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Meiotic recombination between homologous chromosomes ensures their proper segregation at the first
division of meiosis and is the main force shaping genetic variation of genomes. The HOP2 and MND1 genes
are essential for this recombination: Their disruption results in severe defects in homologous chromosome
synapsis and an early-stage failure in meiotic recombination. The mouse Hop2 and Mnd1 proteins form a
stable heterodimer (Hop2/Mnd1) that greatly enhances Dmc1-mediated strand invasion. In order to elucidate
the mechanism by which Hop2/Mnd1 stimulates Dmc1, we identify several intermediate steps in the
homologous pairing reaction promoted by Dmc1. We show that Hop2/Mnd1 greatly stimulates Dmc1 to
promote synaptic complex formation on long duplex DNAs, a step previously revealed only for bacterial
homologous recombinases. This synaptic alignment is a consequence of the ability of Hop2/Mnd1 to (1)
stabilize Dmc1–single-stranded DNA (ssDNA) nucleoprotein complexes, and (2) facilitate the conjoining of
DNA molecules through the capture of double-stranded DNA by the Dmc1–ssDNA nucleoprotein filament.
To our knowledge, Hop2/Mnd1 is the first homologous recombinase accessory protein that acts on these two
separate and critical steps in mammalian meiotic recombination.
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Homologous recombination serves a critical function in
the repair of DNA double-strand breaks (DSBs) and in the
proper segregation of homologous chromosomes in
meiosis (Kleckner 1996; Roeder 1997). Failure to estab-
lish a physical connection through chiasmata causes
missegregation of chromosomes at prophase I and results
in meiotic cell apoptosis or aneuploid gametes. The
Dmc1 recombinase, a eukaryotic homolog of the bacte-
rial RecA protein, is expressed exclusively in meiotic
cells and is a major player in meiotic homologous recom-
bination. It promotes the search for homology and cata-
lyzes the invasion of a single-stranded end generated by
the 5� resection of DSBs introduced by Spo11 into a ho-
mologous unbroken double-stranded DNA (dsDNA) to
form joint molecules through strand invasion (D-loop
formation) (Li et al. 1997; Masson et al. 1999; Hong et al.
2001; Masson and West 2001; Neale and Keeney 2006).
The interaction between Hop2, Mnd1, and Dmc1 and/or
Rad51, the ubiquitously expressed eukaryotic homolog
of RecA, is crucial for the progression of meiotic homolo-
gous recombination. Biochemical studies have shown
that the Hop2/Mnd1 complex physically interacts with
and stimulates Dmc1 and Rad51 strand invasion activity

(Chen et al. 2004; Petukhova et al. 2005; Pezza et al.
2006). The cooperation between Dmc1/Rad51 and Hop2/
Mnd1 is likely to be crucial in vivo, since without
Hop2 and/or Mnd1, in yeast (Leu et al. 1998; Gerton and
DeRisi 2002; Tsubouchi and Roeder 2002, 2003; Zierhut
et al. 2004; Henry et al. 2006), Arabidopsis thaliana
(Domenichini et al. 2006; Kerzendorfer et al. 2006;
Panoli et al. 2006), and mouse (Petukhova et al. 2003)
recombination proceeds properly up to the point when
Dmc1 and Rad51 are loaded onto the ends of DSBs, but
further progression is impaired. Finally, the genetic in-
teraction of DMC1 with HOP2/MND1 appears to be par-
ticularly important, as in all the genomes examined to
date HOP2 and MND1 are found only in those organisms
that have DMC1. For example, the genomes of Dro-
sophila melanogaster and Caenorhabditis elegans do
not contain HOP2, MND1, and DMC1, but RAD51 is
present. Revealing the mechanism by which Hop2/Mnd1
stimulates Dmc1 is fundamental to understand the ex-
quisitely regulated pathway of meiotic recombination.

In this study we unraveled the mechanism by which
the Hop2/Mnd1 complex stimulates Dmc1. We show
that Hop2/Mnd1 greatly increases the homologous pair-
ing promoted by Dmc1, as evidenced by the formation of
the protein-decorated product of synaptic alignment
(synaptic complex). This large stimulation can be ac-
counted for by the effect of Hop2/Mnd1 on two consecu-
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tive intermediate steps in homologous pairing promoted
by Dmc1: (1) The Hop2/Mnd1 heterodimer promotes the
conjoining of DNA molecules through the capture of
dsDNA to Dmc1–single-stranded DNA (Dmc1–ssDNA)
nucleoprotein filaments, and (2) in an earlier step, Hop2/
Mnd1 stabilizes Dmc1–ssDNA presynaptic filaments.
We propose that Hop2/Mnd1 increases the stability of
the Dmc1–ssDNA filament found on the resected DSBs
and promotes the capture of potential partner chromo-
somes to facilitate the search for homology. Thus, our
results indicate both a presynaptic and synaptic role for
Hop2/Mnd1 in meiotic recombination. To our knowl-
edge, this is the first time that the mechanism for an
accessory protein for Dmc1 has been delineated. Hop2/
Mnd1 is the only accessory homologous recombination
protein that acts on these two critical and separate steps
in mammalian meiotic recombination.

