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Two RecA orthologs, Rad51 and Dmc1, mediate homologous recombination in meiotic cells. During budding
yeast meiosis, Hed1 coordinates the actions of Rad51 and Dmc1 by down-regulating Rad51 activity. It is
thought that Hed1-dependent attenuation of Rad51 facilitates formation of crossovers that are necessary for
the correct segregation of chromosomes at the first meiotic division. We purified Hed1 in order to elucidate its
mechanism of action. Hed1 binds Rad51 with high affinity and specificity. We show that Hed1 does not
adversely affect assembly of the Rad51 presynaptic filament, but it specifically prohibits interaction of Rad51
with Rad54, a Swi2/Snf2-like factor that is indispensable for Rad51-mediated recombination. In congruence
with the biochemical results, Hed1 prevents the recruitment of Rad54 to a site-specific DNA double-strand
break in vivo but has no effect on the recruitment of Rad51. These findings shed light on the function of Hed1
and, importantly, unveil a novel mechanism for the regulation of homologous recombination.
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DNA double-strand breaks (DSBs) are strong inducers of
homologous recombination (HR) (Symington 2002). In
meiosis, genome-wide DSBs introduced by the Spo11-
associated protein complex trigger recombination be-
tween homologous chromosomes (Keeney et al. 1997;
Neale and Keeney 2006). Some of these recombination
events lead to the formation of interhomolog crossovers
that are crucial for linking the homologous chromo-
somes, to ensure their proper alignment on the spindle
apparatus and faithful disjunction in the first meiotic
division. As such, interhomolog crossover recombina-
tion is indispensable for the successful execution of
meiosis (Keeney et al. 1997; Neale and Keeney 2006;
Sheridan and Bishop 2006).

Two recombinases, Rad51 and Dmc1, mediate recom-
bination reactions in eukaryotes. Dmc1 is found specifi-
cally in meiotic cells, whereas Rad51 is present in both
the vegetative and meiotic states. Both recombinases
catalyze DNA joint formation within the context of the
presynaptic filament, which comprises a helical polymer

of the recombinase assembled on ssDNA derived from
the nucleolytic processing of DSBs (Neale and Keeney
2006; Sung and Klein 2006).

In Saccharomyces cerevisiae there appear to be two
distinct meiotic recombination pathways, with one be-
ing dependent on Rad51 alone (referred to as the Rad51-
only pathway) and the other on both Rad51 and Dmc1
(called the Dmc1-dependent pathway) (Tsubouchi and
Roeder 2003). While Rad51 alone is able to repair meiotic
DSBs, it has been demonstrated that coordinated func-
tion of Rad51 and Dmc1 is required to achieve the meio-
sis-specific bias for interhomolog recombination (Sheri-
dan and Bishop 2006).

The ability of the Rad51-only pathway to mediate ef-
ficient sister chromatid repair of meiotic DSBs suggests
the existence of a mechanism by which meiotic cells
down-regulate Rad51 activity, so as to allow the Dmc1-
dependent pathway to process enough of the Spo11-made
DSBs to yield interhomolog crossovers. In this regard,
Red1, Hop1, and Mek1, which are associated with the
cores of meiotic chromosomes, facilitate interhomolog
crossover formation by attenuating the Rad51-only re-
combination pathway (Schwacha and Kleckner 1997; Xu
et al. 1997; Niu et al. 2005).

Interestingly, the screen for high-copy suppressors of a
hypomorphic red1 mutant has led to the identification of
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a meiosis-specific gene, HED1 (high-copy suppressor of
red1), that appears to provide a mechanistically distinct
means for down-regulating the Rad51-only pathway
(Tsubouchi and Roeder 2006). Notably, deletion of HED1
in the dmc1 mutant relieves the attenuation of Rad51-
dependent recombination and restores both spore viabil-
ity and DSB repair efficiency, an effect similar to Rad51
overexpression in dmc1� cells. Moreover, expression of
Hed1 in vegetative cells inhibits Rad51-dependent gene
conversion events but not Rad51-independent single-
strand annealing reactions. The available genetic data
indicate that Hed1 acts directly on Rad51 to attenuate
the Rad51-only pathway, so as to facilitate Dmc1-medi-
ated interhomolog crossover formation (Tsubouchi and
Roeder 2006). Here, we describe biochemical and biologi-
cal experiments directed at elucidating the molecular
mechanism by which Hed1 regulates Rad51. The results
reveal an unprecedented means of HR regulation.

Results

Purification of Hed1

We cloned HED1 cDNA into two separate bacterial vec-
tors for the expression of Hed1 protein either as an N-
terminally GST- and C-terminally (His)6-tagged species
(referred to simply as GST-Hed1) or as a C-terminally
(His)6-tagged species (referred to simply as Hed1). Both
Hed1 species are soluble, and we were able to purify a
significant amount of them to near homogeneity (Fig.
1A,B) by combining several chromatographic fraction-
ation steps with affinity chromatography on either glu-

tathione or Ni2+-nitrilotriacetate agarose (see the Supple-
mental Material for details).

