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SUMMARY

A preference for homologs over sister chromatids in
homologous recombination is a fundamental differ-
ence in meiotic versus mitotic cells. In budding yeast,
the bias for interhomolog recombination in meiosis
requires the Dmc1 recombinase and the meiosis-
specific kinase Mek1, which suppresses engagement
of sister chromatids by the mitotic recombinase
Rad51. Here, a combination of proteomic, biochem-
ical, and genetic approaches has identified an addi-
tional role for Mek1 in inhibiting the activity of the
Rad51 recombinase through phosphorylation of its
binding partner, Rad54. Rad54 phosphorylation of
threonine 132 attenuates complex formation with
Rad51, and a negative charge at this position reduces
Rad51 function in vitro and in vivo. Thus, Mek1 phos-
phorylation provides a dynamic means of controlling
recombination partner choice in meiosis in two ways:
(1) it reduces Rad51 activity through inhibition of
Rad51/Rad54 complex formation, and (2) it sup-
presses Rad51-mediated strand invasion of sister
chromatids via a Rad54-independent mechanism.

INTRODUCTION

In eukaryotic cells, double-strand breaks (DSBs) on chromo-
somes can be catastrophic or essential, depending upon the
situation. In mitotically dividing cells, DSBs may occur as a result
of stalled replication forks or DNA damage. In these situations,
sister chromatids are preferentially used as templates for repair,
thereby keeping the DNA sequence intact (Kadyk and Hartwell,
1992). In meiosis, DSBs are necessary for generating crossovers
between homologous chromosomes. In combination with sister
chromatid cohesion, crossovers provide the physical connec-
tions necessary for proper segregation of homologs at the first
meiotic division (Petronczki et al., 2003). In meiotic cells, there-

fore, the preferred templates for DSB repair are homologous
chromosomes rather than sister chromatids.

During meiosis in budding yeast, DSBs are generated by
a conserved, meiosis-specific transesterase called Spo11
(Keeney, 2001). Spo11 preferentially cleaves specific regions in
the genome termed “hot spots.” After DSB formation, the 3’
ends of the breaks are bound by the RecA orthologs Rad51
and Dmc1. Rad51 is the major recombinase in vegetative cells,
whereas Dmc1 is present only in meiotic cells. Rad51 loading
onto the single strand ends of DSBs requires Rad52, Rad55,
and Rad57, whereas Dmc1 is loaded by a mediator complex
comprised of Mei5 and Sae3 (Hunter, 2007; Symington, 2002).
Rad51 and Dmc1 colocalize to DSBs during meiosis and are
required for interhomolog recombination (Bishop, 1994; Schwa-
cha and Kleckner, 1997; Shinohara et al., 1997a). Genetic and
biochemical experiments indicate that these two recombinases
have overlapping but also nonredundant functions in meiosis
(Sheridan and Bishop, 2006).

Rad54 is a member of the Swi2/Snf2 family of DNA motor
proteins and functions at several different steps during recombi-
nation: (1) stabilization of Rad51 filaments, (2) stimulation of
Rad51-mediated strand invasion, and (3) removal of Rad51
from DNA after joint molecules have been formed (Heyer et al.,
2006; Tan et al., 2003). In meiosis, rad54A mutants exhibit
reduced sporulation and spore viability. These defects are exac-
erbated when the RDH54 gene (also known as TID7), which
encodes a Rad54-related protein, is deleted (Klein, 1997; Shino-
hara et al., 1997b). During meiosis, Dmc1 interacts with Rdh54
(Dresser et al., 1997). Although there is some functional redun-
dancy between RAD54 and RDH54, genetic experiments indi-
cate that Rad51/Rad54 is utilized primarily for sister chromatid
recombination in vegetative and meiotic cells, whereas Dmc1/
Rdh54 is involved primarily in interhomolog recombination during
meiosis (Arbel et al., 1999; Klein, 1997; Shinohara et al., 1997b).

In budding yeast, interhomolog bias during meiosis requires
not only Dmc1, but also a trio of meiosis-specific proteins,
Hop1, Red1, and Mek1 (Niu et al., 2005; Wan et al., 2004).
Hop1 is conserved in multicellular eukaryotes such as plants
and nematodes and has been implicated in the suppression
of meiotic sister chromatid repair in nematodes (Armstrong
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et al., 2002; Couteau et al., 2004). Mutation of these genes leads
to a specific decrease in interhomolog recombination and
meiosis | nondisjunction (Hollingsworth et al., 1995). Mek1 is
a serine-threonine protein kinase whose activation is dependent
upon DSB formation (Niu et al., 2007). dmc1A cells arrest in
prophase with unrepaired breaks as a result of triggering the
meiotic recombination checkpoint (Bishop et al., 1992; Lydall
et al.,, 1996). Inactivation of Mek1 after break formation in
dmc1A mutants results in a rapid repair of DSBs by Rad51/
Rad54 using sister chromatids as the template (Niu et al.,
2005). The spore inviability of mek7A mutants indicates that
the presence of Dmc1 is not sufficient to promote interhomolog
recombination in the absence of Mek1 kinase activity.

Understanding the mechanisms by which Mek1 regulates
meiotic recombination requires the identification of Mek1
substrates. Testing candidate recombination proteins for in vitro
phosphorylation by Mek1 led to the discovery that Mek1 indi-
rectly downregulates Rad51 recombinase activity during meiosis
by phosphorylation of Rad54. This mechanism is independent
of Hed1, a meiosis-specific protein that inhibits recombinase
activity by binding directly to Rad51, thereby preventing Rad51/
Rad54 complex formation (Busygina et al., 2008; Tsubouchi and
Roeder, 2006). Mek1 phosphorylation of Rad54 is separate from
the mechanism that suppresses sister chromatid repair, demon-
strating that Mek1 regulates meiotic recombination in at least two
ways. The dynamic nature of phosphorylation as a modification
suggests a mechanism by which Rad51 recombinase activity
can be modulated during meiosis.

