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Abstract

Homologous recombination (HR) is a universal mechanism operating in somatic and
germline cells, where it contributes to the maintenance of genome stability and
ensures the faithful distribution of genetic material, respectively. The ability to identify
and exchange the strands of two homologous DNA molecules lies at the heart of HR
and is mediated by RecA-family recombinases. Dmc1 is a meiosis-specific RecA
homolog in eukaryotes, playing a predominant role in meiotic HR. However, Dmc1
cannot function without its two major auxiliary factor complexes, Swi5-Sfr1 and
Hop2-Mnd1. Through biochemical reconstitutions, we demonstrate that Swi5-Sfr1
and Hop2-Mnd1 make unique contributions to stimulate Dmc1-driven strand
exchange in a synergistic manner. Mechanistically, Swi5-Sfr1 promotes
establishment of the Dmc1 nucleoprotein filament whereas Hop2-Mnd1 defines a
critical, rate-limiting step in initiating strand exchange. Following execution of this
function, we propose that Swi5-Sfr1 then promotes strand exchange with Hop2-Mnd1.
Thus, our findings elucidate distinct yet complementary roles of two auxiliary factors
in Dmc1-driven strand exchange, providing mechanistic insights into some of the

most critical steps in meiotic HR.
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Significance statement

Homologous recombination (HR) is highly induced during meiosis as it plays an
essential role in segregating chromosomes at the first division of meiosis. Dmc1 is the
major enzyme responsible for homology searching and strand exchange in meiosis.
However, in the cell, Dmc1 cannot function without two major auxiliary factors,
Hop2-Mnd1 and Swi5-Sfr1. How these auxiliary factors collaborate to facilitate
Dmc1’s activity remained elusive. Here, we demonstrate that Hop2-Mnd1 allows
Dmc1 to access and initiate strand invasion into homologous dsDNA while Swi5-Sfr1
acts to stabilize Dmc1 binding to single-stranded DNA and promote strand exchange
with Hop2-Mnd1. Thus, our findings provide fundamental insights into the mechanism

of meiotic HR, which is central to inheritance and evolution.
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Introduction

Homologous recombination (HR) is critical for accurately repairing DNA
double-strand breaks and thus maintaining genome integrity (1). Defective HR
progressively deteriorates the quality of the genome, eventually leading to the
occurrence of cancer (2). HR also plays an essential role in meiosis where it ensures
accurate segregation of homologous chromosomes (3, 4).

Rad51 and Dmc1 are eukaryotic orthologs of the prokaryotic homologous
recombinase RecA (5, 6). Unlike Rad51, which contributes to both mitotic and meiotic
recombination, Dmc1 functions only during meiosis. Both Rad51 and Dmc1 bind
single-stranded DNA (ssDNA) that is exposed as DSB ends are resected and form a
right-handed helical structure called the presynaptic filament. Formation and stability
of this structure is critical for Rad51/Dmc1 to conduct efficient homology searching
and strand exchange (7).

Rad51/Dmc1 require a number of auxiliary factors in order to function
efficiently in vivo (8, 9). Among these, a group of proteins called recombination
mediators facilitate the loading of Rad51/Dmc1 onto nascent ssDNA preoccupied by
replication protein A (RPA), a eukaryotic ssDNA binding protein. The Swi5-Sfr1
complex in the fission yeast Schizosaccharomyces pombe (Mei5-Sae3 in
Saccharomyces cerevisiae) has been characterized as an auxiliary factor that
stimulates Dmc1/Rad51 (10-15), and has also been shown to promote the formation
of interhomolog Holliday junctions/crossovers during meiosis (16, 17). Swi5-Sfr1 is
widely conserved in eukaryotes (18-20). Biochemically, Swi5-Sfr1 stabilizes
Rad51/Dmc1 presynaptic flaments and stimulates their ATPase activity (15, 21-24).

The Hop2-Mnd1 complex is another widely conserved auxiliary factor of Dmc1
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(25-30). The fission yeast ortholog is named Meu13-Mcp7, but Hop2-Mnd1 will be
employed throughout because it is the more commonly used name. Hop2-Mnd1
specifically stimulates Dmc1 in fungi and plants (20, 31-36), while it can also promote
Rad51 activity in mice and humans (37—40). Although Hop2-Mnd1 is generally
believed to function as an obligate heterodimer, Hop2 may have an
Mnd1-independent function in mice (41). Hop2-Mnd1 was proposed to help
Rad51/Dmc1 to capture target double-stranded DNA (dsDNA) during the homology
search and also stabilize Rad51/Dmc1 presynaptic flaments (37, 40). Cytological
observations in budding yeast revealed an aberrant but robust accumulation of Dmc1
and Rad51 on meiotic chromosomes in the absence of Hop2/Mnd1 (26, 29). In stark
contrast, the chromosomal localization of Dmc1 was completely lost in cells lacking
Mei5-Sae3 (19, 20). These results suggested that Hop2-Mnd1 and Swi5-Sfr1
differentially regulate Dmc1, although the differences and interplay between these
two complexes remained largely unexplored.

Here, we employed a biochemical approach to elucidate the mechanisms of
Dmc1 activation by its two major auxiliary factors. We demonstrate that Hop2-Mnd1 is
essential for the Dmc1 presynaptic filament to invade into homologous dsDNA. The
function of Swi5-Sfr1 is distinct, as it acts to stabilize Dmc1 binding to single-stranded
DNA and, together with Hop2-Mnd1, promotes strand exchange. Thus, Hop2-Mnd1
defines a critical, rate-limiting step in initiating strand exchange by allowing Dmc1
presynaptic filaments to invade into duplex DNA, effectively serving as an initiator of

strand exchange in meiotic HR.
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Results

Hop2-Mnd1 Promotes Hyper Joint Molecule Formation

The fission yeast Hop2-Mnd1 complex was purified, along with other necessary
proteins (S| Appendix, Fig. S1A), and its effect on Dmc1-driven strand exchange was
tested in an assay that employs 5.4 kb circular ssDNA (css) and homologous linear
dsDNA (Ids; Fig. 1A). Pairing between css and the complementary strand of Ids
produces an intermediate (joint molecule, JM), and once the reaction is complete, a
nicked circular DNA (nc) as the final product. Hop2-Mnd1 promoted Dmc1 activity at
concentrations as low as 0.13 uM (1/40"™ the concentration of Dmc1), as
demonstrated by the production of JM and nc (Fig. 1B). Interestingly, at higher
concentrations, JMs of higher molecular weight (referred to as hyper JMs hereafter,
denoted with asterisks in Fig. 1B) appeared with some signal observed in the well.
The amount of nc declined as hyper JMs increased, suggesting that most DNA
substrates are incorporated into strand exchange reactions that are never completed.
The inclusion of ATP, Dmc1 and Hop2-Mnd1 is indispensable for formation of hyper
JMs and nc (S| Appendix, Fig. S1B). We confirmed that the smear corresponding to
hyper JMs is not an artifact caused by insufficient proteolysis before agarose gel
electrophoresis, which could lead to a similar retardation in the mobility of DNA (Sl
Appendix, Fig. S1C). Hyper JMs are likely to be comprised of css and Ids molecules
that have undergone incomplete strand exchange because heat treatment resolved
most of the JM species, leading to an increase in nc and Ids (SI Appendix, Fig. S1D).
Hyper JM structures might be produced via strand invasion of a single css into
multiple Ids molecules (42), thus forming a high-molecular weight DNA network (43).