Specific complex of Hed1 and Rad51

Results from yeast two-hybrid and cytological analyses
furnished evidence for a Hed1–Rad51 complex and
suggested that Hed1 does not associate with Dmc1
(Tsubouchi and Roeder 2006). We used an affinity pull-
down assay with purified GST-Hed1, Rad51, and Dmc1
to test whether Hed1 interacts directly with the two re-
combinases. While GST-Hed1 bound Rad51 avidly, as
evidenced by the fact that almost all of the Rad51 protein
was found in the elution fraction with Hed1 (Fig. 1C,
lane 3), it showed only weak affinity for Dmc1 (Fig. 1D,
lane 3). Moreover, when Rad51 and Dmc1 were coincu-
bated with a limiting quantity of GST-Hed1, only Rad51
became associated with GST-Hed1, even though Dmc1
was present in excess over Rad51 in the experiment (Fig.
1D, lane 9). GST-Hed1 did not interact with the bacterial
RecA protein at all (Supplemental Fig. S1A, lane 3). As
expected, Rad51, Dmc1, and RecA did not bind GST (Fig.
1C [lane 6], 1D [lanes 6,12]; Supplemental Fig. S1A, lane
6). Overall, these results validate the yeast two-hybrid
and cytological data (Tsubouchi and Roeder 2006) by pro-
viding biochemical evidence for a direct and highly spe-
cific interaction between Rad51 and Hed1.

Hed1 does not impair Rad51 presynaptic filament
assembly

Since genetic evidence has implicated Hed1 as an attenu-
ator of Rad51 activity (Tsubouchi and Roeder 2006), we
examined the influence that Hed1 might have on the
basic biochemical properties of Rad51. Rad51 possesses
ssDNA-dependent ATPase activity (Sung 1994), so we
tested whether Hed1 affects this attribute of Rad51. The
results revealed that Hed1 has no ATPase activity, nor
does it affect ATP hydrolysis by Rad51 (Fig. 2A). We next
used an oligonucleotide-based homologous DNA pairing
assay (Fig. 2B; San Filippo et al. 2006) to ask whether
Hed1 has any effect on the recombinase function of
Rad51. In this assay, ssDNA (150-mer) is incubated with
Rad51 in the presence of ATP to assemble the presynap-
tic filament, which is then mixed with a radiolabeled
duplex (40-mer), in which the radiolabeled strand is
complementary to the middle portion of the ssDNA. The
pairing between the DNA substrates and exchange of
strands in the DNA joint molecule generate a radiola-
beled partial duplex that harbors 150-mer and 40-mer
strands and also free 40-mer ssDNA as products. Inclu-
sion of Hed1 in the recombination reaction not only did
not inhibit the reaction, it also led to a slight stimulation
at the higher Hed1 concentrations (Fig. 2C). Thus, Hed1
has no adverse effect on the assembly of the Rad51 pre-
synaptic filament. We found that Hed1 is devoid of ho-
mologous DNA pairing activity (Fig. 2C, lane 2) and that,
as expected, the reaction containing Rad51 and Hed1 re-
mains ATP-dependent (data not shown). Control experi-

Figure 1. Hed1 interacts directly and specifically with Rad51.
(A,B) Purified GST-Hed1 and Hed1, 5 µg each, were analyzed by
SDS-PAGE. (C) GST-Hed1 (5 µg) or GST (5 µg) was incubated
with Rad51 (5 µg), and protein complexes were captured on
glutathione Sepharose beads, which were washed and treated
with SDS to elute bound proteins. The supernatant (S) that con-
tained unbound proteins, wash (W), and SDS eluate (E) were
analyzed by SDS-PAGE. (D) GST-Hed1 (5 µg) or GST (5 µg) was
incubated with Dmc1 (5 µg) or a mixture of Rad51 (5 µg) and
Dmc1 (10 µg), and protein complexes were captured on gluta-
thione Sepharose beads and analyzed as above.
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ments showed that Hed1 does not affect RecA-mediated
homologous DNA pairing and strand exchange (Supple-
mental Fig. S1B).

Hed1 specifically interferes with Rad51–Rad54
interaction

Optimal efficiency of Rad51-mediated recombination is
reliant on several key ancillary factors (Symington 2002;
Sung et al. 2003), Rad52 and Rad54 in particular. Rad52
functions in the assembly of the Rad51 presynaptic fila-
ment, whereas Rad54 enhances the ability of the presyn-
aptic filament to catalyze DNA strand invasion (Heyer et
al. 2006; Sung and Klein 2006). Functional synergy be-
tween Rad51 and Rad52 or Rad54 requires protein com-
plex formation between Rad51 and these other HR fac-
tors (Shinohara and Ogawa 1998; Krejci et al. 2002;
Raschle et al. 2004). We hypothesized that, since Hed1
does not directly affect the basic functional attributes of
Rad51, it might interfere with Rad51’s interaction with
other HR factors. We used affinity pull-down assays with

purified proteins to test this premise. We did not find any
effect of Hed1 on Rad51–Rad52 complex formation
(Supplemental Fig. S2, lanes 6,9). In contrast, we saw a
strong effect of Hed1 in preventing complex formation
between Rad51 and Rad54. Specifically, while nearly all
of the Rad51 protein became associated with Rad54 in
Hed1’s absence, the inclusion of Hed1 led to a greatly
diminished level of the Rad51–Rad54 complex (Fig. 3A,
cf. lanes 3 and 6). We did not observe any direct interac-
tion between Hed1 and Rad54 (data not shown). By af-
finity pull-down, we found that Dmc1 also binds Rad54
(Supplemental Fig. S2B) with about the same affinity as
Rad51 (data not shown). Interestingly, Hed1 has no effect
on the Dmc1–Rad54 interaction (Supplemental Fig. S2B).
Taken together, the results revealed that Hed1 strongly
interferes with the formation of the Rad51–Rad54 com-
plex.

