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ABSTRACT

Highly toxic DNA double-strand breaks (DSBs) read-
ily trigger the DNA damage response (DDR) in cells,
which delays cell cycle progression to ensure proper
DSB repair. In Saccharomyces cerevisiae, mitotic S
phase (20-30 min) is lengthened upon DNA dam-
age. During meiosis, Spo11-induced DSB onset and
repair lasts up to 5 h. We report that the NH,-
terminal domain (NTD; residues 1-66) of Rad51 has
dual functions for repairing DSBs during vegetative
growth and meiosis. Firstly, Rad51-NTD exhibits au-
tonomous expression-enhancing activity for high-
level production of native Rad51 and when fused
to exogenous pB-galactosidase in vivo. Secondly,
Rad51-NTD is an S/T-Q cluster domain (SCD) harbor-
ing three putative Mec1/Tell1 target sites. Mec1/Tel1-
dependent phosphorylation antagonizes the protea-
somal degradation pathway, increasing the half-life
of Rad51 from ~30 min to >180 min. Our results evi-
dence a direct link between homologous recombina-
tion and DDR modulated by Rad51 homeostasis.

INTRODUCTION

RecA-like DNA recombinases are the central enzymes re-
sponsible for catalyzing the strand exchange reaction dur-
ing homology-directed repair and recombination (HDRR).
This error-free and template-dependent pathway repairs
DNA double-strand breaks (DSBs) produced by collapse of
replication forks, thereby upholding genome integrity (1,2).
HDRR is also responsible for the repair of Spol1-induced
DSBs during meiotic prophase (3,4). Most eukaryotic or-
ganisms possess two RecA-like recombinases, Rad51 and
Dmcl. Rad51 is ubiquitously found in all eukaryotic cells,
whereas Dmcl is meiosis-specific (5). In Saccharomyces
cerevisiae yeast, both Rad51 and Dmcl are required for
meiosis (6,7). However, the catalytic function of Rad51 is
inhibited by direct interaction with a meiosis-specific pro-

tein, Hed1 (8), which renders Rad51 an accessory factor to
Dmcl during meiosis (9). It was also reported previously
that Dmcl-mediated recombination is more efficient than
Rad51-mediated recombination in meiosis of diploid hy-
brid yeasts (e.g. SK1/S288c and YIJM/S288c) (10), given
that the homologous chromosomes are highly polymorphic
and Dmcl is superior to Rad51 in tolerating mismatched
sequences during their strand exchange reaction (11,12).

DSBs are one of the most deleterious and harmful
DNA lesions. Repair of DSBs in eukaryotes is monitored
by the DNA damage response (DDR), which operates
similarly during mitosis and meiosis (13). ATM (ataxia-
telangiectasia mutated) and ATR (RAD3-related) are the
upstream sensor kinases that phosphorylate mammalian
target proteins during DDR (14-16). Mecl and Tell are the
S. cerevisiae orthologs of mammalian ATR and ATM, re-
spectively (17). ATRM! and ATM™! preferentially phos-
phorylate serines (S) and threonines (T) that are followed
by glutamine (Q) (18). A large number of MeclAT™R and
TellA™ targets contain at least one S/T-Q cluster domain
(SCD), which has been defined as the presence of at least
three S/T-Q sites in a stretch of 50 amino acids in S. cere-
visiae or 100 amino acids in mammals (19,20). During yeast
mitosis, TellATM and MeclATR phosphorylate the Rad9
adaptor protein, which in turn activates Rad53 kinase (the
yeast ortholog of CHK?2) for DDR signaling (21). Rad53
amplifies the signaling cascade by phosphorylating another
kinase, Dunl (22,23).

During S. cerevisize meiosis, Tell*"™ and MeclATR
phosphorylate the SCD (residues 258-324) of Hopl, a
Rad53-like chromosomal adaptor protein, particularly at
the T3!8Q motif. Hopl phosphorylation promotes its bind-
ing to the forkhead-associated (FHA) domain of Mekl,
a meiosis-specific CHK2-like kinase, leading to activation
of Mek1 (24,25). The Hopl-Mek1 interaction is similar to
that of the Rad9-Rad53 and Rad53-Dunl signaling path-
ways, which are mediated through the interaction of phos-
phorylated Rad9-SCD with Rad53-FHA and phosphory-
lated Rad53-SCD1 with Dunl-FHA, respectively (25,26).
Subsequently, Mek1 promotes homolog bias via inhibition

“To whom correspondence should be addressed. Tel: +886 2 27899188; Email: tfwang@gate.sinica.edu.tw

© The Author(s) 2020. Published by Oxford University Press on behalf of Nucleic Acids Research.

This is an Open Access article distributed under the terms of the Creative Commons Attribution Non-Commercial License
(http://creativecommons.org/licenses/by-nc/4.0/), which permits non-commercial re-use, distribution, and reproduction in any medium, provided the original work
is properly cited. For commercial re-use, please contact journals.permissions@oup.com


http://orcid.org/0000-0001-6306-9505

of Rad51 by: (i) phosphorylating and stabilizing Hed1, the
meiosis-specific inhibitor of Rad51 and (ii) also phospho-
rylating the Rad51 accessory factor Rad54, leading to a re-
duced binding affinity of Rad54 for Rad51 (8,10,27,28).

Hopl is not the only substrate that is phosphorylated by
Tel1*™ and Mec1A™R during yeast meiosis. These two pro-
tein kinases sequentially phosphorylate several other pro-
tein targets during meiotic prophase, including yH2A (29),
Zipl (the transverse filament of the synaptonemal com-
plex, SC) (30), Recl14 (an accessory factor of Spoll) (31),
Sae2 (an endonuclease for DSB resection) (32) and RPA
(a single-stranded DNA binding protein complex) (33).
Also noteworthy is that Mecl1ATR- and Tel1A™-dependent
vH2A phosphorylation emerges at the onset of premeiotic
S phase and, therefore, it is independent of Spol1 (i.e. initi-
ation of meiotic DSBs) and Red1, a meiosis-specific axial-
element protein. Mec1ATR- and TellA™-dependent Zipl
phosphorylation requires Spoll but not Redl, whereas
MeclATR. and Tell1A™-dependent Hopl phosphorylation
requires both Spoll and Red1 (34). Pachytene checkpoint
protein 2 (Pch2) specifically prevents Redl-independent
Hopl phosphorylation (35). It has also been reported that
Pch2 is involved in the initiation of Spoll-induced DSBs,
with DSBs being reduced further when a pch2 A mutant is
combined with a hypomorphic allele of SPO11 (36). Alter-
natively, Pch2 might act together with TellA™ to control
the resection and interhomolog process during early meiosis
when DSB levels are low. When the levels of genome-wide
DSBs reach a certain threshold, MeclATR takes over control
and progressively strengthens the homolog bias (37).

MeclATR also has an essential function in regulating pro-
tein homeostasis in S. cerevisiae (38,39), but it is still un-
clear which MecIATR targets are involved in this intrigu-
ing function. In this study, we report that TellA™ and
MeclATR phosphorylate the SCD (1-66 residues) of S. cere-
visiae Rad51 recombinase to protect Rad51 recombinase
from proteasome-mediated degradation. We also show that
Rad51-NTD exhibits a novel function in promoting high
steady-state levels of Rad51 during both vegetative growth
and meiosis.

MATERIALS AND METHODS
Yeast strains and two-hybrid assay

All meiotic experiments were performed using diploid iso-
genic SK1 strains. Plasmids are listed in Supplementary
Table S1, and genotypes of strains are described in Sup-
plementary Table S2. Quantitative yeast two-hybrid assays,
tetrad dissection, immunostaining of chromosome spreads,
cycloheximide-shutoff experiments, and physical analyses
were carried out as previously described (10,40-43).

