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MOLECULAR BIOLOGY

Phosphoregulation of Rad51/Rad52 by CDK1 functions
as a molecular switch for cell cycle-specific activation

of homologous recombination

Gyubum Lim’, Yeonji Chang?, Won-Ki Huh'**

Homologous recombination is exquisitely activated only during specific cell phases. In the G, phase, homologous
recombination activity is completely suppressed. According to previous reports, the activation of homologous
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recombination during specific cell phases depends on the kinase activity of cyclin-dependent kinase 1 (CDK1).
However, the precise regulatory mechanism and target substrates of CDK1 for this regulation have not been com-
pletely determined. Here, we report that the budding yeast CDK1, Cdc28, phosphorylates the major homologous
recombination regulators Rad51 and Rad52. This phosphorylation occurs in the G/M phase by Cdc28 in combi-
nation with G,/M phase cyclins. Nonphosphorylatable mutations in Rad51 and Rad52 impair the DNA binding
affinity of Rad51 and the affinity between Rad52 rings that leads to their interaction. Collectively, our data provide
detailed insights into the regulatory mechanism of cell cycle-dependent homologous recombination activation

in eukaryotic cells.

INTRODUCTION

DNA double-strand breaks (DSBs) spontaneously occur during cell
proliferation. Because these chromosomal breaks can lead to genetic
mutations, cell death, and tumor generation, cells have evolved di-
verse repair pathways. Homologous recombination is the major
error-free pathway for repair of DSBs. When homologous sequences
in the homologous chromosome are used as a template, the homol-
ogous recombination mechanism repairs the DNA lesions without
altering the genetic information. DNA damage repair by homolo-
gous recombination progresses through the following steps: (i)
When a DSB occurs, the end resection process resects the broken
ends of the DNA; (ii) the replication protein A (RPA) complex rec-
ognizes exposed single-stranded DNA (ssDNA) at the DNA damage
site and recruits the major homologous recombination regulator,
Rad52, to the site; (iii) the DNA-bound Rad52 sequentially recruits
Rad51 to the homologous DNA region to activate strand invasion;
and (iv) in the course of DNA synthesis, the damage is repaired on
the basis of the homologous sequence (1). Termination of homolo-
gous recombination is mainly mediated by synthesis-dependent
strand annealing (SDSA) and DSB repair (DSBR). SDSA, which
does not produce crossover products, is predominantly activated in
mitotic cells. In contrast, DSBR, which generates crossover prod-
ucts by double Holliday junction resolution, is induced mostly in
meiotic cells (1, 2).

Cell cycle progression is precisely regulated by cyclin-dependent
protein kinases (CDKSs). Saccharomyces cerevisiae has five encoded
CDKs: Cdc28, Pho85, Kin28, Ssn3, and Ctkl. Among these, Cdc28
(CDK1) functions as a major regulator of cell cycle progression (3).
Nine cyclins of S. cerevisiae are generally classified by cell cycle
phase as follows: the G, phase cyclins (Cln1, CIn2, and Cln3), the S
phase cyclins (CIb5 and Clb6), and the G,/M phase cyclins (Clbl,
CIb2, CIb3, and ClIb4) (4). Each cyclin is expressed during a specific
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cell phase and forms a complex with CDK to phosphorylate target
proteins that are related to cell cycle-dependent functions (3, 4).
Cell cycle-dependent regulation of homologous recombination has
been studied in yeast and mammals over the past decade. For hu-
man cells, it has been proposed that CDK1 may affect the function
of the major mediators in this cell cycle-dependent regulation of
homologous recombination (5). However, the precise regulatory
mechanism and target substrates of CDK1 for this regulation have
not been fully elucidated. In S. cerevisiae, the process of homol-
ogous recombination is highly suppressed in the G; phase and is
induced in the G,/M phase. It has also been reported that this regu-
lation depends on the kinase activity of Cdc28 (6, 7). DNA resection
proteins Sae2 and Dna2 have been identified as substrates of Cdc28
(8, 9). End resection, which is the process immediately preceding
homologous recombination pathway initiation, comprises two se-
quential steps: initial resection and extensive resection. Both resec-
tion steps are induced by the kinase activity of Cdc28. However, the
proteins that mediate homologous recombination directly through
cell cycle-dependent regulation remain to be discovered.

Yeast has many advantages for the study of homologous re-
combination. Chromosome III of S. cerevisiae harbors the mating-
type locus and two mating-type alleles known as a and a. HO endo-
nuclease recognizes a short sequence in the mating-type locus and
makes a site-specific single DSB. Through the homologous recom-
bination pathway, this damage is repaired on the basis of the genetic
information on the opposite mating-type allele, and consequently,
the genetic information of the mating-type locus is changed to
that of the opposite mating-type allele (10). Thus, in S. cerevisiae,
the efficiency of homologous recombination during mitotic growth
can be monitored by checking the efficiency of the mating-type
switching (6).

In this study, we investigated the unknown targets of Cdc28 for
cell cycle-dependent regulation of homologous recombination in
S. cerevisiae. We found that both Rad51 and Rad52 are substrates
of Cdc28. In addition, the functions of Rad51 and Rad52 for activat-
ing homologous recombination are regulated by the G,/M-phase
CDK1-dependent phosphorylation. In total, our results suggest a
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previously unknown mechanism for cell cycle-dependent regulation
of homologous recombination activity.

RESULTS

Rad51 and Rad52 are substrates of Cdc28

Cell cycle-dependent regulation of the homologous recombination
process has been reported in previous studies (6, 7). The activity of
homologous recombination is highly suppressed in the G, phase
and enhanced in the G,/M phase. To check the activation of homol-
ogous recombination, we performed a polymerase chain reaction
(PCR)-based homologous recombination efficiency test (fig. S1A)
(11). If a DSB is generated by the expression of HO endonuclease,
then PCR cannot be performed using primers pI and pJ. Confirma-
tion of strand invasion and primer extension can be confirmed by
PCR using primers pG and pH. PCR can be completed using prim-
ers pC and pD only after the newly synthesized DNA is connected
to the opposite end of damaged DNA. Using this test, we confirmed
that homologous recombination is not activated in G;-arrested
yeast cells even after DSB formation (fig. S1B). In contrast, G,/M-
arrested yeast cells progressed through the strand invasion, primer
extension, and ligation processes of homologous recombination
after DSB formation. These results are consistent with previous re-
ports of other techniques used to check the efficiency of homolo-
gous recombination (6, 7).

Although it has been known that cell cycle-dependent regula-
tion of homologous recombination depends on the kinase activity
of Cdc28 (in yeast, CDK1) (6, 7), the mechanism for this regulation
is still undetermined. To address this issue, we focused on two ma-
jor homologous recombination regulators: Rad51 and Rad52. As
previously reported, rad51A and rad52A cells could not repair DNA
damage that was generated by the DNA-damaging agent methyl
methanesulfonate (MMS) (fig. S1C). This result indicated that de-
letion of either RAD51 or RAD52 completely impairs homologous
recombination activity. Furthermore, neither strand invasion nor
primer extension processes were completed in the rad51A and
rad52A cells (fig. S1D), suggesting that homologous recombination
in these mutants is arrested at an early step. To examine the possi-
bility that Rad51 and Rad52 may be the target of Cdc28 for cell
cycle-dependent regulation, we performed an in vitro kinase assay
using an adenosine 5’'-triphosphate (ATP) analog-sensitive mutant
of Cdc28, Cdc28-asl (12). In the absence of the ATP analog INM-
PP1, both Rad51 and Rad52 were clearly phosphorylated by Cdc28-
asl (Fig. 1A). When the kinase activity of Cdc28-as1 was suppressed
by INM-PP1, the phosphorylation of Rad51 and Rad52 was com-
pletely abolished. This result suggested that both Rad51 and Rad52
are substrates of Cdc28.