RESULTS

Rad54 and Rdh54 Are Substrates of Mek1 In Vitro

In vitro kinase assays were performed with purified proteins that
mediate different steps of recombination such as RPA (single-
strand binding protein), Rad52, Rad51, and Rad54. Because
Mek1 activation is dependent upon meiotic DSB formation,
GST-Mek1 was purified from dmc1A-arrested cells (Niu et al.,
2007). GST-Mek1 autophosphorylation was detected, as has
previously been observed (Niu et al., 2005). Weak labeling of
Rad52 and Hop1 was detected, whereas Rad51 and RPA1
were not significantly phosphorylated (Figure 1A). Whether the
Rad52 or Hop1 phosphorylation is biologically significant is
unclear. Hop1 is a phosphoprotein in vivo, but its phosphoryla-
tion is independent of MEK1 (Niu et al., 2005). In contrast, robust
labeling of Rad54 was observed by Gst-Mek1 (Figure 1A), which
was not seen when a catalytically inactive version of Mek1, GST-
mek1-K199R, was used (Figure 1B). Kinase assays with the
Rad54 paralog Rdh54 showed that it is also a good in vitro
substrate of GST-Mek1 (Figure 1C).

The direct phosphorylation of Rad54 by Mek1 was established
using GST-mek1-as, which contains a mutation in the ATP-
binding pocket that enables the kinase to utilize derivatives of
ATP otherwise too bulky for Mek1 or other kinases (Wan et al.,
2004). Phosphorylation was detected using the semisynthetic
epitope method (Allen et al., 2007). In the presence of ATPyS,
proteins can be thiophosphorylated by kinases. Alkylation of
the thiophosphates with p-nitrobenzylmesylate (PNBM) creates
affinity tags that can be detected on immunoblots using the
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a-hapten antibody. To confirm that this method works for
GST-Mek1, purified, soluble kinase was incubated with
recombinant Rad54 and ATPyS, and the proteins were alkylated
and analyzed using the a-hapten antibody. Both autophosphor-
ylation of GST-Mek1 and phosphorylation of Rad54 were
observed (Figure 1D, lane 3). Detection of the phosphorylated
proteins was dependent upon ATPyS (and not ATP), Mek1
kinase activity, and alkylation by PNBM (Figure 1D, lanes 1-3)
(data not shown).

To test whether Mek1 directly phosphorylates Rad54, GST-
mek1-as was immobilized on glutathione Sepharose beads,
and the beads were incubated with Rad54 and ATPyS. Unlike
purified GST-Mek1 and GST-mek1-K199R, the GST-mek1-as
pull-down was contaminated with additional kinases and
proteins, as evidenced by the smear of proteins detected by
the a-hapten antibody (Figure 1D, lane 4). GST-mek1-as auto-
phosphorylation and robust labeling of Rad54 were not observed
with ATPyS, consistent with previous observations that GST-
Mek1-as does not utilize ATP efficiently in vitro (Wan et al.,
2004). Kinase assays using different ATPyS analogs and the
GST-mek1-as-bound beads revealed specific phosphorylation
of GST-mek1-as and Rad54 with furfuryl (ff)-ATP+yS (Figure 1D,
lane 8). GST-mek1-as has the advantage that it can be specifi-
cally inhibited by the addition of the purine analog 1-NA-PP1,
whereas wild-type GST-mek1 is unaffected by inhibitor (Wan
et al., 2004). Addition of 1-NA-PP1 to the kinase reaction abol-
ished phosphorylation of both GST-mekl-as and Rad54,
although similar amounts of kinase were present in the reactions,
as determined by probing with antibodies against GST
(Figure 1E). This result confirms that the observed kinase activity
is due to GST-mek1-as. The loss of background labeling in the
GST-mek1-as pull-downs and the absence of phosphorylation
in the GST-Mek1 plus ff-ATPyS reaction indicates that GST-
mek1-as can specifically utilize ff-ATP+S in vitro to directly phos-
phorylate both Rad54 and itself.

Mek1 Phosphorylates the N Termini of Rad54 and Rdh54

In vitro Mek1 phosphorylation sites on recombinant Rad54 and
Rdh54 were mapped using mass spectrometry (MS) analysis.
Because Rad54 and Rdh54 were purified from bacteria, any
phosphates detected by MS should be due to Mek1. Three phos-
phorylation sites were detected for Rad54 (Ascore > 19): T58,
T132, and T231 (Figure 2A and Figures S1A and S1B available
online) (Beausoleil et al., 2006). Two sites with an Ascore > 19
were observed for Rdh54: S85 and T89 (Figures S1C and S1D).
All of these sites are located in the N-terminal regions of the
proteins outside of the catalytic cores. Comparing the protein
sequences of Rad54 and Rdh54 reveals that their N termini are
not well conserved (Shinohara et al., 1997b) and that the Rad54
phosphorylation sites do not correspond with the Rdh54 sites.

T132 of Rad54 Is Phosphorylated in Meiotic Cells

To test whether Rad54 is phosphorylated during meiosis,
Rad54-FLAG was purified from dmc1A-arrested cells after 5 hr
in Spo medium, at which time Mek1 is constitutively active
(Wan et al., 2004). MS analysis found no evidence for in vivo
phosphorylation of either T58 or T231. This finding, along
with the fact that no phenotypes were observed for mutants
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containing nonphosphorylatable amino acids at these positions
(data not shown), suggests that phosphorylation of T58 and
T231 may be an in vitro artifact. In contrast, peptide ions indica-
tive of T132 phosphorylation were observed (Figure 2B). Rad54
T132 was not phosphorylated when Rad54-Flag was purified
from dmc1A mek1A meiotic cells, however. For example, the
ys ion derived from Rad54-3FLAG from the MEK1 diploid has
amass to charge (m/z) ratio of 637.32, which is 79.97 m/z larger
than the ys ion from Rad54-3FLAG purified from mek1A meiotic
cells (Figures 2B and 2C). This difference is consistent with the
absence of a phosphate group at T132 in the peptide repre-
sented in Figure 2C, confirming that T132 phosphorylation is
dependent upon MEK1 in vivo. T132 resides in a patch of amino
acids that is highly conserved in the Rad54 orthologs of fungi and
nematodes. This region is also conserved in humans and fruit
flies, although in these species, Rad54 cannot be phosphory-

1-NA-PP1
— +
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epitope system. Purified soluble GST-Mek1 (+)
and GST-mek1-K199R (KR), as well as GST-
mekl-as (as)-bound glutathione Sepharose
beads, were reacted with 1 ung Rad54 and either
ATPyS or the indicated ATPyS analog. After alkyl-
ation with PNBM, the proteins were fractionated
and transferred to nitrocellulose and probed with
a-hapten antibodies. bn, benzyl-ATPyS; ff, fur-
furyl-ATPYS; IP, isopentyl-ATPyS.