Antisera, immunoblotting and cytology

Rabbit antisera  against phosphorylated Rad5I-
S?Q, Rad51-S'2Q, Rad51-S3°Q and Rad51-
S2Q were raised wusing the synthetic phos-
phopeptides M!SPIQVQEQHISESQL', E°QHI
SESPIQLQYGNGS®,  T*VPADLSPIQSVVDGNGNY
and E'?LFGEFRTGKSPIQLCHT!"” as antigens, respec-
tively, where SIP! is phosphorylated serine. The antisera
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were pre-cleaned by peptide-specific affinity chromatogra-
phy using the corresponding non-phosphorylated peptides
coupled to agarose beads. Phosphopeptide synthesis and
animal immunization were conducted by LTK BioLabo-
ratories, Taiwan. The rabbit antisera against Hop1, rabbit
antisera against phosphorylated Hopl-T*'3Q and the
goat antisera against Zipl were described previously (25).
The goat anti-Rad51 antibody (yN-19), goat anti-Clbl
antibody (yS-19) and rabbit anti-Sicl antibody (FL-284)
for western blot were purchased from Santa Cruz Biotech-
nology (CA, USA). The rabbit anti-Dmcl antibody was
a gift from Douglas Bishop (University of Chicago, IL,
USA). The rat anti-HA antibody was purchased from
Roche (Basel, Switzerland). The mouse anti-V5 antibody
was purchased from Bio-Rad (CA, USA). The rabbit
anti-Hspl104 and anti-hexokinase antisera were kindly
provided by Chung Wang (Academia Sinica, Taiwan). The
phospho-specific Rad51-S'°>Q antiserum (44) was a gift
from Stephen Jackson (University of Cambridge, UK).
Western blotting analyses were performed as described
(41). The protein signals on Western blot membranes were
exposed to X-ray films (Fujifilm Medical, Tokyo, Japan)
or visualized and captured using ImageQuant LAS 4000
(GE Healthcare, 1L, USA) and quantified using ImageJ
(NIH, MD, USA). Cytological analyses using rabbit
anti-Dmcl and guinea pig anti-Rad51 were carried out as
previously described (43). Stained samples were observed
using an epi-fluorescent microscope (BX53, Olympus) with
a 100X objective (NA1.4). Images were captured by a CCD
camera (CoolSNAP HQ?2, Teledyne Photometrics) at room
temperature, and then processed using iVision software
(BioVision Technologies).

Dephosphorylation assay

Bovine intestinal alkaline phosphatase (Sigma-Aldrich) was
used for in vitro protein dephosphorylation reactions fol-
lowing the manufacturer’s instructions. In brief, whole-
cell extracts of ~6 x 107 yeast cells precipitated with
trichloroacetic acid (TCA, Sigma-Aldrich) were dissolved
in 150 pl of phosphatase reaction buffer (5 mM Tris—HCI
pH 8.0, 10 mM NaCl, | mM MgCl, and 0.1 mM dithiothre-
itol), and then 3-4 pl of 2 M Tris—Base was added to adjust
the pH to 7.9. Dephosphorylation reactions were carried
out by mixing 37.5 pl of whole-cell extracts with 100 U of
bovine intestinal alkaline phosphatase, followed by incuba-
tion for 4 h at 30°C. In the negative control experiments, the
phosphatase inhibitor 2-glycerophosphate (Sigma-Aldrich)
was added to a final concentration of 16 wM. Dephosphory-
lation reactions were stopped by the addition of 7% TCA for
the subsequent precipitation. The pellet was resuspended in
protein sample buffer and then incubated for 10 min at 65°C
before analyses using SDS polyacrylamide gel electrophore-
sis.

RESULTS

The NH;,-terminal domain (NTD) of S. cerevisiae Rad51 is
critical for binding to Hed1

It was previously reported that the Rad51-interacting motif
of Hedl is a narrow region spanning amino acid residues
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Figure 1. Interactions of Rad51 and Hedl proteins. Sequence comparison of Hedl and Rad51 in different yeast strains reveals loss of the COOH-
terminal region of Hedl (A), and the NH,-terminal region of Rad51 (B) in the budding yeast strain Vinl3. Protein sequences were retrieved from the
Saccharomyces Genome Database (SGD). Multiple sequence alignments were performed with MAFFT version 7 (63), and the results were displayed
and edited with GeneDoc (version 2.7.000; https://www.softpedia.com/get/Science- CAD/GeneDoc.shtml). Identical residues are shaded in black. (A) The
reported Rad51-interacting region of Hed1 is shaded in yellow. (B) The initial 66 amino acid stretch (Met! to Glu®) of S. cerevisiae Rad51 is defined as
the NH,-terminal domain (NTD). Three SQ motifs (S2Q, S'2Q and $*°Q) in the NTD and one S!°?Q motif in the ATPase domain are highlighted in
red. The methionine (Met®7) following the NTD is shown in blue. (C) Yeast two-hybrid assay showing interactions between Rad51 fragments and Hed1.
Quantitative yeast LacZ assays were performed as described previously (40,41). Hedl is expressed from pGADT?7 vectors (Clontech, USA), whereas in
X-LexA the bait protein X is NH;-terminal to LexA (64) (Supplementary Table S3). Error bars indicate standard deviation between experiments (1 >
3, see Supplementary Table S3 for the exact sample sizes). Asterisks indicate significant differences when compared to values of interaction between WT
Rad51-LexA and Gal4AD-Hedl, with P values calculated using a two-tailed z-test (* P value < 0.05 and ***P value < 0.001).

128-132, based on yeast two-hybrid (Y2H) assay (27). A
homology search using NCBI BLAST revealed that Hed1
and the NTD of Rad51 (Supplementary Figure S1) are
specific to the genus Saccharomyces. Multiple sequence
alignments further revealed that both Rad51-NTD and the
Rad51-interacting domain of Hedl have been concomi-
tantly lost in the wine-making strain Vinl3 (Figure 1A and
B). Vin13 was originally obtained by hybridizing S. bayanus
and S. cerevisiae (http://www.scottlabsltd.com/product/vin-
13-premium-yeast/).

The results of quantitative yeast two-hybrid assay (41)
revealed that RadS51-AN, an NTD truncation mutant
(residues 67—400), exhibited much weaker Y2H interactions
with Hedl than wild-type (WT), whereas the NTD alone
(residues 1-66), the middle domain (MD; residues 67—-143),
and the CAD truncation mutant (ACAD; residues 1-143)
were each incapable of Hedl interaction (Figure 1C and
Supplementary Table S3). The results of our immunoblot-
ting experiments indicate that all Rad51 fragments were well
expressed in the rad51 A Y2H reporter cells (Supplementary
Figure S2). We conclude that NTD is important but dis-
pensable for the binding of Rad51 to Hedl.

RadS1-NTD itself has profound impacts for repairing DSBs
during both vegetative growth and meiosis

To further examine the functional importance of Rad51-
NTD in vivo, we generated both haploid and diploid rad51-
AN mutants that express the Rad51-AN proteins under
the control of the native RAD5I promoter. The rad5i-

AN diploid cells displayed ~50% reduction in spore via-
bility (Table 1). When vegetative cells were exposed to the
DNA damaging agent methyl methanesulfonate (MMYS),
the rad51-AN haploid mutant, unlike rad5/ A, grew simi-
larly to wild-type cells on YPD plates (complete media) with
or without 0.01% (w/v) MMS (Figure 2A). However, the
rad51-AN mutant displayed lower viability on YPD plates
with 0.02% MMS. These results indicate that Rad51-AN
possesses (at least in part) the capability to promote HDRR
during both mitosis and meiosis, but with lower efficiency
(Figure 2A and Table 1).

Immunoblotting time-course experiments further re-
vealed that the steady-state Rad51-AN protein levels in
rad51-AN cells were much lower than those of Rad51 pro-
tein in WT cells during vegetative growth (Figure 3A and B)
or meiosis (Supplementary Figure S3A). Under vegetative
conditions and upon MMS treatment to induce expression
of Rad51 protein in WT, the steady-state level of Rad51-AN
protein in rad51-AN cells was only ~3% relative to that of
Rad51 in WT (Figure 3C). In addition, rad51-AN sporu-
lating cells exhibited a delayed meiotic progression (Figure
4A).