Rad51 and Rad52 are phosphorylated by G,/M-phase CDK1

Given that Rad51 and Rad52 are phosphorylated by the CDK
Cdc28, we speculated that Cdc28-dependent phosphorylation of
Rad51 and Rad52 might be regulated in a cell cycle-dependent
manner. To obtain cell cycle-specific CDK1 proteins, we immuno-
precipitated Cdc28 from extracts of either G;-arrested or G,/M-
arrested cells. Cdc28-dependent phosphorylation of Rad51 and
Rad52 was observed only with the CDK1 from the G,/M-phase cells
but not with the CDK1 from the G;-phase cells (Fig. 1B and fig.
S2A). We next examined whether cell cycle-dependent phospho-
rylation of Rad51 and Rad52 occurs in cells by tracking their level of
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phosphorylation through the cell cycle. Whereas the phosphorylated
Rad52 migrated slower than the nonphosphorylated Rad52, the
phosphorylated Rad51 was not separated from the nonphospho-
rylated Rad51 in normal SDS-polyacrylamide gel electrophoresis
(PAGE). To analyze the phosphorylation status of Rad51, we used
Phos-tag SDS-PAGE, which enables a slower migration of phos-
phorylated proteins. The phosphorylation of Rad51 and Rad52 was
decreased in the G; phase and substantially increased in the G,/M
phase (Fig. 1C). When the kinase activity of Cdc28-asl was sup-
pressed by INM-PP1 treatment, the phosphorylation of Rad51 and
Rad52 was decreased even in the G/M phase. We further confirmed
that Rad51 was substantially less phosphorylated in the G; phase
than in the G,/M phase by using the phospho-CDK substrate anti-
body (fig. S2B). These results suggested that Rad51 and Rad52
are highly phosphorylated by CDKI1 in the G,/M phase, not in the
G phase.

To identify the specific cyclin-CDK1 complexes that are respon-
sible for the phosphorylation of Rad51 and Rad52, we performed a
kinase assay on all the cyclins of budding yeast in vitro. Each cyclin
was collected by immunoprecipitation and mixed with purified
Cdc28 to form a cyclin-CDK1 complex. Both Rad51 and Rad52
were phosphorylated by Cdc28, combined with either Clb2 or Clb3,
which are activated in the G/M phase, but not by Cdc28 combined
with the G; cyclins such as Clnl, Cln2, and CIn3 (Fig. 2, A and B,
and fig. S2C). These results suggested that Cdc28 combined with
CIb2 or Clb3 phosphorylates Rad51 and Rad52 in the G»/M phase.
We also checked the deletion effect of either CLB2 or CLB3 on the
in vivo phosphorylation of Rad51 and Rad52. Because Clb2 and
Clb3 were redundantly expressed in the S and G,/M phases (fig.
S$2D), the single deletion of either CLB2 or CLB3 did not markedly
affect the phosphorylation of Rad51 and Rad52 in the S and Gy/M
phases (fig. S2E). However, we observed a moderate reduction in
the phosphorylation of Rad52 and Rad51 in clb2A and clb3A cells,
respectively. This result suggested that Rad51 and Rad52 have a
kinase preference for Clb3-Cdc28 and Clb2-Cdc28 complexes,
respectively.

Ser'?> and Ser®’® of Rad51 and Thr*'? of Rad52 are the target

residues of Cdc28

It is known that Cdc28 is a proline-directed kinase (13). However,
target residues that are not part of the conventional consensus motif
(Ser/Thr-Pro) have also been reported in diverse eukaryotic cells,
including those of budding yeast (14, 15). To find the target residues
of Cdc28 on Rad51 and Rad52, we analyzed the amino acid se-
quences of Rad51 and Rad52 by using the Group-based Prediction
System (GPS) 3.0 algorithm (16), which has been successfully adopted
for predicting protein kinase-specific phosphorylation sites. GPS
3.0 identified Ser'*® and Ser’”> on Rad51 and Thr*'* on Rad52 as
putative Cdc28-specific phosphorylation sites (fig. S3A). Ser’”” on
Rad51 and Thr*!? on Rad52 coincide with the consensus Ser/
Thr-Pro motif of CDK1, and Ser'? of Rad51 is located within a motif
that matches the non-Ser/Thr-Pro motif (Ser/Thr-X-X-Lys/Arg) of
CDKI1 (15). To examine whether both Ser'?> and Ser’”> on Rad51 are
the target residues of Cdc28, we generated two mutants that each
have a single nonphosphorylatable site (Rad51-S125A and Rad51-
S375A) and one mutant with two nonphosphorylatable sites (Rad51-
2A) by substituting these residues with alanine. In a kinase assay
conducted in vitro, Cdc28-dependent phosphorylation was slightly
decreased at Rad51-S125A and greatly reduced at Rad51-S375A
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Fig. 1. Rad51 and Rad52 are phosphorylated by Cdc28 in the G>/M phase. (A) Results from the kinase assay for the phosphorylation of Rad51 (left) and Rad52 (right)
using the Cdc28-as1 mutant in vitro. Cdc28-as1-TAP was purified by anti-TAP immunoprecipitation from asynchronous cells. GST-purified Rad51 and Rad52 were used as
substrates, and TNM-PP1 (5 uM) was added to cells to suppress the kinase activity of Cdc28-as1. (B) Results from the kinase assay for the phosphorylation of Rad51 (left)
and Rad52 (right) using Cdc28 extracted from cell cycle-arrested cells in vitro. The cell cycle was arrested for 3 hours with o-factor (150 uM) to arrest G; and nocodazole
(15 ug mi™") to arrest Go/M. Async, asynchronous cells. (C) Analysis of the in vivo phosphorylation level of Rad51 and Rad52 through the cell cycle. The cell cycle was arrested
for 3 hours with o-factor (150 uM) to arrest Gy. Synchronized cells were released to fresh YPD media with nocodazole (15 ug ml™") for 45 min. After 45 min of incubation,
5uM TNM-PP1 or DMSO was directly added to cell cultures for 1 hour. The DNA content data were analyzed by flow cytometry (left). 1C and 2C indicate single and double
DNA haploid content, respectively. Phos-tag (50 uM) and 100 uM MnCl, were mixed with 6% separating gel for analysis of phospho-Rad51 (right panel). The relative ratio

of phosphorylated proteins to total proteins is shown below each lane.

compared with that of wild-type Rad51 (Fig. 2C). Furthermore, the
phosphorylation of Rad51-2A was decreased to a much greater de-
gree than that of Rad51-S375A. We next examined the DNA repair
efficiency of the Rad51 nonphosphorylatable mutants by serial dilu-
tion assay. Consistent with the results of the kinase assay conducted
in vitro, while hypersensitivity to MMS was predominantly induced
by the alanine substitution at Ser’””, the rad51-S125A cells also ex-
hibited low-level sensitivity to MMS (Fig. 2D). Therefore, we con-
cluded that Cdc28 phosphorylates both Ser'*® and Ser’” of Rad51.
We also observed that a nonphosphorylatable mutant of Rad52
(Rad52-T412A) showed decreased phosphorylation compared with
wild-type Rad52 (Fig. 2E), suggesting that Thr*'? of Rad52 is phos-
phorylated by Cdc28. Corroborating these results, in vivo phos-
phorylation of Rad51-2A, which was detected by the phospho-CDK
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substrate antibody, was greatly decreased compared with that of
wild-type Rad51 (fig. S3B), and mass spectrometry analysis revealed
that Thr*!? of Rad52 is phosphorylated in vivo (fig. S3C).

The G,/M-phase CDK1-dependent phosphorylation of Rad51
promotes its DNA binding affinity

To determine the effect of the CDK1-dependent phosphorylation of
Rad51 on its homologous recombination activity, we used a serial
dilution assay to examine the DNA repair efficiency of cells ex-
pressing Rad51-2A. Similar to the rad51A cells, the rad51-2A cells
showed hypersensitivity to the DNA damage generated by MMS
(Fig. 3A). Next, we performed a PCR-based homologous recombi-
nation efficiency test using the rad51-2A cells. Although a DSB was
induced at the MAT locus by HO endonuclease expression, strand
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Fig. 2. Cdc28 combined with Clb2 or CIb3 phosphorylates Ser'?* and Ser*’® of Rad51 and Thr*'? of Rad52. (A) Results from the kinase assay for the phosphorylation
of Rad51 using purified Cdc28 and cyclins in vitro. Each cyclin was purified by anti-TAP immunoprecipitation from asynchronous cells. Red asterisks indicate bands of
corresponding cyclins. (B) Results from the kinase assay for the phosphorylation of Rad52 using purified Cdc28 and cyclins in vitro. (C) Results from the kinase assay using
alanine substitution mutants of Rad51 in vitro. Cdc28-as1-TAP was purified by anti-TAP immunoprecipitation from asynchronous cells. GST-tagged Rad51 variants were
expressed in E. coli and purified by GST pull down. $125A, $375A, and 2A indicate Rad51 mutants with alanine substitutions at Ser'?, at Ser®’>, and at both Ser'? and
Ser’”®, respectively. WT, wild type. (D) Results from the serial dilution assay used to assess MMS sensitivity of rad51A cells expressing Rad51 variants. Cells were spotted in
10-fold serial dilutions on SC medium in the absence or presence of 0.01% MMS. rad51-S125A and rad51-5375A indicate rad51A cells expressing the Rad51 mutant with