Hed1 ablates functional synergy between Rad51
and Rad54

Rad54 hydrolyzes ATP when DNA is present and can
utilize its DNA translocase activity to supercoil DNA
(Petukhova et al. 1998; Tan et al. 2003). The ATPase and
DNA supercoiling activities are up-regulated upon com-
plex formation with Rad51 (Mazin et al. 2000a; Van Ko-
men et al. 2000). Consistent with the results from the
affinity pull-down experiments (Fig. 3A), Hed1 ablated
the enhancement of the Rad54 ATPase activity by Rad51
(Fig. 3B); we note that the residual level of ATP hydro-
lysis at the highest Hed1 concentration was very similar
to the Rad54 alone level. Indeed, even the highest con-
centration of Hed1 did not affect ATP hydrolysis by
Rad54 (Fig. 3B).

The Rad54 DNA supercoiling activity can be conve-
niently monitored by a topoisomerase-linked assay
(Petukhova et al. 1999; Van Komen et al. 2000). Specifi-
cally, the negative supercoils generated by Rad54 are re-
moved by Escherichia coli topoisomerase I to yield over-
wound (OW) DNA (Fig. 3C) as the product. In agreement
with results from the examination of ATPase activity
(Fig. 3B), Hed1 did not inhibit DNA supercoiling by
Rad54 alone (Fig. 3E) but strongly suppressed the en-
hancement of this Rad54 activity by Rad51 (Fig. 3D).

During HR that is triggered by a DSB, the first DNA
joint formed between the recombining DNA molecules
is the D-loop. It is well established that the Rad51-me-
diated D-loop reaction is strongly stimulated by Rad54
(Petukhova et al. 1998; Mazin et al. 2000b; Sung et al.
2003). We asked whether Hed1 would interfere with the
Rad51/Rad54-mediated D-loop reaction. In this reaction,
the Rad51 presynaptic filament assembled on linear ra-
diolabeled ssDNA invades a homologous duplex, and the
D-loop product is revealed by the phosphorimaging
analysis of agarose gels in which reaction mixtures have
been resolved (Fig. 4A). As reported previously (Petuk-
hova et al. 1998; Mazin et al. 2000b), while Rad51 on its
own catalyzed D-loop formation poorly (�1% D-loop)
(Fig. 4B, lane 2), the addition of Rad54 rendered the re-
action robust (Fig. 4B, lane 6). Importantly, the inclusion

Figure 2. Hed1 does not inhibit Rad51-mediated reactions. (A)
ATP hydrolysis by Rad51 with or without Hed1. Rad51 (3.45
µM) was incubated with increasing amounts of Hed1 (1.3, 2.6,
and 3.7 µM) and �X virion ssDNA (90 µM nucleotides) in the
appropriate buffer (see Materials and Methods). (B) Schematic
for the oligonucleotide-based homologous DNA pairing assay
(San Filippo et al. 2006). (*) 32P-labeled strand. (C) Homologous
DNA pairing by Rad51 with or without Hed1. Rad51 (3.45 µM)
was incubated with 150-mer ssDNA (6 µM nucleotides) to form
a filament. In the indicated lanes, Hed1 (0.5, 1.3, 2.6, 3.7, and 4.3
µM) was added, followed by 40-mer duplex (6 µM base pairs).
(Lane 2) Hed1 alone, at the highest concentration used in this
assay, is devoid of homologous pairing activity. Error bars rep-
resent standard error of the mean (SEM).
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of Hed1 greatly attenuated the efficiency of the Rad51/
Rad54-mediated D-loop reaction (Fig. 4B, lanes 7–10). In-
terestingly, in the absence of Rad54, Hed1 slightly en-
hanced the ability of Rad51 to make D-loops (Fig. 4B,
lane 5). We note that Hed1 also had a slight stimulatory
effect on Rad51-mediated DNA joint formation using
linear ssDNA and dsDNA substrates (Fig. 2C). No D-
loop was formed by either Hed1 alone (Fig. 4B, lane 4) or
by the combination of Hed1 and Rad54 (data not shown).

Taken together, the above results show clearly that
Hed1 ablates the functional synergy between Rad51 and
Rad54, which likely stems from Hed1’s effect in prevent-
ing the assembly of the Rad51–Rad54 complex (Fig. 3A).

