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ABSTRACT

The Hop2–Mnd1 complex functions with the DMC1
recombinase in meiotic recombination. Hop2–Mnd1
stabilizes the DMC1-single-stranded DNA (ssDNA)
filament and promotes the capture of the double-
stranded DNA partner by the recombinase filament
to assemble the synaptic complex. Herein, we
define the action mechanism of Hop2–Mnd1 in
DMC1-mediated recombination. Small angle X-ray
scattering analysis and electron microscopy reveal
that the heterodimeric Hop2–Mnd1 is a V-shaped
molecule. We show that the protein complex
harbors three distinct DNA binding sites, and deter-
mine their functional relevance. Specifically, the
N-terminal double-stranded DNA binding functions
of Hop2 and Mnd1 co-operate to mediate synaptic
complex assembly, whereas ssDNA binding by the
Hop2 C-terminus helps stabilize the DMC1-ssDNA
filament. A model of the Hop2-Mnd1-DMC1-ssDNA
ensemble is proposed to explain how it mediates
homologous DNA pairing in meiotic recombination.

INTRODUCTION

During meiosis, homologous chromosomes undergo
recombination that is critical for their proper segregation
in the first cell division (1–3). Besides its meiotic role,

homologous recombination (HR) serves as a major tool
for chromosome damage repair and is also relevant for
telomere maintenance (4,5). The vast majority of eukary-
otes, including humans, possess two recombinases,
namely, RAD51 and DMC1. These recombinases co-
operate with their cohort of accessory factors to mediate
the HR reaction (5,6). Although RAD51 functions in both
mitotic and meiotic cells, DMC1 is expressed only during
meiosis (3,7).

HR is often initiated by DNA double-strand breaks
(DSBs), either in a programmed manner involving the
meiosis-specific Spo11 protein complex (8) or in an un-
scheduled manner, mounted in response to the exposure
of cells to DSB causative agents, such as ionizing radiation
(5,6). For HR to occur, the 5’ ends of the DSBs must first
be resected to yield 3’ single-stranded DNA (ssDNA) tails
(9–12). The RAD51 or DMC1 recombinase then polymer-
izes on these ssDNA tails, in an ATP-dependent manner,
to form a highly ordered helical polymer known as the
presynaptic filament (5,6). The presynaptic filament
engages and searches for homology in dsDNA, leading
to the assembly of an ensemble termed the synaptic
complex, in which the recombining DNA molecules are
aligned in homologous registry (5,13). The assembly of
the synaptic complex thus represents an obligatory step
during HR (5).

In Saccharomyces cerevisiae, the HOP2 and MND1
genes are indispensable for meiotic HR. In hop2 and
mnd1 mutants, meiosis arrests at prophase, DSBs are
not repaired and chromosomes are more frequently
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synapsed with a non-homologous counterpart (14–19).
Similarly, ablation of the Hop2 gene in the mouse and
of either the Hop2 or Mnd1 gene in Arabidopsis thaliana
renders meiotic DSB repair defective (20–24). The Hop2
and Mnd1 proteins form a complex (15,17,19,25–28) that
binds ssDNA and dsDNA (28–30). Importantly, the mam-
malian Hop2–Mnd1 complex interacts with RAD51 and
DMC1 and greatly enhances their ability to mediate hom-
ologous pairing between the recombining DNA molecules
to form the D-loop (26,27,29). However, Hop2–Mnd1
from S. cerevisiae and Saccharomyces pombe appears to
functionally interact with DMC1 only (25,29). Hop2–
Mnd1 acts at two steps during the D-loop reaction, by
stabilizing the recombinase presynaptic filament and
synergizing with the presynaptic filament to assemble the
synaptic complex (30,31). However, the detailed molecular
mechanism of Hop2–Mnd1 in synaptic complex forma-
tion remains unknown. Herein, we describe biochemical,
biophysical, mutagenic and structural analyses that allow
us to delineate the action mechanism of the Hop2–Mnd1
in DMC1-mediated homologous DNA pairing during
meiosis.