125 375

alanine substitutions at Ser' > and Ser

, respectively. (E) Results from the kinase assay using an alanine substitution mutant of Rad52 in vitro. Cdc28-as1-TAP and GST-

tagged Rad52 were purified as described in (C). T412A indicates a Rad52 mutant with an alanine substitution at Thr*'2,

invasion and primer extension did not occur in the rad51-2A cells
(Fig. 3B). Consequently, the ligation process, which is the subse-
quent step of primer extension, also did not occur in the rad51-2A
cells. Even in the G,/M phase, during which homologous recom-
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bination is highly activated, the rad51-2A cells did not progress
through strand invasion and primer extension (fig. S4). These re-
sults suggested that the G,/M phase CDK1-dependent phosphoryl-
ation of Rad51 has an important role in the process that precedes
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the strand invasion step. We also tested the DNA repair efficiency
and PCR-based homologous recombination efficiency of cells ex-
pressing Rad51-2E, a Cdc28-dependent phosphomimicking form
of Rad51. The rad51-2E cells failed to recover from the DNA dam-
age (Fig. 3, A and B), suggesting that Rad51-2E does not mimic the
effect of Cdc28-dependent phosphorylation. It has been shown that
the negative charge and ionic shell produced by aspartate or gluta-
mate substitution often differ from those produced by the phos-
phorylated residue under physiological conditions (17). Given this
finding, we assume that the differences in negative charge and ionic
shell between Rad51-2E and Cdc28-dependent phosphorylated
Rad51 are sufficiently large such that they have different functions.

ssDNA at the DNA damage site is covered with RPA-Rad52
complexes. This nucleoprotein filament recruits Rad51, and, sub-
sequently, ssDNA-bound Rad51 induces strand invasion into the
undamaged homologous DNA region (I, 18). We investigated the
effect of the Go/M-phase CDK1-dependent phosphorylation of
Rad51 on its recruitment to the DNA damage site. The fluorescence
signal of the green fluorescent protein (GFP)-tagged Rad51 was dif-
fusely localized in the nucleus and cytoplasm under normal condi-
tions, while a pattern of small bright foci was detected in the nucleus
upon DSB induction by HO endonuclease (Fig. 3C, left). The fluo-
rescence signal of the GFP-tagged Rad51-2A did not readily ac-
cumulate in the foci upon the initial DSB induction; that is, after
3 hours of HO endonuclease expression, only 7% of cells showed
GFP-Rad51-2A in the nuclear foci, whereas more than 50% of cells
showed GFP-Rad51 in the nuclear foci (Fig. 3C, right).

Rad51 foci formation at the DNA damage site requires two prior
steps: Rad51 recruitment by the physical interaction with Rad52
and ssDNA binding of Rad51 (I). Using a coimmunoprecipitation
assay, we examined the effect of the nonphosphorylatable mutation
of Rad51 on the physical interaction between Rad51 and Rad52. As
shown in fig. S5A, the protein-protein interaction between Rad51
and Rad52 was not perturbed by the loss of phosphorylation caused
by the mutation of Rad51. Next, we checked the effect of the G,/M-
phase CDK1-dependent phosphorylation of Rad51 on its DNA
binding affinity by chromatin immunoprecipitation (ChIP) assay.
In the absence of DSB formation at the MAT locus, the Z1 region
in the MAT locus was not precipitated with either the wild-type
Rad51 or Rad51-2A (Fig. 3D). After 3 hours of HO endonuclease
expression, Rad51 was bound to a high degree to the Z1 region in
the MAT locus. The degree of binding of Rad51-2A to the MAT
locus was considerably lower compared with that of wild-type
Rad51. This result suggested that the G,/M-phase CDK1-dependent
phosphorylation of Rad51 promotes its DNA binding affinity upon
DSB induction.

In addition, we also examined whether the nonphosphorylatable
mutation of Rad51 affects ssDNA binding in vitro by electrophoresis
mobility shift assay (EMSA) using Rad51 proteins purified from
vegetative yeast cells. Compared with wild-type Rad51, Rad51-2A
failed to form the ssDNA-protein complex (Fig. 3E). To further
verify that the DNA binding defect of Rad51-2A is caused by the
absence of phosphorylation, we removed the phosphorylation of
wild-type Rad51 through A phosphatase treatment. The DNA-protein
complex formation of A phosphatase-treated Rad51 was substan-
tially decreased compared with that of untreated Rad51 (fig. S5B).
We also examined whether the G,/M-phase CDK1-dependent
phosphorylation of Rad51 is required to enhance its binding affinity
to the ssDNA. To test this role of phosphorylation, wild-type Rad51
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was purified from either the G;- or Gy/M-arrested yeast cells. The
Rad51 from the G;-phase cells failed to form the DNA-protein
complex, according to EMSA, whereas the G,/M-phase Rad51 was
efficiently bound to the ssDNA (Fig. 3F). These results suggested
that the ssDNA binding defect of Rad51-2A is caused by the defi-
ciency in CDK1-dependent phosphorylation. Furthermore, Rad51-
2A also showed substantially decreased double-stranded DNA
(dsDNA) binding affinity compared with wild-type Rad51 (fig. S5C).
Overall, it seems that the G,/M-phase CDK1-dependent phos-
phorylation of Rad51 facilitates its DNA binding during the initial
process of homologous recombination.

The G,/M-phase CDK1-dependent phosphorylation of Rad52
does not affect its function early in the process

of homologous recombination

To determine whether the G,/M-phase CDK1-dependent phos-
phorylation of Rad52 is also required to promote homologous re-
combination activity, we examined the DNA repair efficiency of
rad52-T412A cells by serial dilution assay. As shown in Fig. 4A,
similar to the rad52A cells, the rad52-T412A cells could not repair
the MMS-induced DSBs. We found a critical difference between the
rad51-2A and rad52-T412A cells in the results of the PCR-based
homologous recombination efficiency test. Although the rad51-2A
cells could not progress through the strand invasion and primer
extension processes, the rad52-T412A cells exhibited normal acti-
vation of strand invasion and primer extension processes (Fig. 4B).
However, the ligation process did not occur in the rad52-T412A
cells. We observed that, even in the G/M phase-arrested rad52-
T412A cells, the ligation process was completely suppressed, whereas
the strand invasion and primer extension processes occurred nor-
mally (fig. S6A). Together, these results suggested that the G,/M-
phase CDK1-dependent phosphorylation of Rad52 is required for
its function at a step between the primer extension and ligation pro-
cesses. In corroboration of these observations, cells expressing
a Cdc28-dependent phosphomimicking mutant Rad52-T412E re-
paired the DNA damage induced by MMS treatment and pro-
gressed through all processes of homologous recombination
(Fig. 4, A and B, and fig. S6A).

