless otherwise noted, all chemical and biochemical reagents were ob-
tained from Millipore Sigma (St. Louis, MO). The open reading frame
and 75 basepairs (bps) of the 3’ untranslated region of the MSH4 gene
were amplified from S. cerevisiae S288C genomic DNA, and Ncol and
BamHI sites were incorporated as restriction cut sites. This MSH4 gene
sequence matched in full the yeast genome database (YFLOO3C). To
differentiate Msh4 protein from Msh5 protein by molecular weight, we
incorporated MSH4 into the pET-42a(+) plasmid to express N-terminal
GST-tagged Msh4 protein. The Ncol/BamHI digested PCR product was
cloned into the Ncol/BamHI sites of the multiple cloning site of
pET-42a(+) plasmid. The insertion was verified by the Keck DNA
sequencing lab, Yale University (44637562-44637566). For MSHS cloning,
genomic DNA was prepared from S288C as described above. The open
reading frame plus 49 bps of the 3’ untranslated region of the MSHS5
gene was amplified using S288C genomic DNA with the N-terminal primer
containing an Ndel site (43975553) and the C-terminal primer containing
an Aatll site (43975554) and cloned into MCS2 of Ndel/Aatll sites in
pCDFDuetTM-1 vector. This clone was confirmed by sequencing
(47075525-47075529, 48500851), and the result matched with the depos-
ited S288C MSH5 gene in the yeast genome database (YDLI154W). A
detailed list of the primers used for cloning and the sequence verification
are provided in Table S1.

MSHS5 in pCDFDuet vector and N-terminal GST-tagged MSH4 in
pET-42(a+) vector were co-transformed in BL21CodonPlus(DE3)-RIL
expression cell lines (Agilent Technologies, Santa Clara, CA). A separate
version of MSH4 without the GST tag was placed in the pCDFDuet vector
and expressed using the same conditions as described below to generate the
Msh4 4gsTMsh5 protein. The cells were grown at 37°C and induced with
0.75 mM isopropyl (-D-thiogalactopyranoside when the optical density
ODg reached 0.6. After induction, the cells were grown for 2 h at 30°C.
The cells were harvested and resuspended in 10 mM Tris-HCI (pH 8.0),
10% sucrose solutions and stored at —80°C. All subsequent steps were car-
ried out on ice at 4°C. The cells were lysed in buffer A (10 mM Tris-Cl (pH
8.0), 0.01 mM EDTA, 1 mM dithiothreitol (DTT), 0.4 mg/mL lysozyme,
1 mM phenylmethylsulfonylfluoride , 1 mM 4-(2-aminoethyl)benzenesul-
fonyl fluoride, 1X protease inhibitor cocktail, 1 M NaCl, and 5% glycerol)



followed by three rounds of homogenization using an EmulsiFlex C5 ho-
mogenizer (Avestin, Ottawa, Canada). The cell lysate was centrifuged at
6774 x g for 30 min. The clear supernatant was dialyzed overnight against
buffer B (10 mM Tris-Cl (pH 8.0), 0.01 mM EDTA, 1 mM DTT, 0.5 mM
phenylmethylsulfonylfluoride, 1X protease inhibitor cocktail, 100 mM
NaCl, and 5% glycerol). The dialyzed supernatant was purified on a sulpho-
propyl Sepharose Column (GE Healthcare Life Sciences, Waukesha, WI)
pre-equilibrated with buffer B and eluted using a linear gradient of 10
column volumes from 100 mM to 1 M NaCl. Msh4 was eluted around
250-300 mM NaCl, and Msh5 was eluted between 200 and 250 mM
NaCl. These fractions were pooled and applied to a Heparin Sepharose col-
umn (GE Healthcare Life Sciences) pre-equilibrated with buffer B. The
proteins were eluted using a linear gradient from 100 mM to 1 M NaCl
over 10 column volumes. The heterodimeric complex eluted at
~225 mM NaCl and was used without further purification. Fractions con-
taining Msh4 (~250 mM NaCl) and Msh5 (~200 mM NaCl) were mixed
together, and the resulting heterodimer was purified using a size exclusion
chromatography (SEC) Superdex 200 Increase GL column (1 cm inner
diameter x 24 cm; GE Healthcare Life Sciences) pre-equilibrated with
buffer C (10 mM Tris (pH 8.0), 200 mM NaCl, 1 mM DTT, 0.01 mM
EDTA, and 5% glycerol) (Fig. S1). We determined a molecular weight of
220 kD for the Msh4-Msh5 heterodimer with GST through comparison
with a standard curve, generated using a gel-filtration high molecular
weight calibration kit (GE Healthcare Life Sciences) (Fig. S1 B). The iden-
tities of the purified proteins were confirmed by liquid chromatography with
tandem mass spectrometry (Keck MS & Proteomics Resource; Yale Univer-
sity, New Haven, CT). Concentrations of the purified proteins were deter-
mined by Bradford analysis. Aliquots of the pure protein were stored at
—80°C in buffer C with 20% glycerol. All experiments were performed
with the purified protein obtained from recombined subunits, and as a con-
trol, some experiments were also performed with the isolated, purified het-
erodimer. In all cases, the recombined and purified proteins yielded the
same results. For the Msh4 4,gs-MshS5 heterodimer, the Msh4 4gst was ex-
pressed, grown, and purified separately, followed by mixing with Msh5 and
SEC purification, as described above. All experiments were performed with
the GST-tagged protein except where indicated.

Steady-state nuclease assay

To check for contaminant nuclease activity, we used a steady-state fluo-
rescence assay, in which the presence of nuclease is readily detected by
an increase in fluorescence. Approximately 0.5 uM of the Msh4-Msh5
complex was added to 100 nM of 6-MI-incorporated duplex DNA and
mixed in the presence of a 5 mM Tris (pH 8.0) buffer containing
1 mM DTT, 5 mM MgCl,, and 200 mM NaCl. The samples were incu-
bated for 30 min, and fluorescence was monitored for 3 h at 30°C using
the conditions as described below. Those samples containing protein that
did not exhibit a significantly different slope than the DNA-only samples
were considered nuclease-free and used for subsequent experiments
(Fig. S1 ©).