MATERIALS AND METHODS

Protein expression plasmids

The bacterial expression plasmids pRSF-(His)6-Hop2
and pRSF-(His)6-Hop2144�217 were constructed by
introducing the relevant Hop2 cDNAs harboring an
N-terminal (His)6-tag into the pRSF-duet vector. Plasmids
pRSF-(His)6-Hop21�84 and pRSF-(His)6-Hop21�125 were
generated by inserting a stop codon into the Hop2 coding
region of pRSF-(His)6-Hop2. pRSF-(His)6-Hop2-Mnd1
and pRSF-(His)6-Hop2126�217-Mnd1 were made by insert-
ing the Mnd1 cDNA into pRSF-(His)6-Hop2 and
pRSF-(His)6-Hop2126�217, respectively. pRSF-(His)6-
Hop2-Mnd1100�205 was constructed by introducing the
cDNA coding for Mnd1100�205 into pRSF-(His)6-Hop2.
Maltose Binding Protein (MBP) and Flag tags were
introduced into pRSF-(His)6-Hop2-Mnd1 to yield pRSF-
MBP-(His)6-Hop2-Mnd1-Flag [encoding N-terminally
MBP-(His)6-tagged Hop2 and C-terminally Flag-tagged
Mnd1], pRSF-(His)6-Hop2-MBP-Mnd1 [encoding N-ter-
minally (His)6-tagged Hop2 and N-terminally MBP-tagged
Mnd1] or pRSF-MBP-(His)6-Hop2-MBP-Mnd1-Flag
[encoding N-terminally MBP-(His)6-tagged Hop2 and N-
terminally MBP-tagged and C-terminally Flag-tagged
Mnd1]. The protein expression plasmids pET15b-
Hop21�143-Mnd1 and pET15b-Hop2-Mnd11�113 have
been described (28). Construction of mutants was done
using the Quickchange mutagenesis kit (Stratagene).

Protein purification procedures

Mouse Hop2, Hop2–Mnd1 and their mutant derivatives
were expressed in Escherichia coli and purified as
described (28,30). The fragments of Hop2 were expressed
in E. coli and purified using the same chromatographic
steps as for full-length Hop2. Hop21�125 and
Hop2144�217 elute from SP Sepharose at 150–250 and
75–150mM KCl, respectively, from hydroxyapatite at

180–230 and 100–130mM KH2PO4, respectively, and
from Mono S at 200–230 and 100–120mM KCl, respect-
ively. Hop21�84, purified without the hydroxyapatite step,
elutes from SP Sepharose at 100–200mM KCl and from
Mono S at 120–160mM KCl. Singly and doubly MBP-
tagged Hop2–Mnd1 species were expressed in E. coli and
purified as for Hop2–Mnd1 but with an additional affinity
step using Amylose resin [New England Biolabs; for
Hop2-(MBP–Mnd1)] or anti-Flag resin [Sigma-Aldrich;
for (MBP–Hop2)-Mnd1 and (MBP–Hop2)-(MBP–
Mnd1)] following the protocols provided by the manufac-
turers. Human DMC1 was purified from insect cells
infected with a recombinant DMC1 baculovirus, as
described (32).

Light scattering analysis of Hop2–Mnd1

Light scattering studies were performed with a micro
volume size-exclusion chromatographic system (Ettan
LC, GE Healthcare) connected inline to an 18-angle
light scattering and refractive index detector (Wyatt
Technology, Santa Barbara, CA, USA), where detector
12 was modified for quasi-elastic light scattering detection.
The sample (in 50 ml) was purified using a 2.4ml Superdex
75 PC 3.2 column eluted at 0.04ml/min in buffer A
(40mM Na2HPO4, pH 7.5, 10% glycerol, 150mM NaCl
and 1mM 2-mercaptoethanol). Band broadening and
detector calibration were performed with 10mg/ml
xylanase (Hampton Research) using a refractive index in-
crement of 0.178. The light scattering experiments were
performed in buffer A.

SAXS data collection and evaluation

Small-angle X-ray scattering (SAXS) data were collected
at the ALS beam line 12.3.1 (SIBYLS) at the Lawrence
Berkeley National Laboratory (33,34). The wavelength
�=1.0 Å and sample-to-detector distances were set to
1.5m resulting in scattering vectors, q, ranging from
0.01 Å�1 to 0.32 Å�1. The scattering vector is defined as
q=4p siny/�, where 2y is the scattering angle. All experi-
ments were performed at 20�C, and data were processed as
described (33). Briefly, the data acquired at short and long
time exposure (0.5 s, 5 s) were merged for calculations
using the entire scattering spectrum. The experimental
SAXS data for different protein concentrations were
judged to be free of aggregation by using Guinier plots
(35). The radius of gyration, Rg, was derived by the
Guinier approximation I (q)= I (0) exp (�q2Rg2/3) with
the limits qRg< 1.3. The program GNOM (36) was used
to compute the P(r) function, which is the pair-distance
distribution function that is used in SAXS to describe the
paired-set of distances between all of the electrons within a
macromolecular structure. This approach also provided
the maximum dimension of the macromolecule, Dmax.
The overall shapes for Hop2–Mnd1 and Hop21�84 were
restored using the program DAMMIF (37). The program
MONSA (38) was used to locate MBP tags relatively to
the Hop2–Mnd1 complex. MONSA is multiphase bead
modeling that allows the simultaneous fitting of multiple
SAXS curves. The program represents the particle as a
collection of densely packed beads inside a sphere with
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the diameter Dmax. To describe the overall and internal
structure of the complex particle, each bead can be
assigned to the phases, either to the Hop2–Mnd1 or to
one of the MBP tags. The singly MBP-tagged constructs
are represented by two phases, and the doubly MBP-
tagged construct is represented by three phases (Hop2–
Mnd1 for phase 1, MBP for phase 2 and second MBP
for phase 3). The volumes of the Hop2–Mnd1
V=115 000 Å3 and MBP V=65 000 Å3 have been
determined from SAXS curves by the Porod–Debey law
as described by Rambo and Tainer (39) and used to
restrain the modeling. Simulated annealing is used to
search, starting from a random phase distribution, which
simultaneously fits the multiple SAXS curves from
untagged, singly MBP-tagged and doubly MBP-tagged
Hop2–Mnd1 species, to minimize overall discrepancy.
The Hop2–Mnd1 shapes obtained by this strategy
displayed the relative position of MBP and allowed us
to determine the position of the Hop2 and Mnd1
N-termini. In the shapes, one can clearly distinguish the
V-liked structure of the Hop2–Mnd1 complex (yellow)
and the position of the N-terminal MBP tag (red).