In previous studies, most Rad52 functions were studied during
the initiation steps of the homologous recombination pathway
(2, 18). Rad52 recognizes RPA-coated ssDNA at the DNA damage
site and physically interacts with RPA to form the nucleoprotein
filament needed for initiation of homologous recombination (19).
Subsequently, Rad51 is recruited to the nucleoprotein filament,
which comprises RPA, Rad52, and ssDNA, by the physical interac-
tion with Rad52 (20, 21). We examined the effect of the G,/M-phase
CDK1-dependent phosphorylation of Rad52 on its functions in the
initiation steps of homologous recombination. To examine the accu-
mulation efficiency of Rad52 at the DNA damage site, we measured
the elapsed time between RPA binding and Rad52 accumulation
after DSB induction. Similar to a previous study (22), RPA binding
and Rad52 accumulation were assessed by nuclear focus formation
of GFP-tagged Rfal, the largest subunit of the RPA complex, and
red fluorescent protein (RFP)-tagged Rad52 under fluorescence
microscopy. The RPA focus was usually formed approximately
45 min after HO endonuclease induction, and Rad52 started to ac-
cumulate another 20 min after RPA focus formation (Fig. 4C, top).
This pattern was almost identical among all strains that expressed
each of the three Rad52 variants (Fig. 4C, bottom). Statistically, the
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Fig. 4. The G,/M-phase CDK1-dependent phosphorylation does not affect Rad52 functions in the initial step of homologous recombination. (A) Results from the
serial dilution assay used to assess MMS sensitivity of rad52A cells expressing Rad52 variants. Cells were spotted in 10-fold serial dilutions on SC medium in the absence
or presence of 0.01% MMS. rad52-T412A indicates rad52A cells expressing the Rad52 mutant with an alanine substitution at Thr*'2 rad52-T412E indicates rad52A cells
expressing the Rad52 mutant with a glutamate substitution at Thr*'2 (B) Results from the homologous recombination efficiency test for rad52A cells expressing Rad52
variants. Genomic DNA was extracted every 1 hour after 2% galactose addition and analyzed by PCR. Arrowheads indicate the PCR products of the homologous recom-
bination intermediates. Asterisks indicate the PCR products of the control region (ARG5,6). (C) Results from the analysis of RPA focus formation and Rad52 accumulation.
Images of GFP-tagged Rfa1 and RFP-tagged Rad52 were taken every 5 min after the addition of 2% galactose (top). Scale bar, 2 um. The percentages of cells with RPA foci
(green) and Rad52 foci (red) are shown in the bottom. (D) The elapsed time between RPA foci formation and Rad52 accumulation. A box plot is shown with whiskers from
the 5th to the 95th percentile, and the data were normalized to the median of measures from the RAD52 cells (n = 200). P values were determined by the Mann-Whitney
U test. (E) Coimmunoprecipitation assay used to assess the binding affinity between Rad52 and Rfa1. Protein complexes with Rad52-HA were precipitated using anti-HA
agarose beads. Rfal was detected by anti-Rfa1 antibody. The relative ratio of Rfal to Rad52, normalized against that of cells with WT Rad52, is shown below each lane.
(F) Coimmunoprecipitation assay used to assess the binding affinity between Rad51 and Rad52. Rad51 was detected by anti-Rad51 antibody. The relative ratio of Rad51
to Rad52, normalized against that of cells with WT Rad52, is shown below each lane.
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elapsed time was not notably different among the three strains (Fig. 4D),
suggesting that the efficiency of Rad52 accumulation is not affected
by the G,/M-phase CDK1-dependent phosphorylation.

We next checked the physical interaction between Rad52 and
other homologous recombination-related proteins, such as RPA
and Rad51, because these interactions are essential for the activa-
tion of homologous recombination (1). Because Rad52 exhibited
different migration patterns in SDS-PAGE depending on its phos-
phorylation status (fig. S6B), we measured and compared the total
band intensity of each Rad52 variant. The amount of Rfal that co-
precipitated with nonphosphorylatable Rad52-T412A was similar
to the amount that coprecipitated with wild-type Rad52 (Fig. 4E).
The protein-protein interaction between Rad51 and Rad52 was also
not perturbed by the nonphosphorylatable mutation of Rad52
(Fig. 4F). This result suggested that the G,/M-phase CDK1-dependent
phosphorylation of Rad52 does not regulate its physical interaction
with other homologous recombination-related proteins. Together,
our findings indicated that the G,/M-phase CDK1-dependent phos-
phorylation of Rad52 is not required for its function in the initial
steps of homologous recombination.

The G,/M-phase CDK1-dependent phosphorylation of

Rad52 facilitates the interactions between Rad52 rings

that form the superstructure late in the homologous
recombination process

Previous reports indicated that Rad52 forms ring structures (23, 24)
and that these rings are the bases of superstructures, which are
formed dependent on the C-terminal region of Rad52 (25, 26). The
ring formation of Rad52 is crucial for its nuclear localization (27)
and ssDNA binding in the initial steps of homologous recombina-
tion (28). The interaction between Rad52 rings promotes strand
annealing of DSB ends (26, 29, 30), and this process is required for
the termination steps of homologous recombination, such as the
DNA strand annealing in SDSA and the second end capture in
DSBR (31-33). Because the functions of Rad52 in the initial steps of
homologous recombination were not affected by the alanine substi-
tution of the CDK1 target residue (Fig. 4), we investigated the effect
of the CDK1-dependent phosphorylation of Rad52 on its functions
in the late steps of homologous recombination. To check the possi-
bility that the G,/M-phase CDK1-dependent phosphorylation may
regulate the functions of the Rad52 ring for strand annealing of DSB
ends, we measured the efficiency of DNA ligation in vitro. By the
use of linear DNA molecules generated through treatment with a
restriction enzyme, the efficiency of the DNA ligation can be eval-
uated by checking the amount of multimeric ligation products.
Consistent with previous studies using human Rad52 (26, 29), we
observed that yeast Rad52 also stimulated the DNA ligation that
was catalyzed by T4 DNA ligase (Fig. 5A). The amount of multi-
mers produced by Rad52-T412A was decreased to ~40% of that
produced by wild-type Rad52. Given that DNA ligation is stimu-
lated by the interaction between Rad52 rings (26, 29), we hypothe-
sized that the Rad52 ring interaction for superstructure formation
may be regulated by Cdc28-dependent phosphorylation.

To confirm this hypothesis, we examined whether the T412A
mutation disturbs the interaction between Rad52 proteins. For this
test, we used the bimolecular fluorescence complementation (BiFC)
assay with two fragments of a yellow fluorescence protein variant,
Venus. The BiFC assay is a powerful tool to detect protein-protein
interactions in the cellular context with minimal perturbation of the

Lim et al., Sci. Adv. 2020; 6 : eaay2669 7 February 2020

structures and functions of the target proteins (34). The BiFC signal
of Rad52-T412A was substantially decreased compared with that of
wild-type Rad52 (Fig. 5B). Regardless of which fragment of Venus
was tagged, the expression levels of Rad52 and Rad52-T412A were
similar to each other (fig. S7, A and B), suggesting that the decreased
BiFC signal of Rad52-T412A is not due to lower expression. In
addition, Rad52-T412A was properly localized to the nucleus simi-
larly to Rad52 (fig. S7C), indicating that the nuclear localization of
Rad52 is not disturbed by the alanine substitution at Thr*'%. Given
that the nuclear localization of Rad52 requires ring formation
(27), we used transmission electron microscopy to further examine
whether Rad52-T412A properly forms ring structures. As shown
in fig. S7D, both wild-type Rad52 and Rad52-T412A formed ring
structures that were consistent with electron microscopic images of
Rad52 presented in previous studies (23, 26). Furthermore, similar
to the human Rad52 heptameric ring (24), the yeast Rad52 ring
seemed to comprise seven Rad52 proteins. This observation also
indicated that the low BiFC signal for Rad52-T412A is not caused
by the disassembly of the Rad52 heptameric rings. Together, our
data suggested that the interaction between Rad52 rings, which is
necessary for superstructure formation, is facilitated by the G,/M-
phase CDK1-dependent phosphorylation.

Given the negative effect of the T412A mutation on the inter-
action between Rad52 rings, we next examined whether enhanced
interactions between Rad52-T412 proteins restores the defect such
that homologous recombination proceeds. To enhance the inter-
action between Rad52-T412A proteins, we adopted a chemically
induced dimerization system using FKBP (the FK506 binding pro-
tein) and FRB (FKBP-rapamycin binding) proteins. When rapamycin
is present, FKBP forms a complex with rapamycin, and the FKBP-
rapamycin complex subsequently binds to FRB (35). We generated
a strain that expressed both Rad52-T412A proteins attached to
either FKBP or FRB. Without rapamycin treatment, no PCR prod-
ucts of the ligation process were observed, even after 5 hours of DSB
induction, while strand invasion and primer extension processes
occurred successfully after 2 hours of DSB induction (Fig. 5C).
When rapamycin was added 3 hours after DSB induction, the liga-
tion process recovered to levels similar to those of wild-type cells
(Fig. 5C). Cells that expressed both wild-type Rad52 proteins at-
tached to either FKBP or FRB showed normal progression through
all processes of homologous recombination, whether rapamycin
was present or not (fig. S8A). However, the ligation process that was
defective in cells that expressed Rad52-T412A protein without FKBP
or FRB attachment was not restored by rapamycin treatment
(fig. S8B). Together, these results suggested that the G,/M-phase
CDKI1-dependent phosphorylation of Rad52 facilitates the inter-
action between Rad52 rings to induce the end-to-end annealing of
damaged DNA in the late process of homologous recombination.