Deficiency of the meiotic-specific recombinase Dmcl
(i.e. dmcl A) results in a very strong meiotic progression ar-
rest phenotype at prophase I (MI arrest, Figure 4A) (7).
However, both sporulation and spore viability are greatly
improved in a dmclA hedl A mutant, presumably due
to valid interhomolog recombination being conducted by
Rad51 in the absence of the inhibitory effects exerted by
Hed1 (8). Like dmcl A, the dmcl A rad51-AN meiotic cells
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Table 1. Spore viability
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Tetrad class (viable: non-viable)

Strain Spore viability? 4:0 3:1 2:2 1:3 0:4
RAD51 97% (n = 152) 92% 5% 3% 0% 0%
rad51A 0% (n = 100) 0% 0% 0% 0% 100%
rad51-AN 51% (n =216) 7% 30% 28% 28% 7%
rad51-AN smll A 83% (n = 144) 42% 53% 3% 3% 0%
rad51-S2A 99% (n = 216) 98% 0% 2% 0% 0%
rad51-S12A4 100% (n = 216) 100% 0% 0% 0% 0%
rad51-S30A4 100% (n = 216) 98% 2% 0% 0% 0%
rad51-S24 S12A 100% (n = 216) 98% 2% 0% 0% 0%
rad51-3 A4 97% (n = 216) 94% 2% 2% 0% 2%
rad51-3D 97% (n = 288) 96% 2% 0% 0% 2%
dmcl A hedl A 74% (n = 216) 61% 2% 20% 6% 11%
rad51-34 dmcl A No spore — — — — —
rad51-3D dmcl A No spore — — — — —
rad51-AN dmcl A No spore — — — — —
rad51-34 dmcl A hedl A No spore —— —— — - e
rad51-3D dmcl A hedl A 70% (n = 220) 53% 4% 27% 4% 13%
rad51-AN dmcl A hedl A No spore — — — — —
mecl-kd smll A dmcl A hedl A 7% (n = 216) 2% 2% 6% 4% 87%

4Spore viability was analyzed after 3 days on sporulation media at 30°C. To score spore viability, only tetrads (but not dyads or triads) were dissected on

YPD.

A

Haploid
Diploid
Haploid

Diploid

Figure 2. RadS51-NTD itself is more important than Rad51-NTD phos-
phorylation for HDRR in vegetative cells exposed to excessive DNA dam-
aging agents. Spot assay showing five-fold serial dilutions of yeast strains
grown on YPD plates with or without MMS at the indicated concentra-
tions (w/v). (A) Analysis of haploid yeast strains, with genotypes indicated
at left. (B) Analysis of both haploid and diploid yeast strains. Ploidy of the
different strains is indicated at right.

hardly formed any spores (Table 1). We speculate that this
sever defect could be due to the extremely low protein lev-
els of Rad51-AN when the other recombinase, i.e. Dmcl, is
absent. It is also possible that the residual activity of Rad51-
AN is further suppressed by Hed1 during the dmcl A rad51-
AN meiosis since that our Y2H results suggest that Rad51-
NTD is not the only structural region in Rad51 that medi-
ates Rad51-Hed1 interactions (Figure 1C).

Interestingly, removal of the SMLI gene, which encodes
an inhibitor of ribonucleotide reductase (45), could par-

tially suppress the hypersensitivity of the rad51-AN mutant
to excessive DNA damaging agents (0.02% MMS) during
vegetative growth (Figure 2A) and increased its spore via-
bility (Table 1). The smll A null mutant is a suppressor of
mutations of DDR checkpoint kinases, e.g. mecl-kd (ki-
nase dead) and rad53A (46). Also noteworthy is that in-
troducing the smll A allele into the rad51-AN mutant did
not significantly increase the steady-state protein levels of
Rad51-AN (Figure 3B). These results suggest that Rad51-
NTD might be functionally linked to the DNA damage
checkpoint. Rad51-NTD has three SQ motifs (S?Q, S!>Q
and S3°Q) (Figure 1B). This clustering of three SQ motifs
within a stretch of 30 amino acids fulfills the criteria to de-
fine an SCD (20). One intriguing possibility is that Rad51-
NTD might be phosphorylated in response to a DNA dam-
age checkpoint.

Rad51-NTD is phosphorylated in a Mec1ATR- and Tel1AT™-
dependent manner during vegetative growth and meiosis

To examine the hypothesis that the three SQ motifs in
Rad51-NTD are phosphorylated in DDR, we generated an-
tisera specific to the phosphorylated Rad51-S?Q, Rad51-
S'2Q and Rad51-S*°Q peptides (see ‘Materials and Meth-
ods’ section). The specificity of these antisera was validated
by immunoblotting experiments following protein dephos-
phorylation assay (Supplementary Figure S4) as well as
immunoblotting experiments using yeast strains carrying
different mutant alleles. The rad51-S2A4, rad51-S12A4 and
rad51-S30A variants each encodes a respective mutant pro-
tein in which the Rad51 serine residue has been mutated into
alanine. In the phosphorylation-defective mutant (rad51-
3A), all three of these serine residues were mutated into ala-
nines. All three SQ motifs in Rad51-NTD were phospho-
rylated in a MeclATR- and TellAT-dependent manner in
vegetative cells exposed to MMS, as well as during normal
meiosis (Figure 3D-F). No or negligible signals of corre-
sponding antisera were detected in the three single-amino-
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Figure 3. Reduction of steady-state protein levels of Rad51-AN and the MecIATR- and TellIATM-dependent phosphorylation of Rad51-NTD. Total cell
lysates were prepared from mitotic cells under MMS treatment (A-E), or from meiotic cells at indicated time-points after being transferred into sporulation
media (SPM) (F), and then visualized by immunoblotting with the corresponding antisera. The asterisk indicates non-specific bands. Hsp104 was used as
a loading control. Size in kilodaltons of standard protein markers is labeled to the left of the blots. (A) Absence of the NTD from Rad51-AN protein was
confirmed by immunoblotting using goat anti-Rad51 antibody (yN-19) purchased from Santa Cruz Biotechnology (CA, USA). This antibody (sc-8936)
was generated using a peptide mapping at the N-terminus of yeast Rad51. (B, C) Immunoblotting using guinea pig anti-Rad51 antisera that recognize the
whole Rad51 protein (43), as depicted in Supplementary Figure S2A. The predicted molecular weight of Rad51-AN is 36,270 daltons, marked by white
arrowheads to the right of the blots. Black arrowheads represent wild-type Rad51 at 42,944 daltons. (C) Total cell lysates from wild-type (WT) mitotic cells
under MMS treatment were diluted with those of rad51-AN or empty sample buffer at indicated titers to estimate the relative steady-state protein levels of
WT Rad51 and Rad51-AN. (E) Demonstration of the specificity of anti-phosphorylated Rad51-S?Q, Rad51-S'2Q and Rad51-S*'Q antisera. The darker
exposure (third panel from top) illustrates that the phosphorylation-defective mutant proteins (Rad51-3A and Rad51-S2A) were slightly recognized by
anti-phosphorylated Rad51-S=Q antisera.

acid substitution mutants (i.e. rad51-S2A, rad51-S12A or tion of rell A did not induce such an apparent effect (Fig-
rad51-S30A), the phosphorylation-defective mutant rad51- ure 3F). These results suggest that MeclATR plays a more
34 (Figure 3E), or the mecl-kd smllA tell A triple mu- prominent role than Tel1A™ in Rad51-NTD phosphoryla-
tants (Figure 3D and F). To elucidate which kinase is more tion during meiosis.

important for phosphorylation activity, we carried out im-

munoblotting using cell lysates collected from meiotic cul-

tures of the gtel]Agsingleymutant and the mecl-kd smll A RadSl-NTD. phosphorylation ‘is .not strictly dependent on
double mutant. Consistent with phosphorylation of Hopl ~ SPOI1, but is regulated by meiotic DSB levels

(detected as the slower migrating species in immunoblots) In respect of the DNA damage checkpoint-dependent phos-
being greatly reduced in the mecl-kd smll A strain during phorylation of Rad51-NTD, we examined if Rad51-NTD
meiosis (24,25), we found that all three SQ motifs in Rad51-  phosphorylation during meiosis is Spol1-dependent using
NTD showed dramatically reduced phosphorylation sig-  the phospho-specific Rad51-S!2Q antisera. Meiosis of the
nals in the mecl-kd smll A double mutant, whereas muta- mutant strains carrying spol I-da-HA, i.e. the hypomorphic



Nucleic Acids Research, 2020, Vol. 48, No. 15 8479

A B ad51  Rad51-5*Q-p  DAPI Merge D 4 h Rad51 foci 4 h Dme foci
150
- o =1 nucleus
DAPI- stainin § g 125 °
g © g o
< 100 Q
[ o
iy o °
3 g™
5 ‘5
- s} = 50
8 £ 3
= 3 25
B C Dmc DAPI Merge @
o
RAD51 rad51-3A RAD51 rad51-3A
f, n=96 n=79 n=93 n=84
5 mean 5096 5150 4255 3885
Q 12644  +22.89 +17.82  +17.49
s p = 0.56868 p=0.16152
Time in SPM (h) -
<
—e— RAD51 -O-- dmc1A hed1A RAD51 Rad51 focus-positive nuclei
—m— rad51-3A ~0-- dmc1A hed1A rad51-3A
—&— rad51-3D 5= dmc1A hed1A rad51-3D < 3 —e— RAD51
[5] ok
—e— rad51-AN === dmc1A hed1A rad51-AN B « 2 —O— rad51-3A
—— dme1A @ 2
5 £ 251 «
k] ES
o
= ek
< 0
2 4 6 8 10
Time in SPM (h)