(E) Kinase reactions with GST-mek1-as pull-downs
in the presence or absence of 10 uM 1-NA-PP1
processed as in (D). In addition, part of the pull-
down was probed with a-GST antibodies to detect
the amount of GST-mek1-as in the reactions.

(F) Structure of ff-ATPyS.
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lated at this position because threonine
is replaced by lysine (Figure 2D).

RAD54-T132A Partially Suppresses
the Sporulation and Spore Viability
Defects of dmc1A
An allele of RAD54 that substitutes T132
with alanine fully complements the sporu-
lation and spore viability defects of rad54A
(Table 1A). Complementation was also observed with a mutant
containing a negatively charged aspartic acid substitution that
can mimic phosphorylation (RAD54-T132D) (Table 1A). There-
fore, these mutations do not negatively affect Rad54 function in
an otherwise wild-type meiosis. Furthermore, whatever meiotic
process requires RAD54 for wild-type levels of sporulation and
spore viability is independent of Mek1 phosphorylation of T132.
The dmc1A defects in DSB repair and interhomolog recombi-
nation can be partially overcome by overexpression of RAD51
and, to a lesser extent, RAD54 (Bishop et al., 1999; Tsubouchi
and Roeder, 2003) (Table 1B). To test whether Mek1 phosphor-
ylation of T132 affects the ability of RAD54 overexpression to
suppress dmc1A, RAD54-T132A was introduced into a dmc1A
diploid on a multicopy plasmid and was found to produce
more than 10 times as many asci as RAD54 (Table 1B). The
majority of spores produced by these tetrads were viable,
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Figure 2. MS Analysis of Peptides Containing T132 of In Vitro and In
Vivo Phosphorylated Rad54

Assignment of b (red) and y (blue) ion series in MS/MS scan from precursor
peptide ions of Rad54 containing T132.

(A) Recombinant Rad54 phosphorylated in vitro by Mek1.

(B) Rad54-3FLAG purified from dmc1A-arrested meiotic yeast cells.

(C) Rad54-3FLAG purified from dmc1A mek1A-arrested meiotic yeast cells. In
addition to the SEQUEST searches, manual inspection of the data using ex-
tracted ion chromatograms revealed no phosphorylated peptides with the
sequence RSFTVPIK or SFTVPIK. X.or Values are given in Table S1.

(D) Alignment of region containing Rad54 T132 from different species. The
T132 position is indicated in green, and identical and similar amino acids are
in pink and blue, respectively. Sc, Saccharomyces cerevisiae; Kl, Kluyveromy-
ces lactis; Ca, Candida albicans; Nc, Neurospora crassa; Sp, Schizosaccharo-
myces pombe; Cc, Coprinus cinereus; Um, Ustilago maydis; Ce, Caenorhab-
ditis elegans; Hs, Homo sapiens; Dm, Drosophila melanogaster.

suggesting that RAD54-T132A promotes interhomolog recombi-
nation in the absence of dmc7A. In fact, a map distance of 28 cM
for the HIS4-MAT interval was observed in 222 four-viable spore
tetrads (although this distance is less than the isogenic wild-type
strain, which was 40 cM). Sporulation was increased ~20-fold
in a dmc1A rad54A diploid containing two integrated copies
of RAD54-T132A compared to integrated RAD54 (Table 1C).
Therefore, preventing Mek1 phosphorylation of T132 appears
to make the Rad54 protein more active. The idea that phosphor-
ylation of T132 acts to suppress Rad54 activity is supported by
the finding that RAD54-T132D restores the low level of sporula-
tion observed in RAD54 dmc1A (Table 1B and C).

Nonphosphorylatable mutants of RDH54 (RDH54-S85A and
RDH54-T89A) complemented the sporulation and spore viability
defects of rdh54A. In contrast to RAD54, overexpression of
RDH54 did not improve the sporulation of dmc1A, nor did either
of the alanine mutants (data not shown). Therefore, it is unclear
whether the phosphorylation of Rdh54 observed by Mek1
in vitro is functionally important.

RAD54-T132A Suppression of dmc1A Is Dependent

on MEK1

For overexpression of RAD51 to restore interhomolog recombi-
nation and spore viability to dmc1A strains, Mek1 must be active
(Niu et al., 2005). Deletion of MEK1 in dmc1A strains expressing
RAD54-T132A results in high levels of sporulation, similar
to dmc1A mek1A diploids (Tables 1B and 1C). Spore viability
is less than 1%, however, presumably because DSB repair
between sister chromatids fails to create the interhomolog
connections needed for accurate meiosis | segregation (Niu
et al., 2005) (Tables 1B and 1C). mek1A diploids initiate wild-
type levels of DSBs, ruling out the idea that improved sporulation
is due simply to a reduction in DSBs (Pecina et al., 2002). The
finding that Mek1 is required for interhomolog recombination
to occur in the RAD54-T132A strain indicates that Mek1 plays
a role in the suppression of meiotic intersister DSB repair that
is distinct from its role in the phosphorylation of Rad54.

A Negative Charge at Rad54 T132 Reduces
Rad51/Rad54 Complex Formation In Vitro

Rad51 and Rad54 physically interact in vegetative yeast cells
(Clever et al.,, 1997). In vitro pull-down experiments using
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Table 1. Sporulation and Spore Viability in Various RAD54 Strains

Relevant Genotype? MEK1 mek14

A % SpoP % s.v.° (#asci) % Spo % s.v. (#asci)
rad54A::pRS306 36.5 31.5 (50) ND ND
rad54A::RAD54 93.5 95.5 (50) ND ND
rad54A::RAD54-T132A 93.8 100.0 (50) ND ND
rad54A::RAD54-T132D 92.0 97.6 (51) ND ND