Results

We have previously shown that the Hop2/Mnd1 het-
erodimer interacts physically with Dmc1 and stimulates

its strand invasion activity by >30-fold (Petukhova et al.
2005; Pezza et al. 2006). In addition, we have shown that
neither of the individual proteins, Hop2 or Mnd1, can
stimulate Dmc1 and that the stimulation by Hop2/
Mnd1 depends on the creation of a novel interface found
in the heterodimer as only the heterodimer, but neither
Hop2 nor Mnd1 alone can interact with Dmc1 (Pezza et
al. 2006). In trying to dissect the mechanism by which
Hop2/Mnd1 stimulates Dmc1-promoted strand invasion
it is useful to distinguish at least three consecutive
steps that have been revealed through the study of RecA-
mediated strand invasion (Fig. 1A). The first two steps,
presynaptic filament formation and the conjoining of
DNAs, do not require homology but are prerequisites for
the homologous pairing in the third step. In previous
studies on the bacterial RecA recombinase and eukary-
otic recombinase by us and others, this first homology-
dependent step is revealed by the detection of protein-
free D-loops stabilized on supercoiled duplex DNA. The
superhelicity of the DNA stabilizes the ssDNA assimi-
lated into the duplex (the D-loop) so that the ssDNA
does not branch migrate out of the duplex. Protein-free

Figure 1. Hop2/Mnd1 and Dmc1 proteins
are required for the formation of a synaptic
complex at sites of DNA homology. (A)
Formation of joint molecules promoted by
Dmc1. (Panel a) The presynaptic polymer-
ization of Dmc1 protein on ssDNA. (Panel
b) Conjunction of ssDNA and dsDNA
without homologous alignment. (Panel c)
Homologous DNA pairing and strand in-
vasion. Deproteinization of the complex
in panel c in the context of a supercoiled
target duplex DNA results in a stable D-
loop. (B) Experimental design. ssDNA oli-
gonucleotide was used as a binding sub-
strate for Dmc1 and Hop2/Mnd1 proteins.
The nucleoprotein complexes were incu-
bated with pUC19 dsDNA and treated
with SspI or NdeI restriction endonucle-
ases, followed by deproteinization and
electrophoresis in 1% agarose gel. (C)
Hop2/Mnd1 and the Dmc1–ssDNA nu-
cleoprotein complex are targeted to sites
in which ssDNA and supercoiled dsDNA
are homologous, thus protecting dsDNA
from endonuclease degradation. (D) Both
Dmc1 and Hop2/Mnd1 proteins are re-
quired for the protection of dsDNA.
(E) Linear pUC19 dsDNA is a substrate for
synaptic complex formation. After Dmc1
and Hop2/Mnd1 were assembled on the
ssDNA oligonucleotide, linear pUC19
dsDNA was added to the reaction and
the nucleoprotein complexes were treated
with SspI or NdeI restriction endonucleases.
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D-loops on supercoiled DNA are related to, but quite
distinct from, the biologically relevant first product of
homologous pairing that includes the ssDNA, the atten-
dant proteins, and the target duplex DNA (not necessar-
ily topologically underwound or supercoiled). In this
study, we describe these synaptic complexes on long
dsDNA for Dmc1.

The Hop2/Mnd1 complex is required for the synaptic
complex formation promoted by Dmc1

The first product of homologous pairing on long dsDNA
shown in Figure 1A (homologous DNA pairing) has so far
never been delineated for a eukaryotic recombinase
without the use of deproteinization and supercoiled du-
plex DNA. Before strand invasion (D-loop formation),
RecA promotes homologous alignment of ssDNA and
dsDNA molecules (Hsieh et al. 1992). In this reaction, a
presynaptic filament of ssDNA and recombination pro-
teins is allowed to find its homologous target embedded
in an otherwise heterologous DNA, and the product is
the synaptic complex (Fig. 1B). The formation of this
recombinational intermediate is accomplished by incu-
bating duplex DNA, a homologous oligonucleotide, and
Dmc1 either in the presence or absence of Hop2/Mnd1.
In this version of the experiment, the homologous oligo-
nucleotide spans either one of two restriction endonucle-
ase recognition sites in the duplex DNA (SspI and NdeI).
Formation of a synaptic complex involving the proteins,
duplex DNA, and one of the homologous oligonucleo-