Stability of MutS homologs monitored by CD

Circular dichroism (CD) measurements were performed using a J-810
spectropolarimeter (Jasco, Easton, MD). Thermal melting measurements
were performed in a 10 mM sodium phosphate buffer (pH 7.4),
0.01 mM EDTA, 1 mM DTT, 200 mM NaCl, and 5 mM MgCl, with a
minimum of 3 uM of protein. Spectra were obtained from 275 to
190 nm and measured over a temperature range from 10 to 95°C. The
amount of folding was determined by monitoring the ellipticity at 210
and 223 nm.

Folding was analyzed in terms of a two-state model, in which we
assumed that at low or high temperatures, the protein was either 100%
folded or 100% unfolded. The melting temperatures, T,,, were taken as
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the point at which the protein is 50% unfolded. The K., was calculated
at each temperature and plotted as a function of 1/7 to determine the en-
thalpic (4H) and entropic (4S) parameters using the van 't Hoff equation
(Fig. S1 D; Table S2).

DNA purification and substrate preparation

High performance liquid chromatography (HPLC)-purified DNA
strands containing a C¢ amino terminal linker were labeled with either
5-carboxyfluorescein, succinimidyl ester (FAM) and/or 5-carboxytetrame-
thylrhodamine, succinimidyl ester and used to prepare donor-only,
acceptor-only and doubly labeled DNA substrates (Eurofins Genomics,
Louisville KY; Integrated DNA Technologies, Coralville, IA). HPLC-puri-
fied 6-methylisoxanthopterin (6-MI)-incorporated DNA strands were ob-
tained from Fidelity Systems (Gaithersburg, MD). Unlabeled DNA strands
were obtained from Integrated DNA Technologies and purified using a dena-
turing 7 M urea, 20% polyacrylamide gel as previously reported (36). DNA
sequences used for preparing all substrates are provided in Table S3.

DNA substrates were prepared by adding equimolar amounts of the indi-
vidual strands in a 10 mM Tris buffer (pH 7.4) with 300 mM NaCl and
0.1 mM EDTA. The samples were heated in a water bath at 65°C for 4 h
and then slowly cooled to room temperature (—3.5°C/h). The procedure
was the same for duplex DNA except the samples were heated for 5 min
at 90°C before slow cooling. Proper formation of all DNA substrates was
verified using nondenaturing gel electrophoresis (35,36) and thermal
melting profiles to determine 7}, values (Fig. S1 E).

Gel mobility shift assays

Gel mobility shift assays were performed as previously described (35)
except a 5% native polyacrylamide gel (29:1) was used with a Tris borate
buffer (pH 8.0). The DNA binding buffer consisted of 10 mM Tris
(pH 8.0), 0.01 mM EDTA, 1 mM DTT, 200 mM NaCl, 5 mM MgCl,,
and 2% Ficoll. Visualization of DNA bands was done using SYBR Greenl
(Thermo Fisher, Waltham, MA) and a Typhoon Trio Variable Mode Imager
(GE Healthcare Biosciences). Image Quant software (GE Healthcare Bio-
sciences) was used to determine the intensity of the free DNA bands as a
function of increasing protein concentration from which an apparent disso-
ciation constant K4 was determined (Fig. S2 A). Analysis was done as pre-
viously described, assuming a 1:1 protein/DNA ratio (35).

Fluorescence spectroscopy experiments

All steady-state fluorescence data were generated with a Horiba SPEX Flu-
oromax-4 spectrofluorometer (Edison, NJ). Fluorescence intensity experi-
ments were performed using 6-MI-incorporated oligomers in HJ, pre-HJ,
D-loop with invading single strand (DLIS), single-stranded forks (ss forks),
and 3’-overhang DNA substrates (Table S3) (36). The open junction (open
HJ) was prepared with FAM-end-labeled strands. 6-MI experiments used an
excitation wavelength of 340 nm, and emission was monitored at 430 nm
with an integration time of 15 s and a 6 nm bandpass. For the FAM-labeled
DNA, the excitation wavelength was 494 nm, and emission was monitored
at 518 nm with an integration time of 15 s and 5 nm bandpass. All intensity
measurements were performed with the polarizers set to 0° for excitation
and 54.7° for emission to eliminate any polarization artifacts. For anisot-
ropy experiments, the same conditions were used, except measurements
were performed with the emission polarizer set to either 0 or 90°. The G-
factor was measured for each emission wavelength independently and
used to calculate the anisotropy. The protein was titrated into a 600 uL vol-
ume of either 0.1 nM for HJ DNA, 1 nM for pre-HJ, ss forks, or D-loop
DNA or 5 nM for 3’ overhangs, homoduplex, or open HJ DNA. All samples
were in a 5 mM Tris (pH 8.0), 0.01 mM EDTA, 1 mM DTT, 5 mM MgCl,,
200 mM NaCl buffer. Samples were incubated for 3 min after each addition
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of protein. During spectral acquisition, the samples were stirred con-
tinuously and maintained at 10°C. Anisotropy and intensity binding
curves were analyzed assuming a 1:1 binding interaction with the following
equation:

fluorescence decays was performed as described previously (48). All fitting
and analysis were performed using the FARGOFIT program written by Igor
Negrashov (49). To model the FRET distributions without any bias, the de-
cays of the donor-only and the doubly labeled samples were globally fitted

([DNA]TOMI + Kd + [Prorel.n]Toml) - \/([DNA]TOMI + Kd + [Proz‘ein]Toml)2 - 4 * [DNA}Toml * [Prorejn]Toml

r=ri+(rp—r) x

where r is the anisotropy or intensity measured at each protein concentra-
tion and ry and r; refer to initial and final anisotropy or intensity values,
respectively. The fits were generated and calculated using Origin 9.2.214
(MicroCal, Northampton, MA). The stoichiometry of binding was
measured using fluorescence anisotropy by titrating Msh4-MshS into a so-
lution of FAM-labeled DNA at a concentration 10-fold greater than the K4
measured for that protein-DNA complex (Fig. 2 C).

Steady-state FRET assays

Steady-state FRET experiments were carried out using end-labeled donor-
only and donor-acceptor strands that were prepared as described above. All
experiments were performed in our binding buffer (5 mM Tris (pH 8.0),
0.01 mM EDTA, 1 mM DTT, 200 mM NacCl, and 5 mM MgCl,) at a con-
centration of 100 nM DNA. Protein was added to either the donor-only or
donor-acceptor sample in stoichiometric amounts. The sample volume was
kept constant at 600 uL. Fluorescence emission spectra were obtained by
exciting the donor dye at 494 nm and scanning the emission at a rate of
3 nm/pt with an integration time of 1 s. Samples were contained in 5 x
5 mm glass cuvettes and maintained at 10°C with constant stirring.