Figure 4. Rad51-NTD and its phosphorylation are indispensable for Rad51-only meiotic recombination during dmcl A hedl A meiosis. (A) Meiotic pro-
gression was monitored by DAPI (4,6-diamidino-2-phenylindole)-staining of nuclei. Cells harvested from SPM having two or four nuclei (as determined
by fluorescence microscopy) were assessed as having completed meiosis I (MI), and the percentage of such cells over total cells counted (n = 200) per
time-point was plotted. (B, C) Cytology. Representative images of meiotic nuclear surface spreading experiments using guinea pig anti-Rad51 (green) and
anti-phosphorylated Rad51-S°Q (red) or anti-Dmcl (red) antisera, respectively. Meiotic chromosomes were stained with DAPI (blue) at indicated sporu-
lation time-points. Scale bars, 5 wm. (D) Quantification of the numbers of Rad51 and Dmcl foci in the WT and rad51-34 strains. The numbers of foci in
each foci-positive chromosome spread (with more than five foci) were counted and plotted as shown. The sizes of circles are proportional to the numbers of
nuclei with a given number of foci. The mean number of foci per nucleus is shown in red (bottom), and also as a red bar in the graph. Standard deviations
of numbers of foci are shown in parentheses. n represents the number of nuclei analyzed for foci-counting. The P values were calculated using a two-tailed
Mann-Whitney’s U-test. (E) Kinetics of Rad51 foci in meiosis of WT and rad51-3 A strains. For each replicate of experiments (n = 3), Rad51-foci-positive
nuclei (with more than five foci) were examined in 60 chromosome spreads. Error bars indicate standard deviation between experiments. Asterisks indicate
significant difference between WT and rad51-3A4 strains, with P values calculated using a two-tailed z-test (*P value < 0.05; **P value < 0.01 and ***P

value < 0.001).

allele of SPOI!1 resulting in ~80% reduction of DSB for-
mation, was used for comparison (47). Our meiotic time-
course immunoblotting experiments revealed that Hopl-
T318Q phosphorylation did not occur in the spollA strain
and it was greatly reduced in the spoll-da-HA strain rel-
ative to WT (Supplementary Figure SSA and B). In con-
trast, Rad51-S'>Q phosphorylation remained detectable in
the spol 1A strain at a reduced level (~29% compared to the
maximum intensity in WT), but it was largely diminished
in the meci-kd smll A tell A triple mutants (Supplementary
Figure S5A). Moreover, phosphorylation of Rad51-S!>Q
was reduced by ~50% during meiosis of the spoll-da-HA
strain (Supplementary Figure S5B, second panel from top),
whereas protein levels of Hopl, Dmcl or Rad51 were not
obviously perturbed.

It was suggested previously that pch2 A mutation and hy-
pomorphic spoll reduce DSB formation through distinct
mechanisms, with DSB formation being further reduced
upon combining these two mutations (36). Consistently, we
found that the pch2 A mutation did not affect Hop1-T3'8Q
phosphorylation or Rad51-S'>Q phosphorylation in the
SPOI1 strain (Supplementary Figure S5B). However, un-
like Rad51-S'?Q phosphorylation, Hop1-T38Q phospho-

rylation was more profoundly reduced in the pch2 A spoll-
da-HA double mutant (Supplementary Figure S5B, second
panel from bottom). We conclude that phosphorylation of
Hopl and Rad51-NTD in meiosis is differentially regu-
lated; both types of phosphorylation require Mecl1ATR and
TellA™  but only Rad51-NTD phosphorylation can occur
when cellular DSB levels are very low, even in the absence of
SPOI11. This outcome is not surprising given that Mecl1ATR-
and Tel1*™-dependent Rad51-NTD phosphorylation also
occurs during vegetative growth without genotoxin treat-
ments (Figure 3D and E). This low level phosphorylation
was not detected in Gl-arrested cells (Supplementary Fig-
ure S5C.) and thus could be due to spontaneous DSBs that
occur in vegetative growth, and possibly during the premei-
otic S phase preceding meiotic DSBs.

Rad51-NTD phosphorylation does not significantly affect the
function of Rad51 in repairing DSBs during vegetative growth
or meiosis

Next, we examined if Rad51-NTD phosphorylation affects
Rad51 function. For comparative purposes, we generated a
phosphomimetic mutant (rad51-3D) in which all three ser-
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ine residues of SQ motifs had been mutated into aspartic
acids. Firstly, we found that, as for WT, not only were the
phosphorylation variant mutants (rad51-34 and rad51-3D)
resistant to 0.02% MMS during vegetative growth (Figure
2B), but they also generated as many viable spores as WT
diploid cells did (Table 1).

Secondly, we found that, like WT Rad51, both Rad51-
3A and Rad51-3D exhibited strong Y2H interactions with
Hed1, with Rad51-3A presenting a slightly stronger interac-
tion (Figure 1C). Both dmcl A rad51-34 and dmcl A rad51-
3D mutants behaved like the dmcl A mutant in that they
failed to generate spores (Table 1), likely due to the in-
hibitory effect conferred by Hed1 in these strains. Together,
these results indicate that MeclATR /Tel1AT™-dependent
Rad51-NTD phosphorylation does not seem to affect the
Rad51-Hedl interaction.

We show that phosphorylated Rad51 readily formed foci
on chromosomes at the pachytene stage of meiosis (Fig-
ure 4B). Rad51 foci detected using antisera targeting native
Rad51 and phosphorylated Rad51 did not completely co-
localize, implying partial phosphorylation of Rad51 or pos-
sible competition for antigen recognition in this assay. Nev-
ertheless, formation of Rad51 foci in the phosphorylation-
defective rad51-3 A mutant was indistinguishable from that
of the WT control (Figure 4B-D), despite their delayed ap-
pearance on chromosomes (Figure 4E), likely due to low
Rad51 protein expression levels (see below). Furthermore,
formation of Dmcl foci was not significantly perturbed in
the rad51-3 A mutant (Figure 4C and D), suggesting that the
function of Rad51 in serving as a Dmc1 accessory factor (9)
is likely preserved by phosphorylation-defective Rad51-3A.

Both NTD and Mecl1*™R /Tel1A™.-dependent Rad51-NTD
phosphorylation are indispensable for meiotic recombination
in a dmcl A hedl A mutant

Our results reveal that the dmcl A hedl A double mutant and
the dmcl A hedl A rad51-3D triple mutant exhibited similar
meiotic progression and spore viability to each other (Fig-
ure 4A and Table 1), indicating that the Rad51-3D protein is
functional for meiotic DSB repair. Moreover, rad51-3D be-
haved like WT RADS51 in the dmcl A hedl A mutant in that
delayed meiotic progression and meiosis I non-dysjunction
phenotypes (a preponderance of tetrads containing two or
zero viable spores) were seen (Figure 4A and Table 1), as
reported in a previous study using the dmcl A hedl A dou-
ble mutant (48). Strikingly, both dmcl A hedl A rad51-3A
and dmcl A hedl A rad51-A N triple mutants, like the dmcl A
mutant, hardly sporulated (Table 1) and exhibited a strong
meiotic progression arrest phenotype at prophase I (Figure
4A). Thus, both Rad51-NTD and Rad51-NTD phosphory-
lation are essential for Rad51-mediated meiotic recombina-
tion in the dmcl A hedl A mutant, and the phosphomimetic
mutant Rad51-3D can functionally substitute for phospho-
rylated Rad51 in the same genetic background. This sce-
nario is further supported by the very low spore viability fol-
lowing meiosis of the dmcl A hedl A mecl-kd smll A strain
(Table 1), in which Rad51-NTD phosphorylation is solely
dependent on TellA™ (Figure 3D, right panel).