Hed1 prevents the recruitment of Rad54
to a site-specific DSB

Chromatin immunoprecipitation (ChIP) has been used
to examine the targeting of Rad51 and Rad54 to DSBs
(Sugawara et al. 2003; Wolner et al. 2003). The results
from the published studies have indicated that Rad52
mediates the recruitment of Rad51 to DSBs, while the
DSB recruitment of Rad54 is dependent on Rad51 (Suga-
wara et al. 2003; Wolner et al. 2003). To assess the effect
of Hed1 on the DSB recruitment of Rad51 and Rad54,
Hed1 protein was expressed in the nonswitching yeast
strain JKM179 with the use of the ADH1 promoter
(Sugawara et al. 2003). The strain harbors the HO endo-
nuclease gene that is galactose-inducible, which pro-
vides a means for the synchronous induction of a DSB at
the MAT locus (Fig. 5A; Sugawara et al. 2003). Since the
strain lacks the HML and HMR donor sequences, the
resected DNA ends associated with the DSB site at MAT
persist for many hours, thus allowing for easy monitor-
ing of accumulation of HR proteins (Moore and Haber
1996; Sugawara et al. 2003; Wolner et al. 2003). The as-
sociation of Rad51 and myc-tagged Rad54 with the MAT

Z sequence (CEN distal to the HO cut site at MAT) after
the induction of a DSB (Fig. 5A) was assessed by immu-
noprecipitation with anti-Rad51 or anti-myc antibody
(Wolner et al. 2003). Primers for the PHO5 promoter re-
gion were included in the ChIP experiments as an inter-
nal control (Wolner et al. 2003). Hed1 expression had no
effect on the kinetics of DSB induction (data not shown).
Importantly, Hed1 affected neither the timing nor the
extent of Rad51 recruitment to the HO-induced break

Figure 4. Hed1 Inhibits D-loop formation by Rad51–Rad54
complex. (A) Schematic of the D-loop reaction (Raschle et al.
2004). (B) D-loop formation by Rad51 was examined with or
without Rad54 and/or Hed1. Rad51 (1.3 µM) was incubated with
a radiolabeled single-stranded 90-mer oligo (3 µM nucleotides),
followed by the addition of Rad54 (0.4 µM) and Hed1 (0.4, 0.7,
1.0, and 1.3 µM) as indicated. pBlueScript SK replicative form I
DNA (45 µM base pairs) was added to stat the reaction. Error
bars represent SEM. (*) P � 0.05; (**) P � 0.001 compared with
Rad51/Rad54-only value.

Figure 3. Hed1 prevents Rad51–Rad54 interaction. (A)
Rad51 (5 µg) and S-tagged Rad54 (15 µg) were incubated
with or without Hed1 (10 µg), and protein complexes
were captured with S-protein agarose beads. The frac-
tions were analyzed by SDS-PAGE as in Figure 1C. (B)
ATP hydrolysis by Rad54 (23 nM) was examined with
or without Rad51 (460 nM) and/or Hed1 (133, 532, 266,
and 800 nM). Error bars represent SEM. (*) P � 0.05; (**)
P � 0.001 compared with Rad51/Rad54-only value. (C)
Schematic of the Topoisomerase I (Topo)-linked DNA
supercoiling assay (Raschle et al. 2004). (D) DNA super-
coiling activity of the Rad51–Rad54 complex was ex-
amined with or without Hed1. Rad54 (180 nM) was in-
cubated with or without Rad51 (350 nM), Hed1 (0.3, 0.5,
0.8, 1.0, and 1.25 µM), and topologically relaxed �X174
RF I DNA (15 µM base pairs). E. coli Topoisomerase I
(100 ng) was added after the incubation to relax negative
supercoils. (E) DNA supercoiling activity of Rad54 was
examined with or without Hed1. Reactions were per-
formed as in D but without Rad51 and with 360 nM
Rad54.
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(Fig. 5B). This result indicates that Hed1 has little or no
effect on the Rad52-dependent delivery of Rad51 to the
HO break and is consistent with our observation that
Hed1 does not affect Rad51/Rad52 complex formation
(Supplemental Fig. S2). In sharp contrast, in cells that
expressed Hed1, little or no Rad54 was recruited to the
DSB, even at late time points (Fig. 5B). The ChIP data
thus fully validate our biochemical finding of Hed1’s
ability to prevent the assembly of the Rad51/Rad54 com-
plex.

In meiotic cells, Hed1 localizes to Spo11-made DSBs
in a Rad51-dependent manner (Tsubouchi and Roeder
2006). ChIP was used to query whether Flag-tagged Hed1
is targeted to the HO-made DSB. Immunoprecipitation
with anti-Flag antibodies revealed a large enrichment of

Hed1 at the site of HO-induced break in JKM179, but
little or no DSB recruitment of Hed1 was seen in iso-
genic cells deleted for RAD51 (Fig. 5C). Thus, just like in
meiotic cells (Tsubouchi and Roeder 2006), Hed1 is tar-
geted to the HO break via Rad51.