The efficiency of energy transfer was calculated by the decrease in donor
fluorescence in the presence of acceptor relative to the donor-only emission
(47). Energy-transfer efficiencies, distances, and R, values were calculated
as described previously (35,48). Ry values were determined for each DNA
substrate, and any changes in intensity as a consequence of protein binding
were taken into account when calculating the FRET efficiencies and R
values. Spectral analysis was performed using Grams Al ver. 9.2 (Thermo
Fisher Scientific), and the fits were generated using Origin v.9.2.214
(OriginLab, Northampton, MA).

TR fluorescence lifetime measurements

TR-FRET data were acquired using DNA samples labeled as described
above for the steady-state measurements. TR measurements were per-
formed in a 5 mM Tris (pH 8.0), 0.01 mM EDTA, 1 mM DTT, 200 mM
NaCl, 5 mM MgCl, buffer with 100 nM DNA. Stoichiometric amounts
of DNA and protein were incubated for 3 min at 10°C, and samples were
stirred continuously during spectral acquisition, which typically took
45-50 min. To ensure that any fluorescence quenching associated with
Msh4-Msh5-DNA complex formation did not contribute to the measured
energy transfer, donor-only spectra were obtained in presence of protein.
TR fluorescence measurements were performed using the time-corre-
lated single-photon counting method (PTI TimeMaster instrument, Horiba,
NJ). Samples were excited using a Becker & Hickl 375 nm pulsed pico-
second-laser diode (BDL-375-SMC; rep rate = 1 MHz; <1 mW average
power). Emission was detected at 520 nm using a 450 nm cutoff filter
with a time window of 55 ns. Excitation and emission slits were set to a
15 nm spectral bandpass. The intensity decay data were collected to
20,000 in the peak channel, with the emission polarizer set to 54.7° to avoid
any anisotropic bias from the vertically polarized laser light. Analysis of TR
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using an iterative reconvolution method linking decay terms and amplitudes
between donor and donor-acceptor data sets. The x? parameter was used to
monitor the goodness of the fit, lifetime decay values were determined from
a minimum of two separate experiments (Table S4), and the plots were
generated using Origin 9.2.214 (OriginLab, Northampton, MA).

Data analysis was also performed using the maximal entropy method
(50) utilizing the Shannon-Jaynes entropy function (FelixGX Data Analysis
program, PTI, Horiba):

S = - Z a;log E%,

where S is the entropy and «; is the amplitude of each component. The equa-
tion has been maximized to recover the least biased set of amplitudes (o)
out of all feasible solutions. Plotting the amplitudes («;) as a function of
lifetime (log7) reveals the homogeneity in the FRET distributions for
each individual substrate. The maximal entropy method and sum of expo-
nential analysis methods yielded essentially the same results for all of the
substrates examined (Fig. S3).

RESULTS

Expression and purification of S. cerevisiae
Msh4-Msh5

Yeast genetics have provided many details about Msh4-
MshS5 function, including its critical role in synaptonemal
complex and crossover formation during meiosis
(5,12,20,34,51). Corresponding biochemical studies to fully
illuminate the structure-function properties of this protein
have been limited by a lack of purified yeast protein. To
obtain sufficient protein to study the S. cerevisiae Msh4-
MshS5 protein binding to recombination intermediates,
including the HJ, in greater biochemical detail, we devel-
oped a strategy for overexpressing and purifying the yeast
proteins in Escherichia coli (Fig. 1). The MSH4 and
MSHS5 genes were cloned from the yeast strain S288C and
incorporated into the pCDFDuet-1 and pET-42a(+) plas-
mids. The most successful strategy involved coexpressing
the proteins on separate plasmids in the BL21 Codon-
Plus(DE3)-RIL E. coli strain. To differentiate the Msh4
protein from the MshS protein and improve the solubility
of the Msh4 protein, we introduced a GST tag at the N-ter-
minus (Fig. 1 A). This tag did not have a significant effect on
protein binding to DNA because protein generated without
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FIGURE 1 Expression, purification, and thermodynamic characteriza-

tion of Sc¢ Msh4-Msh5. (A) The cloning strategy utilized for Msh4 and
MshS expression in E. coli BL21-CodonPlus(DE3)-RIL cell lines. An
N-terminal GST tag was incorporated before the MSH4 gene to facilitate
differentiation between the Msh4 and Msh5 proteins, which otherwise
have similar molecular weights. (B) Sodium dodecyl sulfate polyacryl-
amide gel electrophoresis analysis of the purified Sc Msh4-MshS5 visualized
using silver stain or in a Western blot using an anti-GST antibody. Detailed
procedures for cloning and purification are provided in Materials and
Methods. (C) Thermal melting profiles of the Sc Msh4-MshS, Sc
Msh4 4GsTMsh5, S¢ Msh2-Msh6, and Tag MutS yielded T, values of 64,
59, 64, and 88°C, respectively. In all cases, cooperative melting profiles
are observed, indicative of stable complexes. The Tag MutS T, is signifi-
cantly elevated relative to the other proteins, consistent with its thermo-
philic origin. The thermodynamic parameters of the melts derived
through a van ’t Hoff analysis (Fig. SI1 D) are given in Table S2. To see
this figure in color, go online.

the tag exhibited similar binding affinities (Fig. S2 B). As
shown in Fig. 1 B, overexpression of the proteins was suffi-
cient for isolation using a combination of ion exchange
and size-exclusion chromatography. The total yield was
~7 ug/L cells of Msh4-Msh5 recombined from purified sub-
units and ~1 ug/L cells for the purified heterodimer.

The SEC elution profile yielded one peak for the recom-
bined Msh4-Msh5 (Fig. S1 B) corresponding to a molecular
weight of 220 kD, as expected for the heterodimer with one
GST tag. Electrophoretic mobility shift assays (EMSA)
(Fig. S2 A) and fluorescence binding experiments (Fig. 2)
with the isolated or recombined Sc¢ Msh4-MshS5 gave the
same affinity for HI DNA (Table 1), indicating that there
was no appreciable difference between the two preparations.