Mechanistically, mouse Hop2-Mnd1 was proposed to stimulate human
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Rad51/Dmc1 by enhancing the ability of presynaptic filaments to capture dsDNA (37,
41, 44). This property was tested using fission yeast Hop2-Mnd1. The assay
employed css annealed to a biotin-conjugated oligonucleotide, which allows
precipitation of the css using streptavidin-coated magnetic beads (S| Appendix, Fig.
S2A). css was initially incubated with Dmc1 in the presence of AMP-PNP to form
stable presynaptic filaments. The reaction was then supplemented with Hop2-Mnd1.
Either homologous (PhiX174) or nonhomologous (pBluescript) linear dsDNA was
added to the reaction and the fraction of dsDNA associated with css (pellet, P) was
separated from the rest (supernatant, S) using magnetic beads. dsDNA efficiently
precipitated with css only when the reaction contained both Dmc1 and Hop2-Mnd1
(SI Appendix, Fig. S2B). PhiX174 and pBluescript were pulled down to a similar
extent, indicating that homology between css and dsDNA is not necessary for dsDNA
to be pulled-down. These results strongly argue that, much like its mouse counterpart,
fission yeast Hop2-Mnd1 facilitates dsDNA capture by Dmc1 presynaptic filaments.
Next, we decided to closely examine the biochemical similarities/differences
between Hop2-Mnd1 and Swi5-Sfr1, another major auxiliary factor of Dmc1.
Time-course analysis of Dmc1-driven strand exchange revealed that, in the presence
of Hop2-Mnd1, the majority of Ids is converted into a wide range of JMs accounting
for ~70% of total DNA by 20 min, with the sum of nc and JMs plateauing at 60 min
(Fig. 1C). In contrast, the disappearance of Ids was more gradual in the reaction
containing Swi5-Sfr1, and the sum of nc and JMs progressively increased up until
120 min. Thus, strand exchange stimulated by Hop2-Mnd1 is much quicker than that
stimulated by Swi5-Sfr1. The apparent difference in the stimulation of Dmc1 by these
two auxiliary factors prompted us to examine if they act synergistically in this reaction.

Indeed, when Hop2-Mnd1 and Swi5-Sfr1 were both incubated with Dmc1 presynaptic
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filaments, a more robust production of hyper JMs was seen (Fig. 1D).

Hop2-Mnd1 and Swi5-Sfrl1 Noncompetitively Bind Dmc1

We next examined the physical interactions between Hop2-Mnd1 and the other
proteins employed here (SI Appendix, Fig. S1A). Hexahistidine-tagged Hop2-Mnd1
(6xHis-Hop2-Mnd1) was incubated with either Dmc1 or Rad51, then
6xHis-Hop2-Mnd1 was precipitated with nickel-conjugated beads (SI Appendix, Fig.
S3A). Dmc1, and to a lesser extent Rad51, was pulled down with Hop2-Mnd1, which
is consistent with a previous report (34). Interaction of Hop2-Mnd1 with Swi5-Sfr1 or
RPA was barely detectable.

Since Dmc1 can physically bind to both Swi5-Sfr1 (14) and Hop2-Mnd1 (Sl
Appendix, Fig. S3A), we sought to test whether these interactions involve the same
site on Dmc1. A competition binding assay was devised where 6xHis-Hop2-Mnd1
and Dmc1 were incubated with increasing amounts of Swi5-Sfr1. As a control,
6xHis-Hop2-Mnd1 and Dmc1 were incubated with various concentrations of
untagged Hop2-Mnd1, which should compete with 6xHis-Hop2-Mnd1 for Dmc1
binding. As expected, the presence of untagged Hop2-Mnd1 reduced the pull-down
efficiency of Dmc1 by 6xHis-Hop2-Mnd1 in a concentration-dependent manner (Sl
Appendix, Fig. S3B,C). In contrast, the amount of pulled-down Dmc1 was not affected
by the presence of Swi5-Sfr1. Furthermore, the amount of Swi5-Sfr1 that was pulled
down by 6xHis-Hop2-Mnd1—in the presence of Dmc1—was increased at higher
concentrations of Swi5-Sfr1, strongly arguing that these two auxiliary factors bind to
different interfaces on Dmc1. This noncompetitive binding is consistent with the
synergistic stimulation of Dmc1 by Hop2-Mnd1 and Swi5-Sfr1.

The ability of Hop2-Mnd1 to interact with Rad51 prompted us to examine if it
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stimulates Rad51-driven strand exchange. While Swi5-Sfr1 stimulated both Dmc1
and Rad51 (14), Hop2-Mnd1 had little effect on the activity of Rad51 (SI Appendix,
Fig. S4A). However, mild stimulation of Rad51-driven strand exchange was seen
when reactions containing Swi5-Sfr1 were supplemented with Hop2-Mnd1 (Sl
Appendix, Fig. S4B). This suggests that Hop2-Mnd1 can also stimulate Rad51, albeit

to a far lesser extent than Dmc1.

End-Dependency for Efficient Strand Exchange Is Bypassed by Hop2-Mnd1
How can Dmc1, when stimulated by Hop2-Mnd1, produce JMs more robustly and
quickly than Swi5-Sfr1 (Fig. 1C)? One possibility is that Hop2-Mnd1 allows Dmc1
presynaptic filaments to access Ids with more freedom. We hypothesized that
Swi5-Sfr1-stimulated Dmc1 can only access Ids at its ends, while Hop2-Mnd1 also
permits internal entries. The Ids substrate used so far has ends created by ApalLl,
which generates 5’ overhangs. To examine the relationship between strand exchange
and dsDNA ends, |ds with various ends were created (Fig. 2A). Ids prepared with
Xhol, like ApaLl, was utilized efficiently by Dmc1 in the presence of Swi5-Sfr1 (Fig.
2B). When Ids with 3’ overhangs was prepared by Pstl or Aatll, strand exchange was
substantially reduced, more so for Aatll than Pstl. Virtually no strand exchange was
seen when Ids was prepared with Stul, suggesting that blunt-ends hindered strand
exchange. However, with Sspl-digested Ids, which also has blunt ends, some
products were seen. Since the Sspl-created ends are A/T-rich, how easily the duplex
around an end is separated could also be an important parameter. Nonetheless,
these results indicate that Swi5-Sfr1-stimulated strand exchange by Dmc1 relies
heavily on the ends of Ids. In sharp contrast, robust JM and nc formation was seen in

Hop2-Mnd1-stimulated reactions containing Ids substrates prepared with any of the 6
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different restriction enzymes (Fig. 2). Thus, Hop2-Mnd1 nullifies the end dependency

in Dmc1-driven DNA strand exchange.

The Dmc1 Presynaptic Filament Is Not Stabilized by Hop2-Mnd1

Swi5-Sfr1 is an auxiliary factor with “mediator” activity for Dmc1 (15), meaning that it
can facilitate the displacement of ssDNA-bound RPA by Dmc1 (45). We examined if
Hop2-Mnd1 also has mediator activity. The strand exchange assay used above was
modified so that ssDNA was coated with RPA first, followed by addition of other
proteins and Ids. Swi5-Sfr1 stimulated Dmc1 in a concentration-dependent manner
(Fig. 3A). Although some products were obtained with Hop2-Mnd1 in a
concentration-independent manner, the yield was substantially reduced, with a
~5-fold reduction in the final products. This indicates that Hop2-Mnd1 does not
possess robust mediator activity for Dmc1.