B

dmc1A RAD54/YEp24 0.8 ND 73.2 <1.9 (13)
dmc1A RAD54/2° Pp0p-RAD51 36.6 70.0 (102) 72.6 0.8 (101)
dmc1A RAD54/2 RAD54 4.0 56.8 (12) 80.7 <1.9 (13)
dmc1A RAD54/2 RAD54-T132A 51.2 57.3 (65) 86.3 <1.9 (13)
dmc1A RAD54/2n RAD54-132D 8.3 46.2 (13) 81.0 <1.9 (13)
C

dmc1A rad54A::RAD54 1.1 ND 81.5 0.6 (78)
dmc1A rad54A::RAD54-T132A 22.2 38.1 (118) 79.0 <1.2 (78)
dmc1A rad54A::RAD54-T132D 0.2 ND 1615 1.6 (78)
D

hed1A dmc1A rad54A::RAD54 80.6 33.5(182) ND ND
hed1A dmc1A rad54A::RAD54-T132A 83.5 12.2 (78) ND ND
hed1A dmc1A rad54A::RAD54-T132D 91.6 25.0 (78) ND ND

E

HED1 dmc1A rad54A::RAD54 6.8 42.1 (104) ND ND
hed1A dmc1A rad54A::RAD54

HED1 dmc1A rad54A::RAD54-T132AP 66.0 61.2 (78) ND ND
hed1A dmc1A rad54A::RAD54-T132A

HED1 dmc1A rad544::RAD54-T132D 5.6 26.9 (78) ND ND
hed1A dmc1A rad54A::RAD54-T132D

F

hed1A rad54A::RAD54 88.0 95.1 (40) ND ND
hed1A rad54A::RAD54-T132A 89.8 96.9 (40) ND ND
hed1A rad54A::RAD54-T132D 92.3 96.9 (40) ND ND

2 All strains are diploid and homozygous unless indicated by an underline.

P Sporulation was measured by counting between 400 and 1200 cells using phase contrast microscopy.

©% s.v. = % spore viability.
92 indicates a high copy number plasmid.

recombinant proteins have shown that deletion of the N-terminal
129 amino acid residues of Rad54 impairs interaction with
Rad51 (Raschle et al., 2004). Given the known involvement of
the Rad54 N terminus in Rad51 interaction, we reasoned that
phosphorylation of T132 by Mek1 could regulate the affinity of
Rad54 for Rad51. To test this hypothesis, recombinant His®-S-
Rad54 was phosphorylated in vitro by GST-Mek1 and then
examined for interaction with Rad51. Protein complexes were
captured on nickel beads that bound the His®-tag on Rad54.
The ratio of Rad51/Rad54 eluted from the beads was reduced
when phosphorylated Rad54 was used (Figure 3A, compare
lanes 3 and 6). As expected, reaction with the catalytically inac-
tive GST-mek1-K199R kinase did not affect Rad51/Rad54
complex formation (Figure 3A, compare lanes 3 and 9). There-
fore, Mek1 phosphorylation decreases Rad54’s ability to bind
Rad51.

Some residual Rad51 binding was observed with phosphory-
lated Rad54, perhaps because the kinase reaction was not
complete. In addition, the phosphorylation experiment does
not address whether a negative charge specifically at T132
is deleterious for Rad51/Rad54 complex formation. Genetic
experiments indicate that the T132D mutant behaves like
a constitutively phosphorylated protein (Table 1), making it
a useful phosphomimic for in vitro experiments. His®-S-tagged
Rad54, Rad54-T132A, and Rad54-T132D were purified to homo-
geneity from E. coli (Figure S3), incubated with Rad51, and
precipitated with S-protein agarose beads. At 150 mM salt,
a 2-fold reduction in Rad51 binding was observed with Rad54-
T132D compared to Rad54, in contrast to Rad54-T132A, which
bound Rad51 nearly as well as wild-type (Figure 3B, lanes 3, 6,
and 9). Increasing the salt concentration to 200 mM KCI elimi-
nated Rad51 binding to Rad54-T132D, but not Rad54-T132A

Molecular Cell 36, 393-404, November 13, 2009 ©2009 Elsevier Inc. 397
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Figure 3. In Vitro Pull-Down Experiments Using Rad51 and Modified
Forms of Rad54

(A) Purified His®-S-Rad54 (500 ng) (indicated as Rad54) was reacted with
200 ng GST-Mek1 (+) or GST-Mek1-K199R (KR) and ATP for 30 min at room
temperature and then incubated with 500 ng of Rad51 at 180 mM KCI. After
capturing the protein complexes with Ni-NTA-agarose, the beads were
washed with SDS to elute bound proteins. The supernatant containing
unbound proteins (S), wash (W), and SDS eluate (E) were probed on an immu-
noblot with a-His6 and «-Rad51 antibodies.

(B and C) Rad51 (5 ug) was incubated with His®-S-Rad54 (5 ng), His®-S-
Rad54-T132A (5 ug), or His®-S-Rad54-T132D (5 pg) in 150 mM KCI (B) or
200 mM KCI (C). The supernatant (S), wash (W), and SDS eluate (E) were
analyzed by Coomassie staining of SDS polyacrylamide gels. % Rad51 indi-
cates the fraction of input Rad51 that bound to Rad54.

(Figure 3B, lanes 3, 6, and 9). Efficient Rad51 binding was
observed with Rad54-T132D at lower salt concentrations, indi-
cating that a negative charge at T132 decreases, but does not
abolish, the affinity of Rad54 for Rad51 (data not shown).
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The T132D Mutation Impairs Functional Synergy

of the Rad51/Rad54 Pair

The ATPase activity of Rad54 is strongly stimulated by Rad51
(Mazin et al., 2000; Van Komen et al., 2000). Conversely, the
recombinase activity of Rad51 is greatly enhanced by Rad54
(Petukhova et al., 1999). Given that the T132D mutation reduces
the affinity of Rad54 for Rad51, the functional synergy of Rad51/
Rad54 should be attenuated as well. Rad54, Rad54-T132A,
and Rad54-T132D possess similar levels of ATPase activity at
100 and 150 mM KCI concentrations (Figure 4A). In contrast,
increasing KCI concentration markedly reduced Rad51-stimu-
lated ATP hydrolysis by Rad54-T132D (Figure 4A). Similarly, D
loop reactions carried out at 150 mM salt produced less product
with Rad54-T132D (Figures 4B and 4C). For both assays, the
Rad54-T132D mutant exhibited comparable levels of activity
as did wild-type under low salt conditions (Figure S4), further
supporting the idea that the negative charge is affecting the
affinity of Rad54 for Rad51.