Characterization of Sc Msh4-Msh5 complex

The relative stability of the heterodimer obtained from SEC
was evaluated thermodynamically using CD spectroscopy
by monitoring the amount of helical content as a function
of temperature and using the halfway point or T, for stabil-
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ity comparisons. As shown in Fig. | C, the Msh4-Msh5 het-
erodimer exhibited cooperative unfolding, as did the protein
without the GST tag. The melting profile of Sc Msh4-Msh5
gave a Ty, of ~64°C, which is comparable to that obtained
for the Msh2-Msh6 heterodimer (7, = 59°C). This similar-
ity in thermodynamic stability, as reflected in the T}, values
and the calculated enthalpy and entropy values (Table S2),
indicates the purified Sc Msh4-Msh5 forms a relatively sta-
ble heterodimeric complex. The GST tag confers ~5°C of
stability to the heterocomplex based on the T, obtained
for the Sc Msh4 ,gsTMshS protein (7,, = 59°C); the T,
plus the retrieved thermodynamic parameters are consistent
with formation of a stable heterodimer in the absence of the
GST tag (Table S2). The considerably higher stability
(~30°C) observed for the Tag MutS homodimer is attributed
to the fact that the protein is isolated from a thermophilic
organism. Melting parameters obtained for 7Tag MutS are
in good agreement with previously reported values for other
thermophilic MutS proteins (52).

Upon obtaining purified Msh4-Msh5 heterodimeric pro-
tein, we investigated the binding affinity and stoichiometry
with different DNA substrates that model intermediates in
the recombination process that occur as precursors to dHJs
(18) (Fig. 2). We specifically examined the interaction of
Msh4-Msh5 with junction-like intermediates, including
the HJ and the pre-HJ as well as the interaction of Msh4-
Msh5 with SEI-like recombination intermediates such as
a 3’ overhang, ss forks, and DLIS (Table S3). Absorption
melting profiles verified the formation and relative stability
of these constructs (Fig. S1 E). We find that the recombined
and isolated heterodimers yield similar binding affinities for
the different substrates (Table 1), where the highest affinity
is observed for the intact HJs (Fig. 2, A and B). As measured
by EMSA, the recombined Msh4-Msh5 heterodimer binds
the HJ (14 = 2 nM) with the same affinity as the purified
heterodimer (10 = 3 nM), and these affinities are compara-
ble to those previously reported for human MSH4-MSHS5
(31) (Fig. 2 A; Fig. S2 A). Significantly, the weakest affin-
ities (K4 > 85 nM) are observed for binding to homoduplex
DNA and a model of an open HJ, which contains six mis-
matched bps at the center of the junction (53). We further
investigated binding to double-stranded DNA (dsDNA)
that contains either a GT mismatch or a 1 bp insertion-dele-
tion loop. EMSA measurements show little to no binding to
these substrates at concentrations as high as 3 uM (Fig. S2
A). This finding is in marked contrast to the binding
behavior observed for MutSa and MutS@ heterodimers
and is consistent with previous reports that Msh4-Msh5 or
MutSy is a meiosis-specific protein and not involved in
DNA MMR (12,51).

Fluorescence intensity experiments performed using
internally and externally labeled substrates yielded the
same binding trends as the gel shift assays (Fig. 2 B).
Notably, binding to a random sequence 34 bp duplex
DNA yielded a K4 of 40 = 15 nM, whereas binding to the
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online.

HJ yielded a K4 of 0.3 = 0.1 nM (Table 1), demonstrating
that Msh4-Msh5 exhibited a 100-fold higher binding affinity
for junction DNA relative to dsDNA in solution. The differ-
ence in affinity measured by solution and gel experiments
may be caused by dilution effects in the gel; solution
methods typically yield higher affinities relative to those
determined by EMSA (39,54). To detect the DNA in the
EMSA measurements, the HJ concentration was more
than 10-fold higher than the solution-measured Ky, which
likely led to significant inaccuracy in the gel-measured Ky
value for the HJ substrate. The model HJ used in our studies
is based on J3, a stable, nonmigrating four-way junction
originally developed and characterized by Lilley, Ha, and
others (35,55-58) (Table S3). Although the stacked junction
(Fig. S4) is the preferred substrate as demonstrated by the
subnanomolar binding affinity detected (Fig. 2 B), binding
to all other recombination-like substrates was in the nano-

TABLE 1 Binding Parameters Determined for Msh4-Msh5
DNA Interactions

Dissociation Constant Ky (nM)

Protein/DNA
DNA Substrate EMSA* Fluorescence Intensity”  Stoichiometry
Duplex 120 = 33 40 = 15 1:1
3’ overhangs 47 + 9 15+ 4 1:1
ss forks 25 =17 5*1 1:1
DLIS 12 £ 2 5*25 1:1
Pre-HJ 155 6+ 1 1:1
Open HJ 88 + 22 46 = 7 1:1
HI (I) 2+2 03 + 0.1 1:1
HJ (R) 14 =2 0.3 = 0.1 1:1

“EMSA K, values are determined from the fraction of free DNA.

"Kq values determined from the change in fluorescence intensity or
anisotropy as a function of Msh4-Msh5 concentration, as described in the
Materials and Methods. All data shown are an average from at least three
independent measurements.

2092 Biophysical Journal 115, 2087-2101, December 4, 2018

molar range, consistent with earlier studies using human
MSH4-MSHS, for which preferential binding to HJs over
other DNA substrates was observed (31).

Fluorescence anisotropy experiments performed with
FAM-labeled DNA substrates confirm protein-DNA com-
plex formation and demonstrate that Msh4-MshS forms a
1:1 complex with all substrates (Fig. 2 C). The stoichio-
metric experiments were performed under conditions in
which all added protein binds to DNA. The point of intersec-
tion between the linear binding region and saturated plateau
gives the binding stoichiometry, whereas the relatively flat
plateau suggests that only a small amount of nonspecific
binding occurs at higher protein concentrations.