Next, the stabilizing effect of Hop2-Mnd1 on the Dmc1 presynaptic filament was
examined using the RPA chase assay (Fig. 3B). A biotin-conjugated oligonucleotide
was first annealed to css, and this was then incubated with Dmc1 to form the
presynaptic filament. Subsequently, reactions were supplemented with either
Swi5-Sfr1 or Hop2-Mnd1, followed by the addition of RPA to challenge the
presynaptic filaments by competing for css binding. css was then precipitated by
streptavidin-coated magnetic beads and the amount of css-bound Dmc1 was
examined. Stable Dmc1 filaments remain associated with css, whereas unstable
filaments allow RPA to bind the css, leading to a reduction in the amount of
css-bound Dmc1. Inclusion of these auxiliary factors had little effect on the binding of
Dmc1 to css in the absence of RPA (S| Appendix, Fig. S5A). When preincubated with

Swi5-Sfr1, Dmc1 effectively resisted displacement by RPA (Fig. 3C, compare lane 1
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with 4,5). Without Swi5-Sfr1, the amount of Dmc1 bound to css was drastically
reduced, even in the presence of Hop2-Mnd1, and this was accompanied by an
increase in css-bound RPA (Fig. 3C, lanes 1-3). Thus, unlike Swi5-Sfr1, Hop2-Mnd1
does not stabilize the Dmc1 presynaptic filament against displacement by RPA.

In order to more directly assess Dmc1 filament stability, the fluorescence
anisotropy assay was employed. In this assay, fluorescently labelled ssDNA (72-mer
oligo dT) was preincubated with Dmc1, then either Swi5-Sfr1 or Hop2-Mnd1 was
added. Next, the reaction was diluted and the change in fluorescence anisotropy was
monitored over time. Upon dilution, anisotropy values showed a gradual decline (Fig.
3D), indicating that the mass associated with ssDNA, primarily contributed by Dmc1,
was decreasing. This decline was less steep when Swi5-Sfr1 was included: at 0.6 uM
of Swi5-Sfr1 (1/5" the concentration of Dmc1), ko was reduced by 8.9-fold (S|
Appendix, Fig. S5B). In sharp contrast, the inclusion of Hop2-Mnd1 had no obvious
effect on anisotropy, indicating that Swi5-Sfr1 is an efficient stabilizer of the Dmc1
presynaptic filament while Hop2-Mnd1 is not.

The results thus far uncovered the attributes unique to each auxiliary factor.
Swi5-Sfr1 is an efficient mediator/stabilizer of Dmc1 filaments, whereas Hop2-Mnd1
allows Dmc1 presynaptic filaments to engage dsDNA in the strand exchange reaction
irrespective of the donor’s ends. To examine if these unique attributes function in a
collaborative manner, a condition requiring both activities was employed by
precoating css with RPA and utilizing lds with Stul-digested ends. Hyper JMs were
only produced when both Swi5-Sfr1 and Hop2-Mnd1 were included in the reaction,
demonstrating that these factors stimulate Dmc1-driven strand exchange in a
complementary fashion (Fig. 3E). We note that this synergism was only observed for

hyper JM formation, while the levels of nc was actually reduced (also seen in Fig. 1B
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and 1D). This may be due to unproductive strand invasion events wherein one css
invades into multiple lds molecules, some of which may already be engaged in
reactions with other css molecules. The formation of such DNA networks would be
expected to hinder the strand transfer reactions—which specifically drive the

conversion of JMs into nc—for all DNA molecules involved.

Two Auxiliary Factors Play Distinct but Complementary Roles to Achieve
Efficient Strand Exchange

HR in vivo is initiated at a DSB that is resected to form 3’-ended ssDNA at its ends,
which searches for homology embedded somewhere within intact dsSDNA. This
homology is unlikely to be exposed at or near a DSB. Thus, we introduced a set of
substrates that better mimic the strand exchange that occurs in vivo. A reasonably
long (1.1 kb) linear ssDNA (Iss) was employed as the recipient molecule (the
molecule which incurs a DSB is termed recipient because it receives information from
a donor dsDNA once homology is identified). As a donor substrate, one assay
employed linear dsDNA (3.7 kb) with the region homologous to the ssDNA embedded
near the middle of the molecule (Fig. 4A, left panel). Another assay employed nicked
circular dsDNA (Fig. 4A, right panel), which lacks DNA ends, as a donor. With these
two sets of substrates, ssDNA was preincubated with Dmc1, followed by further
incubation with RPA and dsDNA with or without auxiliary factor(s). In both cases,
Hop2-Mnd1 stimulated product formation, which was further promoted by the
presence of Swi5-Sfr1, while Swi5-Sfr1 on its own barely stimulated Dmc1 (Fig. 4B).
When ssDNA was precoated with RPA, efficient product formation was seen only
when the reaction was supplemented with both Hop2-Mnd1 and Swi5-Sfr1 (Fig. 4C),

further highlighting the distinct but complementary roles played by these two auxiliary
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factors in stimulating Dmc1-driven strand exchange.

We also examined the effect of heterology (70 bp), located at either the 5’-, 3’-
or both ends of Iss (Fig. 5A). Products were practically undetectable without any
auxiliary factors and the inclusion of just Swi5-Sfr1 had a marginal effect on product
formation. The inclusion of Hop2-Mnd1 resulted in reasonably efficient product
formation when Iss had at least one end free of heterology, achieving a yield of
40-50%, while the presence of heterology at both ends substantially reduced the
reaction efficiency (~10%). When both Hop2-Mnd1 and Swi5-Sfr1 were added to the
reaction, the Iss species with heterology at either end and those without any
heterology achieved even higher yields (70-80%). Strand exchange was much less
efficient when both ends of Iss contained heterology (< 40%). Taken together, we
conclude that homology exposed at ssDNA ends is important, but not essential, for

strand exchange.
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Discussion

Here, we closely examined the functional relationship between two major auxiliary
factors of Dmc1 by reconstituting Dmc1-driven strand exchange reactions in vitro.
Previous work proposed that mouse Hop2-Mnd1 stabilizes presynaptic filaments of
human Rad51 and Dmc1, as well as facilitating the capture of dsDNA by these
presynaptic filaments (37, 40). We asked how the action of Dmc1-driven strand
exchange could be collaboratively promoted by Hop2-Mnd1 and Swi5-Sfr1, another
major auxiliary factor of Dmc1.

Hop2-Mnd1 and Swi5-Sfr1 share a number of biochemical properties.
Hop2-Mnd1 binds both dsDNA and ssDNA, with a conditional preference for dsDNA
(when the substrate is relatively short, ~100 bp) (46, 47). Swi5-Sfr1 also binds both
ssDNA and dsDNA, although a potential binding preference has not been well
explored (21, 48, 49). Similarity is not restricted to their biochemical properties; the
heterodimeric structure of both Hop2-Mnd1 and Swi5-Sfr1 is mediated by
crescent-like leucine zippers, and the resultant parallel coiled-coils can be modeled to
fit into the helical groove of the Dmc1/Rad51 filament in both cases (46, 49).