The T132D Mutation Affects Rad54 Activity In Vivo
Mek1-as kinase activity can be abolished in vivo by the addition of
the 1-NA-PP1 inhibitor directly to the sporulation medium (Wan
et al., 2004). When Mek1-as is inactivated by addition of inhibitor
to dmc1A-arrested cells, DSBs rapidly disappear due to RAD54-
dependent repair using sister chromatids as templates (Niu et al.,
2005). If Rad51/Rad54 complexes are required under these
conditions, then dmc71A RAD54-T132D mek1-as cells should
exhibit a delay in this repair. dmc 14 mek1-as diploids containing
RAD54,RAD54-T132A, or RAD54-T132D were incubated for 5 hr
in sporulation medium. At this time, cells arrested in prophase
and exhibited DSBs at the YCR048w and HIS2 hot spots (Figures
5A and 5B) (data not shown). Within 90 min after addition of inhib-
itor, the RAD54 and RAD54-T132A diploids began proceeding
through meiosis |. RAD54-T132D was delayed, however, by ~1
hr, likely because of retarded repair of DSBs. Whereas the bulk
of DSBs have disappeared by 2 hr in the RAD54 and RAD54-
T132A diploids, DSBs fragments at YCR048w and HIS2 persisted
in the RAD54-T132D strain for several hours (Figure 5B and 5C)
(data not shown).

In the absence of inhibitor, dmc14 RAD54 mek1-as exhibited
0.5% sporulation, whereas addition of inhibitor resulted in > 70%
sporulation for all three strains. No viable spores were observed
out of 26 tetrads for each strain, as expected if repair was occurring
between sister chromatids. The finding that DSB repair eventually
occurs in RAD54-T132D even though Mek1 is inactivated
supports the idea that a negative charge at T132 is not sufficient
to completely suppress DSB repair between sister chromatids.

The T132D mutation also impairs Rad54 activity in vegetative
cells, as a RAD54-T132D haploid is at least 10-fold more sensi-
tive to 0.04% MMS than RAD54 or RAD54-T132A (Figure 5D).
The RAD54-T132D mutant, therefore, has phenotypes consis-
tent with a reduced ability to form Rad51/Rad54 complexes as
indicated by the in vitro experiments.

Rad54 Phosphorylation Acts Synergistically with HED1
to Suppress DMC1-Independent DSB Repair

The meiosis-specific protein Hed1 binds to Rad51 and inter-
feres with Rad51’s ability to interact with Rad54 (Busygina
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Figure 4. Effect of Rad54-T132D on Various
Enzymatic Activities

(A) ATP hydrolysis by Rad54, Rad54-T132A, or
Rad54-T132D (40 nM) with or without Rad51
(890 nM) was examined in the presence of 100 or
150 mM KCl.

(B) Schematic of the D loop reaction (top). The
reaction was carried out in the presence of
150 mM KCI. Rad51 (0.1 uM) was incubated with
radiolabeled ss 90-mer oligo (3 uM nucleotides)
followed by the addition of the indicated amount
of Rad54, Rad54-T132A, or Rad54-T132D. The
reaction was initiated by the addition of the pBlue-
script SK replicative form | DNA (45 uM base
pairs).

(C) Quantification of the D loop product based on
three independent experiments.

Error bars, SEM.
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et al., 2008). Consistent with this fact, deletion of HED1
suppresses the sporulation defect of a dmc7A diploid and
produces some viable spores (Tsubouchi and Roeder, 2006)
(Table 1D). Neither dmc1A RAD54-T132A nor hed1A dmc1A
exhibits wild-type spore viability (38.1% and 33.5%, respec-
tively), however, suggesting that Hed1 and Rad54 T132 phos-
phorylation may function in parallel pathways to restrain Rad51
activity. If so, then combining RAD54-T132A and hed1A should
increase interhomolog recombination in a dmc7A diploid
compared to either single mutant.

To test this hypothesis, we constructed a diploid homozygous
for dmc1A and RAD54-T132A but heterozygous for hed7A.
Decreasing the dosage of HED1 by half may make more Rad51
available for interaction with Rad54, thereby promoting complex
formation. Thisidea is supported by the observation thathed7A is
semidominant in the dmc1A RAD54 and dmc1A RAD54-T132D
strains, increasing sporulation from 1.1% and 0.2% in the homo-
zygous HED1 diploids to 6.8% and 5.6%, respectively, in the
heterozygotes (compare Tables 1C and 1E). In the HED1/
hed14 dmc1A background, the RAD54-T132A strain sporulated
10-fold better and exhibited a higher level of viable spores than
the comparable RAD54 and RAD54-T132D diploids, consistent

Il Rad54
[]Rad54-T132A
[ Rad54-T132D

&' o~o¥ Rad54-T132D, uM

with the parallel pathways hypothesis
(Table 1E). In contrast, when homozy-
gous, the hed1A dmc1A RAD54-T132A
diploid exhibited a 3-fold reduction in
spore viability compared to the HED1
dmc1A RAD54-T132A diploid (compare
Tables 1C and 1D) and produced fewer
viable spores than either hed1A dmc1A
RAD54 or hed1A dmc1A RAD54-T132D
(Table 1D). This decrease in spore viability
may result from increased sister chro-
matid repair (see Discussion). It should
be noted that, in the presence of DMC1,
sporulation and spore viability of the
hed1A RAD54-T132A diploid are wild-
type, indicating that the combination of
Mek1 and Dmc1 is sufficient to promote
interhomolog recombination even when Rad51/Rad54 com-
plexes are free to form (Table 1F).

DISCUSSION

Rad51 is the major recombinase in mitotically dividing cells, and
in some organisms, such as nematodes and fruit flies, it also
serves as the recombinase for meiotic recombination (Villeneuve
and Hillers, 2001). For most eukaryotes, however, including
budding yeast and mammals, the meiosis-specific recombinase
Dmc1 is required. How these two recombinases function
together to promote interhomolog recombination during meiosis
remains an important yet unanswered question.