DNA binding assay

DNA binding was done with 80-mer ssDNA and dsDNA
as substrates, as described (30). The 32P-labeled ssDNA
(2.4 mM nucleotides) and dsDNA (2.4 mM bp) were mixed
with the indicated amount of the Hop2–Mnd1 and Hop2
species at 37�C in 10 ml of buffer B [25mM Tris-HCl, pH
7.5, 50mM KCl, 1mM dithiothreitol and 100 mg/ml
bovine serum albumin (BSA)] for 10min. After the
addition of 2 ml of gel loading buffer [50% glycerol,
20mM Tris-HCl, pH 7.4, 0.5mM ethylenediaminete-
traacetic acid (EDTA) and 0.05% orange G], nucleopro-
tein complexes were resolved by 8% native
polyacrylamide gel electrophoresis in TBE buffer
(90mM Tris-borate, pH 8.3 and 2mM EDTA) at 4�C.
The gels were dried and analyzed in the Personal
Molecular Imager FX (Bio-Rad) using the Quantity One
software.

Southwestern analysis

The procedure followed that of Chi et al. (2007) with slight
modifications. Hop2–Mnd1 and its mutant variants were
resolved by sodium dodecyl sulphate-polyacrylamide gel
electrophoresis (SDS-PAGE), electro-transferred onto
Immobilon-P PVDF Membrane (Millipore) at 4�C in
transfer buffer (25mM Tris, 192mM glycine, pH 8.3,
20% methanol). After being soaked in buffer C (25mM
Tris-HCl, pH 7.5, 2mg/ml BSA, 1mM DTT, 0.1% Triton
X-100, 10% glycerol and 100mM KCl) for 20 h at 4�C,
the membrane was rinsed twice with buffer D (25mM
Tris-HCl, pH 7.5, 200 mg/ml BSA, 50mM KCl, 4mM
MgCl2 and 1mM DTT) before being incubated in 10ml
of buffer D containing 32P-labeled 80-bp duplex DNA
(200 nM bp) for 1 h at 25�C. After washing the
membrane four times with 10ml buffer D, radioactive
nucleoprotein species were visualized by phosphorimaging
analysis.

Affinity pulldown assay

To prepare DMC1 affinity resin to test for Hop2–Mnd1
interaction, 100 mg DMC1 or BSA was coupled to 100 ml
Affi-Gel 15 resin (Bio-Rad) following the instructions of
the manufacturer. The DMC1-Affi or BSA-Affi resin
(10 ml) was incubated with 5 mM of Hop2–Mnd1 or
mutants at 4�C for 60min in 30 ml buffer E [25mM Tris-
HCl, pH 7.5, 10% glycerol, 0.5mM EDTA, 0.01% Igepal
CA-630 (Sigma), 1mM 2-mercaptoethanol and 50mM
KCl] with gentle mixing. For affinity pull-down using
amylose resin (New England Biolabs), DMC1 (5 mM),
together with 5 mM of Hop2-(MBP–Mnd1) or Hop2-
(MBP–Mnd11�185), was mixed gently in 30 ml buffer E
with 12 ml of the resin (which binds the MBP tag on
Mnd1) at 4�C for 60min. In each pull-down reaction,
after washing the resin three times with 100 ml buffer E,
bound proteins were eluted with 20 ml 2% SDS. The super-
natant (S), last wash (W) and SDS eluate (E) fractions,
8 ml each, were analyzed by SDS-PAGE.