Based on these previous findings, we investigated how these two auxiliary
factors contribute to strand exchange driven by S. pombe Dmc1. First, we found that
Swib-Sfr1 plays the primary role in establishing Dmc1 presynaptic flaments onto
RPA-coated ssDNA (Fig. 3A-D). Then, while both Hop2-Mnd1 and Swi5-Sfr1 are
strong activators of Dmc1 strand exchange, Hop2-Mnd1 is exclusively required for
Dmc1 presynaptic filaments to access homology within continuous dsDNA (Fig. 2B
and 4B). During invasion of ssDNA into homologous dsDNA, the presence of

homology at the ssDNA end is a critical determinant for strand exchange efficiency



10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

Tsubouchi et al. Main 15

since the ssDNA substrate with heterology at both ends was utilized relatively poorly
in this reaction (Fig. 5B). Importantly, even when the homology is embedded
internally in dsDNA, Swi5-Sfr1 can activate strand exchange when acting together
with Hop2-Mnd1 (Fig. 4C).

The findings presented here have been combined with previous key findings
into a model (Fig. 5D). First, the DSB end is resected to expose 3’-ended ssDNA,
which is initially occupied by RPA. This could prevent unfavorable binding of HR
proteins such as Hop2-Mnd1 and Rdh54/Tid1 to ssDNA (50) (Fig. 5D-a.). Swi5-Sfr1
primarily promotes replacement of RPA with Dmc1, resulting in formation of the Dmc1
presynaptic filament (Fig. 5D-b.). Results from budding yeast suggest that
interactions between Rad51, Mei5-Sae3 and RPA may also play an important role
during this step (50, 51). The subsequent invasion of the Dmc1 filament into
homologous dsDNA and establishment of the initial annealing of ssSDNA is promoted
exclusively by Hop2-Mnd1, leading to the initiation of strand exchange (Fig. 5D-c.).
This occurs preferentially (but not exclusively) at the 3’-end of the ssDNA molecule
(compare 1 and 3 in Fig. 5B and C). Hop2-Mnd1 is a V-shaped heterodimer with two
juxtaposed winged-helix domains located near each subunit’'s N-terminus (46). These
domains provide the dsDNA binding activity that is likely involved in promoting the
capture of dsDNA by Dmc1 filaments (44, 52). It was proposed that the binding of
dsDNA by Hop2-Mnd1 perturbs dsDNA base pairing (46), which would be conducive
to strand invasion. Additionally, Hop2-Mnd1 binding to the Dmc1 filament could
induce a conformational change in Dmc1 that has a stimulatory effect on strand
invasion (53). Following strand invasion, Swi5-Sfr1 and Hop2-Mnd1 likely promote
further extension of the heteroduplex by stimulating Dmc1-driven strand transfer (Fig.

5D-d.). This could be achieved solely through stabilization of the Dmc1 filament. It is
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also possible that Swi5-Sfr1 functions at this stage similarly to how it stimulates the
synaptic phase of Rad51-driven strand exchange in an ATP-hydrolysis-dependent
manner, thus fulfilling more than just a filament stabilization role (22). The stimulation
of Dmc1’s ATPase activity by Swi5-Sfr1 is consistent with this possibility (14).
Heteroduplex extension and further branch migration are likely to also involve
Rdh54/Tid1 (54-57).

What exactly does the initiation of strand exchange entail at the molecular
level? It is noteworthy that in strand exchange assays employing linear ssDNA and
dsDNA (linear or nicked circular) (Fig. 4B), or PhiX174-based css and blunt-ended
(Stul-ended) dsDNA (Fig. 2B), Swi5-Sfr1 could only promote strand exchange in the
presence of Hop2-Mnd1. Importantly, when the ends of donor dsDNA had ssDNA
overhangs in the PhiX174-based system, this requirement for Hop2-Mnd1 was
bypassed (i.e., Swi5-Sfr1 could stimulate strand exchange without Hop2-Mnd1, Fig.
2B). Thus, we speculate that the strand invasion promoted by Hop2-Mnd1 occurs
through a related mechanism involving the exposure of ssSDNA. The activity of
Hop2-Mnd1 could result in the local melting of dsDNA, allowing the ssDNA within the
Dmc1 filament to establish base pairing with a few nucleotides of the complementary
strand. This nascent D-loop may then be acted on by Swi5-Sfr1, which could promote
further strand transfer. In this sense, the action of Hop2-Mnd1 can be defined as a
step in Dmc1-driven DNA strand exchange after which Swi5-Sfr1 is able to promote
progression of the reaction. As such, the initiation of strand exchange represents a
critical, rate-limiting step that requires the activity of Hop2-Mnd1, and consequently
enables Swi5-Sfr1 to potentiate Dmc1.

Hop2-Mnd1 is unique among auxiliary factors for RecA homologs in that a

severe defect in meiotic DSB repair is observed in its absence despite the robust
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accumulation of Rad51 and Dmc1 on meiotic chromosomes in many different
organisms (26, 29, 58-60). This phenotype is consistent with an essential role for
Hop2-Mnd1 in initiating strand exchange. Furthermore, the apparently robust
localization of Rad51/Dmc1 to meiotic chromosomes in the absence of Hop2-Mnd1
argues that presynaptic filament formation/stabilization is not the primary role of
Hop2-Mnd1. In contrast, the inability of Dmc1 to localize to chromosomes in the
absence of Mei5-Sae3 (19, 20) suggests that Mei5-Sae3 is important for Dmc1
filament formation/stabilization. These cytological observations are in complete
agreement with the biochemical results presented here (Fig. 3).

Dmc1 and Hop2-Mnd1 belong to a core group of meiotic genes that are thought
to have existed since the origin of meiosis and evolved together thereafter (61). In S.
cerevisiae, Hop2-Mnd1 functions exclusively within meiosis just like Mei5-Sae3.
Although Mei5-Sae3 can physically interact with Rad51, its ability to stimulate strand
exchange is limited to Dmc1 (48). In S. pombe and mice, however, Swi5-Sfr1 also
has a mitotic role in promoting Rad51-dependent DNA repair (10, 18). Interestingly,
although exclusively meiosis-specific in budding and fission yeasts, S. pombe
Hop2-Mnd1 can bind and weakly potentiate Rad51 (S| Appendix, Fig. S4B) while S.
cerevisiae Hop2-Mnd1 does not seem to even associate with Rad51 (31).
Furthermore, Hop2-Mnd1 is produced in somatic cells of higher eukaryotes (30, 62,
63) and is involved in alternative lengthening of telomeres in humans (64). Given the
fact that organisms lacking Dmc1 also lack Hop2 and Mnd1 (e.g., C. elegans,
Drosophila and Neurospora), Hop2-Mnd1, which used to act exclusively with Dmc1,
might have acquired the novel function of activating Rad51 as it was also produced in
vegetative cells throughout the course of evolution. S. pombe may represent an

intermediary where Hop2-Mnd1 is in the process of developing the capacity to
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stimulate Rad51.
In conclusion, our work highlights the unique attributes of Hop2-Mnd1 and
Swi5-Sfr1 in collaboratively and complementarily activating Dmc1-driven strand

exchange.
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Materials and Methods