To directly determine the impact of Rad51-NTD phos-
phorylation on Rad51-mediated meiotic recombination, we

performed physical analyses to examine if DSB-processing
and the yield of interhomolog recombination products,
crossovers (COs), at the HIS4-LEU2 hotspot differed in
the rad51-3A or rad51-3D strains. This hotspot, located
on chromosome III, is flanked by Xhol restriction sites
(49). Both DSBs and interhomolog COs can be detected by
Southern blot analysis of one-dimensional agarose gels us-
ing Xhol-digested DNA, and a probe for this region was
described previously (42,50) (Supplementary Figure S6A).
We found that the WT, rad51-3A4, rad51-3D (Supplemen-
tary Figure S6B and C) and rad51-AN strains (Supplemen-
tary Figure S6D, second panel from left) all generated sim-
ilar levels (15-20%) of interhomolog CO products after 12
hours in the sporulation medium (SPM) or by the 24 h time-
point. In contrast, in the absence of DMCI and HEDI,
these four strains only generated ~4% interhomolog CO
products at the same HIS4-LEU2 hotspot (Supplementary
Figure S6D and E). Five of the mutant strains examined,
namely rad51-AN, dmcl A hedl A, dmcl A hedl A rad51-3 A,
dmcl A hedl A rad51-3D, and dmcl A hedl A rad51-AN, ex-
hibited less efficiency in DSB repair when compared to WT.
The majority of DSBs were repaired and then disappeared
in the WT, rad51-AN, dmclA hedl A, and dmclA hedl A
rad51-3D strains at the 12 h time-point. However, DSBs
accumulated in the dmclA hedl A rad51-AN and dmcl A
hedl A rad51-3 A triple mutant strains (Supplementary Fig-
ure SOF). Accordingly, DDR such as recombination check-
point was persistently activated only in the dmcl A hedl A
rad51-AN and dmcl A hedl A rad51-3 A triple mutants, lead-
ing to a strong meiotic arrest phenotype in these two mu-
tants (Figure 4A).

Phosphorylation-defective Rad51 sustains scant protein levels
during meiosis

Immunoblotting experiments further revealed that the
steady-state protein levels of Rad51-3A were lower than
those of Rad51 and Rad51-3D in both DMCI HEDI and
dmcl A hedl A meiotic cells (Figure SA and B). In DMCI
HEDI meiotic cells, we found the maximum steady-state
levels of Rad51-3A (after 7 h in SPM) to be ~30% those
of WT Rad51 (Figure 5B). A comparison of WT Rad51,
Rad51-3A and Rad51-3D protein levels in 1-h or 5-h mei-
otic cultures in the same immunoblot revealed that lev-
els of Rad51-3A stalled and remained less than 30% those
of WT Rad51 levels, whereas Rad51-3D was highly abun-
dant and sustained ~1.4-fold expression relative to WT
Rad51 starting from early in meiosis (Figure 5C and D).
We conducted immunoblotting analyses on Hopl and Zip1
to rule out the possibility that the meiotic defects in the
dmcl A hedl A rad51-3 A strain were indirectly caused by un-
scheduled meiotic progression. We did not observe an ap-
parent difference in overall protein level patterns of Hopl
or Zipl in all six examined strains (Figure SA and B).
Given that phosphorylated Hopl proteins migrate slower
than unphosphorylated Hop1 in SDS polyacrylamide gels
(24,25), it is important to note that all three strains in the
dmcl A hedl A background accumulated more hyperphos-
phorylated Hop1 even after 12 h in SPM (Figure 5A and
B). Similarly, higher levels of phosphorylated Rad51 were
also seen in the dmcl A hedl A mutants in immunoblots us-
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Figure 5. Immunoblotting time-course analyses of WT and the indicated mutant strains were performed as previously described (25,34). (A) Total cell
lysates were prepared from meiotic cells at indicated sporulation time-points and then visualized by immunoblotting with the corresponding antisera.
Antisera against Zipl and Hopl were included as references for meiotic progression. Hsp104 was used as a loading control. Size in kilodaltons of standard
protein markers is labeled to the left of the blots. The asterisk indicates non-specific bands. (B) Quantifications of the protein bands in (A) were normalized
to those of Hspl04 at each time-point using ImagelJ software and are shown as the relative steady-state levels of indicated proteins. The highest level of
immunoblot signal in each blot was used as the standard for comparison. (C) Two-fold serial dilutions of WT cell lysates were used to estimate the Rad51
protein levels in rad5] mutants at 1 h and 5 h in SPM. (D) The protein levels of Rad51 variants from non-diluted lysates shown in (C) were quantified and
normalized to Hsp104 levels. The Rad51 level of WT at 1 h in SPM was used as the standard.
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Figure 6. Determination of the half-lives of different Rad51 proteins. (A) Cycloheximide-shutoff experiments. Protein synthesis was inhibited by adding
200 wg/ml cycloheximide to the meiotic cultures at the indicated time-points, i.e. 4-h (A) or 1-h and 5-h (D) after the meiotic cells had been transferred into
the sporulation medium. Samples untreated (upper panels) or treated (lower panels) with cycloheximide were taken at 0, 30, 60, 90, 120 and 180 min after
the addition of cycloheximide for immunoblotting analysis. (B) Immunoblotting time-course analyses of WT meiosis reveal the phosphorylation status
of native Rad51 and Hopl. Hspl04 was used as a loading control. (C) After normalization to Hsp104 at each time-point in SPM (7'spy), the relative
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ing phospho-specific Rad51-S?Q, Rad51-S'>Q, and Rad51-
S*Q antisera, respectively (Figure SA and B). These results
could reflect prolonged checkpoint activation by MeclATR
and TellA™ when Dmcl is absent.

Rad51-NTD phosphorylation results in more stable Rad51
proteins

Next, we carried out cycloheximide-shutoff experiments
(41) to compare the protein stability of Rad51, Rad51-3A
and Rad51-3D. Protein synthesis was inhibited by adding
200 wg/ml of cycloheximide into meiotic cultures at the 4-
h time-point (Figure 6A). Samples were taken at 0, 30, 60,
90, 120 and 180 min after the addition of cycloheximide.
Immunoblotting analyses revealed that levels of Rad51 and
Dmcl remained steady in the presence of cycloheximide for
up to 180 min. In contrast, within 30 min of adding cyclo-

heximide, levels of Rad51-3A mutant proteins significantly
decreased and were barely detectable after 60 min in both
the rad51-3A4 and dmcl A hedl A rad51-3A strains (Figure
6A, lower panels). These results indicate that the half-life
(t12) of Rad51-3A is <30 min, whereas the 71/, of Rad51
and Dmcl are >180 min.

In our time-course experiments on WT strains with 30
min intervals between sample collection, we found that na-
tive Rad51 protein levels gradually increased along with
progression of meiosis, accompanied by gradual phospho-
rylation of the three SQ motifs (Figure 6B and C). We spec-
ulate that during early meiosis (i.e. at the 1-h meiotic time-
point), unphosphorylated native Rad51 (but not Rad51-
3D) could be labile to a similar extent as Rad51-3A at
the 4-h time-point (#1,2 < 30 min) and would be stabilized
upon phosphorylation of Rad51-NTD when entering later
meiosis. We carried out cycloheximide-shutoff assays using



aliquots of the same culture shown in Figure 6B at differ-
ent time-points and compared the stability of WT Rad51,
Rad51-3A and Rad51-3D from 1-h and 5-h meiotic cul-
tures. Our results show that native Rad51 from the 5-h mei-
otic culture is indeed more stable (¢;,, > 180 min) than that
from the 1-h meiotic culture (¢1,» &~ 180 min) (Figure 6D and
E). We further demonstrate that the phosphomimetic mu-
tant (Rad51-3D) in the 1-h or 5-h meiotic culture is as stable
as native Rad51 from 5-h meiotic culture (¢ > 180 min)
(Figure 6D and E), suggesting that the negatively-charged
NTD is sufficient to stabilize Rad51 during meiosis.

Thus, phosphorylation of Rad51-NTD plays an impor-
tant role in enhancing protein stability of Rad51. When
Dmcl was present in the rad51-3A strain, low steady-state
levels of RadS51-3A apparently were sufficient to facilitate
Dmcl in mediating meiotic recombination, which is consis-
tent with our cytological observations (Figure 4C and D).
In contrast, when Rad51 is the only ‘active’ recombinase in
the meiotic cells (i.e. in the dmcl A hedl A strain), phospho-
rylation of Rad51-NTD is essential to ensure higher steady-
state levels of Rad51 in order to repair the DSBs induced by
Spoll. Moreover, phosphorylated Rad51 can be function-
ally substituted by Rad51-3D.