Hed1 is less adept at attenuating the Rad51–Rdh54
complex

The Rdh54 protein is related to Rad54 in primary se-
quence, and the two proteins possess similar biochemi-
cal attributes (Symington 2002; Chi et al. 2006;
Nimonkar et al. 2007; Prasad et al. 2007). Like Rad54,
Rdh54 enhances the Rad51-mediated D-loop reaction
(Petukhova et al. 2000; Symington 2002; Chi et al. 2006).
Interestingly, as revealed by affinity pull-down with pu-
rified proteins, under the conditions wherein the Rad51–
Rad54 complex is ablated (Fig. 3A), Hed1 has little effect
on Rad51–Rdh54 complex formation (Fig. 6A, cf. lanes 3
and 6). Likewise, we found that Hed1’s negative effect on
Rad51/Rdh54-mediated D-loop formation is much less
pronounced than in the case of the Rad51/Rad54 pair (cf.
Figs. 4B and 6B). Finally, with the aid of ChIP, we verified
that Rdh54’s localization to DSBs (Lisby et al. 2004) is

Figure 5. Hed1 interferes with DSB recruitment of Rad54. (A)
Schematic representation of MAT locus with the HO endo-
nuclease cut site indicated. Accumulation of recombination
proteins at the DSB is monitored by ChIP with primers specific
for the MAT Z region (arrowheads). (B) JKM179 cells that ex-
press Myc-tagged Rad54 (Wolner et al. 2003) were transformed
either with the empty pTB326 vector (ADH promoter) or with
pTB326-HED1. The DSB recruitment of Rad51 and Rad54 to
MAT Z was evaluated at various times after the induction of an
HO break. Input represents 0.1% of total cell extract volume.
The MAT Z signal was quantified as described (Wolner et al.
2003). (C) JKM179 (RAD51) and its rad51� derivative were
transformed with pTB326-HED1 that expresses Flag-tagged
Hed1. The DSB recruitment of Hed1 was assessed as described
in B. Error bars represent SEM.

Figure 6. Effects of Hed1 on the Rad51–Rdh54 complex. (A)
Purified Rad51 (5 µg) and S-tagged Rdh54 (15 µg) were incubated
with or without Hed1 (10 µg), and protein complexes were cap-
tured with anti-S-agarose beads. The fractions were analyzed by
SDS-PAGE as in Figure 1C. (B) D-loop formation by Rad51 (1.3
µM) was examined with or without Rdh54 (0.4 µM) and/or Hed1
(0.4, 0.7, 1.0, and 1.3 µM) as indicated. Reactions were per-
formed as in Figure 4B. (C) Recruitment of Rdh54 to DSBs in the
presence of Hed1. JKM179 cells that express Flag-tagged Rdh54
were transformed either with the empty pTB326 vector or with
pTB326-HED1. The DSB recruitment of Rdh54 to MAT Z was
evaluated at various times after the induction of an HO break.
Input represents 0.1% of total cell extract volume. Error bars
represent SEM.
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only slightly affected by Hed1 expression (Fig. 6C). Over-
all, the results revealed that Hed1 is much less adept at
attenuating the formation and functional integrity of the
Rad51–Rdh54 complex.

Discussion

Mechanistic basis for Hed1-dependent recombination
regulation

Whereas Rad51 alone is adept at catalyzing efficient re-
combination in mitotic cells, meiotic recombination
shows a strong reliance on Dmc1 as well. The existing
evidence suggests that the activity of Rad51 is down-
regulated in meiosis, so as to ensure that a large enough
fraction of the programmed, Spo11-made DSBs are chan-
neled into the Dmc1-dependent recombination pathway,
thus creating an interhomolog bias (with regard to re-
combination partner choice) that is critical for chromo-
some segregation in meiosis I.

It has been suggested that Red1, Hop1, and Mek1 pro-
teins that are associated with the axial elements sup-
press Dmc1-independent recombination in an indirect
fashion, possibly by influencing the structure of meiotic
chromosomes (for review, see Sheridan and Bishop 2006).
In contrast, Hed1 appears to regulate meiotic recombi-
nation via a direct action on Rad51 (Tsubouchi and
Roeder 2006). Thus, deletion of HED1 bypasses the mei-
otic cell cycle arrest caused by the dmc1� mutation and
also suppresses the meiotic defects caused by mutating
HOP2, which codes for a Dmc1 accessory factor, as the
hed1� mutation permits Rad51-mediated repair of mei-
otic DSBs in Dmc1’s or Hop2’s absence. Cytological,
yeast two-hybrid, and mitotic expression studies have
provided support for the premise that Hed1 physically
interacts with Rad51 and attenuates the recombination
reaction catalyzed by Rad51 alone (Tsubouchi and
Roeder 2006).

In this study, by biochemical means and ChIP, we en-
deavored to understand the mechanistic basis of Hed1’s
action in the regulation of Rad51-mediated recombina-
tion. Specifically, we provided direct evidence that Hed1
interacts avidly with Rad51 but has only a weak affinity
for Dmc1, results that are consistent with previous
findings from yeast two-hybrid and cytological analyses
(Tsubouchi and Roeder 2006). Importantly, we demon-
strated that Hed1 strongly interferes with the forma-
tion of the Rad51–Rad54 complex but has no effect on
the Dmc1–Rad54 complex. As a result of this Hed1
action, the functional synergy of the Rad51–Rad54
protein pair is ablated. Likewise, the expression of Hed1
in mitotic cells prevents the recruitment of Rad54 to
DSBs. These negative effects of Hed1 are highly spe-
cific for the Rad51–Rad54 axis, as Hed1 does not seem
to diminish Rad51’s ability to interact with Rad52
or Rdh54 protein, nor does it adversely affect the
Rad52-dependent loading of Rad51 onto DSBs or the re-
cruitment of Rdh54 to DSBs. With purified proteins, we
found that Rad51 interacts with Rdh54 more avidly
than with Rad54 (data not shown). This could explain
the apparent specificity of Hed1 for the Rad51–Rad54
complex.