D-loop reaction

For the D-loop reaction (12.5 ml, final volume), 50-32P–
labeled 90-mer oligonucletide (2.4 mMnt, derived from
pBluescript SK II sequence 1932–2021) was preincubated
with DMC1 (1.0 mM) for 5min at 37�C in buffer F
(25mM Tris-HCl, pH 7.5, 60mM KCl, 1mM
Dithiothreitol (DTT), 5mM MgCl2, 2mM ATP or
Adenosine 50-(b,g-imido)triphosphate (AMP-PNP) and
100 mg/ml BSA). This was followed by the incorporation
of Hop2–Mnd1 or mutant in 1 ml and a 5-min incubation
at 37�C. The D-loop reaction was initiated by adding
pBluescript SK replicative form I DNA (37 mM base
pairs) in 1 ml. The completed reaction was incubated at
37�C for 7min, deproteinized by treatment with SDS
(0.5%) and proteinase K (0.5mg/ml) and then subjected
to electrophoresis in 1% agarose gel in TAE buffer
(40mM Tris-acetate, pH 8.0, and 1mM EDTA). The
gels were dried and subjected to phosphorimaging
analysis to quantify the level of D-loop product (40)

Exonuclease I protection assay

Protection of ssDNA against the action of E. coli Exo I by
DMC1 with and without Hop2–Mnd1 was conducted as
described (31). Presynaptic filaments were assembled with
DMC1 (0.3 mM) and 5’ 32P-labeled 100-mer ssDNA (3mM
nucleotides) and then incubated with ExoI (2–6U, as
indicated in the figures; New England Biolabs).

Duplex capture

Duplex capture by the Hop2-Mnd1-DMC1-ssDNA
ensemble was examined as described (31). Presynaptic fila-
ments were assembled with DMC1 (2.5 mM) and
biotinylated 83-mer oligo dT (8 mM nt).

Synaptic complex formation

Synaptic complex assembly was examined as described
(41). Presynaptic filaments were assembled with DMC1
(4 mM) and 60-mer ssDNA (12 mM nt) that are
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homologous or heterologous to the Ssp I restriction site in
the target pUC19 dsDNA.

RESULTS

Biophysical and structural analyses of the Hop2–Mnd1
heterodimer

We verified the heterodimeric nature of the complex har-
boringmouseHop2 (217 residues) andMnd1 (205 residues)
(27,28) by multi-angle and quasi-elastic light scattering
analyses (Supplementary Figure S1a). To further define
the architecture and solution assembly (42), we generated
SAXS profiles of the Hop2–Mnd1 heterodimer
(Supplementary Figure S1b and c), which showed a
typical pair distribution function P(r) for multi-modular
assembly with a length of �150 Å (Figure 1a). The
distinct peaks observed in the P(r) at 21 Å and 42 Å
indicate a large content of coiled-coil interfaces. Repeated
spacing at r �70 Å and �95 Å indicates the symmetrical
arrangement of the molecule. The SAXS envelopes reveal
a V-shaped molecule (Figure 1b). We analyzed a different
Hop2–Mnd1 preparation and obtained the same P(r) dis-
tribution and shape for the complex.

Comparison of the Hop2–Mnd1 envelopes with those
of Hop2–Mnd1 species in which either protein is N-ter-
minally tagged with MBP enabled us to identify the pos-
itions of the protein N-termini (Figure 1c). Specifically,
the MBP tags were located using multiphase modeling
(see Methods) at the tips of the V-shaped Hop2–Mnd1
complex (Figure 1c). Examination of multiphase enve-
lopes for the singly MBP-tagged Hop2–Mnd1 complexes
to those of Hop2–Mnd1 in which both subunits were N-
terminally MBP-tagged confirmed the locations of the
protein complex’s N-termini (Figure 1c and d). SAXS
analysis of a Hop2 fragment encompassing the N-
terminal 84 residues further verified the location of the
Hop2 N-terminus (Figure 1b). We wished to confirm the
ab initio SAXS model of Hop2–Mnd1 by negative stain
electron microscopy, which showed that the protein
molecule is indeed a V-shaped molecule (Supplementary
Figure S1d).

Evidence for three distinct DNA binding domains in the
Hop2–Mnd1 complex

With the overall shape of Hop2–Mnd1 having been
defined (Figure 1 and Supplementary Figure S1) and the
knowledge that both Hop2 and Mnd1 bind DNA (28,30),
we set out to define the DNA binding domains within the
Hop2–Mnd1 complex and also the functional significance
of DNA binding in the DMC1-mediated HR reaction.