tides renders the duplex resistant to cleavage by one of
the restriction endonucleases (Fig. 1B; Hsieh et al. 1992).
The combination of the ssDNA oligonucleotide span-
ning the restriction endonuclease site being probed,
dsDNA, Dmc1, and Hop2/Mnd1 protects dsDNA from
the restriction endonuclease (Fig. 1C,D), and under our
experimental conditions, Hop2/Mnd1 is required to form
these synaptic complexes (Fig. 1D). In the absence of
ATP, we observed a complete digestion of dsDNA, sug-
gesting that the assembly of synaptic complexes depends
on the formation of active Dmc1–ssDNA presynaptic
filaments (data not shown). We also tested the formation
of synaptic complexes using linear dsDNA, obtaining
similar results to those described above (Fig. 1E).

These results indicate that neither supercoiling of the
target duplex nor deproteinization is required to detect
the first product of homologous pairing. In aggregate, we
find that the Hop2/Mnd1 heterodimer greatly enhances
the alignment of homologous sequences promoted by
Dmc1.

The Hop2/Mnd1 heterodimer promotes the capture
of duplex DNA by the Dmc1–ssDNA filament

Because the Hop2/Mnd1 heterodimer binds dsDNA
(Chen et al. 2004; Petukhova et al. 2005; Enomoto et al.
2006; Pezza et al. 2006) and physically interacts with
Dmc1 nucleated on ssDNA (Supplementary Fig. S1A),
the question arises as to whether Hop2/Mnd1 can bring
dsDNA to preformed Dmc1–ssDNA nucleoprotein fila-
ments, an essential prerequisite for alignment of ho-

Figure 2. The Hop2/Mnd1 heterodimer
stimulates the capture of duplex DNA by
the Dmc1–ssDNA nucleoprotein com-
plex. (A) The experimental outline. Bioti-
nylated DNA, immobilized on streptavi-
din-agarose beads, was used as a binding
substrate for Dmc1 and Hop2/Mnd1 pro-
teins. After incubation with pUC19
dsDNA, nucleoprotein complexes were
separated from unbound proteins and
dsDNA by centrifugation, and products
were deproteinized before analysis by gel
electrophoresis. (B) The products of dsDNA
capture revealed by agarose gel electro-
phoresis. There is an increase in the ho-
mologous (pUC19) and nonhomologous
(�X174, RFI) dsDNA captured by Dmc1–
ssDNA nucleoprotein complexes in the
presence of Hop2/Mnd1. In control reac-
tions, the oligonucleotide ssDNA sub-
strate was replaced by standard binding
buffer. (C) Quantitation of the ethidium-
bromide signals from gels similar to those
shown in B and plotted as the number of
pixels per band.
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mologous sequences. First, we confirmed using electron
microscopy that Dmc1 forms filaments on ssDNA in the
presence of ATP (data not shown). To obtain physical
evidence for this capture mechanism, we evaluated the
extent of the binding of dsDNA to immobilized Dmc1–
ssDNA filaments (Fig. 2A–C). Notably, we observed that
the addition of Hop2/Mnd1 to Dmc1–ssDNA nucleopro-
tein filaments leads to a large increase in the dsDNA
retained by the beads. The addition of either Hop2 or
Mnd1 alone to Dmc1–ssDNA filaments shows no effect
on the capture of dsDNA. The observations that the ad-
dition of Hop2/Mnd1 to either RecA or to a defective
Dmc1–ssDNA nucleoprotein filament (generated using a
mutant Dmc1 deficient in DNA binding, A272P) (Ban-
nister et al. 2007) results in a marginal increase of
dsDNA in the beads (Fig. 2C; Supplementary Fig. S1B,
respectively) suggest that the effect observed is specific
for both the Hop2/Mnd1 complex and the Dmc1–ssDNA
nucleoprotein filament. We further confirm the require-
ment for an active Dmc1–ssDNA filament in the capture
of duplex DNA. After incubation of Dmc1 with ssDNA-
beads in the presence of ATP (leading to the formation of
active helical filaments on DNA) or in the absence of
nucleotide factor (Dmc1 binds DNA but not as active
filaments), we analyzed the fraction corresponding to
Dmc1 bound to the ssDNA-beads and scored the extent
of duplex capture. Whereas we observed similar quanti-
ties of Dmc1 and Hop2/Mnd1 bound to the ssDNA in
both conditions tested, only Dmc1 in the presence of
both Hop2/Mnd1 and ATP captures duplex DNA
(Supplementary Fig. S1C,D). In a different experiment,
we show that soluble Dmc1 does not functionally inter-
act with Hop2/Mnd1. Here, we preincubate a molar ex-
cess of soluble Dmc1 with limited amounts of Hop2/
Mnd1 and found that this mixture still stimulates the
capture of duplex DNA by a preformed Dmc1–ssDNA
filament (Supplementary Fig. S1E). In sum, these results

show that the capture of duplex DNA stimulated by
Hop2/Mnd1 is mediated by active Dmc1–ssDNA nu-
cleoprotein filaments.