We present in Figure 7 a model that highlights the
essence of our results bearing on the mechanism of ac-
tion of Hed1 to explain how this novel factor helps regu-
late recombination pathway choice during meiosis. Our
model posits that Hed1 suppresses intersister recombi-
nation events by blocking the physical interaction and
functional synergy between Rad51 and Rad54, thereby
facilitating Rdh54-dependent interhomolog recombina-
tion. However, since rdh54 mutants retain a significant
level of spore viability and show normal map distances
among viable spores (Shinohara et al. 2003), meiotic in-
terhomolog recombination can also occur via Rad54.
Furthermore, since Hed1 does associate with Dmc1, al-
beit only weakly, it remains possible that Hed1 also

Figure 7. Model for Hed1 action in meiosis. (A) In wild-type cells, Hed1 attenuates the Rad51-only recombination pathway by
preventing the assembly of the Rad51–Rad54 complex. The Dmc1/Rad51/Rdh54-dependent pathway is fully operative. (B) Owing to
Hed1’s action, the repair of DSBs is inefficient in dmc1� cells. (C) Deletion of HED1 restores efficient DSB repair by the Rad51-only
pathway in dmc1� cells.
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regulates Dmc1-mediated HR reactions, especially inter-
sister events.

By a DNA mobility shift assay, we found that Hed1
binds �X174 ssDNA but has little affinity for the linear
dsDNA form (data not shown). It remains to be estab-
lished whether ssDNA binding by Hed1 is relevant for
its HR regulatory role.

Other recombination regulatory mechanisms

In mitotic cells, the recombinational repair of DSBs in-
duced by DNA-damaging agents or that arise from the
processing of injured DNA replication forks is mostly
directed by the intact sister chromatid. The preference
for the sister chromatid as a recombination partner helps
ensure the preservation of the genetic configuration of
the initiator chromosome during repair (Symington
2002). Moreover, multiple mechanisms exist to prevent
the formation of crossovers in mitotic cells, so as to
minimize the occurrence of spurious chromosomal rear-
rangements and the loss of heterozygosity associated
with such recombination events. The avoidance of mi-
totic crossovers is achieved by the choice utilization of
the SDSA recombination pathway that generates exclu-
sively noncrossover recombinants (Symington 2002) and
also by a noncrossover means of Holliday structure reso-
lution known as double Holliday junction (dHJ) dissolu-
tion (Wu and Hickson 2003).

The channeling of DNA lesions into the SDSA path-
way of HR is made possible via the action of specialized
DNA helicases, including the Srs2 and Sgs1 helicases in
S. cerevisiae and the BLM helicase in mammalian cells.
Srs2 acts by dismantling the Rad51 presynaptic filament,
which likely minimizes the chance of second DNA end
capture during DSB repair, a crucial step in crossover
formation (Ira et al. 2003; Krejci et al. 2003; Veaute et al.
2003; Sung and Klein 2006). This activity of Srs2 seems
to be important for preventing untimely recombination
events as well (Symington 2002; Veaute et al. 2003; Sung
and Klein 2006). Interestingly, BLM functions in a tripar-
tite fashion, by disrupting the D-loop intermediate (van
Brabant et al. 2000; Hickson 2003), by acting in conjunc-
tion with Topoisomerase III� to dissolve the dHJ (Wu
and Hickson 2003; Sung and Klein 2006), and by disrupt-
ing the Rad51 presynaptic filament (Bugreev et al. 2007).
Sgs1 is orthologous to BLM and, like BLM, associates
with Topoisomerase III� (Bennett et al. 2000; Bennett
and Wang 2001; Fricke et al. 2001). Based on its struc-
tural and functional similarity to BLM, Sgs1 is expected
to dissociate the D-loop intermediate, disrupt the Rad51
presynaptic filament, and function with Topoisomerase
III�. Importantly, the ATPase activity of Srs2 and BLM is
apparently indispensable for their recombination regula-
tory role (Krejci et al. 2003, 2004; Wu and Hickson 2003;
Bussen et al. 2007).

Compared with the aforementioned regulators of re-
combination, Hed1 acts through a mechanism that is
distinct in purpose and molecular details. First, Hed1
facilitates rather than suppresses the formation of cross-
overs (Tsubouchi and Roeder 2006). Second, Hed1 does

not possess any ATPase activity, nor does it disrupt the
Rad51 presynaptic filament. Rather, Hed1 provides a
structural barrier that limits the interaction of Rad54
with Rad51.