Conformational changes induced by Sc
Msh4-Msh5 binding

To elucidate the potential function of Sc¢ Msh4-MshS in
binding to these different recombination-like substrates,
we have examined the conformational changes induced
upon binding using a combination of TR and steady-state
FRET experiments (Figs. 3 and 4). For all of the FRET mea-
surements performed, we labeled the DNA strands at the 5’
ends with fluorescein as the donor dye and rhodamine as the
acceptor dye. Judicious placement of the dyes allowed us to
examine the conformational changes upon protein binding,
and in some instances, we employed more than one labeling
scheme to verify the changes observed. FRET efficiencies
were determined from the behavior of doubly labeled
molecules relative to donor-only molecules and were quan-
tified by either a change in donor lifetime or a change in
donor fluorescence intensity of the FRET substrate. We
compare donor fluorescence in singly and doubly labeled
constructs because the TR measurements measure FRET
efficiency in terms of donor lifetime (47). To account for
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To see this figure in color, go online.

any fluorescence quenching caused by protein binding,
donor-only measurements were performed in the presence
of protein when appropriate. We used the fluorescence bind-
ing and stoichiometry information (above) to ensure the
maximal amount of complex formation under our measure-
ment conditions. The gel shift insets (Figs. 3 and 4), ob-
tained with samples postirradiation, demonstrate both the
presence of the protein-DNA complex and the absence of
any substantive damage to the sample as a consequence of
the measurement.

The effects of protein binding on the amplitude-weighted
mean lifetimes and energy-transfer efficiencies for all of
the recombination intermediates examined are shown in
Fig. 5. Generally, analysis of the TR decays yields two life-
time components, one of which is relatively long-lived
(4.5-5 ns) and is comparable to the lifetime of the FAM
monomer. For most of the substrates, this component is un-
changed with protein binding. The second lifetime obtained
is shorter (1-3 ns) and is more dependent on the DNA sub-

strate monitored (Table S4). The amplitude-weighted mean
lifetime takes into account the populations associated with
each lifetime and can be used to determine the amount of en-
ergy transfer (47), in which shorter mean lifetimes of the
donor-acceptor molecule correspond to higher energy-trans-
fer efficiencies. We further verified the relative populations
of each component using the maximal entropy analysis
method, which does not assume a specific kinetic model,
and resolved similar distributions (Fig. S3). Additionally,
transfer efficiencies obtained from the steady-state and TR
fluorescence experiments are in excellent agreement in terms
of the trends observed upon protein binding as well as the
values obtained. The correlation between these different
measuring and analytical methods provide high confidence
in the protein-induced conformational changes observed.
As shown in Fig. 3 A, Msh4-Msh5 binding to duplex
DNA led to slight decreases in donor fluorescence lifetime
and donor fluorescence intensity in the donor-acceptor-
labeled molecule as measured by TR and steady-state
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in gray. Bottom traces depict the residuals obtained from fitting the decays. Data were acquired and analyzed as described in the Materials and Methods.

To see this figure in color, go online.

fluorescence spectroscopy, respectively. These changes are
indicative of a slight increase in FRET efficiency, which sig-
nifies a small amount of bending induced upon binding.
Since the length of the duplex is at the limit of the FRET ef-
ficiency range for the dyes used, there is a considerable de-
gree of uncertainty in this measurement (Table 2).
Nevertheless, the distances obtained suggest that the amount
of bending observed is less than that detected for Msh2-
Msho6 protein binding to mismatched DNA (6,8,59). Given
the considerable flexibility introduced by the mismatch
(60—63), it is not surprising that a greater degree of bending
is observed in the Msh2-Msh6 mismatch complex. Never-
theless, the absence of a significant bend induced by
Msh4-Msh5 binding suggests that the protein interacts
with duplex DNA differently than Msh2-Msh6, as would
be expected given the considerable lack of homology in
the N-terminal DNA binding domains of the two protein
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complexes and the absence of clearly defined N-terminal
DNA binding domains in Msh4-MshS5 (32,64).

ss intermediates

In contrast to dsDNA, we find that Msh4-Msh5 significantly
distorted the 3’ overhangs (Fig. 3 B) and the ss forks
(Fig. 3 C) upon binding. For both substrates, we observed
an increase in donor lifetime and fluorescence intensity
upon binding signifying a loss in FRET efficiency. In the
absence of protein, the 3’-overhang is bent, exhibiting a rela-
tively high transfer efficiency between the ss end and the
5" end of the duplex (Table 2). The reduction in efficiency
upon Msh4-MshS5 binding is consistent with a straightening
of the 3’-overhang or the ss end moving away from the
duplex region. Similarly, we find that Msh4-Msh5 binding
led to the two ends of the ss forks moving farther away
from each other, resulting in a significant decrease in


https://doi.org/10.1016/j.bpj.2018.10.029

TABLE 2 Steady-State and TR FRET Efficiencies for Msh4-Msh5-DNA Complex

MutSy Binding Modifies DNA Conformation

EFRETu
DNA or Protein-DNA Complex Steady State TR End-to-End Distance R (A)° Ry (A)°
dsDNA (high salt) 0.01 = 0.01 0.02 = 0.02 - 52.0
Msh4-Msh5-dsDNA 0.02 = 0.01 0.07 = 0.02 98 + 52 51.1
3’ overhangs (high salt) 0.53 + 0.01 0.50 = 0.01 50 £ 9 513
Msh4-Msh5-3" overhangs 0.07 = 0.01 0.02 = 0.02 79 £ 18 51.1
Forks (high salt) 0.74 + 0.01 0.71 = 0.02 43 = 7 51.1
Msh4-Msh5-forks 0.04 = 0.01 0.07 = 0.02 81 + 24 47.7
Forks (high salt)! 0.00 = 0.00 0.05 = 0.05 100 + 24° 50.8
Msh4-Msh5-forks* 0.14 = 0.01 0.16 = 0.02 65 £ 13 48.3
DLIS (high salt) 0.20 + 0.03 0.19 + 0.01 (0.11 = 0.01)' 63 + 16 (71 = 16)* 49.8
Msh4-Msh5-DLIS 0.41 = 0.03 0.47 = 0.07 (048 = 0.07)f 53 £ 13 (51 = 13)® 50.2
pre-HJ (high salt) 0.24 + 0.01 0.25 + 0.03 (0.28 = 0.03) 62 + 10 (60 = 10)* 51.2
Msh4-Msh5-pre-HJ g 0.04 = 0.01 0.03 * 0.03 (0.0 = 0.03) 85 + 29 (100 + 29)*# 50.0
pre-H 4 041 = 0.01 0.38 £ 0.02 (0.61 = 0.02)' 54 + 08 (47 = 08)* 50.6
Msh4-Msh5-pre-HJ 4 0.40 = 0.01 0.40% 0.02 (0.60 + 0.02) 54 + 947 + 9)° 50.6
Open HJ34 0.10 = 0.01 0.11 + 0.05 (0.12 = 0.05)" 73 £ 15 (70 = 15)* 50.6
Msh4-Msh5-open HJs ¢ 0.25 + 0.02 0.29 + 0.03 (0.55 + 0.03)" 61 + 12 (49 + 12)¢ 50.4
Open HJ3,° 0.08 + 0.01 0.06 + 0.01 (0.17 + 0.01)" 76 + 15 (65 = 15)° 50.3
Msh4-Msh5-open HJ5,;* 0.22 = 0.01 0.34 + 0.01 (0.64 = 0.01)" 62 + 12 (46 = 12)° 50.5
HJ (high salt) 0.29 = 0.05 0.31 * 0.02 (0.61 = 0.02)" 60 + 17 (48 = 17)° 51.9
Msh4-Msh5-HJ 0.27 = 0.01 0.32 + 0.03 (0.60 = 0.03)“ 63 + 14 (50 = 14)* 53.6