A coiled-coil region located in the middle part of both
Hop2 and Mnd1 mediates protein complex formation
(28). Being guided by this information, deletions of
either the N- or C-terminus of Hop2 and Mnd1 that
would preserve the protein complex were constructed.
These truncation mutants, namely, Hop21�143–Mnd1,
Hop2126�217–Mnd1, Hop2–Mnd11�113 and Hop2–
Mnd1100�205, were purified (Supplementary Figure S2a
and b) and analyzed for DNA binding with 80-mer
ssDNA and dsDNA, as before (30). As shown in

Supplementary Figure S2c, deletion of the N-terminal
125 residues of Hop2 affects dsDNA and ssDNA
binding, whereas deletion of the C-terminal 74 residues
compromises ssDNA binding significantly and dsDNA
binding slightly. In the case of Mnd1, deletion of the
N-terminal 99 residues attenuates dsDNA binding only,
whereas deletion of the C-terminal 92 residues has no
measurable effect on DNA binding (Supplementary
Figure S2c). Thus, these analyses provide evidence that
three regions of Hop2–Mnd1 are concerned with DNA
binding, with both N-terminal arms of the complex
being needed for maximal dsDNA binding and the
Hop2 C-terminus possessing a preference for ssDNA.
Capitalizing on the above results, we isolated and tested

the properties of the two DNA binding domains in Hop2
by purifying protein fragments encompassing residues
1–125 (Hop21�125) or residues 144–217 (Hop2144�217)
(Supplementary Figure S3a). Consistent with other
results (Supplementary Figure S2), Hop21�125 binds
dsDNA with a higher affinity, whereas Hop2144�217

slightly prefers ssDNA (Supplementary Figure S3b).
Because Mnd1 alone cannot be expressed in soluble
form, we instead tested the Mnd1 fragments harboring
either residues 1–113 (Mnd11�113) or residues 100–205
(Mnd1100�205) in complex with Hop2 by Southwestern
analysis, as we have done earlier (30). The results
revealed that Mnd11�113, but not Mnd1100�205, is able to
bind dsDNA (Supplementary Figure S3c, middle) and
that neither fragment binds ssDNA (Supplementary
Figure S3c, right). We note that, in the Southwestern
analysis, Mnd1 appears to bind dsDNA with a lower
affinity than Hop2 (Supplementary Figure S3c and S4f)
and that the Mnd11�113 fragment is slightly attenuated for
dsDNA binding compared with the full-length protein
(Supplementary Figure S3c). These differences could
stem from varying efficiencies of protein transfer onto
the nitrocellulose membrane or of in situ renaturation of
the protein species. Alternatively, or in addition, the
results might reflect genuine differences in the inherent
affinities of the protein species for the DNA ligand.

Point mutants of Hop2 and Mnd1 compromised for DNA
binding

To further dissect the complex’s DNA binding sites, we
next constructed Hop2–Mnd1 point mutants that are im-
paired for DNA binding. To guide our effort, we aligned
Hop2 orthologs to identify conserved regions that are
enriched in basic and aromatic residues, which could con-
tribute to DNA engagement via ionic interactions with the
phosphodiester backbone and stacking interactions with
DNA bases, respectively. The most conserved regions in
the N-terminus and C-terminus of Hop2 that fit this criter-
ion reside within residues 59–71 and residues 171–178, re-
spectively (Supplementary Figure S4A). Interestingly,
secondary structure prediction reveals similarities of the
Hop2 N-terminal segment to the winged helix family of
DNA binding proteins (43,44) (Supplementary Figure
S4b). We changed the highly conserved K63, Y65 and
K67 residues located within the predicted b-hairpin of the
putative winged helix motif to alanine (the KYKmutation)
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in the Hop21�125 fragment. The KYKHop21�125 mutant is
clearly impaired for DNA binding (Supplementary Figure
S4c). To inactivate the Hop2 C-terminal DNA binding
domain, we changed the highly conserved R176 residue
to alanine in the Hop2144�217 fragment. The R176A
mutant of Hop2144�217 is �2–3-fold less capable of
ssDNA binding (Supplementary Figure S4d).
The same strategy was used to isolate a DNA binding

deficient mutant of Mnd1. Interestingly, secondary

structure prediction of the Mnd1 N-terminal portion
also shows a potential winged helix motif between
residues 10–89 (Supplementary Figure S4b).
Accordingly, the highly conserved residues R64, Y70
and Y71 within the predicted b-hairpin region of the
Mnd1 motif were changed to alanine (the RYY
mutation), and the mutant protein was co-purified with
Hop2 (Supplementary Figure S4e and f). Importantly,
the Mnd1 RYY mutant is defective in dsDNA binding