Three-Strand Exchange and D-loop Assay

All the reactions were conducted in the scale of 10 yL at 30°C. The following
conditions were employed with PhiX174 substrates unless otherwise stated. Strand
exchange buffer (30 mM Tris-Cl [pH 7.5], 120 mM NaCl, 30mM KClI, 3.5 mM MgCl,, 2
mM ATP, 1 mM DTT, 5% glycerol, 8 mM phosphocreatine, 8 units/mL creatine
phosphokinase) containing 10 pMnt PhiX174 virion DNA (i.e., css [NEB]) was
supplemented with 5 yM Dmc1 or Rad51 and incubated for 5 min. The indicated
concentration of auxiliary factor(s), typically 0.25 uyM for Hop2-Mnd1 and 0.5 uM for
Swi5-Sfr1, was added to the reaction, which was further incubated for 5 min. 1 yM
RPA was then added and incubated for 10 min. The strand exchange reaction was
started by adding 10 uMnt of linearized dsDNA (lds, PhiX174 RF | DNA [NEB], ApaLl
digested unless otherwise stated), which lasted for either 1 h or 2 h (as specified).
Strand exchange between css and Ids initially produces joint molecules (JMs) as
intermediates, which are then converted to nicked circular molecules (nc) and a linear
ssDNA upon completion of strand exchange. Iss is not visible on the gel because the
band overlaps with css (Fig. 1A). In the case of the D-loop system, 5 uMnt linear
ssDNA was supplemented with 5 yM Dmc1 and incubated for 10 min. The indicated
concentration of auxiliary factor (typically 0.25 uM for Hop2-Mnd1 and 0.5 uM for
Swi5-Sfr1), 1 uM of RPA and 5 pMnt nicked circular or linear dsDNA, were then
mixed to start the reaction, which lasted for 1 h (or as indicated). In the case of
mediator assays using PhiX174 substrates, 10 uMnt of PhiX174 virion DNA (css) was
incubated with RPA at 2 uM for 10 min, then mixed with Dmc1, auxiliary factor(s) at

0.25 pM for Hop2-Mnd1 and/or 4 pM for Swi5-Sfr1, and linear PhiX174 RF | DNA
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(ApaLl digested unless otherwise stated) at 10 uMnt, which lasted for 1 h. In the case
of D-loop mediator assays, 5 pMnt linear ssDNA was supplemented with 2 yM RPA
and incubated for 10 min. Then, 5 yM Dmc1, indicated concentrations of auxiliary
factor (typically 0.25 pM for Hop2-Mnd1 and 0.5 pyM for Swi5-Sfr1), and 5 uMnt nicked
circular or linear dsDNA, were then mixed to start the reaction, which lasted for 1 h. At
the end of all the reactions described above, 10 yL reactions were subjected to
psoralen-UV crosslinking to stabilize labile DNA structures and 2 uL of stop solution
was added (30 mM Tris-ClI [pH 7.5], 44 mM EDTA, 3% SDS, 15 mg/mL proteinase K).
Following a 5 min incubation, DNA was resolved in 1% agarose gels and stained with
SYBR Gold (Thermo Fisher Scientific). Gels were then imaged using a LAS4000 mini
(GE Healthcare). Data acquisition and analysis were done as before except FIJI (65)
was employed for signal quantification (14, 23). In brief, in the case of PhiX174-based
substrates, background was subtracted and the amount of signal for areas
corresponding to Ids, nc and JM bands was measured with the JM values divided by
1.5 to compensate for the extra signal generated by these three-stranded DNA
molecules. The sum of the values was set to 100% and the percentage of total DNA
corresponding to nc or JM was calculated. For the total yield, the percentage of DNA
corresponding to nc and JM was combined. In the case of the D-loop assay, the sum
of the value for dsDNA (nc or Ids) and that for the product was set to 100%, and the
yield was expressed as the percentage of the product per the sum. The values from
three independent experiments were averaged and plotted along with error bars (SD).

In SI Appendix, Fig. S4B, statistical significance was assessed by a paired t-test.

Data Availability

All relevant data are presented in the manuscript. Requests for reagents or further
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1 information should be directed to H.T. (htsubouchi@pbio.titech.ac.jp).
2

3 Additional Materials and Methods are in the SI Appendix.
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Figure Legends

Fig. 1. Hop2-Mnd1 stimulates Dmc1-mediated strand exchange, leading to robust
accumulation of hyper JMs.

(A) Schematic of the in vitro strand exchange assay using PhiX174 DNA as
substrates.

(B) Circular single-stranded DNA (css) was first incubated with Dmc1, then mixed
with Hop2-Mnd1, RPA, and finally with linear double-stranded DNA (lds), followed by
a further incubation for 2 h at 30°C. The products were analyzed by agarose gel
electrophoresis. The signal denoted with asterisks corresponds to “hyper JMs”, which
are defined as JMs bigger than those normally formed in reactions containing
Swi5-Sfr1.

(C) Time course analysis of Dmc1-mediated strand exchange promoted by either
Hop2-Mnd1 or Swi5-Sfr1.

(D) Synergistic activation of Dmc1 by Hop2-Mnd1 and Swi5-Sfr1. Dmc1 was
preincubated with ssDNA, then mixed with the indicated auxiliary factor(s) and the
reaction was incubated for 1 h at 30°C. In (B-D), the following concentrations of
substrates were used: Dmc1, 5 pM; RPA, 1 uM; css, 10 uM; Ids, 10 uM. In (C, D),
Swi5-Sfr1 and Hop2-Mnd1 were used at concentrations of 0.5 uM and 0.25 uM,
respectively. css, circular ssDNA; Ids, linear dsDNA; JM, joint molecules; nc, nicked
circular DNA.

For the graphs in (B-D), mean values + SD from three independent experiments are

shown.
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Fig. 2. Hop2-Mnd1 stimulates efficient strand exchange by bypassing the donor
dsDNA end-dependency.

(A) dsDNA ends examined in the strand exchange reactions in (B).

(B) Strand exchange reactions were conducted with linear dsDNA with various ends
as indicated. Circular single-stranded DNA (css) was first incubated with Dmc1 for 5
min, then supplemented with Swi5-Sfr1 or Hop2-Mnd1 and RPA, and incubated for a
further 5 min. The reaction was then initiated through the addition of linear
double-stranded DNA (lds) and incubated for 1 h at 30°C. Reaction products were
analyzed by agarose gel electrophoresis. Dmc1, 5 uM; Swi5-Sfr1, 0.5 uM;
Hop2-Mnd1, 0.25 pM; RPA, 1 pM; css, 10 uM; Ids, 10 pM. css, circular ssDNA; Ids,
linear dsDNA; JM, joint molecules; nc, nicked circular DNA. Mean values £ SD from

three independent experiments are shown.
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Fig. 3. Hop2-Mnd1 is not an efficient stabilizer of the Dmc1 presynaptic filament.

(A) Dmc1-driven strand exchange reaction with RPA-precoated ssDNA. ssDNA (css)
was precoated with RPA, then mixed with Dmc1, dsDNA and the indicated auxiliary
factor.

(B) Schematic of the RPA chase assay.

(C) RPA chase assay. css annealed to biotinylated oligos was initially precoated with
Dmc1, then incubated in the presence of the indicated auxiliary factor, followed by the
addition of RPA. css was precipitated with streptavidin-coated magnetic beads and
associated proteins were examined (css-bound), along with proteins left in the
supernatant (unbound), by SDS-PAGE. Dmc1, 5 yM; Hop2-Mnd1, 0.25 or 0.5 pM;
Swi5-Sfr1, 0.5 or 1 uM; RPA, 1 uM; css, 10 uM.