Rescue of the sporulation defects in dmcl A hedl A rad51-3A4
and dmcl A hedl A rad51-AN triple mutants by overexpress-
ing WT Rad51 or Rad51-3A

Insufficient expression of Rad51 proteins may explain the
sporulation defects of dmclA hedlA rad51-34 and the
lower spore viability phenotype of rad51-A N mutants. To
test this hypothesis, we introduced high-copy number vec-
tors expressing WT Rad51, Rad51-3A or Rad51-AN into
four different diploid mutants that exhibited different levels
of meiotic deficiencies, namely rad51A (no viable spores),
rad51-AN (~50% spore viability), dmclIA hedl A rad51-
3A4 and dmcl A hedl A rad51-AN (MI arrest). Relative to
yeast mutants transformed with the mock control vector,
overexpression of WT Rad51 could rescue the meiotic de-
fects (low spore viability or the sporulation deficiency phe-
notype) of all four of these diploid mutants (Table 2). Al-
though overexpression of Rad51-3A failed to rescue the
meiotic prophase arrest phenotype of dmclA, in which
Hedl was present, overexpression of Rad51-3A not only
fully restored the spore viability of rad51A, but also suc-
cessfully rescued the sporulation defect of dmci A hedl A
rad51-3A and restored its spore viability to a level compa-
rable to that of the dmcl A hedl A strain harboring overex-
pression vectors for either WT Rad51 or mock (Table 2). In
addition, overexpression of Rad51-AN partially rescued the
low spore viability of rad51A but not rad51-AN, indicating
that Rad51-AN is capable of supporting meiotic recombi-
nation but is less efficient than WT Rad51. Overexpression
of Rad51-AN was also unable to rescue the sporulation de-
fects of the dmcl A hedl A rad51-AN strain (Table 2), sug-
gesting that despite being expressed from a high-copy vector
with its own promoter, Rad51-AN overexpression only ex-
hibited mild or negligible effects when meiotic cells suffered
from insufficient levels of Rad51 proteins.

We also performed meiotic time-course immunoblot-
ting experiments to confirm that introducing the high-copy
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Table 2. Spore viability of yeast strains with overexpression plasmids

Overexpression
Strain plasmid?® Spore viability
WT 2u-bsd-RADS1 100% (n = 144)
rad51A 2u-bsd-RADS1 98% (n = 288)
rad51-AN 2u-bsd-RADS51 80% (n = 144)
dmcl A hedl A 2u-bsd-RADS51 83% (n = 216)

dmcl A hedl A rad51-34 2u-bsd-RADS1
dmcl A hedl A rad51-AN 2u-bsd-RADS1
WT 2u-bsd-rad51-3A

85% (n = 216)
81% (n = 144)
47% (n = 216)

rad51A 2u-bsd-rad51-3 4 97% (n = 216)
dmcl A 2u-bsd-rad51-3A4 No spore formation
dmcl A hedl A 2p-bsd-rad51-34 86% (n = 216)
dmcl A hedl A rad51-3A 2u-bsd-rad51-3 4 79% (n = 216)
WT 2u-bsd-rad51-AN 97% (n = 144)
rad51A 2u-bsd-rad51-AN 63% (n = 144)
rad51-AN 2u-bsd-rad51-AN 54% (n = 144)
dmcl A hedl A rad51-AN 2u-bsd-rad51-AN No spore formation
rad51A mock 0% (n = 144)
rad51-AN mock 38% (n = 144)
dmcl A hedl A mock 88% (n = 216)
dmcl A hedl A rad51-3A mock No spore formation
dmcl A hedl A rad51-AN mock No spore formation

4Yeast diploid cells were respectively transformed with the indicated 2u
overexpression vector. Resistance to blasticidin is conferred by the prod-
uct of the blasticidin S deaminase (bsd) gene from Aspergillus terreus. The
RADSI, rad51-34 and rad51-AN genes were expressed under the native
RADS51 promoter.

number Rad51-3A expression vector indeed resulted in
higher Rad51-3A protein levels in the dmcl A hedl A rad51-
34 strain relative to introduction of mock vectors (Sup-
plementary Figure S7). In contrast, transformation of the
high-copy number Rad51-AN overexpression vector barely
increased Rad51-AN protein levels in the rad51-AN (Sup-
plementary Figure S3A) or dmcl A hedl A rad51-AN (Sup-
plementary Figure S3B) strains compared to mock vector.

These results support our hypothesis that low steady-
state levels of Rad51-3A and Rad51-AN proteins are the
main cause of meiotic defects in the mutant strains (Tables
1 and 2).

Unphosphorylated Rad51 proteins are degraded via the pro-
teasomal pathway

The 26S proteasome has been shown to be required for
HDRR in S. cerevisiae (51). Next, we used the proteasome
inhibitor MG132 to determine if WT Rad51 and Rad51-
3A are degraded by proteasomes during the DNA dam-
age response. To facilitate uptake of MG132, the strains
were deleted of PDRS to reduce efflux pump activity. Af-
ter a 30-min treatment of MMS, Rad51-3A disappeared
more rapidly than WT Rad51 under cycloheximide treat-
ment (Figure 7A-C). In contrast, simultaneous addition
of MG132 and cycloheximide postponed the degradation
of Rad51-3A, indicating that Rad51-NTD phosphorylation
stabilizes Rad51 protein by preventing proteasomal degra-
dation during the DNA damage response.

To determine phosphorylation of which SQ motif in
Rad51-NTD is the most important for its stability, we car-
ried out cycloheximide-shutoff experiments to determine
the relative protein stabilities of Rad51-S2A, Rad51-S12A
and Rad51-S30A (Figure 7D). Our results show that all
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Figure 7. Rad51-3A is degraded by the 26S proteasome. Exponential cultures of indicated strains were treated with MMS (0.02%) 30 min prior to the
addition of cycloheximide (200 wg/ml) and/or MG132 (25 wM). Protein samples were harvested at indicated time-points and immunoblotting was per-
formed as described in Figure 6. To decrease MG132 efflux, we deleted the PDRS5 gene, which encodes an ABC transporter. The protein levels of another
vegetative house-keeping protein, hexokinase, were analyzed by immunoblotting using anti-hexokinase antibodies and are shown as the loading control
in (A). Quantification of immunoblotting results in (A) and (D) are plotted in (C) and (E), respectively, in which total Rad51 protein levels normalized to
Hspl104 levels at that time-point are plotted. Quantification results of samples of WT and rad51-34 with cycloheximide from (C) were included in (E) for

comparison.

three of these Rad51 protein variants were less stable than
WT Rad51, but they were much more stable than Rad51-
3A, with the least stable mutant protein Rad51-S2A exhibit-
ing a half-life of ~3 h (Figure 7E). Thus, phosphorylation of
each of the SQ motifs in Rad51-NTD collaboratively con-
tributes to RadS1 protein stabilization.

RadS1-NTD can act autonomously to promote expression of
an exogenous protein, [3-galactosidase

Our results indicate that Rad51-NTD contains an SCD and
it possesses a novel function in promoting high steady-state
levels of Rad51 proteins during DDR of vegetative growth
as well as in meiosis. Remarkably, this function could be
independent of MeclATR /Tel1ATM_dependent Rad51-NTD
phosphorylation. To further characterize its biochemical
properties, we modified an S. cerevisiae pYC2/CT/Pgar;-
LacZ-V5-Hisg low-copy number expression vector (Invit-
rogen, USA) into Pr,ps;-LacZ-NLS-V5-Hisg by replac-
ing the GALI promoter with the promoter of the wild-
type RADS5I gene (Pr4ps;) and inserting an SV40 nu-
clear localization signal (NLS) peptide preceding a V5
epitope tag and a hexahistidine affinity tag. Next, we
constructed three corresponding mutant vectors: Pr,ps;i-