We also found that neither homology (Fig. 2B,C) nor
supercoiling (data not shown) is required for the capture
of a duplex DNA by the Dmc1–ssDNA filament. Finally,
we asked whether Dmc1 filaments on dsDNA might
also capture dsDNA. Supplementary Figure S1, F and G,
show that the Hop2/Mnd1 heterodimer does not stimu-
late the capture of dsDNA by Dmc1–dsDNA complexes.
Together with the results that Hop2/Mnd1 does not
stimulate capture of ssDNA by the Dmc1–ssDNA nu-
cleoprotein complex (Fig. 2C), our results indicate that
only filaments of Dmc1 on ssDNA form ternary com-
plexes with duplex DNA.

The Hop2/Mnd1 heterodimer stabilizes
the Dmc1–ssDNA nucleoprotein filament
against dissociation

We asked whether Hop2/Mnd1 has an additional role
prior to duplex DNA capture. We used surface plasmon
resonance experiments (Fig. 3A) to show the stabiliza-
tion of Dmc1–ssDNA filaments by Hop2/Mnd1 (Fig. 3B).
In a different experiment, we verified that the surface
plasmon resonance signals corresponding to direct bind-
ing of Hop2/Mnd1 to ssDNA, or to its association with
the Dmc1–ssDNA nucleoprotein filament, does not ac-
count for the flattening of the slope seen in the dissocia-
tion phase after Hop2/Mnd1 is added (Supplementary
Fig. S2). The addition of Hop2/Mnd1 has no significant
effect on the association phase of the Dmc1–ssDNA fila-
ments (Supplementary Fig. S2).

We then used an independent approach to confirm the
stabilization effect of Hop2/Mnd1 on Dmc1–ssDNA fila-
ments. The Hop2/Mnd1 heterodimer was added to the
Dmc1–ssDNA nucleoprotein filaments preformed on a

Figure 3. The Hop2/Mnd1 protein stabilizes
presynaptic Dmc1 filaments formed on ssDNA.
(A) Real-time interactions of Dmc1 with ssDNA
were analyzed using surface plasmon resonance.
(B) Real-time analyses of the dissociation phase
of the Dmc1–ssDNA filament with increas-
ing amounts of Hop2/Mnd1. (C) The binding of
Hop2/Mnd1 protein to the Dmc1–ssDNA nu-
cleoprotein filament protects ssDNA against
exonuclease I degradation. Complexes of a
32P-labeled 100-mer oligonucleotide ssDNA plus
Dmc1 and varying amounts of Hop2/Mnd1 were
formed as described in Materials and Methods.
The complex was treated with ExoI, followed by
electrophoresis on a polyacrylamide gel. (D)
Quantitation of the radioactive signal corre-
sponding to protected ssDNA in Dmc1–ssDNA/
Hop2/Mnd1 complexes.
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5�-radiolabeled 100-mer oligonucleotide, and then the
ternary complexes were treated with exonuclease I (Lu-
setti et al. 2004). The binding of either Dmc1 or Hop2/
Mnd1 alone provided only a slight protection of ssDNA
against degradation by exonuclease I. However, the ad-
dition of Hop2/Mnd1 to the Dmc1–ssDNA filament re-
sulted in a Hop2/Mnd1 concentration-dependent protec-
tion of the ssDNA against exonuclease I degradation (up
to 53% of protection) (Fig. 3C,D). These results are con-
sistent with Hop2/Mnd1 stabilizing the Dmc1–ssDNA
nucleoprotein complex. Using these two independent
approaches, we demonstrated that the stability of pre-
formed Dmc1–ssDNA nucleoprotein filaments is in-
creased through interaction with the Hop2/Mnd1 het-
erodimer.

Hop2/Mnd1 stimulates two separate critical steps
in Dmc1-promoted homologous pairing

In principle, all of the stimulation we observed by Hop2/
Mnd1 on the intermediate steps downstream from pre-
synaptic filament formation, up to and including strand
invasion, could be a consequence of the robust stabiliza-
tion of the Dmc1–ssDNA filament by the heterodimer.
In order to address whether this is in fact the case, we
sought conditions to stabilize the presynaptic filament
in the absence of Hop2/Mnd1 and asked whether this
stabilization was sufficient to stimulate Dmc1-pro-
moted strand invasion or synaptic complex formation.