Figure 1. SAXS and EM analysis reveals a V-shaped structure of Hop2-Mnd1. (a) P(r) of the Hop2-Mnd1 (red) computed from the experimental
SAXS data (Supplementary Figure S1) compared with the P(r) obtained for (MBP-Hop2)-Mnd1, Hop2-(MBP-Mnd1) and (MBP-Hop2)-(MBP-
Mnd1) assemblies (light, dark gray, cyan) and Hop21–84 construct (violet). The oscillations at 21, 42, �70 and �95 Å distances are indicated (black
arrow). (b) Two views of the average SAXS envelope of the Hop2–Mnd1 assembly. The average envelope of the Hop21-84 construct (violet) is shown
in proximity to the predicted N-terminal region in the Hop2–Mnd1 envelope. (c) Four (MBP-Hop2)-Mnd1 and Hop2-(MBP-Mnd1) multiphase
envelopes calculated by MONSA are shown as a surface indicating the calculated phase for MBP (red) and Hop2–Mnd1 (yellow). Corespondiong
multiphase fits to the experimental curves are shown in Supplementary Figure S1b. (d) Four (MBP-Hop2)-(MBP-Mnd1) multiphase envelopes
calculated by MONSA are shown as a surface indicating the calcualted phase for MBP (red) and Hop2–Mnd1 (yellow). Corespondiong multiphase
fits to the experimental curves are shown in Supplementary Figure S1b.
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as shown in the Southwestern analysis (Supplementary
Figure S4f). Notably, a triple point mutation harboring
the change of R82, K83 and R84, residues that are located
outside of the predicted winged helix motif, to alanine (the
RKR mutation) has no effect on the DNA binding
activity of Mnd1 (Supplementary Figure S5a and c).

Effects of point mutations on DNA binding by the
Hop2–Mnd1 complex

Next, we expressed and purified four mutant Hop2–Mnd1
complexes, namely, those that harbor the Hop2-KYK,
Hop2-R176A or Mnd1-RYY mutation alone, or the com-
bination of the Hop2-KYK and Mnd1-RYY mutations
(Figure 2a and b). Compared with the wild-type (WT)
counterpart, all four mutant complexes were expressed
to the same level in E. coli, exhibited the same chromato-
graphic behavior and could be purified with the same
procedure and a similar yield (Figure 2b). Results from
DNA binding experiments revealed that the Hop2-KYK
mutation compromises both ssDNA and dsDNA binding
by Hop2–Mnd1, whereas the Hop2-R176A mutation

affects mostly its ssDNA binding activity (Figure 2c).
The Mnd1-RYY mutation reduces dsDNA binding sev-
eralfold (Figure 2c). Combining the Hop2-KYK and
Mnd1-RYY mutations has an additive effect on DNA
binding (Figure 2c). Notably, as determined by an
affinity pull-down assay, the four mutant Hop2–Mnd1
complexes have no overt deficiency in DMC1 interaction
(Figure 3a). We note that the Hop2-Mnd1-RKR mutant
complex harbors the WT level of DNA binding and
DMC1 interaction activities (Supplementary Figure S5b).

Examination of the Hop2–Mnd1 mutant complexes in the
D-loop reaction

We tested the mutant Hop2–Mnd1 complexes for the
ability to enhance the DMC1-mediated D-loop reaction
(Figure 3b) with ATP as the nucleotide cofactor (40).
Importantly, the Hop2-KYK and Hop2-R176A muta-
tions each diminished the efficiency of the D-loop
reaction severalfold, whereas little or no D-loop was
made when the Mnd1-RYY or Hop2-KYK/Mnd1-RYY
mutant was used (Figure 3c). Thus, the functional

Figure 2. DNA binding properties of point mutants of the Hop2–Mnd1 complex. (a) Mutants of Hop2 and Mnd1 made in this study. (b) SDS-
PAGE analysis of purified Hop2–Mnd1 and mutant complexes. (c) Analysis of WT and mutant variants of Hop2–Mnd1 (KYK, RYY, KYK+RYY
and R176A) (0.15, 0.3, 0.5 and 1.0 mM) for DNA binding. The mean values±SD from three independent experiments were plotted.
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Figure 3. Examination of DNA binding mutants of Hop2–Mnd1 in the D-loop reaction. (a) Pulldown assay making use of Affi-Gel 15 Agarose
beads coupled to DMC1 or BSA was conducted to test for the interaction with WT or mutant Hop2–Mnd1 complexes. The supernatant (S)
containing unbound proteins, the wash (W) and the eluate (E) fractions were analyzed by SDS-PAGE and Coomassie Blue staining.
(b) Schematic representation of the D-loop reaction. (c) WT and mutant variants of the Hop2–Mnd1 complex (60 nM or 120 nM) were tested for
their ability to promote D-loop formation with ATP as nucleotide cofactor. The mean values±SD from three independent experiments were
quantified and plotted. (d) WT and mutant variants of the Hop2–Mnd1 complex (60 nM or 120 nM) were tested for their ability to promote
D-loop formation with AMP-PNP as nucleotide cofactor. The mean values±SD from three independent experiments were quantified and plotted.
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integrity of the Hop2–Mnd1 complex is reliant on its three
DNA binding domains. In contrast, the Hop2-Mnd1-
RKR mutant behaved like the WT counterpart in the
D-loop reaction (Supplementary Figure S5d and e). As
will be described later, the mutant complex harboring
Hop2-R176A is proficient in the D-loop reaction when
the DMC1 presynaptic filament is stabilized by the use
of a non-hydrolyzable ATP analog (Figure 3d).