(D) Presynaptic filament stability assayed by fluorescence anisotropy. Dmc1
presynaptic filaments were formed by mixing Dmc1 with fluorescently labelled
oligo-dT (72-mer), then the mixture was incubated with the indicated auxiliary factor.
Stability of the formed filaments was examined by diluting the mixture (40-fold) and
monitoring the change in fluorescence anisotropy over time.

(E) Synergistic activation of Dmc1-driven strand exchange by Hop2-Mnd1 and
Swi5-Sfr1 with RPA-precoated ssDNA. ssDNA precoated with RPA was mixed with
Dmc1, the indicated auxiliary factor(s) and linear dsDNA prepared with Stul. The
reaction was then incubated at 30°C for 60 min. Dmc1, 5 uM; Swi5-Sfr1, 4 uM;
Hop2-Mnd1, 1 uM; RPA, 2 uM; css, 10 uM; Ids, 10 uM. css, circular ssDNA; Ids,
linear dsDNA; JM, joint molecules; nc, nicked circular DNA.

For the graphs in (A,C,E), mean values * SD from three independent experiments

are shown. Representative kinetics of the reactions are shown in (D).
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Fig. 4. Hop2-Mnd1 allows Dmc1 to exchange strands with homology embedded
within nonhomologous DNA.

(A) Schematic of the D-loop assay employing a linear ssDNA and either linear dsDNA
(left) or nicked circular DNA (right).

(B) Gel images of the D-loop assay with naked linear ssDNA (Iss).

(C) Gel images of the D-loop assay with RPA-precoated linear ssDNA (Iss).

In (B,C), linear dsDNA (lds, left) or nicked circular DNA (nc, right) was used. In (B),
Iss was preincubated with Dmc1, then mixed with auxiliary factor(s) and dsDNA. In
(C), Iss was precoated with RPA, then mixed with Dmc1, auxiliary factor(s) and
dsDNA. After addition of dsDNA, the reaction was incubated at 30°C for 1 h. Yield is
expressed as the percentage of the signal for the products to the sum of the products
and either Ids or nc. Dmc1, 5 pM; Swi5-Sfr1, 0.5 uM in (B) and 4 uM in (C);
Hop2-Mnd1, 0.25 pM; RPA, 1 pM; Iss, 5 uM; Ids, 5 uM; nc, 5 uM. For the graphs in

(B,C), mean values + SD from three independent experiments are shown.
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Fig. 5. The effect of heterology at linear ssDNA ends on strand exchange.

(A) Schematic of the D-loop assay using linear ssDNA with heterology (70 bp) at its
end(s).

(B) Linear ssDNA (Iss) was preincubated with Dmc1, then mixed with auxiliary
factor(s), RPA and linear dsDNA (Ids). The reaction was then incubated at 30°C for 1
h. Dmc1, 5 uM; Swi5-Sfr1, 0.5 uM; Hop2-Mnd1, 0.25 uM; RPA, 1 uM; Iss, 5 uM; Ids, 5
M.

(C) Quantification of results shown in (B). Yield is expressed as the percentage of the
signal for the products to the sum of the Ids and products. Mean values + SD from
three independent experiments are shown.

(D) Stepwise involvement of two auxiliary factors in the establishment of Dmc1-driven
synapsis. [a.] Following meiotic DSB formation and end-resection, RPA binds to the
ssDNA exposed at a DSB end. [b.] Swi5-Sfr1 functions as a canonical “mediator” and
facilitates the replacement of RPA with Dmc1, which forms a nucleoprotein filament.
[c.] Hop2-Mnd1 executes its role as an initiator of strand exchange by allowing the
Dmc1 filament to invade a donor dsDNA duplex, which constitutes initiation of the
synaptic phase. [d.] Swi5-Sfr1 and Hop2-Mnd1 may then promote further strand
transfer within the synaptic phase, leading to heteroduplex extension. See text for

more details.
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Supplementary Information Text

S| Materials and Methods

E. coli Strain and Media
For protein production conducted in this study, BL21-CodonPlus(DE3)-RIPL (Agilent
technologies) was used. Standard media was used for growth (LB) and selection

(LB with antibiotics).

Plasmids and DNA Substrates
pET15b-3C, in which the original thrombin cleavage site was replaced with the
PreScission protease cleavage site, was used to clone the cDNA of Hop2 and Mnd1
(S. pombe meu13* and mcp7+, obtained from National BioResource Project) so that
the insert carries HOPZ2, a ribosomal binding site, and MND1, in this order.

yEGFP was amplified as two fragments by PCR using pTOW-PYK1 (1) with
two pairs of primers (92-93 and 94-95), then cloned in the Smal site of pBluescriptll
KS, with a new Nb.BbvCl site created within yEGFP. The mutated yEGFP was
amplified using primers 95-135 to create an Nt.BspQl site right before the start
codon of yEGFP, yielding plasmid p101. An Nb.Bsml site was introduced into p101
by PCR using p101 and primers 206-207 to create p159, which was used as a
nicked circular dsDNA substrate after digestion with Nb.Bsml (NEB). Two different
70-bp sequences (both from the S. cerevisiae URA3 gene) were introduced either
before the start codon or after the stop codon, by using primer pairs 208-211 and

209-210, to create p160 and p161, respectively. For introduction of insertions at
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both ends, primer pair 210-211, and a fragment amplified with p159 (template) and
primers 208 and 209 were used to create p162. p101 and p162 were digested by
Nt.BspQl (NEB), releasing the 1070 nt ssDNA, which was gel-purified after
denaturing at 80°C for 5 min in the presence of 8.3 mM Tris-HCI (8.0), 6.7 M urea,
0.83% igepal CA-630 and used as a linear ssDNA substrate. p159, 160, 161 and
162 were digested by Scal (NEB) to create linear dsDNA substrates. All the DNA
substrates were gel purified using MonoFas DNA purification kit | (GL Sciences Inc.),

and concentrations are expressed in uM nucleotide (uMnt).

Protein Purification for Biochemical Analyses
All the proteins used in this study were produced using BL21-CodonPlus(DE3)-RIPL.
Purification of Dmc1, Rad51, RPA, and Swi5-Sfr1 were described previously (2—4).
Protein purification was conducted at 4°C. Purified proteins were checked for
nuclease contamination, which was below detectable levels in the assay conditions
employed here.

Rad51 was expressed from plasmid pET11b with 1 mM IPTG at 18°C for 12
h. Harvested cells were lysed by sonication, cleared (70,000 g, 1 h) and precipitated
with ammonium sulfate to 35% saturation. The protein mixture was centrifuged
(10,000 g, 30 min) and the pellet was resuspended in P buffer (20 mM potassium
phosphate [pH 7.4], 0.5 mM EDTA, 10% glycerol, 1 mM DTT). The protein solution
was applied to SP Sepharose (GE Healthcare), and the flow-through fraction was
then applied to Q Sepharose (GE Healthcare) and eluted with a gradient from 100
mM to 800 mM KCI. Combined peak fractions were applied to HiTrap Heparin, then

eluted with a gradient from 100 mM to 700 mM KCI. The combined peak fractions
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were then applied to Resource Q (GE Healthcare) and eluted with a gradient from
100 mM to 600 mM KCI. Peak fractions were pooled, dialyzed against P buffer
containing 200mM KCI, concentrated in Amicon Ultra-4 (MWCO 10,000), frozen in
liquid nitrogen and stored at -80°C.

