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Srs2 plays many roles in DNA repair, the proper regulation
and coordination of which is essential. Post-translational mod-
ification by small ubiquitin-like modifier (SUMO) is one such
possible mechanism. Here, we investigate the role of SUMO in
Srs2 regulation and show that the SUMO-interacting motif
(SIM) of Srs2 is important for the interaction with several
recombination factors. Lack of SIM, but not proliferating cell
nuclear antigen (PCNA)-interacting motif (PIM), leads to
increased cell death under circumstances requiring homologous
recombination for DNA repair. Simultaneous mutation of SIM
in a srs2APIM strain leads to a decrease in recombination, indi-
cating a pro-recombination role of SUMO. Thus SIM has an
ambivalent function in Srs2 regulation; it not only mediates
interaction with SUMO-PCNA to promote the anti-recombina-
tion function but it also plays a PCNA-independent pro-recom-
bination role, probably by stimulating the formation of recom-
bination complexes. The fact that deletion of PIM suppresses
the phenotypes of Srs2 lacking SIM suggests that proper balance
between the anti-recombination PCNA-bound and pro-recom-
bination pools of Srs2 is crucial. Notably, sumoylation of Srs2
itself specifically stimulates recombination at the rDNA locus.

Homologous recombination (HR)? is a key DNA repair path-
way with particular importance in the repair of DNA double-
strand breaks and stalled replication forks. HR needs to be
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tightly regulated, however, because uncontrolled recombina-
tion can lead to genome rearrangements and cell death (1, 2).
Srs2, the Saccharomyces cerevisiae DNA helicase and single-
stranded DNA translocase (3, 4), constitutes an important
means of HR regulation, affecting it both negatively as well as
positively.

Srs2 was originally identified as a suppressor of sensitivity to
DNA-damaging agents of post-replication repair mutants
(rad6, radl8, rad5S) (5—8). Because the suppression is depen-
dent on the RADS52 pathway genes, Srs2 is thought to inhibit HR
and channel the lesions into post-replication repair (7, 9). The
role of Srs2 as an anti-recombinase is further supported by find-
ings that inactivation of Srs2 causes spontaneous mitotic
hyper-recombination (6, 9—11). The recombination that is up-
regulated in the absence of Srs2 is dependent on the RAD52
group and is believed to cause accumulation of toxic recombi-
nation intermediates, resulting in sensitivity of srs2A cells to
DNA-damaging agents (UV light, x-rays, methyl methanesul-
fonate) and synthetic lethality of srs2 with various gene dele-
tions (6, 9—16). The possible mechanism of Srs2 anti-recombi-
nation function is based on the ability of Srs2 to dismantle
Rad51 recombinase from the presynaptic filaments in vitro (17,
18). For this process, the ability of Srs2 to translocate on single-
stranded DNA and interact with Rad51 is necessary, as the
ATPase or Rad51 interaction-deficient Srs2 mutants are unable
to dissociate Rad51 from the DNA in vitro and to counteract
recombination iz vivo (19 -21). The mechanism of recombina-
tion regulation by Srs2 may also include direct protein interac-
tion with SUMO-PCNA that results in limiting the extent of
DNA repair synthesis (22).

Evidence of Srs2 pro-recombination function has also accu-
mulated over the years. Srs2 has been shown to stimulate sin-
gle-strand annealing and non-homologous end joining, where
the ability of Srs2 to dissociate Rad51 from DNA probably stim-
ulates these Rad5l-independent pathways (23-29). More
recent studies, however, have shown the importance of Srs2 in
Rad51-dependent ectopic gene conversion between non-homo-
logous chromosomes (28, 30, 31). Observations that srs2A cells
exhibit extensive end resection and severely reduced strand
invasion intermediates have suggested that Srs2 plays an early
role in the process (31). On the other hand, specific decrease in
the faster HR sub-pathway leading to noncross-overs in srs2A
indicates that Srs2 promotes synthesis-dependent strand
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annealing (SDSA), whereas it does not affect the DSBR sub-
pathway (28, 31). It has been proposed that Srs2 facilitates
strand displacement, which may utilize its ability to dissociate
Rad51 from recombination intermediates, its helicase activity,
or both (28, 32). However, we were not able to observe such
activity in vitro (33). Recently, Miura et al. (34) suggested that
the role of Srs2 in SDSA is dependent on its Rad51 and SUMO-
PCNA interactions. Srs2 also stimulates unequal recombina-
tion between sister chromatids (35), and it has been suggested
that Srs2 promotes break-induced replication (27, 36). More-
over, deletions of SRS2 and most of the other HR factors,
including RADS1, are lethal in the rad27A background (16, 37).
This indicates that HR is essential for DNA repair in such cells
and that Srs2 may either promote or regulate its proper execu-
tion (16, 37).

Apart from HR regulation, Srs2 plays a major role in the
recovery from DNA damage checkpoint-mediated arrest (28,
30). In the absence of Srs2, Vaze et al. (30) found that cells were
not able to recover from DNA damage checkpoint even if the
DNA had been repaired, thus suggesting that Srs2 is needed to
turn off the checkpoint.