NTDWYT-LacZ-NLS-V5-Hiss, Praps;-NTD3A-LacZ-NLS-
V5-Hisg and Pgyps;-NTD3P-LacZ-NLS-V5-Hiss. All four
of these vectors were transformed into an SKI1 yeast
strain. The transformants were vegetatively propagated
to reach logarithmic phase and then harvested for de-
natured lysate preparation. Immunoblotting analyses us-
ing the antisera against phosphorylated Rad51-S'?Q in-
dicated that TellA™ and MeclA™ can phosphorylate
NTDWT-LacZ-NLS-V5-Hisg, but not NTD**-LacZ-NLS-
V5-Hisg or NTD?P-LacZ-NLS-V5-Hiss (Figure 8A). All
three of these fusion proteins could be recognized in im-
munoblottings by the anti-Rad51 antiserum, and the or-
der of steady-state protein levels was NTDWT-LacZ-NLS-
V5-Hisg &~ NTD3P-LacZ-NLS-V5-Hiss > NTD3-LacZ-
NLS-V5-Hisg (Figure 8A), all of which showed apparently
higher protein levels than for LacZ-NLS-V5-Hisg (Figure
8B). A similar hierarchy of protein levels was also observed
when Rad51 variants were fused to exogenous proteins
such as LexA and were expressed from high-copy num-
ber vectors (Supplementary Figure S2B). Thus, NTDWT,
NTD?**, and NTD?P all possess the capability to enhance
expression of their fusion partner, LacZ-NLS-V5-Hisg. No-
tably, NTD?A-LacZ-NLS-V5-Hiss was more labile than
NTDWYT-LacZ-NLS-V5-Hiss and NTD3P-LacZ-NLS-V5-
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Figure 8. Rad51-NTD is a tunable ‘nanny’ peptide. The wild-type SK1
haploid strain was transformed with an indicated yeast expression vec-
tor, i.e. Pryps;-LacZ-NLS-V5 (mock), Pr4ps;-NTDWT-LacZ-NLS-V5,
Prapsi-NTD3A-LacZ-NLS-V5 or Pr4ps;-NTD3P-LacZ-NLS-V5. (A, B)
Immunoblotting. Total cell lysates were prepared from mitotic cells un-
dergoing exponential growth for visualization by immunoblotting with
the corresponding antisera and quantitative yeast LacZ assays in (C).
(A) NTD-LacZ-NLS-V5 fusion proteins (~128 kDa) are indicated by
white arrowheads. Endogenous Rad51 (~43 kDa) is indicated by black ar-
rows. Numbers below the anti-Rad51 immunoblot indicate fold-changes
of NTD-LacZ-NLS-V5 fusion protein levels normalized to endogenous
Rad51 protein levels in the same blot. (B) Immunoblotting using anti-V5
antiserum. Presumptively degraded products are indicated by black arrow-
heads. Hsp104 was used as a loading control. (C) Quantitative yeast LacZ
assays were performed as described previously (41). Error bars indicate
standard deviation between experiments. (n = 3). Asterisks indicate sig-
nificant differences when compared to NTDWT, with P values calculated
using a two-tailed #-test (¥ P value < 0.05 and ***P value < 0.001).

Hisg, given that there were more degraded NTD3A-LacZ-
NLS-V5-Hisg products in the immunoblot (Figure 8B, in-
dicated by the black arrowhead). We also determined the
B-galactosidase activities of these four fusion proteins (see
‘Materials and Methods’ section). The hierarchy (and nor-
malized relative activity level) was NTD3P-LacZ-NLS-V5-
Hisg (13.2-fold) & NTDWT-LacZ-NLS-V5-Hisg (13.2-fold)
> NTD?**-LacZ-NLS-V5-Hisg (9.6-fold) >> LacZ-NLS-
V5-Hiss (Figure 8C). The observation that NTDWT and
NTD?P exhibited almost the same ability to facilitate pro-
tein levels of their fusion partners may imply that most (if
not all) of the NTDWT-LacZ-NLS-V5-Hiss fusion proteins
are phosphorylated dependently on Tel1A™ and MeclATR,

Together with our results showing that the order of
steady-state protein levels of Rad51 variants is Rad51 >
Rad51-3A >> Rad51-AN in both vegetative and meiotic
cells, we suggest that our findings reveal that Rad51-NTD
has at least two independent functions for maintaining high
steady-state levels of Rad51 in vivo. First, Rad51-NTD acts
autonomously to promote expression (and/or folding) of
its fusion partner. Second, Rad51-NTD is also an SCD
that is phosphorylated by TellA™ and MeclA™R to en-
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hance Rad51 protein stability via antagonizing proteasomal
degradation.

Phosphorylation on serine residues of SQ motifs but not other
serines or threonines in Rad51-NTD is critical for maintain-
ing steady-state protein levels of Rad51

We propose that TelAT™- and Mec14TR-dependent phos-
phorylation of Rad51-NTD at S?Q, S'?Q and S*°Q antag-
onizes the proteasomal degradation of Rad51. To decipher
if other serines and threonines in the Rad51-NTD are also
phosphorylated to promote Rad51 stability, we generated
an additional rad5] mutant (rad51-8A4) in which the three
serines of the SQ motifs were retained but all the other ser-
ines and threonines in the Rad51-NTD were mutated into
alanines (Figure 9A). A further rad51 mutant (rad51-11A4)
in which all serines and threonines of Rad51-NTD were
substituted to alanines was also generated for comparison.
Growth of these two new mutant strains on YPD plates con-
taining MMS was indistinguishable from that of WT or the
rad51-34 mutant strain and, unlike the rad51-AN strain,
they did not show apparent hypersensitivity when grown on
YPD plates with 0.02% MMS (Figure 9B, upper panel). Im-
munoblotting experiments to analyze Rad51 protein levels
upon MMS treatment revealed that there was a compara-
ble reduction of the steady-state protein levels of Rad51-
11A (~45% lower) to that of Rad51-3A (~30% lower),
whereas the rad5 -8 A mutant strain maintained similar lev-
els of Rad51 protein to WT (Figure 9C). Thus, phospho-
rylation of the three SQ motifs in Rad51-NTD is critical
for antagonizing the proteasomal degradation of Rad51,
whereas phosphorylation of the other serines or threonines
in Rad51-NTD is irrelevant to that function.

Comparative analysis of Rad51-NTD phosphorylation and
Rad51-S"2Q phosphorylation

It was reported previously that Rad51-S'°>Q, the fourth
SQ motif in Rad51, might be phosphorylated by MeclATR
(44). Those authors generated a phospho-specific Rad51-
S2Q antibody to validate S'°’Q phosphorylation on
bacterially-purified Rad51 proteins subjected to DNA-PK
(DNA-dependent protein kinase)-catalyzed phosphoryla-
tion in vitro, given that DNA-PK is a phosphatidylinos-
itol 3-kinase-related protein kinase enzyme with a simi-
lar SQ target consensus sequence to that of MeclATR and
Tel1A™ (52). Phosphorylation of S'°>Q on purified yeast-
expressed epitope-tagged Rad51 proteins (i.e. Rad51-TAP
and Rad51-Myc) were also analyzed in that study using that
antibody (44). The authors proposed that S1°Q phosphory-
lation could influence homologous recombination by mim-
icking the ATP- or ADP-bound form of Rad51, which can
form a catalytically inactive multimer (44). Since both the
phosphorylation-defective mutation (rad51-S192A) and the
phosphomimetic mutation (rad51-S192E) impaired Rad51
function in vivo (44), the exact role of Rad51-S!*2Q phos-
phorylation had remained unclear.

We were unable to generate antisera specific for phospho-
rylated Rad51-S'2Q protein (see ‘Materials and Methods’
section) to compare the biological function(s) of Rad51-
NTD phosphorylation and Rad51-S'°>Q phosphorylation.
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Instead, we generated two additional mutants, i.e. rad51-
S192A4 and rad51-4A. In rad51-4 A, all four SQ motifs (S*Q,
S2Q, $%°Q, and S'?Q, highlighted in red in Figure 1B) of
endogenous Rad51 were mutated to AQ. We first confirmed
that rad51-S192A4 and rad51-4A, like rad51 A (but not WT
or rad51-3A4), exhibited hypersensitivity to 0.005% MMS
during vegetative growth (Figure 9B, lower panel). Consis-
tent with the findings of the previous report (44), our rad51-
S192A strain was indeed defective in repairing DSBs. We
obtained the phospho-specific Rad51-S'>Q antibody (44)
as a kind gift from Stephen Jackson (University of Cam-
bridge). However, we could not reproduce the specificity
in immunoblotting experiments when examining our five
yeast strains, namely RADSI1, rad51-3A, rad51-4A, rad51-
S192A4 and rad51 A (Figure 9D), perhaps due to differences
in strain background or experimental procedures. Next, we
showed by immunoblotting with anti-Rad51 antisera that
the state-steady protein levels of Rad51-S192A was similar
to those of WT Rad51, but higher than those of Rad51-
3A or Rad51-4A, during DDR in vegetative growth (Fig-
ure 9D). Using antisera specific for phosphorylated Rad51-
S2Q, we also found that WT Rad51 and Rad51-S192A,
but not Rad51-3A or Rad51-4A, underwent MM S-induced
S!2Q hyperphosphorylation (Figure 9D). Intriguingly, the
rad51-S1924 mutant showed a higher level of S!?Q phos-
phorylation without MMS treatment, suggesting that DDR
might be induced in this mutant even without exposure to
DNA damaging agents.