Dmc1 was expressed from plasmid pET28a and the same conditions as
Rad51 were employed for cell lysis and lysate clearing. Ammonium sulfate
precipitation was with 60% saturation. The protein mixture was centrifuged (10,000
g, 30 min) and the pellet was resuspended in R buffer (20 mM Tris-HCI [pH 8.0], 1
mM EDTA, 10% glycerol, 1 mM DTT). The protein solution was applied to SP
Sepharose (GE Healthcare), and the flow-through was then applied to Q Sepharose
(GE Healthcare) and eluted with a gradient from 100 mM to 800 mM KCI. Combined
peak fractions were applied to HiTrap Heparin, then eluted with a gradient from 100
mM to 800 mM KCI. Combined peak fractions were then developed in a Superdex
200 PG 16/60 column in R buffer containing 0.5 M NaCl. The combined peak
fractions were then applied to Resource Q and eluted with a gradient from 100 mM
to 600 mM KCI. Peak fractions were pooled, dialyzed against R buffer containing 200
mM KCI, concentrated in Amicon Ultra-4 (MWCO 10,000), frozen in liquid nitrogen
and stored at -80°C.

For RPA purification, Ssb1, Ssb2 and Ssb3 (fission yeast counterparts of
Rfa1, Rfa2 and Rfa3, respectively) were co-expressed with intervening ribosome
binding sites from pET11b. The same conditions as Rad51 were employed for
protein expression and lysate clearing. Polyethyleneimine was added to the cleared
lysate to a final concentration of 0.05% and the protein mixture was centrifuged

(20,000 g, 30 min). The supernatant was fractionated by ammonium sulfate
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precipitation (40% saturation). The pellet was resuspended in R buffer containing 1
M NaCl then dialyzed against R buffer with 100 mM NaCl. The sample was applied
to SP Sepharose and eluted with a gradient from 100 mM to 1 M NaCl. Combined
peak fractions were then applied to HiTrap Heparin and eluted with a gradient from
100mM to 700mM NaCl. Combined peak fractions was then developed in a
Superdex 200 PG 16/60 column in R buffer containing 1 M NaCl. Peak fractions
were pooled, dialyzed against R buffer at containing 100 mM NaCl, then
concentrated using Amicon Ultra-4 (MWCO 10,000), frozen in liquid nitrogen and at -
80°C.

Sfr1 and Swi5 were co-expressed from plasmids pET28a and pET11b,
respectively. The expression conditions, lysate clearing (polyethyleneimine and
ammonium sulfate precipitation) and SP Sepharose fractionation were the same as
for RPA except that ammonium sulfate precipitation was with 35% saturation and SP
Sepharose fractionation was from 100 mM to 800 mM. Combined peak fractions
was applied to HiTrap Heparin and eluted with a gradient from 100 mM to 800 mM
NaCl. Combined peak fractions was then developed in a Superdex 200 PG 16/60
column in R buffer containing 1 M NaCl. Peak fractions were pooled, dialyzed
against R buffer containing 200 mM NaCl, concentrated in Amicon Ultra-4 (MWCO
10,000) and stored at -80°C. Swi5-Sfr1 was purified as a stable heterodimer
throughout the purification as reported previously (5).

Hop2 and Mnd1 were co-expressed with an intervening ribosome binding site
from pET11b. The same conditions as Dmc1 were employed for protein expression
and lysate clearing. The protein solution was incubated with Nickel-conjugated resin

(Roche) for 1.5 h, washed with R buffer containing 200 mM KCI and 10 mM
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imidazole, followed by elution with R buffer containing 200 mM KCI and 200 mM
imidazole. The eluate was dialyzed against R buffer with 200 mM KCI and, for
preparing untagged Hop2-Mnd1, PreScission (GE Healthcare) protease was added.
Then the sample was applied to HiTrap Heparin and eluted with a gradient from 100
mM to 800 mM KCIl. Combined peak fractions was applied to Resource S (GE
Healthcare), eluted with a gradient from 50 mM to 1 M KCI. Peak fractions were
pooled, dialyzed against R buffer containing 200 mM KCI, concentrated in Amicon
Ultra-4 (MWCO 10,000), frozen in liquid nitrogen and stored at -80°C. Hop2-Mnd2
was purified as a stable heterodimer throughout the purification. Tagged Hop2-Mnd1

was only used for protein-protein interaction assays.

In vitro Interaction Assay

Purified His6-Hop2-Mnd1, Dmc1, Rad51, Swi5-Sfr1 and RPA were used at 3 uM.
Proteins alone or in combination with other proteins, as indicated, were mixed in the
assay buffer (35 mM Tris-HCI [pH 7.5], 100 mM NaCl, 3.5 mM MgCl2, 5% glycerol,
0.1% igepal CA-630, 20 mM imidazole). The protein mixture was incubated at 30°C
for 15 min, followed by 4°C for 30 min, then mixed with Ni-magnetic beads
(Dynabeads His-tag isolation and pulldown, Thermo Fisher Scientific). The mixture
was further incubated at 4°C for 2 h with gentle agitation. Finally, a magnetic stand
was used to separate the beads (precipitates, P) from the supernatant (S). Both
fractions were denatured using Laemmli buffer and analyzed by SDS-PAGE and

CBB staining.

RPA Chase Assay
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Circular ssDNA (PhiX174 virion DNA, NEB) was conjugated to Dynabeads M-280
Streptavidin (Thermo Fisher Scientific) using a synthetic biotinylated oligonucleotide
as described previously (3). RPA chase buffer (30 mM Tris-Cl [pH 7.5], 120 mM
NaCl, 30 mM KCI, 3.5 mM MgClz, 2 mM ATP, 1 mM DTT, 5% glycerol) containing 10
MMnt css-beads was supplemented with 5 yM Dmc1 and incubated at 30°C with
gentle agitation for 5 min. Either Hop2-Mnd1 (0.25 uM or 0.5 pyM) or Swi5-Sfr1 (0.5
MM or 1 uM) was added and the reaction was further continued for 10 min at 30°C.
Next, 1 yM RPA was added and the incubation was continued for 10 min at 30°C.
Finally, a magnetic stand was used to separate the precipitate (css-bound) from the
supernatant (unbound). Both fractions were denatured using Laemmli buffer and
analyzed by SDS-PAGE. Following staining with Coomassie Brilliant Blue G-250,
gels were imaged using a LAS4000 mini (GE Healthcare). Densitometric analysis
was performed as described (3) except FIJI (6) was used instead. The values for
RPA or Dmc1, in the supernatant (unbound) and precipitate (css-bound) fractions,
were combined to obtain the sum. The yield is expressed as the percentage of the
signal for css-bound divided by the sum. The values from three independent

experiments were averaged and plotted along with error bars (SD).