DISCUSSION

In this study, we show that both Rad51 and Rad52 are substrates
of the G,/M-phase CDK1 and that their phosphorylation is re-
quired for proper activation of homologous recombination. On the
basis of our findings, we propose a model for cell cycle-dependent
regulation of homologous recombination by the G,/M-phase CDK1
(Fig. 6). In the G; phase, Cdc28 that have combined with G; cyclins
cannot phosphorylate Rad51 and Rad52, which are the major regu-
lators for the activation of homologous recombination. Consequently,
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Fig. 5. The Go/M-phase CDK1-dependent phosphorylation facilitates the physical interaction between Rad52 proteins. (A) Stimulation of DNA ligation by Rad52
variants in vitro. The left panel presents the schematic of the in vitro DNA ligation test. The efficiency of multimeric product formation was evaluated by measuring the
band intensity of the linear multimer (right panel). The relative amount of multimeric product, normalized against that of WT Rad52, is shown below each lane. (B) Results
from the BiFC assay used to assess the effect of CDK1-dependent phosphorylation on the physical interaction between Rad52 proteins. Representative BiFC images for
the interaction between Rad52 proteins are shown in the left panel. RAD52 indicates cells expressing both VN-Rad52 and VC-Rad52, and rad52-T412A indicates cells ex-
pressing both VN-Rad52-T412A and VC-Rad52-T412A. Nuclei were visualized by DAPI (1 g ml™") staining. Scale bars, 4 um. The relative BiFC signal intensity in the RAD52
and rad52-T412A cells is shown in the right panel. A box plot is shown with whiskers from the 5th to the 95th percentile, and the data were normalized to the median of
the measures from RAD52 cells (n > 200). P values were determined by the Mann-Whitney U test (***P < 0.005). a.u., arbitrary units. (C) Recovery of the physical interactions
between Rad52-T412A proteins by the FKBP-FRB system. The illustration represents a schematic diagram of the artificial recovery of the physical interaction between
Rad52-T412A proteins by the FKBP-FRB system. Genomic DNA was extracted every 1 hour after 2% galactose addition and analyzed by PCR. Rapamycin (1 uM) or DMSO
was added to cell cultures 3 hours after galactose addition. Arrowheads indicate the PCR products of the homologous recombination intermediates. Asterisks indicate
the PCR products of the control region (ARG5,6).
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homologous recombination is suppressed in the G; phase. On the
other hand, in the G,/M phase, Cdc28 that have combined with
some G,/M cyclins, such as CIb2 and Clb3, phosphorylates Rad51
and Rad52. The phosphorylation of Rad51 enhances its DNA binding
affinity such that phosphorylated Rad51 binds to ssDNA that is
coated by the RPA complex and Rad52. Rad51 binding enables
strand invasion into the homologous DNA region for the initiation
of homologous recombination-dependent DNA damage repair.
The phosphorylation of Rad52 facilitates interactions between
Rad52 rings, which are required for end-to-end annealing, a process
for connecting newly synthesized DNA ends to the opposite end of
the damaged DNA. After end-to-end annealing, gap-filling synthe-
sis and ligation processes terminate homologous recombination.
Similar to that described in previous studies (6, 7), our examina-
tion into cell cycle-dependent regulation of homologous recom-
bination was undertaken by a-factor treatment to induce G; arrest
and nocodazole treatment to induce G,/M arrest. It has been reported
that activation of homologous recombination is also observed in the
S phase in S. cerevisiae (1, 20). Because replication stress is a major
source of DSBs, DNA damage repair by homologous recombina-
tion is critically required to maintain genome stability in the S phase.
Thus, it is reasonable to assume that a mechanism exists whereby
homologous recombination is also activated in the S phase. In this
study, we found that the phosphorylation of Rad51 and Rad52 for
the progression of homologous recombination is catalyzed by Cdc28
combined with either Clb2 or Clb3. Given that Clb2 and CIb3 are
redundantly expressed in the S and G,/M phases (fig. S2D), it is
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presumable that Cdc28 combined with either CIb2 or CIb3 induces
Rad51 and Rad52 to function for the precise regulation of homol-
ogous recombination in the S phase.

To activate homologous recombination, the broken ends of DNA
should be resected before the recombination factors are assembled.
End resection comprises two sequential steps: initial resection and
extensive resection (2). It has been reported that Sae2 and Dna2,
which are involved in initial resection and extensive resection, re-
spectively, are substrates of CDK1 that are activated precisely for
end resection in a cell cycle-dependent manner (8, 9). In addition,
in this study, we found cooperative mechanisms for cell cycle-
dependent regulation of homologous recombination. Thus, it is
likely that homologous recombination is elaborately regulated by
stepwise procedures and that timing for this activation depends on
the particular cell phases. Although it is still unclear why CDK1 reg-
ulates multiple targets for homologous recombination, the follow-
ing possibilities can be considered: (i) Because partial activation is
not sufficient to drive homologous recombination in systems with
multiple targets that must be regulated, homologous recombination
is not unexpectedly activated in the G; phase; (ii) although ssDNA
is not exposed during end resection suppression, continuous acti-
vation of homologous recombination would be harmful to genome
stability; and (iii) CDK1 phosphorylates some of the Rad51 and
Rad52 pool to maintain a level of active forms appropriate for the
precise regulation of homologous recombination. To expand the
understanding of the regulatory mechanisms of homologous re-
combination, it would be interesting to investigate the physiological
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hierarchy or the interrelation of the CDK1 targets involved in cell
cycle-dependent regulation of homologous recombination.

Our results suggest that the Go/M-phase CDK1 stimulates the
functions of Rad51 and Rad52 in the initial step and the late step of
homologous recombination, respectively. Rad51 binding is a deci-
sive factor for inducing the strand invasion step of the homologous
recombination pathway (36). Without Rad51 binding, a DSB is re-
paired by the Rad51-independent single-strand annealing pathway
(36). Given this process, the CDK1-dependent phosphorylation of
Rad51 seems to be a key determinant for the selection of an appro-
priate DSBR pathway. If that presumption is accurate, additional
upstream regulators might also be required for fine-tuning the phos-
phorylation by CDKI. In addition, it is reasonable to think that sup-
pression of Rad52 before it binds to damaged DNA may be the best
way to suppress homologous recombination. However, Rad52 bind-
ing to DNA is not affected by CDK1-dependent phosphorylation.
Previously, we demonstrated that Rad52 has unknown functions for
the proper regulation of chromosome segregation, and they are not
related to the functions for homologous recombination (37). Given
that Rad52 binds to centromeric DNA to regulate chromosome seg-
regation, it is possible that suppressing the DNA binding affinity of
Rad52 affects not only its homologous recombination activity but
also its other functions. Hence, we speculate that regulation of the
interaction between Rad52 rings in the late step of homologous re-
combination is more advantageous than regulation of the DNA
binding affinity of Rad52 during the initial step of homologous re-
combination for minimizing undesirable effects.

It has been reported that diploid yeast cells are able to progress
homologous recombination in the G; phase (38, 39). The study by
Luchnik et al. (38) has demonstrated the different response between
haploid and diploid cells against DNA damage under the same con-
ditions; in nonnutrient medium, haploid cells could not repair
DNA damage in the G; phase, whereas diploid cells did. It is pre-
sumable that diploid cells, which have two homologous DNA du-
plexes in the G; phase, can activate homologous recombination in
the G, phase by another regulatory mechanism. Identifying the dif-
ferent mechanisms between haploid and diploid yeast cells would be
helpful to expand the knowledge about regulation of homologous
recombination activity.

Although cell cycle-dependent regulation of homologous recom-
bination has been discovered during the past decade, the details of
its mechanisms are still mostly unknown. Therefore, our identifica-
tion of Rad51 and Rad52 as targets of the G,/M-phase CDK1 for
the fine-tuned regulation of homologous recombination advances the
understanding of the mechanisms needed for maintaining genome
stability in eukaryotic cells. It would be interesting to investigate
whether the present findings extend to other eukaryotic organisms,
including humans.

MATERIALS AND METHODS

Yeast strains and culture conditions

The genotypes of all strains used in this study are listed in table S1.
Strains were constructed by PCR-mediated epitope tagging method
or PCR-mediated gene deletion, or gene integration using yeast in-
tegrative vectors. The desired mutants were selected by prototrophy
and subsequently verified by PCR. Yeast cells were grown at 30°C
in yeast extract/peptone/glucose (YPD) or synthetic complete (SC)
medium lacking amino acids as required. a-Factor (150 pM), hy-
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droxyurea (200 mM), and nocodazole (15 ug ml™") were treated to
synchronize cell cycle to the Gy, S, and G,/M phases, respectively.
For all chemical treatments, cells were grown to midlog phase [op-
tical density (ODggo) = 0.7 to 1.0] and diluted to ODggg = 0.5. Chemical-
treated cells were incubated at 30°C for 3 hours. To activate the GAL
promoter, cells were grown to midlog phase (ODggg = 0.7 to 1.0) in
YP or SC media containing 2% raffinose and diluted to ODggp = 0.5
with raffinose-containing media. Two percent of galactose was di-
rectly added to cell cultures. For INM-PP1 treatment, cells were
grown to midlog phase (ODggp = 0.7 to 1.0) and diluted to ODggo =
0.5. o-Factor (150 uM) was treated for 3 hours to synchronize cell
cycle to the G; phase and washed twice with YPD. Washed cells
were resuspended in fresh YPD including nocodazole (15 pug ml™")
and incubated for 45 min. After 45 min of incubation, 5 uM 1NM-
PP1 was directly added to cell cultures. Cells were further incubated
for 1 hour and harvested for Western blot analysis.