It has been shown that Hop2/Mnd1 can stimulate the
activity of Dmc1 for forming D-loops in the presence of
the nonhyrolyzable ATP analog, AMPPNP (Petukhova et
al. 2005). To allow comparison of the results obtained for
filament stabilization (surface plasmon resonance ex-
periments) with those for D-loop formation, synaptic
complex formation, and duplex capture, we used the

same biotinylated oligonucleotide, oligonucleotide #3
(Supplementary Table S1). While the presynaptic fila-
ment is highly stable in the presence of AMPPNP and in
the absence of the Hop2/Mnd1 heterodimer (Fig. 4A,B),
the yield of D-loops (Sehorn et al. 2004) and the level of
synaptic complex formation is much lower than with
Hop2/Mnd1 (Fig. 4C,D). Similar results were obtained
when Ca++ was used to stabilize the Dmc1–ssDNA fila-
ments (Bugreev et al. 2005; data not shown).

These results show that the stabilization of the Dmc1–
ssDNA filament by Hop2/Mnd1 is not sufficient to ac-
count for most of the stimulation of homologous pairing.
Thus, Hop2/Mnd1 must also have an effect on the sec-
ond intermediate step, duplex capture (Fig. 4E).

Discussion

The Dmc1 recombinase pairs single-stranded or partially
single-stranded DNA with homologous duplex DNA to
form joint molecules by strand invasion. Here we show
direct evidence that, as previously described for RecA
and other RecA-related proteins (Camerini-Otero and
Hsieh 1995; Bianco et al. 1998; Cox 2003), the Dmc1
homologous pairing reaction proceeds in at least three
sequential steps (Figs. 1A, 5).

Synaptic complexes as intermediates in the homologous
pairing promoted by Dmc1

Traditionally, the homologous DNA pairing activity of a
recombinase is scored by the formation of D-loops that
result from the trapping of an ssDNA (Shibata et al.
1979) or oligonucleotide (Hsieh et al. 1992) by a homolo-
gous region of supercoiled plasmid DNA after deprotein-
ization. In order to analyze the formation of Dmc1 and
Hop2/Mnd1-mediated homology-dependent and protein-

Figure 4. The stabilization of the Dmc1–
ssDNA presynaptic filament is not suffi-
cient to stimulate Dmc1-promoted strand
invasion. (A) The real-time dissociation
phase of Dmc1 from ssDNA in the pres-
ence of AMPPNP plus Hop2/Mnd1, Hop2/
Mnd1, AMPPNP, and buffer with or with-
out ATP was analyzed using surface plas-
mon resonance. (B) Hop2/Mnd1 and
Dmc1–ssDNA complexes protect DNA
against exonuclease I degradation in the
presence of AMPPNP. (C) D-loop forma-
tion carried out with Dmc1 (1.5 µM) al-
lowed to bind a 57-mer oligonucleotide
(#3, ssDNA, 4.5 µM nucleotide), in a buffer
containing 2.5 mM MgCl2, before the addi-
tion of Hop2/Mnd1 (0.2 µM) and supercoiled
pUC19 (10 µM bp). (D) The extent of synap-
tic complex formation by the Dmc1 fila-
ment with and without Hop2/Mnd1 in the
presence of ATP or AMPPNP. (E) Bars rep-
resent the quantitation of the ethidium-
bromide signal corresponding to the dsDNA
captured by the Dmc1–ssDNA filament
alone or in the presence of Hop2/Mnd1.
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containing synaptic complexes, we adopted a restriction
endonuclease protection approach originally developed
by us for use with Escherichia coli RecA (Ferrin and
Camerini-Otero 1991; Hsieh et al. 1992). Using this
method, we were able to detect a synaptic complex as an
intermediate of the homologous pairing reaction, both
on superhelical and linear target DNAs, and to examine
the requirements for Dmc1-mediated homologous align-
ment (Fig. 1). Our results indicate that the detection of
the in vitro pairing that we observe promoted by Dmc1
and stimulated by Hop2/Mnd1 requires neither super-
coiling of the target duplex to stabilize the complex nor
the deproteinization of the pairing intermediate to in-
duce some structural rearrangements. Using an oligo-
nucleotide-based assay, it has been previously shown
that Dmc1 is able to form such synaptic complex inter-
mediates (Gupta et al. 2001). Here, we present an alter-
native assay, in that long duplex DNA is used. Our re-
sults indicate that Dmc1 is able to find homology in the
presence of a great excess of nonhomologous DNA, lead-
ing to the formation of the first product of homologous
pairing.