“FRET efficiency (Eprgr) Was calculated from the decrease in donor fluorescence intensity, donor, or amplitude-weighted lifetime in the presence of the
acceptor as described in the Materials and Methods. The data shown are an average from at least three independent measurements. Fit parameters obtained

from analysis of TR fluorescence decays are given in Table S4.

®The end-to-end distances (R) were calculated from the steady-state efficiencies as described in the Materials and Methods. The larger error in the distances
relative to efficiencies arises from consideration of the steady-state fluorescence anisotropy values of the dyes (80).
‘R, values were calculated for each donor-acceptor pair as described previously (35).

9Indicates an alternate labeling scheme as shown in Figs. S4 and S5 B.

“Because the measured efficiency is 0, we assume that the distance is at least 2R,,.
"Efficiencies are calculated from one donor lifetime (7,), which changes upon protein binding (Table S4).
#Distances are calculated based on efficiencies determined from the individual donor lifetimes.

transfer efficiency. To confirm the opening of the fork upon
protein binding, we employed an alternate labeling scheme,
in which one of the labels was located at the duplex end and
one at an ss end as opposed to placing both labels at the ss
ends (Fig. S5). In this alternate labeling scheme, a slight
decrease in mean fluorescence lifetime is observed upon
protein binding, consistent with the ss end moving closer
to the duplex 5" end. Thus, both labeling schemes are sug-
gestive of an opening of the fork upon binding. We speculate
that this protein-induced separation of the ssDNA from the
dsDNA in both the 3’ overhang substrate and the ss fork sub-
strate potentially facilitates the binding of proteins needed
to stabilize the ss such as RPA (discussed below) (26).
Fig. 3 D depicts the fluorescence changes induced by
Msh4-Msh5 binding to our substrate that models a DLIS in-
termediate. In this case, the doubly labeled DLIS fluores-
cence intensity and lifetime were close to that of the
donor, only indicative of a relatively low transfer efficiency
(Table 2). This low efficiency implies that the ss end is rela-
tively distant from the labeled duplex end. The observation
of some energy transfer is consistent with the fact that the
strand is tethered to the substrate through base pairing of
the first nine bases in the D-loop (Fig. 3 D). Interestingly,
protein binding led to decreases in the lifetime and intensity

indicative of an increase in energy transfer, which suggests
that protein binding constrains the ss end closer to the
duplex end. The efficiency almost doubles with protein
binding, and the distance between the probes decreases by
more than 10 A (Table 2). This behavior is in marked
contrast to what we observed with the 3’ overhang and ss
forks, for which protein binding separated the ss from the
duplex. We speculate that for the DLIS intermediate, the
protein-induced changes in conformation facilitate forma-
tion of a HJ by stabilizing the position of the ss (Fig. 3 D).

Junction-like intermediates

We have further explored the effect of Sc Msh4-MshS5 bind-
ing to HJs through examination of a number of junction-like
constructs (Fig. 4). We have specifically studied the protein-
induced conformations of a pre-HJ in which one arm is ss,
an open HJ in which the central six bases of each arm are
mismatched, and a canonical HJ that is immobile. For the
junction-like substrates, primarily one decay component
changes upon protein binding; therefore, we have also
used this lifetime to calculate FRET efficiencies, revealing
the conformational changes associated with the population
undergoing energy transfer, which are typically larger than
the population-averaged values (Table 2).
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For the pre-HJ, we have introduced two different label-
ing schemes to probe the conformation upon protein
binding. On the side of the junction with two intact duplex
arms (pre-HJ4s) (Fig. 4 A), the intensity and lifetime mea-
surements yield moderate transfer efficiencies (Table 2),
suggesting the junction arms are stacked in the absence
of protein. Sc Msh4-MshS binding did not alter the
conformation of this end of the junction and preserved
the stacked arrangement. In contrast, a labeling scheme
that monitored the ss end of the junction (pre-HJg)
(Fig. 4 B) suggested that this end of the junction is more
“open,” where the ss is displaced from the duplex end,
as observed previously in the DLIS-like intermediate. For
pre-HJ, however, protein binding led to further displace-
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ment of the ss end away from the duplex, as shown by
the pronounced increase in fluorescence lifetime and inten-
sity indicating a loss of transfer efficiency. Binding to the
pre-HJ supports a model in which Sc¢ Msh4-Msh5 exhibits
two different binding modes: one in which the protein in-
duces or retains the stacked configuration of the junction
and a second modality in which the ss strand is displaced
from the junction, possibly to facilitate binding of RPA,
initiation of the homology search, and formation of SEI
intermediates.

In the case of the open HJ (Fig. 4 C), donor lifetimes and
intensities were consistent with low levels of energy trans-
fer, signifying that the arms of the junction are relatively
distant from each other as expected. Interestingly, upon
protein binding, we observed that the lifetimes and inten-
sities decreased, indicative of an increase in energy trans-
fer. This finding suggests that protein binding brings the
arms into closer proximity consistent with that of a stacked
conformation. In fact, the transfer efficiencies and calcu-
lated distances (Table 2) suggest that the amount of stack-
ing observed is the same as that detected for the intact
junction (see below) despite the presence of mismatched
bases in the center. We have also investigated an alternate
labeling scheme for this construct (open HJ3;7) (Fig. S5)
and obtained the same results for both labeling schemes,
consistent with all four arms forming a stacked conforma-
tion (Table 2). The TR fluorescence measurements yielded
equivalent populations for both possible conformations
(Table S4), indicating that the protein does not preferen-
tially stack the junction in one conformation over the other
(Fig. S4).