Implications for the role of Rad54 and Rdh54
in mitotic versus meiotic recombination

Rad54 and Rdh54 are members of the Swi2/Snf2 super-
family. These proteins possess similar biochemical at-
tributes and each can enhance the recombinase activity
of Rad51 (Symington 2002). However, results from ge-
netic analyses have shown nonredundant functions of
Rad54 and Rdh54 in mitotic and meiotic cells. Specifi-
cally, Rad54 plays a more prominent role in intrachro-
mosomal and sister chromatid-based recombination re-
actions in mitotic cells, whereas allelic (i.e., interhomo-
log) recombination appears to be more reliant on Rdh54
(Klein 1997; Shinohara et al. 1997). Rdh54, but not
Rad54, is also required for cells’ adaptation from DNA
damage checkpoint-imposed G2/M arrest (Lee et al.
2001; Symington 2002). Interestingly, while Rdh54 is
clearly needed for meiotic recombination, Rad54 appears
to play only a minor role (Shinohara et al. 1997). The
existing evidence suggests that Rdh54 works in the
Dmc1-dependent pathway (Shinohara et al. 2003).

Whether or not the lack of a strong dependence of mei-
otic recombination on Rad54 is related to the interfer-
ence that Hed1 imposes on the Rad51–Rad54 axis re-
mains to be determined. However, it is interesting to
note that overexpression of Rad54 can partially suppress
the meiotic deficits of the dmc1� mutant (Bishop et al.
1999), consistent with the premise that an elevated level
of Rad54 can partially bypass the Hed1 block.

Closing remarks

Our work with Hed1 has unveiled a new means of re-
combination regulation; i.e., by restricting access of a
key recombinase ancillary factor (Rad54) to the presyn-
aptic filament. This novel recombination regulatory
mechanism is expected to facilitate meiotic crossover
formation between homologs and chromosome disjunc-
tion in the first meiotic division (Tsubouchi and Roeder
2006). Almost all eukaryotic species, including humans,
harbor Rad51 and Dmc1. It will be important to identify
and characterize the Hed1 equivalent in other eukary-
otes. In this regard, our biochemical and genetic studies
with budding yeast Hed1 should constitute a valuable
guide.

Materials and methods

Protein purification

Expression and purification of Hed1 Hed1-(His)6 in the vector
pET11 (Novagen) or GST-Hed1-(His)6 in the vector pGEX-6P1
(Amersham/GE Healthcare) was introduced into BL21:DE3 Ro-
setta cells (Novagen). Cells were grown at 37°C to an OD600 of
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0.8 and induced with 0.1 mM IPTG for 16 h at 16°C. Multistep
procedures (see the Supplemental Material for details) were de-
veloped for the purification of the tagged Hed1 proteins to near
homogeneity.

Other proteins We used our published procedures for the pu-
rification of Rad51 (Sung and Stratton 1996), Rad52 (Song and
Sung 2000), Rad54 (Raschle et al. 2004), and Rdh54 (Chi et al.
2006). Both Rad54 and Rdh54 harbor N-terminal (His)6 and S
affinity tags. The purification procedure for Dmc1 will be de-
scribed elsewhere.

ATPase assays

Assay for Rad54 ATPase activity Rad54 (23 nM) was incu-
bated with or without Rad51 (460 nM) and Hed1 (133, 266, 532,
and 800 nM) in 10 µL of Buffer D (50 mM Tris-HCl at pH 7.5, 5
mM MgCl2, 1 mM DTT, 100 µg/mL bovine serum albumin)
containing 1 mM ATP, 0.5 µCi [�-32P] ATP, and 100 mM KCl for
10 min on ice. �X174 RF I DNA (22 µM base pairs) was added to
initiate the ATP hydrolysis reaction. After 15 min at 30°C,
EDTA was added to 250 mM to halt the reaction. Thin-layer
chromatography and phosphorimaging analysis were used to as-
sess the level of ATP hydrolysis (Petukhova et al. 1998).

Assay for Rad51 ATPase activity The reaction was conducted
as described above, with modifications. Rad51 (3.45 µM) was
incubated with or without Hed1 (1.3, 2.6, 3.7 µM) in Buffer D
with 100 µM ATP. �X virion ssDNA (90 µM nucleotides) was
added to initiate the ATP hydrolysis reaction, which was al-
lowed to proceed for 40 min at 37°C.

Affinity pull-down assays

For pull-down assays, Rad51 (5 µg), S-tagged Rad54 (15 µg), S-
tagged Rdh54 (15 µg), GST-tagged Rad52 (10 µg), GST-Hed1 (5
µg), (His)6-tagged Hed1 (10 µg), (His)6-tagged Dmc1 (5 µg in Fig.
1D, lanes 1–6, and Supplemental Fig. S2B; 10 µg in Fig. 1D, lanes
7–12), RecA (2.5 µg) (New England Biolabs), and GST (5 µg in
Fig. 1; 10 µg in Supplemental Fig. S2) were used. The indicated
proteins were incubated in 30 µL of Buffer B (25 mM Tris-HCl
at pH 7.5, 0.005% Triton, 200 mM KCl, 1 mM DTT) for 30 min
at 4°C. The reactions were mixed with 11 µL of S-protein aga-
rose beads (which recognize the S tag at the N terminus of
Rad54 and Rdh54) (Novagen) or glutathione-Sepharose beads
(which bind GST) (Amersham Biosciences) for 30 min at 4°C.
After washing the beads twice with 200 µL of the same buffer,
bound proteins were eluted with 25 µL of 2% SDS. Fifteen per-
cent of total supernatant (S) and elution (E) fractions, and 2% of
total wash (W) fraction were analyzed by 10% SDS-PAGE and
Coomassie Blue staining.