The ability of Dmc1 and Hop2/Mnd1 to target an oli-
gonucleotide to a specific site on a large duplex DNA
suggests that, in vivo, the interplay between these pro-
teins is required to achieve homologous-specific pairing
in a complex genome such as that of eukaryotes. Indeed,
the characterization of the product of homologous align-
ment shown in this work (synaptic complexes) will al-
low us to study both the kinetics and the sequence re-
quirements for the search for homology that is arguably
the central problem in the process of chromosome pair-
ing during meiosis (Ferrin and Camerini-Otero 1991;
Yancey-Wrona and Camerini-Otero 1995).

Hop2/Mnd1 promotes the capture of duplex
DNA by the Dmc1–ssDNA filament
in a homology-independent manner

Recent biochemical studies have attracted attention to
the role of accessory proteins on the mechanism of ac-
tion of Dmc1 (Chen et al. 2004; Sehorn et al. 2004;
Petukhova et al. 2005). For the efficient homologous

alignment promoted by Dmc1, the essential prerequi-
sites are the formation of stable presynaptic Dmc1–
ssDNA filaments and the conjoining of ssDNA and
dsDNA in a homology-independent manner. Hop2/
Mnd1 greatly enhances the ability of Dmc1 to bring
ssDNA and dsDNA together to form a ternary complex
composed of Dmc1–ssDNA nucleoprotein filaments and
duplex DNA. While Hop2/Mnd1 stimulates Dmc1–
ssDNA filaments to capture duplex DNA in a homology-
independent manner (Fig. 2B,C), this step is of para-
mount importance for the subsequent homologous pair-
ing. Such a capture is proposed to be an important step in
the reaction of homologous DNA pairing by the proto-
typic recombinase, E. coli RecA (Gonda and Radding
1983; Flory et al. 1984), and it might be an obligatory
process in the homologous pairing pathways governed by
all RecA-like proteins. Our data on DNA capture show
that Dmc1 promotes the capture of both homologous
and heterologous DNA (increased in the presence of
Hop2/Mnd1), suggesting that Dmc1 promotes homolo-
gous alignment as observed for RecA (Gonda and Rad-
ding 1983; Flory et al. 1984; Julin et al. 1986; Hsieh et al.
1992), in which DNA molecules would first form an un-
aligned ternary complex and then align within the ter-
nary complex.

Hop2/Mnd1 stabilizes the Dmc1–ssDNA filament

In an earlier step, Hop2/Mnd1 contributes to homolo-
gous DNA pairing by stabilizing the presynaptic fila-
ment formed by Dmc1 on ssDNA (Fig. 3B,D). In this re-
gard it is interesting to note that the 5� strand of DSBs are
hyperresected by exonucleases when Dmc1 and/or
Rad51 is missing (Bishop et al. 1992; Shinohara et al.
1992; Schwacha and Kleckner 1997). This finding indi-
cates that nuclease and Dmc1 are somehow competing
for DNA substrate. Consistent with our observation that
Hop2/Mnd1 stabilizes presynaptic Dmc1–ssDNA fila-
ments, previous data in yeast Mnd1- and Hop2-null mu-
tants show that the ends of DSBs are more extensively
degraded (Leu et al. 1998; Gerton and DeRisi 2002; Zier-
hut et al. 2004; Henry et al. 2006).

Again, it is important to note that, although both the
stability of the Dmc1–ssDNA filament and the capture

Figure 5. The Hop2/Mnd1 complex func-
tions by stabilizing recombinational inter-
mediates promoted by Dmc1. The pro-
posed model summarizes observations of
this and previous studies. Hop2/Mnd1 as-
sists Dmc1 in the formation of recombina-
tional intermediates. The stabilization of
homologous pairing intermediates allows
Dmc1 to find regions of DNA homology,
leading to strand invasion. Hop2/Mnd1
protein has two actions: One stabilizes
Dmc1 nucleated on processed ends of DSBs
(ssDNA), and the second enhances the
conjunction of DNA molecules through
the specific capture of dsDNA to Dmc1–
ssDNA nucleoprotein filaments.
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of the duplex DNA are promoted by Hop2/Mnd1, a
stable filament is not per se a better captor of duplexes
(Fig. 4), and Hop2/Mnd1 must actively participate in the
capture process.