dsDNA Capture Assay

css-conjugated magnetic beads, prepared as described above, were initially
incubated with or without Dmc1 (5 uyM) for 5 min at 30°C in the assay buffer (30 mM
Tris-Cl [pH 7.5], 40 mM KCI, 3.5 mM MgClz, 2 mM AMP-PNP, 1 mM DTT, 100 ng/
uL, BSA, 5% glycerol). The mixture of css-beads and Dmc1 was further incubated

with or without Hop2-Mnd1 (1 uM) for 5 min at 30°C. The magnetic beads were



10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

Tsubouchi_Supplemental_Materials 8

captured by the magnetic stand, and washed once with the assay buffer. The
separated beads were then resuspended in the assay buffer and incubated with Ids
(5 yMnt, either ApaLl-digested PhiX174 RF | or BamHI-digested pBluescript KS*) at
30 °C for 30 min. Then the beads were captured again and the supernatant was
collected. The beads were washed twice with assay buffer containing 0.01% Igepal
and resuspend in assay buffer. Both the supernatant and the resuspended beads
were treated with proteinase K (15 mg/mL) in the presence of 3% SDS at 30°C for 10
min. The supernatant of the bead-mixture was separated from the beads and used
as the pellet fraction. Both the supernatant and the pellet fractions were analyzed by
agarose gel electrophoresis. The signal values for the supernatant and the pellet
were combined and set to 100% and the percentage of the pellet signal to the sum
was presented as dsDNA pulldown efficiency. The values from three independent

experiments were averaged and plotted with error bars (SD).

Dmc1 Nucleoprotein Filament Dissociation Assay

Anisotropy buffer (30 mM HEPES-KOH [pH 7.5], 120 mM KCI, 3 mM MgCl2, 1 mM
ATP, 1 mM DTT, 5% glycerol) containing 1.5 uMnt of oligo dT (72 mer) with a &’
TAMRA label was supplemented with 0.5 yM Dmc1 and incubated at 25 °C for 5
min. Next, either Swi5-Sfr1 or Hop2-Mnd1 was added at the indicated concentration
and the reaction was continued for a further 5 min. This solution was transferred into
a 0.3 x 0.3 cm quartz cuvette and the fluorescence anisotropy was monitored every
second for 60 sec (25°C, excitation 546 nm, emission 575 nm) to confirm filament
formation. Next, a 1.0 x 1.0 cm quartz cuvette containing 2 mL of anisotropy buffer

was placed into the spectrofluorometer with constant stirring (450 rpm). After 60 sec
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of measurement, 50 pL of the solution containing Dmc1 filaments with or without
each auxiliary factor was injected into this cuvette. Fluorescence anisotropy was
then monitored every second for 6 min. The data from three independent anisotropy
experiments were averaged and plotted. Data were then regressed using
KaleidaGraph with the exponential decay equation as follows: Anisotropy =
(Amplitude of change in anisotropy) exp (-kort) + (Minimum value of anisotropy),

where kot represents the dissociation rate constant and t represents time.
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Fig. S1. Hyper JMs are produced by Dmc1.

(A) Proteins used in this study (4 ug loaded per lane).

(B) The three-strand exchange reaction was conducted with (+) or without (-) Dmc1
(5 uM), Hop2-Mnd1 (1 uM) and ATP (2 mM). Experiments were conducted as in
Figure 1B, except that incubation time was 1 h.

(C) The three-strand exchange reaction was conducted as in Figure 1B, except that
incubation time was 60 min and UV crosslinking was omitted. css was preincubated
with Dmc1 (5 yM), followed by Hop2-Mnd1 (1 uM) and RPA (1 pM), then the reaction
was initiated by adding Ids. Samples were immediately withdrawn (0 min) and mixed
with 2x SDS-PAGE loading buffer. Following 60 min of incubation, samples were
withdrawn before and after proteinase K (proK) treatment, and mixed with 2x SDS-
PAGE loading buffer. These samples were then analyzed by SDS-PAGE and CBB
staining. The 60 min proK-treated reactions (denoted by dashed lines in the SDS-
PAGE gel) were also subjected to agarose gel electrophoresis to detect strand-
exchange products. The signal denoted with asterisks corresponds to “hyper JMs”.
(D) The products of the strand exchange reaction were incubated at 65°C for 30 min

then subjected to analysis.
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Fig. S2. Hop2-Mnd1 facilitates dsDNA capture by Dmc1 presynaptic filaments.

(A) Schematic of the dsDNA capture assay.

(B) css (PhiX174 virion DNA) annealed to a biotinylated oligo was initially incubated
with the indicated proteins, then further incubated with linear dsDNA (ApaLl-digested
PhiX174 RF | or BamHI-digested pBluescript KS*). css was precipitated with
streptavidin-coated magnetic beads and, after deproteinization, DNA in the
supernatant (S) and the pellet (P) was analyzed by agarose gel electrophoresis.
Quantitative data are shown in the graph where the supernatant and the pellet
signals were combined and set at 100%. The percentage of the pellet signal to the
sum was presented as dsDNA pulldown efficiency. Mean values = SD from three

independent experiments are shown.
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Fig. S3. Hop2-Mnd1 and Swi5-Sfr1 likely bind to different interfaces of Dmc1.

(A) The interaction of Hop2-Mnd1 with proteins used in this study was examined by
the pull-down assay. 6xHis-tagged Hop2-Mnd1 and the indicated proteins were
incubated at 30°C, mixed with Ni-conjugated magnetic beads, then the beads were
separated from the supernatant (S) and proteins bound to the beads were eluted by
heat-denaturing in the presence of SDS (precipitate, P). All the proteins were used at
3 uM.

(B) The interaction of 6xHis-Hop2-Mnd1 with Dmc1 was examined in the presence of
various concentrations of either untagged Hop2-Mnd1 or Swi5-Sfr1 by the pull-down
assay. The mixture of 6xHis-Hop2-Mnd1 and Dmc1 and the indicated proteins were
incubated at 30°C, mixed with Ni-conjugated magnetic beads, then the beads were
separated from the supernatant (S) and proteins bound to the beads were eluted by
heat-denaturing in the presence of SDS (precipitate, P). +, 1 yM; ++, 5 uM; +++, 10
MM.

(C) Pulldown efficiency assayed in (B) was expressed as the ratio of signal for the
pulled-down Dmc1 or Sfr1 per the signal for the pulled-down 6xHis-Hop2. Mean

values + SD from three independent experiments are shown.
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Fig. S4. Hop2-Mnd1 weakly stimulates Rad51-driven strand exchange in the
presence of Swis-Sfr1.

(A) The effect of the indicated auxiliary factors on either Dmc1 or Rad51 was
examined by the strand exchange assay. Rad51, 5 uM; Dmc1, 5 uM; RPA, 1 uM;
css, 10 uM; Ids, 10 uM.

(B) The effect of Hop2-Mnd1 on Rad51 in the presence of Swi5-Sfr1 was examined
by the strand exchange assay. Mean values + SD from three independent
experiments are shown. **, p = 0.0059 (paired t-test). Rad51, 5 yM; Swi5-Sfr1, 0.5

MM; RPA, 1 uM; css, 10 uM; Ids, 10 pM.
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Fig. S5. Further analysis of Dmc1 filament stability.

(A) css precoated with Dmc1 was incubated with the indicated auxiliary factor. css
was precipitated with streptavidin-coated magnetic beads and associated proteins
were examined (css-bound), along with proteins left in the supernatant (unbound), by
SDS-PAGE. Mean values = SD from three independent experiments are shown in
the graph.

(B) Summary of dissociation rate constants obtained from the anisotropy assays
shown in Figure 3D. Mean values + SD from three independent experiments are

shown.
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