In contrast to our open-junction construct, under our bind-
ing conditions (200 mM NaCl, 5 mM MgCl,), the intact
junction adopts a stacked conformation (35,56,58,65).
Lilley and co-workers have previously characterized the
populations of junction 3 conformers in detail and
concluded that the Isoll conformer, in which the R and X
arms are proximal, dominates in solution (this study, Isoll:
70%; Isol: 30%) (Fig. S4) (56-58). Based on this previous
finding, we labeled the R and X strands to monitor junction
conformation with and without protein. We found that
neither the fluorescence intensity nor lifetime changed
significantly upon protein binding (Fig. 4 D), indicating
that protein binding did not alter junction conformation.
The TR fluorescence measurements further showed that
binding did not lead to any shift in the relative populations
of stacked conformers (Table S4). These findings suggest
that Sc Msh4-Msh5 binding stabilizes the stacked X junc-
tion conformation with existing junction populations. In
this conformation, the arms are ~48 A apart, and their
relative proximity is consistent with the relatively high con-
centrations of Na™ and Mg”" present in the buffer (35,66).
In addition, we find that all of the junction-like complexes
exhibit a similar degree of stacking in the protein-bound
state, in which the distance between arms for all the



protein-bound-stacked junctions and junction precursors is
48 + 2 A (Table 2).

Examination of the energy-transfer efficiencies as a group
yields some notable trends (Fig. 5 B). Specifically, we
observe that recombination intermediates with ss ends
exhibit the largest changes in transfer efficiencies upon
protein binding, in which binding decreases the efficiency,
suggesting that the ss end is displaced from the duplex
end and becomes more labile. A notable exception to this
trend is the DLIS intermediate, which exhibits an increase
in energy transfer upon protein binding, consistent with
the protein constraining the ss end closer to the duplex
end (Fig. 5 B). These induced changes observed for the
DLIS-like intermediate are comparable to the conforma-
tional changes observed upon protein binding to junction-
like intermediates, in which Sc Msh4-Msh5 binding either
induced or stabilized the stacked conformation of the junc-
tion. The transfer efficiencies obtained with the protein-
open HJ complex demonstrated that the protein stacked
the junction arms upon binding, as binding increased the
efficiency to the same level detected with the intact junction,
consistent with S¢ Msh4-MshS5 bringing the open HJ duplex
arms closer together (Figs. 4 C and 5 B). Interestingly, Sc
Msh4-Msh5 binding to the pre-HJ substrate exhibited both
types of binding behavior, in which the side with the intact
junction was stabilized in a stacked configuration, whereas
binding to the other side led to displacement of the ss strand
away from the duplex (Figs. 4, A and B and Fig. 5 B).

DISCUSSION

Sc Msh4-Mshb5 binds with high affinity to
ss-containing recombination intermediates,
signifying a possible role in engaging pre-dHJ
intermediates

The fundamental cellular process of meiosis occurs via
many different steps requiring a complex machinery of
proteins to ensure accurate segregation of homologous
chromosomes to form haploid cells. In several different eu-
karyotic organisms, MutS+y has been shown to be crucial for
the formation of crossovers, arising from the asymmetric
resolution of dHJs (20,25,67,68). Deletion of MutS+y leads
to a reduced number of crossovers (34), which is attributed
in part to the role MutSvy plays in stabilizing HJs. An inter-

Crossovers / Non-crossovers

Msh4 ‘MshS
DSB Q

{

MutSy Binding Modifies DNA Conformation

esting finding from these steady-state and TR fluorescence
results is that Sc Msh4-Msh5 binds with high affinity to 3’
overhangs and ss forks that model pre-HJ recombination in-
termediates (Figs. 3, B—D). These forks and overhangs reca-
pitulate some of the DNA structures that appear in the early
stages of prophase I, after the introduction of DSB (69) and
3’ end resection but before dHJ formation (18). Importantly,
we observe that Sc Msh4-MshS5 not only binds with high af-
finity to these intermediates but also induces conformational
changes upon binding, intimating that the observed binding
has functional implications. These findings are consistent
with a model in which MutS+ participates in meiotic recom-
bination at time points distinct from those associated with
dHJ formation and resolution (Fig. 6).

Our results indicate that for structures containing an ss
end (except for the DLIS as discussed below), Sc Msh4-
Msh5 binding induces the ss end to move away from the
duplex (Figs. 3 and 5). We propose that this displacement
of the ssDNA end facilitates the binding of RPA, which pre-
vents the ss strand from forming any secondary structure. In
C. elegans, a recent structured illumination microscopy
study examining the different stages of meiotic recombina-
tion revealed MshS5 foci at resected DSB ends flanked by
populations of RPA. Interestingly, as meiosis progressed to-
ward the formation of dHIJs, the appearance of a second
MutS+y population along with a loss of the RPA populations
was detected. From this observation, the authors inferred
that the loss of RPA was associated with a loss of recombi-
nation intermediates containing ssDNA, as would be ex-
pected with the formation of dHIJs (26). Moreover, in
budding yeast, loss of Sc Msh4-Msh5 resulted in defects
in formation of SEI intermediates (21), and in Arabidopsis,
mutation of Armsh4 results in a delay in proceeding to the
first meiotic division, which was attributed to repair of the
recombination intermediates before dHJ formation (23). In
that case, MutSy was inferred to stabilize these intermedi-
ates, which promoted dHJ formation and ultimately cross-
overs. The central elements and processes of meiosis are
largely conserved across organisms (68), suggesting com-
mon mechanisms of action. Thus, our results supporting
an expanded role for Sc Msh4-MshS5 are consistent with a
number of genetic, cytological and biochemical studies in
multiple organisms in which MutSy function has been
implicated at earlier stages in meiotic recombination
(Fig. 6).