There is a large body of work indicating that Rad51 and DmcH1
have both overlapping and nonoverlapping functions in meiosis
(for a review, see Sheridan and Bishop, 2006). That the two
recombinases are functionally distinct is clear from studies
showing that filaments comprised solely of Rad51 or Dmc1
behave differently during meiosis. In dmc1A strains, Rad51 is
efficiently recruited to DSBs, but no strand invasion of either
sister chromatids or homologous chromosomes is observed
(Bishop, 1994; Hunter and Kleckner, 2001; Schwacha and
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Figure 5. Effects of RAD54-T132D on
Meiotic Intersister DSB Repair and MMS
Sensitivity in Vegetative Cells

(A) Meiotic progression in dmc1A mek1-as
diploids homozygous for RAD54, RAD54-T132A,
or RAD54-T132D. After incubation in Spo medium
for 5 hr, 1 uM of the Mek1-as kinase inhibitor 1-NA-
PP1 was added to initiate sister chromatid repair.
The cells were fixed, stained with DAPI, and exam-
ined by fluorescence microscopy. Binucleate and
tetranucleate cells have completed meiosis | (MI)

% total DNA
O N M OO OOONDN

L} L} L} L L} L}

3 4 5 6 0 1

Hours after addition
of 1-NA-PP1

B dmc1 mek1-as

Hrs in RAD54-T132A

D YEPD
rad54/ R IR
A OO 6

rAD54-T1324A LR K K R=

rAD54-T1320 L R K K

Kleckner, 1997). The failure to invade sister chromatids is depen-
dent upon Mek1 kinase activity (Wan et al., 2004). In rad51A
diploids, Dmc1 recruitment to DSBs is greatly reduced, compli-
cating the interpretation of the recombination phenotypes of this
mutant (Shinohara et al., 1997a). However, in the absence of
RAD52, Dmc1 is loaded efficiently by the Mei5-Sae3 mediator
complex without Rad51 (Hayase et al., 2004; Lao et al., 2008).
The Dmc1 filaments formed in rad52A and rad57A mutants allow
some progression beyond resected DSBs, but the joint mole-
cules no longer exhibit interhomolog bias, despite the fact that
Mek1 kinase is active (Lao et al., 2008; Schwacha and Kleckner,
1997). These results led to the proposal that Rad51 may play
a structural role in creating a Rad51/Dmc1 filament, which in
combination with the Mek1 phosphorylation of an as yet unde-
termined substrate, directs the filament away from sister chro-
matids and toward homologs (Sheridan and Bishop, 2006)
(Figure 6A). Our work supports the idea that Rad51 recombinase
activity is actively suppressed during meiosis and reveals

Hours after addition
of 1-NA-PP1

RAD54-T132D
Spo 055657 5859510055657 5859510055657 5859510

1 and Il (MIl), respectively. Two-hundred cells were
6 counted for each time point.

(B) DSBs at the YCR048w hot spot from the time
course in (A). Brackets indicate the region of the
gel used to quantify DSBs. The value of the 0 time
point was subtracted as the background. Numbers
indicate the hours in Spo medium. Arrows indicate
the time at which inhibitor was added.

(C) Quantitation of DSB fragments as a fraction of
the total DNA from the experiment shown in (B).
(D) MMS sensitivity of RAD54 mutants. Overnight
cultures of haploid rad54A, RAD54, RAD54-T132A,
or RAD54-T132D strains were serially diluted
10-fold, spotted onto YEPD medium without or
with 0.04% MMS, and grown for 2 days at 30°.

2 3 4 5

a dynamic pathway by which this regula-
tion can occur via the phosphorylation
of Rad54 by Mek1. In addition, we
have shown that this downregulation of
Rad51 activity is distinct from the mecha-
nism by which Mek1 phosphorylation
inhibits Rad51-mediated strand invasion
of sister chromatids.

Formation of Rad51/Rad54

Complexes Is a Key Regulatory Step

in Meiotic Recombination

Rad54 acts at several different steps

during recombination, including stimula-
tion of Rad51-mediated DNA strand invasion (Heyer et al.,
2006; Tan et al., 2003). Rad54 performs these functions by
binding to Rad51 via the Rad54 N terminus (Golub et al., 1997;
Jiang et al., 1996; Raschle et al., 2004). It has previously been
shown that the requirement for dmc1A for meiotic DSB repair
and interhomolog recombination can be bypassed by (1) over-
expression of RAD51, (2) overexpression of RAD54, or (3)
deletion of HED1 (Bishop et al., 1999; Tsubouchi and Roeder,
2003; Tsubouchi and Roeder, 2006). What each of these genetic
conditions has in common is the potential to increase the
number of Rad51/Rad54 complexes. For example, Rad51
binding to the meiosis-specific Hed1 protein does not interfere
with Rad51 filament formation but does prevent Rad54 from
binding to Rad51 (Busygina et al., 2008; Tsubouchi and Roeder,
2006). Therefore, Hed1 likely competes with Rad54 for binding
to Rad51 in vivo. Hed1 is limiting in meiotic cells, as evidenced
by the observation that hed7A is semidominant in dmc7A
strains. These results suggest that deletion of HED1 makes
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Figure 6. Model for the Regulation of Meiotic Recombination under
Different Genetic Conditions

(A) Key for different proteins. Yellow boxes indicate the Mek1-dependent
“barrier to sister chromatid repair” (BSCR). Each pair of lines indicates the
DNA duplex of a sister chromatid. Blue and red lines indicate homologous
chromosomes.

(B) Interhomolog bias is ensured in wild-type cells by (1) Dmc1, (2) prevention
of Rad51/Rad54 complex formation by Hed1 binding to Rad51 and Rad54
T132 phosphorylation, and (3) the BSCR.

(C) Indmc1A, DSBs are not repaired due to impaired Rad51/Rad54 complex
formation and the BSCR.

(D) Deletion of MEK1 removes the BSCR and allows unphosphorylated Rad54
to compete with Hed1 for binding to Rad51, thereby enabling intersister DSB
repair.

(E) Unphosphorylated Rad54-T132A can partially compete with Hed1 to form
active Rad51/Rad54 complexes, and the presence of the BSCR results in
some of these filaments invading the nonsister chromatids of homologous
chromosomes.

more Rad51 available for binding to Rad54 and that Rad51/
Rad54 complex formation is the limiting factor in Rad51-medi-
ated strand invasion during dmc71A meiosis. This model
assumes that Rad54 binds to Rad51 filaments that have already
formed at DSB ends, an idea supported by in vitro experiments
showing that Rad54 interacts specifically with Rad51 nucleopro-
tein filaments prior to the homology search (Solinger et al.,
2001).