Oligonucleotide-based homologous DNA pairing assay

The assay was performed as described previously (San Filippo et
al. 2006). Briefly, Rad51 (3.45 µM) or RecA (3.9 µM) was incu-
bated with 150-mer ssDNA oligonucleotide (6 µM nucleotides)
in 9 µL of Buffer D containing 2.5 mM ATP and 30 mM KCl for
5 min at 37°C. Subsequently, Hed1 (0.5, 1.3, 2.6, 3.7, or 4.3 µM)
was added in 0.5 µL, followed by the addition of 1 µL of 50 mM
spermidine and 32P-labeled homologous 40-mer dsDNA (6 µM
base pairs) in 0.5 µL. The reaction mixtures were incubated for
30 min at 37°C and then stopped by the addition of an equal
volume of 1% SDS containing 1 mg/mL proteinase K. After a
3-min incubation at 37°C, the deproteinized samples were sub-
jected to electrophoresis in 10% polyacrylamide gels at 4°C in

TAE buffer (40 mM Tris acetate at pH 7.4, 0.5 mM EDTA). The
gels were dried and analyzed in the PhosphorImager.

D-loop assay

The D-loop reaction was performed as described previously
(Raschle et al. 2004). Briefly, Rad51 (1.3 µM) was incubated with
32P-labeled 90-mer oligonucleotide substrate (3 µM nucleotides)
in 11 µL of Buffer D containing 4 mM ATP and an ATP-regen-
erating system (20 mM creatine phosphatase, 30 µg/mL creatine
kinase) and 30 mM KCl for 5 min at 37°C. Rad54 (0.4 µM) and
Hed1 (0.4, 0.7, 1.0, and 1.3 µM) were each added in 0.5 µL,
followed by a 5-min incubation at 25°C. The D-loop reaction
was initiated by the addition of pBlueScript SK replicative form
I DNA (45 µM base pairs) in 1 µL. The reactions were incubated
for 6 min at 30°C and stopped by the addition of SDS and pro-
teinase K, as above. The deproteinized samples were subject to
electrophoresis in 0.9% agarose gels and analyzed as above.

Topoisomerase I-linked DNA supercoiling assay

Reactions were performed as described previously (Van Komen
et al. 2000; Raschle et al. 2004). Briefly, Rad54 (180 nMin Fig.
3E; 360 nM in Fig. 3D) was incubated with or without Rad51
(350 nM) and Hed1 (0.3, 0.5, 0.8, 1.0, and 1.25 µM) in 9 µL of
Buffer D containing 2.5 mM ATP, 50 mM KCl, and an ATP-
regenerating system (10 mM creatine phosphatase, 28 µg/mL
creatine kinase) for 10 min on ice. Topologically relaxed �X174
RF I DNA (15 µM base pairs) was then added in 0.5 µL, followed
by a 5-min incubation at 30°C. E. coli Topoisomerase I (100 ng)
was then added in 0.5 µL to complete the reactions, which were
incubated for 10 min at 30°C. The reactions were processed by
agarose gel electrophoresis. The DNA species were visualized
by staining with ethidium bromide.

ChIP

JKM179 strain (ho hml�ADE1 MAT� hmr�ADE1 ade1-110
leu2,3-112 lys5 trp1�hisG ura3-52 ade3�GAL10:HO) (Moore
and Haber 1996; Sugawara et al. 2003) with C-terminally
13myc-tagged RAD54 (Wolner et al. 2003) or C-terminally Flag-
tagged RDH54 was transformed with pTB326 (2µ ADH1, TRP1)
or pTB326 containing HED1 cDNA (pTB326-HED1). The ex-
pression of Hed1 was verified by Western blot with polyclonal
antibodies raised against purified (His)6-tagged Hed1. For analy-
sis of DSB recruitment of Hed1, JKM179 and its rad51� deriva-
tive were transformed with pTB326 or pTB326 contain-
ing the HED1 cDNA that harbors an N-terminal Flag tag.
Cells were grown in 120 mL of complete synthetic medium
without tryptophan for 36 h at 30°C, pelleted, washed twice in
YP + 3% glycerol medium, resuspended in YP + 3% glycerol to
OD660 = 0.6 (200 mL total volume), and incubated for 4 h at
30°C before galactose was added to 2% to induce the expression
of the HO endonuclease. An aliquot of 45 mL was taken at the
indicated time points, and the cells were processed for ChIP as
described previously (Sugawara et al. 2003). Immunoprecipita-
tion was with anti-myc antibody (Santa Cruz Biotechnology),
anti-Rad51 antibody (Sugawara et al. 2003; Wolner et al. 2003),
or anti-Flag agarose (Sigma). The kinetics of DSB formation, and
association of the various proteins with the MAT Z and PHO5
sequences, were analyzed by radioactive PCR, as described
(Wolner et al. 2003).
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