PCR-based homologous recombination test

This assay was performed as previously described (11). Cells were
grown in YP media containing 2% raffinose to an ODgg = 1.0 at
30°C. To induce HO endonuclease expression, cell cultures were
adjusted to ODggp = 0.5 with YP media containing 2% raffinose, and
2% galactose was directly added. Genomic DNA of each specimen was
extracted every 1 hour. PCR analysis of genomic DNA was performed
using the following primers: for the detection of DSB generation,
5-CTTTTAGTTTCAGCTTTCCG-3’ (pI)/5'-ACTCTATAAG-
GCCAAATGTACAAAC-3’ (p]); for the detection of strand invasion
and primer extension process, 5'-GCAGCACGGAATATGG-
GACT-3' (pG)/5'-ATGTGAACCGCATGGGCAGT-3’ (pH); for
the detection of ligation process, 5'-AGATGAGTTTAAATCCAG-
CATACTAG-3' (pC)/5'-TGTTGTCTCACTATCTTGCCAATA-
AG-3' (pD); for the detection of ARGS5, 6 as a control DNA region,
5'"-CAAGGATCCAGCAAAGTTGGGTGAAGTATGG-
TA-3'/5'-GAAGGATCCAAATTTGTCTAGTGTGGGAACG-3'.

Measurement of DNA content

Measurement of DNA content was performed as described previ-
ously (37). Approximately 1 x 107 cells were harvested and fixed
with 5 ml of 70% ethanol for 1 hour at room temperature. The fixed
cells were collected and washed once with 1 ml of distilled water and
transferred to a microfuge tube. In total, 0.5 ml of 2 mM ribo-
nuclease (RNase) solution [RNase A (2 mg ml™) in 50 mM tris-Cl
(pH 8.0), 15 mM NaCl, boiled for 15 min] was used to treat the
harvested cells for 2 to 3 hours at 37°C. After removing the RNase
solution, 0.2 ml of pepsin solution [pepsin (5 mg ml™') in 1 ml of
distilled water, 4.5 ul HCI) was directly added to the collected cells
for 0.5 to 1 hour at 37°C. Cells were collected by centrifugation and
resuspended in 0.5 ml of 50 mM tris-Cl (pH 7.5). This sample was
analyzed immediately or stored at 4°C for a few days. To analyze
the DNA content, 50 ul of sample solution was added to 1 ml of
SYTOX Green solution [1 mM SYTOX Green (Invitrogen) in 50 mM
tris-Cl (pH 7.5)], and this mixture was sonicated for a few minutes at
alow power. The DNA content was then measured by the FACSCanto
flow cytometer (BD Biosciences) using a 488-nm excitation filter and
a 510-nm emission filter.

Serial dilution assay
Serial dilution assays for checking DNA damage sensitivity were
performed as described in a previous study (37). Cells were grown to
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ODggp = 1.0 to 2.0 in YPD media and adjusted to ODggp = 0.75 with
distilled water for the first dilution. Four 10-fold serial dilutions were
prepared by using the first dilution sample. For MMS sensitivity test,
3 pl of five serial dilution samples was subsequently spotted on media
plates in the absence or presence of 0.01% MMS and incubated at
30°C for 3 days.

Live-cell imaging and image analysis

Fluorescence microscopy was performed on a Nikon Eclipse Ti in-
verted microscope and a DeltaVision microscope (Applied Precision)
using 100x objective lens with immersion oil. For sample fixation,
1 x 107 cells were harvested and treated with 1 ml of paraformaldehyde
solution (4% paraformaldehyde, 3.4% sucrose in distilled water) for
15 min at room temperature. Fixed cells were collected by centrifu-
gation and washed twice with phosphate-buffered saline (PBS).
Washed cells were resuspended in 0.5 ml of PBS. Fixed samples
were analyzed immediately or stored at 4°C for a few days. To
visualize nuclear DNA, the fixed samples were directly treated with
4’,6-diamidino-2-phenylindole (DAPI) (1 pg ml™) (Invitrogen).
A 96-well glass bottom plate (Metrical Bioscience) for the Nikon
Eclipse Ti inverted microscope and a coverglass bottom dish (SPL
Life Sciences) for the DeltaVision microscope were pretreated with
concanavalin A (5 ug ml™?) (Sigma-Aldrich) to allow cells to adhere
to the plates. For fluorescence quantification of the BiFC signal and
RFP-tagged Rad52, the acquired images were analyzed with Image]
software (National Institutes of Health). The fluorescence intensity
was quantified by manual selection of Rad52 signals that colocal-
ized with DAPI signals, and the background intensity was obtained
from a random position that was not colocalized with DAPI signals.
The relative fluorescence intensity was calculated by subtracting
the background intensity from the fluorescence intensity of Rad52
BiFC or RFP signals.

Time-lapse microscopy of living cells was performed using a
DeltaVision microscope. Cells were grown in SC media containing
2% raffinose to an ODgg = 1.0 at 30°C, and 2% galactose was directly
added to cell cultures. Cells were adjusted to an ODggo = 0.2 with SC
media containing 2% galactose, and 150 pl of cell culture was placed
on concanavalin A-treated coverglass bottom dish. Fluorescence im-
ages were acquired every 5 min in an environmental chamber of the
DeltaVision microscope. To maintain cell growing condition, the
environmental chamber was heated to 30°C while time-lapse images
were acquired.

Antibodies and immunoblotting

To extract proteins from S. cerevisiae, harvested cells were washed
twice with PBS and resuspended in 100 pl of lysis buffer with prote-
ase inhibitors and phosphatase inhibitors [150 mM NaCl, 50 mM
tris (pH 7.5), 0.15% NP-40, 1 mM phenylmethylsulfonyl fluoride,
1 mM benzamidine, leupeptin (1 pug ml™"), pepstatin (1 ug ml™"),
10 mM sodium fluoride, 20 mM B-glycerolphosphate, 10 mM sodium
orthovanadate, and 10 mM sodium pyrophosphate]. Cells were dis-
rupted by bead beating using 0.5-mm glass beads. Lysates were clar-
ified by centrifugation at 14,000 revolutions per minute (RPM) for
10 min on a 4°C precooled microcentrifuge. Protein concentration
was determined by Bradford assay. Protein samples were mixed
with 6x SDS sample buffer and boiled for 5 min at 95°C. SDS-PAGE
was performed with 8% separating gel. For Phos-tag SDS-PAGE,
50 uM Phos-tag and 100 uM MnCl, were mixed with 6% separating
gel. For A phosphatase assay, lysate was incubated with 600 U of A
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phosphatase (New England Biolabs), 1x NEBuffer for protein metal-
lophosphatases, and 1 mM MnCl, at 30°C for 2 hours.

Immunoblotting was performed using the following antibodies:
an anti-phospho-mitogen-activated protein kinase (MAPK)/CDK
substrates (Cell Signaling Technology, 23255) for phospho-Rad51,
an anti-Rfal antibody (Abcam, ab221198) for intact Rfal, an anti-Rad51
antibody (Abcam, ab63798) for intact Rad51, a horseradish peroxidase
(HRP)-conjugated anti-influenza hemagglutinin (HA) antibody
(Santa Cruz Biotechnology, SC-7392 HRP) for Rad52-HA, an anti-
myc antibody (Santa Cruz Biotechnology, SC-40) for Rad52-myc, an
HRP-conjugated anti-GFP antibody (Santa Cruz Biotechnology,
SC-9996 HRP) for GFP-tagged proteins, an anti-mouse immunoglobu-
lin G (IgG) antibody (Sigma-Aldrich, A9044) for Cdc28-TAP (tan-
dem affinity purification), an anti-glutathione S-transferase (GST)
antibody (Santa Cruz Biotechnology, SC-138) for GST-tagged pro-
teins, an polyclonal anti-GFP antibody (Rockland, 600-103-215) for
VN (the N-terminal fragment of Venus)/VC (the C-terminal frag-
ment of Venus)-tagged Rad52, and an anti-hexokinase antibody
(Rockland, 100-4159) for endogenous hexokinases.