We have discovered that, in addition to Hed1, Rad51/Rad54
complex formation is regulated by phosphorylation of a specific
threonine, T132, in the N terminus of Rad54 by the meiosis-
specific kinase Mek1. The N terminus of Rad54 has been shown
to bind to Rad51 by both two-hybrid and biochemical pull-down
experiments (Golub et al., 1997; Jiang et al., 1996; Raschle et al.,
2004). We show that a negative charge at position 132 of Rad54
decreases the affinity of Rad54 for Rad51, thereby attenuating
the functional synergy of this protein pair. Furthermore, amino
acid substitutions at position 132 that either prevent or mimic
phosphorylation have opposite phenotypes. In situations in
which Rad54 would normally not be phosphorylated, the
T132A mutant appears like wild-type, whereas T132D is defec-
tive (i.e., MMS sensitivity of RAD54-T132D in vegetative cells
and the delay in DSB repair observed in dmc1A mek1-as cells
after addition of inhibitor). In contrast, under meiotic conditions
in which Rad54 would normally be phosphorylated, RAD54-
T132D looks more like wild-type, whereas RAD54-T132A
exhibits a dominant gain of function phenotype—the suppres-
sion of the interhomolog recombination and sporulation defects
of dmc1A. RAD54-T132A is presumably dominant because the
increased affinity for Rad51 allows Rad54-T132A to bind the
recombinase regardless of the presence of phosphorylated
Rad54. The RAD54-T132A suppression of dmc1A is observed
even when the former is expressed at normal levels, providing
further evidence that the mutant represents a more “active”
version of Rad54 during meiosis.

The negative charge conferred by T132 phosphorylation
decreases the affinity of Rad54 for Rad51 but does not abolish
the interaction. Therefore, any situation that increases the
amount of Radb1 binding sites, either overexpression of
RAD51 or exposure of Rad51 by removal of Hed1, may allow
some fraction of phosphorylated Rad54 to bind. In contrast, pre-
venting Rad54 phosphorylation enables some fraction of Rad54
to bind Rad51 even though Hed1 is present. Therefore, phos-
phorylation of T132 presents a way for the cell to dynamically
regulate Rad51 activity during meiosis by controlling the ability
of Rad51/Rad54 complexes to form.

(F) Deletion of HED1 increases the amount of Rad51 available for binding,
thereby allowing Rad51/Rad54 complex formation even though Rad54
is phosphorylated. Once again, the BSCR promotes interhomolog strand
invasion.

(G) The combination of hed7A and RAD54-T132A removes constraints on
Rad51/Rad54 complex formation, resulting in active filaments that are able
to overcome the BSCR some fraction of the time so that DSB repair uses sister
chromatids as templates even though Mek1 is active. The fact that spore
viability in this situation is not 0, unlike dmc7A mek1A, indicates that the
BSCR is still functioning.
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Occurs by At Least Two Independent Pathways

Neither hed1A nor RAD54-T132A completely rescues the spore
inviability of dmc 14, indicating that interhomolog recombination
is not occurring at wild-type levels. One explanation is that Dmc1
is simply better than Rad51 at generating interhomolog cross-
overs (Tsubouchi and Roeder, 2006). Another possibility is that
Dmc1 is necessary for the establishment of interference, the
process by which crossovers are distributed throughout the
genome such that each pair of homologous chromosomes
receives at least one. There is a discrepancy in the literature on
this point; whereas a reduction in interference was observed
for the DMC1-independent crossovers produced by overexpres-
sion of RAD54, no such reduction was observed when RAD51
was overexpressed (Shinohara et al., 2003; Tsubouchi and
Roeder, 2003). Because it seems likely that the mechanism of
dmc1A suppression is the same in both cases (assembly of
Rad51/Rad54 complexes), the differences between these two
studies remain to be resolved.

We propose an alternative explanation—that Hed1 binding to
Rad51 and Mek1 phosphorylation of Rad54 act independently
to prevent Rad51/Rad54 complex formation (Figure 6). Thus,
maximal levels of Rad51 activity cannot be achieved in strains in
which Rad54 is not phosphorylated because most of the Rad51
is bound by Hed1 (Figure 6E), nor can they be achieved in
hed1A diploids because Rad54 is still phosphorylated (Figure 6F).
This hypothesis is supported by our discovery that combining
RAD54-T132A with half of the amount of HED1 increases both
sporulation and spore viability in the dmc7A background
compared to either single mutant. An unexpected result was
observed, however, inthe hed1A dmc1A RAD54-T132A homozy-
gous diploid. In this diploid, the two meiosis-specific factors
that normally restrain Rad51 activity are eliminated, potentially
allowing Rad51/Rad54 complexes to form as efficiently in mitotic
cells. Although sporulation was increased relative to the compa-
rable HED1/hed1A heterozygote, spore viability decreased. This
reduction in spore viability could be explained if more of the
DSB repair occurring in the hed1A RAD54-T132A dmc1A diploid
was directed between sister chromatids than for the RAD54 or
RAD54-T132D strains, even though Mek1 is active (Figure 6G).

Taken together, these results suggest that different outcomes
may result depending on the level of recombinase activity. In
dmc1A strains, endogenous levels of phosphorylated Rad54,
Hed1, and Rad51 are insufficient for interhomolog recombina-
tion, consistent with the finding that recombination proteins are
limiting in dmc1A cells (Johnson et al., 2007) (Figure 6C).
Increasing the number of Rad51/Rad54 complexes promotes in-
terhomolog recombination up to a certain point. However, if too
many Rad51/Rad54 complexes are made, the Mek1-imposed
barrier to sister chromatid repair may be overcome, resulting in
fewer interhomolog connections and a reduction in spore
viability. Modulating Rad51 activity may be especially important
in organisms such as nematodes and fruit flies, which lack Dmc1.