FIGURE 6 Model for possible role for MutSy in
meiotic recombination. Based on our in vitro re-
sults, we propose a model in which MutS+y binds
to and stabilizes early recombination intermediates,
possibly as soon as 3’ ends are resected after the
introduction of DSB. Stabilization by MutSvy pre-
invitro  vents repair by other pathways and promotes the
E formation of HJs and dHJs, ultimately leading to
crossover formation. To see this figure in color,

go online.

in vivo
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Sc Msh4-Msh5 stabilizes HJs in the stacked X
conformation, preventing branch migration

In our studies, Sc Msh4-Msh5 exhibited the highest affinity
for the stacked X configuration of the HJ (Fig. S4), and the
FRET measurements demonstrated that the protein does not
alter the junction conformation upon binding (Figs. 4 D and
5). This behavior differs significantly from that of the
MutSa homolog Msh2-Msh6, which induces formation of
an open junction upon binding (70,71) (Fig. S5 C). Stabili-
zation of the stacked X form is consistent with the findings
of Fishel and co-workers, who observed similar preferential
binding and found that hMSH4-hMSHS binding to HJ stim-
ulated ADP to ATP exchange, leading to formation of a
sliding clamp that embraces both duplex arms of the junc-
tion (31,32). Sc Msh4-Msh5 binding to the DLIS-like inter-
mediate also supports a model in which the protein
stabilizes the stacked X form of the junction (Fig. 3 D).
Our experiments reveal that Sc Msh4-MshS5 binding brings
the ssDNA closer to the duplex, which we infer is in prepa-
ration for forming a stacked HJ. We speculate that because
the D-loop has already formed in this intermediate, the
interaction with Sc Msh4-Msh5 differs from earlier ss-con-
taining intermediates in which the protein separates ssDNA
from the duplex end. MutS+y was previously proposed to sta-
bilize nascent D-loops in the mycelial fungus Sordaria
macrospora based on the behavior of Msh4 deletion mu-
tants, which affected the pairing of chromosomes (67).
Our FRET results with the protein-open HJ complex have
shown that S¢c Msh4-Msh5 not only stabilizes but also in-
duces formation of the stacked X form of the junction
(Fig. 4 C; Fig. S5 B), adding to the previous finding that
hMSH4-MSHS5 binds to stacked junctions (31,32). Signifi-
cantly, when Sc Msh4-MshS5 induced the open HJ to adopt
the stacked X conformation, there was no bias in the stacked
conformers obtained (Table S4), suggesting that conforma-
tional bias induced by Sc Msh4-MshS binding is not a
possible pathway for asymmetric resolution of dHJs.

In the later stages of prophase I, extension of the D-loop
and capture of the second DSB end lead to the formation of
a dHJ, which can be resolved asymmetrically to form cross-
overs (Fig. 6). In many organisms, MutSy is required for
crossover formation, and cytologically, Msh4 and Msh5
foci have been observed at dHJs (23-26), although in yeast,
some crossover formation occurs through a different
pathway (29,72). In budding yeast, the endonuclease
Mlh1-Mlh3 interacts with S¢ Msh4-Msh5 to resolve dHJs,
although how the asymmetry in resolution occurs is not un-
derstood, particularly because the junctions form hundreds
of bps apart from each other. One proposed model for
MutS+ function is the stabilization of dHJs to prevent disso-
lution before resolution by MutLy (20,31,73). Fishel and
co-workers have proposed that multiple MutSy complexes
form sliding clamps around the junction site, potentially
facilitating asymmetric resolution of the junctions (31),
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whereas others have suggested that the polymerization of
Milh1-Mlh3 enables asymmetric junction resolution (27).
We note that Sc Msh4-Msh5 stabilization of the stacked X
configuration is refractory to branch migration and prevents
the dissolution of junctions without the need for multiple
copies of the protein, as demonstrated by the 1:1 binding
interaction observed (Fig. 2 C). Interestingly, Mlh1-Mlh3
has been shown to preferentially bind to open junctions
(53), although MutSy stabilizes the stacked X form (31
and this work). When and how the junction changes confor-
mation after interacting with Sc Msh4-Msh5 remains an
open area of investigation. In other MutS proteins,
ADP-ATP exchange induces changes in protein and DNA
conformation, creating a binding site for MutL and turning
the MutS protein into a sliding clamp (41,74-76). We spec-
ulate a similar mechanism may be occurring in MutSvy, in
which ATP binding facilitates changes in MutS+y conforma-
tion and the formation of an open junction, which is more
amenable to MutL+y binding. In our study, MutSvy conforma-
tional changes are not monitored by our FRET experiments
and will need to be addressed in future studies.

Our experiments with the pre-HJ junction-like substrate
support a model in which Sc¢c Msh4-Msh5 exhibits two
different binding modes depending on the structure of the
recombination intermediate. Specifically, we suggest that
Sc Msh4-Msh5 binds to SEI intermediates and stabilizes
these substrates in preparation for forming junctions
(Fig. 6). Importantly, our results also indicate that the pro-
tein actively displaces the ssDNA from the main duplex,
potentially to facilitate the binding of RPA. Our results
also show that Sc Msh4-MshS5 stabilizes junction-like inter-
mediates and our DLIS-like substrate in the stacked X
conformation, which is not capable of branch migration.
These two different protein-binding modes are observed in
the complex formed with the pre-HJ, where both displace-
ment of an ssDNA end and stacking of junction arms is
observed. We propose that Sc Msh4-MshS5 stabilization of
the stacked X conformer effectively inhibits the dissolution
of junctions until they are processed by other proteins such
as Mlh1-Mlh3. Distinct from this function of binding to HJs,
which has both enzymatic and structural components, we
propose that the function of Msh4-Msh5 binding to SEI-
like substrates is an architectural one, primarily involving
positioning of the ssDNA end for optimal binding by ss
binding proteins, such as RPA, DMCI, and Rad51. The
binding of these proteins is key for maintaining the ssDNA
for homology searching and strand invasion. A mainly
architectural role for MutSy in meiotic recombination pro-
vides an attractive explanation as to why it can be function-
ally replaced by other proteins in organisms lacking MutS+y
such as Drosophila and fission yeast (68,77,78).

In summary, our results point to a broad role for MutS+y in
regulating meiotic recombination intermediates in which
the protein complex conformationally modifies SEI inter-
mediates to facilitate binding of RPA and other proteins.



This function occurs in addition to its role in stabilizing HJs
to position them in a manner that facilitates processing by
MutLy as a precursor to crossover formation. These results
make clear that Sc Msh4-MshS5 stabilizes HJs and junction-
like intermediates in a stacked X conformation that inhibits
branch migration and dissolution of the junctions. These
findings suggest that MutSy may play more of an architec-
tural role in meiotic recombination, although future investi-
gations analyzing MutSy ATPase activity in conjunction
with DNA binding are needed to fully address this point.
Yet to be elucidated is how MutSy, working with MutL~,
facilitates crossover formation and the asymmetric nicking
of a dHJ.
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