Coimmunoprecipitation assay

Cells were grown in 100 ml of YPD to ODggp = 1.0. Cells were har-
vested and washed twice with precooled PBS. Harvested cells were
divided into two microfuge tubes and resuspended in 800 pl of lysis
buffer with protease inhibitors and phosphatase inhibitors [150 mM
NaCl, 50 mM tris (pH 7.5), 0.15% NP-40, 1 mM phenylmethyl-
sulfonyl fluoride, 1 mM benzamidine, leupeptin (1 ug ml™"), pepstatin
(1 ug mI™), 10 mM sodium fluoride, 20 mM B-glycerolphosphate,
10 mM sodium orthovanadate, and 10 mM sodium pyrophosphate]
for each tube. Cells were disrupted by bead beating using 0.5-mm glass
beads. After clearance of cell debris by centrifugation at 14,000 RPM,
50 pl of aliquot was set aside to make an INPUT sample. For the immuno-
precipitation of HA-tagged Rad52, 1.5 ml of aliquot was incubated with
30 ul of anti-HA agarose beads (Sigma-Aldrich) for 4 hours at 4°C.
For the immunoprecipitation of myc-tagged Rad52, 1.5 ml of aliquot
was incubated with 7 ul of anti-myc antibody for 2 hours at 4°C, and,
subsequently, 30 ul of protein A-Sepharose beads (GE Healthcare)
was directly added. After an additional 2 hours of incubation at 4°C,
the beads in the microfuge tube were collected by centrifugation at
2000 RPM. The beads were washed five times with lysis buffer. Washed
beads were mixed with 30 pl of 2x sample buffer and boiled for 5 min
at 95°C. SDS-PAGE was performed with 8% separating gel.

ChIP assay

ChIP assay was performed as described previously (37). Cells were
grown in 100 ml of YPD to ODgqo = 1.0, and 3 ml of paraformaldehyde
solution (37.5% paraformaldehyde, 20 mM NaOH in PBS) was treated
to cell culture for 15 min. Six milliliters of 2.5 M glycine was treated
to cell culture to stop paraformaldehyde fixation, followed by incu-
bation at 30°C for 5 min. Cells were harvested and washed twice
with precooled PBS. Harvested cells were divided into two micro-
fuge tubes and resuspended in 400 ul of ChIP lysis buffer [50 mM
Hepes/KOH (pH 7.5), 500 mM NaCl, 1 mM EDTA, 1% Triton
X-100, 0.1% sodium deoxycholate, 0.1% SDS, 1 mM phenylmethyl-
sulfonyl fluoride, 1 mM benzamidine, leupeptin (1 ug/ml), and
pepstatin (1 pg/ml)] for each tube. Cells were disrupted by bead
beating using 0.5-mm glass beads. Lysates were collected in a micro-
fuge tube, and sonication was performed with Sonicator-XL2020
(Misonix) to get sheared chromatin fragments of an average size of
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500 to 1000 base pairs. After clearance of cell debris by centrifugation
at 14,000 RPM, 50 pl of aliquot was set aside to make an INPUT
sample. A total of 750 ul of aliquot was incubated with 7 pl of anti-
Rad51 antibody (Abcam) at 4°C for 3 hours, and, subsequently, 30 ul
of protein A-Sepharose beads (GE Healthcare) was directly added.
After 3 hours of incubation at 4°C, the beads in the microfuge tube
were collected by centrifugation at 2000 RPM. The beads were
washed twice with 1 ml of ChIP lysis buffer, once with 1 ml of
deoxycholate buffer [10 mM tris-Cl (pH 8.0), 250 mM LiCl, 0.5%
NP-40, 0.5% sodium deoxycholate, and 1 mM EDTA] and once
with 1 ml of TE buffer [10 mM tris-Cl (pH 7.5), 1 mM EDTA].
Washed beads were mixed with 50 ul of TES buffer [50 mM tris-Cl
(pH 8.0), 10 mM EDTA, and 1% SDS] and incubated at 65°C for
10 min. By centrifugation at 14,000 RPM, supernatant was collected
and transferred to a microfuge tube. Precipitated beads were mixed
again with 150 ul of TES buffer and centrifuged. A total of 150 pl of
supernatant was transferred to the microfuge tube with first 50 pl of
supernatant. Cell lysate for an INPUT sample was also mixed with
150 ul of TES buffer. An INPUT sample and immunoprecipitation
sample were incubated at 65°C overnight. Overnight incubated
samples were mixed with 200 pl of TE buffer and 12.5 ul of protein-
ase K (20 mg ml™) and incubated at 37°C for 2 hours. After protein-
ase K incubation, 400 ul of phenol/chloroform/isoamyl alcohol
(25:24:1) was added to each microfuge tube, and mixtures were cen-
trifuged at 14,000 RPM. A total of 350 ul of supernatant was trans-
ferred to a new microfuge tube and mixed with 44 pl of 3 M sodium
acetate and 20 ul of glycogen (1 mg ml™). This mixture was mixed
with 1 ml of —20°C precooled ethanol and incubated at —20°C for
10 min. To collect DNA, the mixture was centrifuged at 14,000 RPM
for 5 min, and precipitated DNA was washed with —20°C precooled
70% ethanol. Precipitated DNA was resolved to 40 pl of TE buffer
including RNase A (200 ug/ml), and DNA solution was incubated at
37°C for 1 hour. Quantitative PCR was performed on QuantStudio 3
(Applied Biosystems) with SensiFAST SYBR Lo-ROX Mix (Bioline).
The primers used in the ChIP assay for the MA T locus were 5'-CCT-
GGTTTTGGTTTTGTAGAGTGG-3" and 5'-GAGCAAGAC-
GATGGGGAGTTTC-3’ (40), and those for noncentromeric DNA
(CUP1) were 5-TCTTTTCCGCTGAACCGTTCCAGC-3’ and
5-GGCATTGGCACTCATGACCTTCAT-3".

In vitro kinase assay
For in vitro kinase assay using Cdc28-as1-TAP, Rad51 and Rad52
variants were purified from Escherichia coli by GST affinity puri-
fication, and Cdc28-as1-TAP was purified from S. cerevisiae by
immunoprecipitation. Histone H1 (Sigma-Aldrich, H5505) was
used as a control substrate. In total, 100 ml of cells expressing either
untagged Cdc28 or Cdc28-as1-TAP was cultured in YPD media
to an ODgg = 1.0 at 30°C. Cell lysates were incubated with 50 ul
of IgG-Sepharose beads (GE Healthcare) at 4°C for 3 hours.
Ten microliters of washed IgG-Sepharose beads was incubated
with 5 ug of Rad51, Rad52 variants, histone H1, kinase buffer
[25 mM Hepes (pH 7.6), 10 mM MgCl,, 5 mM B-glycerolphosphate,
and 50 uM ATP in distilled water], and 4 uCi [y->*P]-ATP at 30°C
for 60 min. For INM-PP1 treatment, 5 uM of INM-PP1 in dimethyl
sulfoxide (DMSO) or the same volume of DMSO was added to the
kinase reaction mixture. Incorporation of **P was visualized using
BAS-2500 (Bio-Rad).

For in vitro kinase assay using cyclins, cyclins were purified from
S. cerevisiae by immunoprecipitation, and Cdc28 was purified from
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E. coli by GST affinity purification. Histone H1 (Sigma-Aldrich,
H5505) was used as a control substrate. In total, 50 ml of cells ex-
pressing each cyclin was cultured in YPD media to an ODggo = 1.0 at
30°C. Cell lysates were incubated with 25 ul of IgG-Sepharose beads
(GE Healthcare) at 4°C for 3 hours. Ten microliters of washed I1gG-
Sepharose beads was incubated with 3.5 ug of Cdc28; 5 ug of Rad51,
Rad52 variants, histone H1, and kinase buffer; and 4 uCi [y->*P]-ATP
at 30°C for 60 min. Incorporation of **P was visualized using
BAS-2500 (Bio-Rad).