A presynaptic and synaptic role for Hop2/Mnd1
in meiotic recombination

In several steps of the recombination pathway, accessory
proteins are required for recombinase function. For RecA
(Kowalczykowski et al. 1994; Papavinasasundaram et al.
1997; Voloshin et al. 2001) and Rad51 (Sung et al. 2003;
Krogh and Symington 2004) a number of well-character-
ized factors have been described. For Dmc1, however,
the detailed biochemical mechanisms of its accessory
proteins are unknown (Chen et al. 2004; Hayase et al.
2004; Sehorn et al. 2004; Petukhova et al. 2005; Haruta et
al. 2006; Pezza et al. 2006; Sarai et al. 2006). Both genet-
ics and biochemical studies have demonstrated the func-
tional interaction between Dmc1 and Hop2/Mnd1 pro-
teins. In yeast (Leu et al. 1998; Gerton and DeRisi 2002;
Tsubouchi and Roeder 2002, 2003; Zierhut et al. 2004;
Henry et al. 2006), A. thaliana (Domenichini et al. 2006;
Kerzendorfer et al. 2006; Panoli et al. 2006), and mouse
(Petukhova et al. 2003) Hop2- or Mnd1-null mutants,
recombination proceeds properly up to the point when
Dmc1 and Rad51 are loaded onto the ends of processed
DSBs, but further progression is impaired. These results
are closely coupled with findings from biochemical stud-
ies. Purified mammalian and yeast Hop2/Mnd1 com-
plexes all stimulate D-loop formation (Chen et al. 2004;
Petukhova et al. 2005; Pezza et al. 2006) and early steps
in the strand exchange reaction (Enomoto et al. 2006)
promoted by the Dmc1 protein. Until this study, the
mechanism of action of Hop2/Mnd1 was unclear (Neale
and Keeney 2006). The data shown here indicate that
Hop2/Mnd1 greatly enhances the formation and/or sta-
bilizes intermediates in Dmc1-mediated homologous
pairing consistent with both a presynaptic and synaptic
role for Hop2/Mnd1 (Fig. 5). In an accompanying paper,
Chi et al. (2007) show that Hop2/Mnd1 has similar ef-
fects on the activities of Rad51.

In line with our biochemical findings, the role of
Hop2/Mnd1 as a synaptic effector of Dmc1 has strong
support from cytological and genetic data. In yeast and
mice, Hop2- and Mnd1-null mutants show a near-com-
plete block to recombination and in yeast, DNA inter-
mediates of recombination, either Holliday junctions or
stable strand invasion products, are completely absent
(Gerton and DeRisi 2002; Tsubouchi and Roeder 2002;
Henry et al. 2006). Based on our observations, we can
imagine that in the absence of Hop2/Mnd1, Dmc1 will
form a relatively unstable (perhaps shorter) filament on
ssDNA that will not be able to initiate the synaptic
phase through the formation of a ternary complex of the
Dmc1–ssDNA filament with duplex DNA (failure to
capture dsDNA). Consequently, a delay in the progres-
sion of meiosis will cause chromosomes to synapse non-
homologously as observed in yeast, or mostly not at all,
as observed in mice.

The enhancement of these sequential steps in homolo-
gous pairing by Hop2/Mnd1 might help Dmc1 process a
variety of structural barriers in vivo or increase the effi-
ciency of processing of the large number of DSBs (several
hundred in mice) introduced by Spo11 during the initia-
tion of meiotic homologous recombination.

In summary, we propose that in meiotic recombina-
tion Hop2/Mnd1 promotes chromosome synapsis by sta-
bilizing Dmc1 on the resected DNA at DSBs and by par-
ticipating directly, presumably both by protein–protein
and protein–DNA interactions, in the capture of poten-
tial partner chromosomes.

Materials and methods

Proteins, DNAs, and oligonucleotides

The mouse Hop2 (Petukhova et al. 2005) and Mnd1 (Pezza et al.
2006) proteins and the Hop2/Mnd1 (Petukhova et al. 2005) com-
plex were purified as described previously. The human Dmc1
was purified according to a published protocol (Masson et al.
1999). pUC19 (except for that used to form D-loops) and �X174
were purchased from New England BioLabs and full-length lin-
ear duplex DNA was generated by the digestion of �X174
dsDNA (RFI) with XhoI. Oligonucleotides, one of which (as
specified) was modified at the 3� end by a biotin residue, were
from MWG Biotech. The sequence of the oligonucleotides is
given in Supplementary Table Sl. The concentration of ssDNA
and dsDNA were determined by absorbance at 260 nm, using 36
µg/mL and 50 µg/mL A260, respectively, as conversion factors,
and are expressed as molar concentrations of nucleotides or base
pairs for ssDNA or dsDNA, respectively.

Synaptic complex formation

In a reaction volume of 10 µL, Dmc1 protein (4 µM) was incu-
bated with ssDNA (3 µM nucleotide) (oligonucletides #1, SspI;
or #2 NdeI; or #3, ScaI) (Supplementary Table S1) in standard
binding buffer (20 mM Tris-HCl at pH 7.4, 70 mM NaCl, 2.5
mM MgCl2, 1 mM DTT, 2 mM ATP, 7.5 mM creatine phos-
phate, 30 U/mL creatine kinase). For experiments shown in Fig-
ure 4, the concentration of Dmc1 was 1.5 µM. Samples contain-
ing the Dmc1–ssDNA complexes were mixed with Hop2/Mnd1
(0.5 µM) and pUC19 dsDNA (15 µM bp), and DNA cleavage was
initiated by the addition of SspI or NdeI restriction endonucle-
ases (1.25U and 5 U, respectively). The reactions were carried
out for 5 min at 37°C, and products were deproteinized, resolved
on 1% agarose, and visualized with ethidium bromide.