Dependence of DMC1 presynaptic filament stability on
the Hop2 C-terminal DNA binding domain

Hop2–Mnd1 stabilizes the DMC1 presynaptic filament
(31). We used the previously devised assay involving
protection of DNA against E. coli Exo I digestion (31)
(Figure 4a) to test whether any of the Hop2–Mnd1
mutant complexes is defective in this presynaptic filament
stabilization function. Neither Hop2–Mnd1 nor any of the
mutant complexes could protect theDNAagainst digestion
in the absence of DMC1 (Supplementary Figure S6a and
b). As shown in Figure 4B, while the Hop2-KYK, Mnd1-
RYY and the Hop2-KYK/Mnd1-RYY mutant complexes
were just as effective as the WT complex in stabilizing the
DMC1 presynaptic filament, the Hop2-R176A mutant
complex (compromised for ssDNA binding mostly) was
inactive (Figure 4b and Supplementary Figure S6b).
Thus, among the mutations that affect ssDNA binding
(Figure 2c), only the Hop2-R176A mutation impairs
presynaptic filament stabilization (Figure 4b and
Supplementary Figure S6b).

To further ascertain the role of the Hop2 C-terminal
DNA binding domain in DMC1 presynaptic filament
stabilization, we tested the Hop2-R176A mutant

complex in the D-loop reaction using the non-
hydrolyzable AMP-PNP as the nucleotide cofactor to
enhance the stability of the DMC1 presynaptic filament
(40). The Hop2-R176A mutant complex was just as
capable as the WT counterpart in the enhancement
of D-loop formation when AMP-PNP was used
(Figure 3d). In contrast, the use of AMP-PNP could not
overcome the deficiency of the Hop2-KYK, Mnd1-RYY
or Hop2-KYK/Mnd1-RYY mutant Hop2–Mnd1
complex in the D-loop reaction (Figure 3d).

Dependence of synaptic complex assembly on the
N-terminal DNA binding domains

We used two separate assays to test the Hop2–Mnd1
mutants in synaptic complex assembly. First, the duplex
capture step was examined (Figure 5a) with ATP present.
The results showed that all four mutant complexes are
deficient in the capture of duplex DNA (Supplementary
Figure S7a). When AMP-PNP replaced ATP as the
nucleotide cofactor, however, the Hop2-R176A complex
was adept at capturing duplex DNA, even though the
functional deficiency in the other mutants remained just
as severe (Figure 5b).
We next determined the impact of the Hop2–Mnd1 mu-

tations on the assembly of the synaptic complex. The
assay (45) involves monitoring the protection of linear
dsDNA by the DMC1 presynaptic filament against diges-
tion by a restriction enzyme (Figure 5c). We conducted the
reactions with ATP or AMP-PNP as the nucleotide
cofactor. As expected (31,41), the DMC1 presynaptic
filament alone did not efficiently assemble the synaptic
complex, but the addition of Hop2–Mnd1 led to a

Figure 4. Role of the Hop2 C-terminal DNA binding domain in DMC1 filament stabilization. (a) Schematic representation the exonuclease I
protection assay to examine DMC1 presynaptic filament stability. (b) WT and mutant variants of the Hop2–Mnd1 complex (0.3 or 0.6 mM) were
tested for their ability to protect the DMC1 presynaptic filament from Exo I digestion. The mean values±SD from three independent experiments
were plotted.
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marked stimulation (Figure 5d and Supplementary Figure
S7b). Importantly, and consistent with results from other
functional assays above, we found that the Hop2-KYK,
Mnd1-RYY and Hop2-KYK/Mnd1-RYY mutants are all
deficient in synaptic complex formation (Figure 5d and
Supplementary Figure S7b). As we had anticipated, the
Hop2-R176A mutant was just as active as the WT coun-
terpart with AMP-PNP (Figure 5d), but much less active
with ATP (Supplementary Figure S7b). Altogether, the
results revealed a dependence of presynaptic filament sta-
bilization on the Hop2 C-terminal ssDNA binding activity
and that facilitation of synaptic complex assembly
requires the N-terminal dsDNA-binding function of
both Hop2 and Mnd1.