We propose that phosphorylation of all three SQ mo-
tifs in Rad51-NTD plays an important role in promoting
Rad51 protein stability and that this function can be re-
capitulated by phosphomimetic mutations. In contrast, the
SQ motif (S'°2Q) adjacent to the ATPase domain is re-
quired for the catalytic activity of Rad51, but is not related
to Rad51 protein abundance control. Since the phospho-
mimetic mutation rad51-S192E has been reported defec-
tive in Rad51 recombinase activity but not in protein fold-
ing and/or multimerization (44), further investigations are

needed to decipher why negative charges on these four SQ
motifs of Rad51 by phosphomimetic mutations render such
distinct impacts.

DISCUSSION

The RADSI gene of S. cerevisiae was first cloned in 1992 (6).
Many investigations have since been conducted to establish
its molecular functions in various biological processes (1,2).
In this report, we show that three SQ motifs (S*Q, S'>Q and
S*Q)in Rad51-NTD are phosphorylated in a Tel1A™- and
MeclATR.dependent manner during both vegetative growth
and meiosis. Thus, the function of Rad51 is directly reg-
ulated by the DNA damage checkpoint in S. cerevisiae. It
was proposed previously that S. cerevisiae Rad51 was tran-
siently phosphorylated at the S'°?Q motif primarily medi-
ated by MeclATR (44) given that the phosphomimetic mu-
tation of rad51-S192 E could not functionally substitute this
postulated phosphorylation. Thus, the biological functions
involving the putative negatively charged S'°>Q motif re-
mains obscure.

Here, we demonstrate that the function of
MeclATR /Tell1ATM _dependent Rad51-NTD  phospho-
rylation is to enhance Rad51 protein stability by an-
tagonizing the proteasomal pathway. The half-life (/)
of the phosphorylation-defective Rad51-3A mutant is
<30 min, whereas f;» of phosphorylated WT Rad51
or phosphomimemtic Rad51-3D is >180 min (Figure
6E). Based on our cycloheximide-shutoff experiments
(Figure 6), which show that WT Rad51 at 5-h meiosis is
as stable as Rad51-3D, we infer that most (if not all) of
the Rad51 protein is likely phosphorylated in response
to MMS-induced or meiotic DSBs in vivo. Basal levels
of Rad51-NTD phosphorylation also occur in the ab-
sence of exogenous DNA lesions or meiotic DSBs and
are likely related to spontaneous damages in S phase
(Supplementary Figure S5). This unique property also
readily explains why Rad51 phosphorylation has distinct



impacts on Rad51-mediated DNA repair during vegetative
growth and meiosis. Previous studies in S. cerevisiae have
reported mitotic S phase durations of 20-30 min (53,54).
During synchronous SK1 meiosis, S phase lasts 65-80 min
(55,56), and Spoll-induced DSBs take place at 1.5-3.5 h
(57). Subsequently, the chromosomal foci of two RecA-like
recombinases were shown to appear and disappear within a
single peak (2.5-5 h), with maximum abundance at 3 h (43).
Accordingly, Rad51-NTD phosphorylation is dispensable
for DNA damage repair during vegetative growth. In
contrast, phosphorylation-defective mutant Rad51-3A
proteins in the dmcl A hedl A mutant are not stable enough
to support such a long period of Spoll-induced DSB
repair during meiosis (Table 1). The Rad51-NTD phos-
phorylation pathway we describe here supports the notion
that MeclATR alone can perform most of the functions
of TellIA™ and MeclATR together in S. cerevisiae (58,59),
and that MeclATR has an essential function in regulating
protein homeostasis (38,39). It will be important to fur-
ther examine if genetic interaction partners of MeclATR
that are involved in protein homeostasis (38,39) are also
responsible for regulating Rad51 homeostasis, thereby
affecting the outcomes of Rad51- and Dmcl-mediated
meiotic recombination.

The second important finding of this study is that Rad51-
NTD possesses an autonomous ‘nanny’ function and pro-
motes expression and/or folding of its C-terminal fusion
partners (e.g. Rad51-AN and LacZ). Although the steady-
state levels of Rad51-AN are <3% those of wild-type Rad51
in both vegetative and meiotic cells, the rad51-AN allele
only affected DSB repair when vegetative cells were exposed
to high concentrations of MMS or in the dmclA hedl A
meiotic cells. Moreover, the rad51-AN diploid cells could
still generate ~50% viable spores (Table 1). We suggest that
in order to tolerate scenarios with excessive DSBs, Rad51-
NTD evolved specifically to maintain superfluous amounts
of Rad51 in vivo. For example, it takes a long time (>3 h) to
repair genome-wide DSBs induced by Spol1lin S. cerevisiae
meiosis, so high steady-state levels of Rad51 are required
over a long time-period.

Our results have also revealed that the sm/I A allele is a
suppressor of deficiencies elicited by rad51-AN in terms of
the less growth phenotype induced by DNA lesions dur-
ing vegetative growth (Figure 2A) and the low spore via-
bility phenotype in meiosis (Table 1). Therefore, with re-
gard to smll A repression, rad51-AN is phenotypically sim-
ilar to mecl-kd. Further investigations will reveal whether
and how the absence of Smll proteins in sml//A (or an
increase of ANTP abundance) ameliorates the deleterious
effects caused by rad5I-AN. Since the steady-state levels
of Rad51-AN in rad51-AN cells are not significantly dif-
ferent from those in rad51-AN smllA cells during vegeta-
tive growth (Figure 3B), we reason that Rad51 might be
an abundant target of MeclATR and TellA™ in S. cere-
visiae in the sense that deficiency of either Rad51-NTD
or Mecl would result in a similar outcome in terms of
suppression by smllA. Along with this hypothesis, it was
recently reported (60) (Saccharomyces Genome Database:
https://www.yeastgenome.org) that the median abundance
of Rad51 (6070 £ 2766 molecules/cell) in vegetative cells is
higher than those of other known MeclATR and TellA™
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target proteins, e.g. Rad9 (1279 + 701 molecules/cell),
Rad53 (1533 £+ 520 molecules/cell) and Sae2 (1084 + 93
molecules/cell). Whether these proteins involved in the
DDR network are subjected to the same degree of protein
quality control by Mec1AT® and Tel1A™ as Rad51 remains
to be characterized.

In conclusion, due to the presence of the Rad51-NTD, S.
cerevisiae can ensure sufficient levels of Rad51 to deal with
extreme physiological conditions such as excessive DNA
damage or long periods of DNA repair. This intriguing
characteristic might explain two unique properties found in
this important model organism: (1) HDRR is the dominant
repair mode for DSBs in S. cerevisiae; and (2) inhibition
of Rad51 by Hed1 ensures Dmcl-mediated HDRR outper-
forms Rad51-mediated HDRR during meiosis. This latter
function is particularly critical for hybrid meiosis of poly-
morphic homologous chromosomes (10), because Dmcl is
superior to Rad51 in tolerating mismatched sequences dur-
ing their strand exchange reaction (11,12). Accordingly, our
results also explain why both Rad51-NTD and Hedl (a
meiosis-specific inhibitor of Rad51) are specific to the genus
Saccharomyces. Since the duration of the meiotic program
is, in general, longer than that of mitotic progression (61), it
would be intriguing to investigate if Rad51 proteins in other
sexual eukaryotes are regulated differentially during mitosis
and meiosis and if novel meiosis-specific accessory factor(s)
have evolved to promote or retain high steady-state Rad51
protein levels upon encountering robust DNA damage.

Inspired by the findings of this study, we recently
showed that the SCDs of several other yeast DDR proteins
[e.g. Rad53-SCD1 (amino acid residues 1-29), Hop1-SCD
(amino acid residues 258-324) and Sml1-SCD (amino acid
residues 1-50, personal communications with Rita Cha,
Bangor University)] possess autonomous and exchange-
able activities to enhance high-level protein expression when
they are artificially designed as NH,-terminal fusion tags of
LacZ, GFP, etc. We also discovered an interesting correla-
tion between relative LacZ activities and the overall S/T/Q
percentages in the total amino acid content of these intrin-
sically disordered regions (IDRs) given that low sequence
complexity and high S/T/Q content are characteristic fea-
tures of IDRs in proteins (62). To attain optimal LacZ activ-
ity of >8-fold, overall S/T/Q content of IDRs should range
from 30% to 40% (unpublished results). Intriguingly, the en-
richment of S/T-Q motifs in SCDs means that they exhibit
low sequence complexity (19). Taken together, our results
have not only revealed that SCDs can promote protein ex-
pression but also supported that MeclATR could regulate
protein homeostasis.
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