Immobilization of biotinylated DNA on agarose steptavidin
beads

Aliquots of a 50% (w/v) bead stock (Invitrogen) were mixed with
biotinylated ssDNA or dsDNA (#3 or #3/4, respectively)
(Supplementary Table S1) in 10 mM Tris-HCl (pH 7.4) and 20
mM NaCl, and immobilization was carried out for 30 min at
28°C. We used radioactive oligonucleotides to confirm that all
of the DNA incubated with the beads was immobilized (data
not shown). After immobilization, the beads were equilibrated
in the original volume in standard binding buffer.

DNA capture assay

Figure 2A illustrates our experimental procedure for measuring
the Hop2/Mnd1-promoted capture of duplex DNA by Dmc1–
ssDNA nucleoprotein filaments. Unless indicated otherwise,
Dmc1 (22 µM) was preincubated with DNA beads (60 µM
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nucleotides) in the standard binding buffer for 5 min at 37°C
followed by the addition of Hop2/Mnd1 (0.4 µM), and was in-
cubated for an additional 5 min after which 75 µM DNA
(pUC19 dsDNA, ssDNA �X174, or dsDNA �X174) was added
and the reactions were incubated for an additional 10 min. After
completion of the reaction, beads were washed twice with 1 vol
of standard binding buffer and resuspended in 25 µL of the same
buffer, followed by deproteinization (0.5% [w/v] SDS, 1 mg/mL
proteinase K) for 20 min at 37°C. The products were resolved on
1% agarose. The bands were visualized by ethidium-bromide
staining, quantitated using a BAS 2500 Bio-Imaging Analysis
System (Fuji Medical System), and expressed as the number of
total pixels. For samples for protein analyses, beads were resus-
pended in 20 µL of LDS–polyacrylamide gel loading buffer and
analyzed by electrophoresis in 4%–12% SDS–polyacrylamide
gels. Protein bands were visualized by staining with Coomassie
Brilliant Blue.

Surface plasmon resonance

Experiments were performed on a BIAcore 3000 instrument
(BIAcore) at 25°C. The flow buffer was 20 mM Tris-HCl (pH
7.5), 70 mM NaCl, 6 mM MgCl2, 1 mM DTT, 1 mM ATP, and
0.005% surfactant P-20 (purchased from BIAcore). Biotinylated
ssDNA (#3 for ssDNA) (Supplementary Table S1) were immo-
bilized on an SA chip to give a signal of ∼100 response units. In
order to form Dmc1–ssDNA filaments, 3 µM Dmc1 was in-
jected at a flow rate of 10 µL/min for a contact time of 5 min.
The binding phase of the experiment was followed by a disso-
ciation step, where Dmc1–ssDNA complexes were allowed to
dissociate in running buffer or in the presence of the Hop2/
Mnd1 complex, Dmc1, or Dmc1 plus Hop2/Mnd1. The surfaces
were regenerated with consecutive injections, 10 µL each, of
3 M NaCl, 2 M MgCl2, and 3M NaCl. The sensograms were
normalized by subtracting the signal from the flow cell contain-
ing no immobilized DNA.

Exonuclease I protection assay

Dmc1–ssDNA filaments were formed by incubating Dmc1 with
5� 32P-labeled phosphorylated synthetic 100-mer single-stranded
fragment (#5) (Supplementary Table S1). The buffer conditions
were identical to ones used in BIAcore experiments, except for
surfactant P20 that was omitted. The volume of the reaction
was 20 µL, and the incubation temperature was 37°C. After an
initial 10 min of incubation, the Hop2/Mnd1 complex was
added to the concentrations indicated and the reaction was al-
lowed to proceed for an additional 10 min. The 3� → 5� digestion
of DNA was initiated by addition of 1 µL of ExoI nuclease (10 U;
United States Biochemicals). The digestion reaction was
stopped after 20 min by the addition of 10 µL of a solu-
tion containing 60 mM EDTA, 6% SDS, and 30% glycerol. Ten
microliters of the samples were electrophoresed on a 20%
SequaGel (National Diagnostics) denaturing gel, and the radio-
active signal was quantitated using a BAS 2500 Bio-Imaging
Analysis System.

D-loop formation

D-loop formations were performed according to a published pro-
tocol with modifications (Petukhova et al. 2005).
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