DISCUSSION

Previous biochemical studies have furnished evidence for a
dual function of the mammalian Hop2–Mnd1 complex in
the homologous DNA pairing reaction mediated by either
the RAD51 or DMC1 recombinase (30,31). Here, we have
examined the role of Hop2–Mnd1 as a DMC1 cofactor,
and applied a combinatorial approach to help elucidate
the mechanistic basis for the dual function of Hop2–
Mnd1 in DMC1 presynaptic filament stabilization and
synaptic complex assembly.

Published studies have suggested that both Hop2
and Mnd1 harbor a DNA binding function (28,30).
By biochemical, bioinformatic and mutagenic analyses,

Figure 5. Role of the N-terminal DNA binding domains of Hop2–Mnd1 in duplex DNA capture and synaptic complex assembly. (a) Schematic
representation of the duplex capture assay. (b) WT and mutant variants of the Hop2–Mnd1 complex (0.5 mM) were tested for their ability to promote
duplex capture with AMP-PNP as nucleotide cofactor. The mean values±SD from three independent experiments were plotted. (c) Schematic
representation the restriction enzyme protection assay to examine synaptic complex formation. (d) WT and mutant variants of the Hop2–Mnd1
complex (0.3 mM) were tested for their ability to promote synaptic complex formation with AMP-PNP as nucleotide cofactor. The mean values±SD
from three independent experiments were plotted.
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we provide evidence for the existence of three distinct
DNA binding domains in the Hop2–Mnd1 complex.
Specifically, the N-terminal region of Hop2 and Mnd1
each possesses such a domain, with both having a prefer-
ence for dsDNA. Interestingly, the C-terminal portion of
Hop2 also harbors a DNA binding domain, but that has a
preference for ssDNA. Importantly, a mutation that com-
promises the Hop2 ssDNA binding domain affects only
the DMC1 presynaptic filament stabilization attribute of
Hop2–Mnd1, whereas mutations that ablate the dsDNA
binding activity of Hop2 or Mnd1 impair the complex’s
ability to promote duplex DNA capture and synaptic
complex assembly specifically.

Combined SAXS and electron microscopy show that
Hop2–Mnd1 is a V-shaped molecule. By biochemical
mapping, we have revealed that the dsDNA-specific
binding domains of Hop2–Mnd1 are situated within the
arms of the V-shaped complex, but we do not yet have
enough information to locate the Hop2 ssDNA binding
domain within the bundled, stem region of the complex.
Our published work has shown that Mnd1 interacts
with RAD51 (30), and we now know that the last
20 residues of Mnd1 are indispensable for DMC1 inter-
action (Supplementary Figure S8). Based on this informa-
tion, we hypothesize that the V-shaped Hop2–Mnd1
complex associates with the DMC1 presynaptic filament
through its bundled region (Figure 6). Within this struc-
tural arrangement, Hop2–Mnd1 is well positioned to
capture duplex DNA to bring it into proximity of the
secondary binding site of the presynaptic filament,
wherein the duplex DNA is sampled for homology and
DNA joint formation occurs (46). Moreover, based on

the biochemical analyses of the Hop2-R176A mutant, it
is tempting to suggest that the C-terminal DNA binding
domain of Hop2 may access ssDNA within the DMC1
presynaptic filament, and that ssDNA engagement by
this Hop2 DNA binding domain is indispensable for
presynaptic filament stabilization.
Hop2–Mnd1 is most effective in synaptic complex

assembly and in the D-loop reaction when present at
amounts �1/4–1/15 the concentration of DMC1
(26,27,29,31). Cytological analysis has revealed that the
majority of Hop2 and Mnd1 proteins do not co-localize
with DMC1 in S. cerevisiae and A. thaliana cell nuclei
during meiosis (16,17,19,47). The cytological results
are consistent with the premise that only a fraction of
the intracellular Hop2–Mnd1 pool is associated with the
DMC1 presynaptic filament in meiotic cells. Based on the
cytological observations and our biochemical analyses,
we suggest that a DMC1 presynaptic filament lightly
decorated with Hop2–Mnd1 is most optimally poised to
conduct the homologous DNA pairing reaction, as
depicted in Figure 6. According to this mechanistic frame-
work, an excess of Hop2–Mnd1 would impede homolo-
gous DNA pairing by restricting access of the captured
duplex DNA to the secondary DNA binding site of the
DMC1 presynaptic filament (26,27,29).
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