Mass spectrometry

Protein samples were prepared as described in the ChIP assay. Cells
were grown in 100 ml of YPD to ODggg = 1.0. Cells were harvested
and washed twice with precooled PBS. Harvested cells were divided
into two microfuge tubes and resuspended in 800 pl of lysis buffer
with protease inhibitors and phosphatase inhibitors [150 mM NaCl,
50 mM tris-Cl (pH 7.5), 0.15% NP-40, 1 mM phenylmethylsulfonyl
fluoride, 1 mM benzamidine, leupeptin (1 ug ml ™), pepstatin (1 ugml™),
10 mM sodium fluoride, 20 mM B-glycerolphosphate, 10 mM sodium
orthovanadate, and 10 mM sodium pyrophosphate] for each tube.
Cells were disrupted by bead beating using 0.5-mm glass beads. After
clearance of cell debris by centrifugation at 14,000 RPM, 1.5 ml
of aliquot was incubated with 30 pl of IgG-Sepharose beads (GE
Healthcare) for Rad52-TAP. After incubation at 4°C for 4 hours,
the beads in the microfuge tube were collected by centrifugation at
2000 RPM. The beads were washed five times with lysis buffer.
Washed beads were mixed with 30 ul of 2x sample buffer and boiled
for 5 min at 95°C. SDS-PAGE was performed with 8% separating gel.
Precipitated proteins were visualized by Coomassie blue staining.
Mass spectrometry analysis was performed by the Proteomics Core
Facility at the School of Biological Sciences in Seoul National Uni-
versity, which is supported by the Center for RNA Research, Insti-
tute for Basic Science.

Stimulation of DNA ligation

DNA ligation test was performed as described previously with some
modifications (26, 29). TAP-tagged Rad52 variants were immuno-
precipitated by incubation with 25 ul of IgG-Sepharose beads for
2 hours at 4°C. Rad52 proteins were purified by tobacco etch virus
(TEV) protease (Invitrogen) treatment for 2 hours at 30°C. Protein
concentration was determined by Bradford assay. Rad52 (1 uM) was
incubated for 30 min at 30°C with Sma I-digested, linearized
pTZ18R (10 mM) in 20 mM triethanolamine-HCI (pH 7.5). Subse-
quently, 2 pl of 10x T4 ligation buffer and 1 Weiss unit of T4 DNA
ligase (Fermentas) were added directly and incubated at 16°C over-
night. Reactions were deproteinized by the addition of 2 ml of stop
buffer (2% SDS, 0.6 mg ml™! proteinase K) and incubation at 37°C
for 15 min. Products were analyzed by 0.7% agarose gel electropho-
resis using tris-acetate-EDTA buffer containing 1x GelRed Nucleic
Acid Gel Stain (Biotium).

Electrophoresis mobility shift assay

Rad51 variants fused to HA through TEV cleavage sequence were
immunoprecipitated by incubation with 25 pl of HA-agarose beads
for 2 hours at 4°C. Rad51 proteins were purified by TEV protease
(Invitrogen) treatment for 2 hours at 30°C. Protein concentration was
determined by Bradford assay. To make the ssDNA probe for EMSA,
325 mM ssDNA was incubated with 1x T4 polynucleotide kinase
buffer, 20 U of T4 polynucleotide kinase, and 40 pCi [y-**P]-ATP
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at 37°C for 30 min (5'-CGGGTGTCGGGGCTGGCTTAAC-
TATGCGGCATCAGAGCAGATTGTACTGAGAGTGCAC-
CATATGCGGTGTGAAATACCGCACAGATGCGT-3'). To make
the dsDNA probe for EMSA, the above ssDNA probe was
annealed with complementary ssDNA, and isotope labeling was
performed as described above. T4 polynucleotide kinase reaction
was stopped by boiling at 65°C for 20 min, and the radioactive
probe was purified by Prober DNA purification column (iNtRON
Biotechnology). Rad51 proteins were mixed with 2 pl of probe and
2 ul of 5x binding buffer [175 mM tris-Cl (pH 7.5), 25 mM ATP,
250 mM KCl, 4 mM MgCl,, 5 mM dithiothreitol, and bovine serum
albumin (500 pg ml™) in distilled water] and incubated at 30°C for
60 min. Products were analyzed by 5% polyacrylamide-tris-borate
EDTA (TBE) gel in 0.5x TBE buffer. Incorporation of **P was visual-
ized using BAS-2500 (Bio-Rad) and Typhoon FLA 7000 (GE
Healthcare). For A phosphatase treatment, the Rad51 protein sample
was incubated with 800 U of A phosphatase (New England Biolabs)
at 30°C for 3 hours. For cell cycle phase-dependent EMSA, cultures
were treated with 150 uM a-factor and nocodazole (15 ug ml™") for
the G; and G,/M phase arrest, respectively.

Electron microscopy

Electron microscopy was performed as described previously with
some modifications (26). Rad52 variants were purified from E. coli
by GST affinity purification. Purified proteins were diluted with a
buffer containing 20 mM tris-Cl (pH 7.5), 100 mM KCl, 5% glycerol,
5 mM B-mercaptoethanol, and 0.1 mM EDTA. Three microliters of
aliquot of the sample was applied to a 400-mesh grid coated with
carbon film that had been freshly glow discharged. The grid was
stained with 2% uranyl acetate for 1 min. Transmission electron micro-
scopy images of Rad52 complex were obtained by using a Talos L120C
transmission electron microscope (Thermo Fisher Scientific).

Statistics

On the basis of previous literature, we assumed that the data such as
Fig. 3 (C, right panel, and D, right panel) have a normal distribu-
tion, and the data such as Figs. 4D, 5B (right panel), and fig. S7C
(right panel) have a non-normal distribution. Two-sided Student’s
t test was used for Fig. 3C (right panel). Mann-Whitney U test was
used for non-normal distribution data such as Figs. 4D, 5B (right
panel), and fig. S7C (right panel). One-sample ¢ test was used for
normalized data by specified column such as Fig. 3D (right panel).
Statistical tests were also indicated in individual figure legends and
supplementary figure legends.

Figure 3C (right panel)

For RAD51,n=203,191,and 201 (at 0 hour) and n = 149, 130, and 105
(at 3 hours) cells were analyzed in each independent experiment.
For rad51-2A, n = 166, 160, and 189 (at 0 hour) and n = 158, 126,
and 125 (at 3 hours) cells were analyzed in each independent exper-
iment. The data represent the means + SD of triplicate experiments.
Figure 3D (right panel)

Extracts from three independent experiments were analyzed for
each strain. The data represent the means + SD of triplicate experi-
ments. P values were determined by the one-sample ¢ test. Immuno-
precipitated MAT locus DNA in Rad51 strain column was used as a
hypothetical mean.

Figure 4D

For the RADS52 strain, a total of 200 cells were analyzed. For the rad52-
T412A strain, a total of 200 cells were analyzed. For the rad52-T412E
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strain, a total of 200 cells were analyzed. Box plot was normalized by
the median of Rad52 cell with whiskers from the 5th to the 95th per-
centile. P values were determined by the Mann-Whitney U test.
Figure 5B (right panel)

For the RAD52 strain, a total of 207 cells were analyzed. For the
rad52-T412A strain, a total of 204 cells were analyzed. Box plot was
normalized by the median of the RAD52 strain with whiskers from
the 5th to the 95th percentile. P values were determined by the
Mann-Whitney U test.

Figure S7C (right panel)

For the RAD52 strain, a total of 218 cells were analyzed. For the
rad52-T412A strain, a total of 207 cells were analyzed. Box plot was
normalized by the median of the RAD52 strain with whiskers from
the 5th to the 95th percentile. P values were determined by the
Mann-Whitney U test.

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/6/6/eaay2669/DC1

Fig. S1. Deletion of either RAD51 or RAD52 impairs DNA damage repair process.

Fig. S2. Deletion of either CLB2 or CLB3 affects the phosphorylation of Rad51 and Rad52in cells.
Fig. S3. CDK1 phosphorylates S125 and S375 of Rad51 and T412 of Rad52 in cells.

Fig. S4. Nonphosphorylatable mutation of Rad51 impairs the strand invasion process even in
the G,/M phase-arrested cells.

Fig. S5. CDK1-dependent phosphorylation regulates the DNA binding affinity of Rad51.

Fig. S6. Nonphosphorylatable mutation of Rad52 impairs ligation process even in the Go/M
phase-arrested cells.

Fig. S7. Both wild-type Rad52 and Rad52-T412A form ring structures.

Fig. S8. Rapamycin treatment does not restore the defect in the ligation process in cells that
express Rad52-T412A protein without FKBP or FRB attachment.

Fig. S9. Full images of Western blots.

Table S1. Yeast strains used in this study.

View/request a protocol for this paper from Bio-protocol.
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