Mek1 Suppresses Intersister DSB Repair Independently
of Rad54 Phosphorylation

Given that Mek1 can indirectly downregulate Rad51 activity by
phosphorylating Rad54, it is reasonable to suppose that this
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could be the mechanism by which Mek1 suppresses intersister
DSB repair. If this were true, however, then situations that result
in activated Rad51 (i.e., Rad51/Rad54 complex formation)
should overcome the Mek1 barrier and repair via sister chroma-
tids. In other words, if Mek1 phosphorylation of Rad54 was
solely responsible for suppressing meiotic sister chromatid
repair, the phenotype of RAD54-T132A dmc1A should be the
same as dmc1A mek1A. But this is not the case. Whereas
dmc1A mek1A mutants sporulate at levels > 80% but produce
< 1% viable spores, dmc1A RAD54-T132A exhibits only 22%
sporulation with ~40% of the spores being viable. Furthermore,
inactivation of Mek1-as in dmc1A RAD54-T132A after DSB
formation results in rapid repair of DSBs of sister chromatids.
Conversely, although aspartic acid at position 132 acts as a
good phosphomimic by preventing repair in dmc1A MEK1
diploids, it does not prevent the sister repair observed when
Mek1-as is inactivated. Therefore, the ability of Rad51/Rad54
complexes to mediate interhomolog strand invasion requires
that Mek1 phosphorylate some other substrate that then
suppresses strand invasion of sister chromatids (Figure 6).

Phosphorylation Provides a Dynamic Way of Regulating
Rad51 Strand Exchange Activity during Meiosis

In the hed1A RAD54-T132A double mutant, the meiosis-specific
barriers to Rad51/Rad54 complex formation are removed, yet
there are no obvious deleterious phenotypes, indicating that
downregulation of Rad51 is unnecessary if Dmc1 is present.
This raises the important question of why redundant mecha-
nisms have evolved for ensuring that Rad51 activity is con-
strained during meiosis. One explanation proposed by Tsubou-
chi and Roeder (2006) is that Hed1 ensures coordination
between Rad51 and Dmc1 by inhibiting Rad51 activity only if
Dmc1 is absent. Because Hed1 colocalizes with Rad51 in
DMCT1 cells, these authors suggested that there may be a confor-
mational change in the Rad51/Rad54 complex induced by Dmc1
that prevents Hed1 repression of Rad51 activity. The discovery
of a second pathway for Rad51 inhibition makes this explanation
less likely, given that Dmc1 would now have to overcome the
lack of affinity resulting from Rad54 phosphorylation in addition
to inactivating Hed1. We prefer an alternative explanation that
the presence of Rad51, but not its activity, is important for
making recombinase filaments that are efficient in interhomolog
recombination (Hunter, 2007; Sheridan and Bishop, 2006;
Tsubouchi and Roeder, 2006).

We propose that the combination of Hed1 and Rad54 T132
phosphorylation suppresses Rad51 recombinase activity by
preventing formation of Rad51/Rad54 complexes (Figure 6B).
This idea is supported by the fact that RAD54 is dispensable
for interhomolog recombination during meiosis (Shinohara
et al., 1997b). If RAD54 is not required for interhomolog recom-
bination and if it is normally prevented from interacting with
Rad51, why do rad54A mutants exhibit reduced levels of sporu-
lation and spore viability? The RAD54-T132A mutant completely
complements the meiotic defects of rad54A, arguing that phos-
phorylation of Rad54 is not required for wild-type levels of
sporulation and spore viability. One possibility is that intersister
recombination is used to repair any DSBs that remain after
all 16 homologous chromosomes have been connected by
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crossovers (Hunter, 2007; Sheridan and Bishop, 2006). The fact
that the barrier to sister chromatid repair is mediated by a kinase
makes elimination of this constraint possible simply by inactiva-
tion of Mek1. Inhibition of Mek1 kinase activity could serve to
simultaneously allow Rad51/Rad54 complex formation as well
as eliminate the barrier to sister chromatid repair (Figure 6D).
The rad54A phenotypes can, therefore, be explained by the
inability to repair these residual DSBs in late prophase after inter-
homolog recombination has been completed. Evidence for two
rounds of Rad51-mediated recombination exists in nematodes
(Hayashi et al., 2007). In this organism, Rad51 is localized to
DSBs early in meiotic prophase in a Rad50-dependent manner,
and these breaks have the ability to form interhomolog cross-
overs. At mid to late pachytene, there is a switch such that
Rad51 is loaded onto breaks independently of Rad50. These
breaks are not competent for formation of interhomolog
crossovers but may be repaired by sister chromatids as a way
of maintaining genome integrity.

In summary, this work demonstrates a newly discovered regu-
latory mechanism for controlling Rad51 recombinase activity
during meiosis—suppression of Rad51/Rad54 complex forma-
tion by Mek1-mediated phosphorylation of Rad54. This mode
of regulation allows for Rad51 activity to be rapidly modulated
up and down and may be critical for ensuring that all breaks
are repaired before the onset of the meiotic divisions.

EXPERIMENTAL PROCEDURES

Yeast Strains and Time Courses

All yeast strains were derived from the SK1 background. Complete genotypes
are presented in Table S2. Strain constructions are described in the Supple-
mental Experimental Procedures. Time courses and DSB analysis were carried
out at 30°C as described in Niu et al. (2005). The mek1-as inhibitor 1-NA-PP1 is
described in Wan et al. (2004).

Plasmids
Plasmid constructions are described in the Supplemental Experimental
Procedures.

Protein Purification and MS

Purification of RPA1, Rad51, Rad52, and Rad54 out of yeast, as well as puri-
fication of recombinant Rad54 and Rdh54 from bacteria, have been published
(Chietal., 2006; Raschle et al., 2004; Song and Sung, 2000; Sung and Stratton,
1996; Van Komen et al., 2006). Purification of GST-Mek1 and Rad54-3Flag
from dmc1A-arrested yeast cells, as well as recombinant Hop1, is described
in the Supplemental Experimental Procedures. MS analysis is also described
in the Supplemental Experimental Procedures.

In Vitro Kinase Assays

Detailed protocols for kinase assays using both ATP and ATPyS analogs are
described in the Supplemental Experimental Procedures. ATPyS was
purchased from Sigma. The syntheses of N®-benzyl- and N®-isopentyl-ATPyS
are described in Allen et al. (2007). The synthesis of N°-furfuryl-ATPYS is
described in the Supplemental Experimental Procedures.

SUPPLEMENTAL DATA

Supplemental Data include Supplemental Experimental Procedures, two
tables, and four figures and can be found with this article online at http://
www.cell.com/molecular-cell/supplemental/S1097-2765(09)00689-3.
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