Later studies demonstrated that Srs2 is recruited to the rep-
lication forks by the sumoylated form of PCNA, as blocking of
PCNA sumoylation or deletion of C-terminal SIM in Srs2 sup-
presses rad6 and rad18 sensitivity equally to srs2 deletion (38 —
41). Accordingly, deletion of Srs2 SIM strongly reduces the
interaction with SUMO and PCNA in the yeast two-hybrid
assay (38, 42) as well as the interaction with SUMO-PCNA in
vivo and in vitro (38, 41-43). Srs2 recently was shown also to
contain a PCNA-specific interaction site, which together with
the SIM is necessary for efficient interaction with SUMO-
PCNA (42, 44, 45).

The multiple roles of Srs2 in DNA repair argue for the means
to tightly and properly regulate its activity. Srs2 phosphoryla-
tion is induced by DNA damage and promotes the SDSA
branch of HR (46, 47). We have previously shown that DNA
damage-induced Srs2 sumoylation depends on the Srs2 SIM
motif and targets three lysines in its C-terminal part (Lys-1081,
-1089, -1142) (42, 46). Nevertheless, the role of Srs2 sumoyla-
tion remains unexplained.

In the present work we analyzed the role of SUMO and
PCNA in regulating the multiple functions of Srs2. We show
that the roles of SUMO in Srs2 regulation are ambivalent, as the
SIM of Srs2 not only mediates interaction with SUMO-PCNA
and thus promotes the anti-recombination function, but it also
plays a PCNA-independent pro-recombination role. Accord-
ingly, sumoylation of Srs2 promotes recombination at the
rDNA locus. SUMO facilitates the formation of protein com-
plexes required for proper repair, as suggested by the impor-
tance of Srs2 sumoylation and particularly its SIM for interac-
tions with Mrell, Rad51, and Rad52. We also show that PCNA
interaction is necessary for Srs2 inhibitory effect in direct-re-
peat recombination, which includes single-strand annealing
and gene conversion events, and it plays a limited role in inhib-
iting recombination between homologous chromosomes. This
study improves our understanding as to the roles of SUMO and
PCNA in Srs2 regulation, and it shows that stimulation of
SUMO-SIM interactions of a protein can, depending on the
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circumstances, target protein to diverse protein complexes and
lead to different and even opposing outcomes.

Experimental Procedures

Yeast Strains and Plasmids—The S. cerevisiae strains used
in this study are all RADS derivatives of strain W303-1A (48,
49) and are listed in Table 1. Yeast strains and media were
prepared using standard techniques, as previously described
(50). Strains SS149-15D, PK1-A, PK2-A, PK7-A, and PK8-A
were generated by the PCR-based allele replacement method
(51) using oligonucleotides described in Table 2. Correct
integration was verified by sequencing. The srs2APIM
mutant contains deletion of amino acids 1159-1163 and in
the srs2-SIM* mutant amino acids 1170-1173 (IIVI) were
exchanged for alanines.

The following expression plasmids have been described pre-
viously: (His),-SRS2:pET11c (20), (His),-SRS2-K1081/1089/1142R::
pET11c (22), AOS1/UBA2:pGEX-4T-1 (52), UBC9:pET21b (53),
SMT3:pET-HF (54), SIZ1(1-465):pET21b (55), MRE11l-
pPM271 (56), and RAD52-pGEX-3X (57). To create the
RAD59-pMAL-TEV plasmid (pLK1086), a PCR fragment of
RADS9 was cloned into EcoRI and Pstl sites of pMAL-TEV
vector.

The yeast two-hybrid plasmids MRE11:pGBT9 (58),
POL32:pASAA (59), Rad51:pGBT9, RAD52:pGBT9 (60),
RAD59::pGBD-C2 (61), and SMT3::PGAD-C1 (62) have been
described. The C-terminal fragment of Srs2 in the construct
SRS2(783-1174)::pGADT7 was prepared by PCR and cloned
into the EcoRI site of pPGADT7. Mutant versions of the afore-
mentioned plasmids were generated by site-directed mutagen-
esis using specific oligonucleotides (Table 2).

The centromeric plasmids for expression of Srs2 and its
mutants in the srs2A strain contained the SRS2 gene sequence
including 700 bp upstream from the start codon and 180 bp
downstream from the stop codon and were cloned into
YCplac22 vector (a kind gift from G. Liberi). The SIM mutants
were prepared by site-directed mutagenesis using the primers
described in Table 2.

Expression and Purification of Recombinant Proteins—The
following proteins were expressed and purified as described:
Srs2 and Srs2-3KR (63), Aosl/Uba2, His-Ubc9, His-FLAG-
Smt3 (64), His-Siz1(1-465) (55), Mrell (56), GST-Rad52 (57),
and Rad59 (65).

In Vitro Sumoylation Assay—The Srs2 sumoylation assay was
performed similarly as previously described (42). The 10-ul
reaction contained 0.35 uMm Aos1/Uba2, 0.1 um Ubc9, 1.6 um
Smt3, 0.15 um Siz1(1-465), 0.75 uM Srs2 or Srs2-3KR, 100 pum
ATP, and 160 mm KCl in buffer S2 (50 mm HEPES, 10 mm
MgCl,). Reactions were incubated for 30 min at 4 °C.

Pulldown Assays—To study Srs2 interactions with Mrell,
Rad52, and Rad59, purified His-Srs2 (0.75 um) was mixed with
Mrell (1 uM), GST-Rad52 (1.5 uMm), or MBP-Rad59 (2 uMm) and
10 ul of Profinity IMAC nickel-charged resin (Bio-Rad), gluta-
thione-Sepharose 4 Fast Flow (GE Healthcare), or amylose
resin high flow (New England BioLabs), respectively. The reac-
tion mixtures were incubated in 50 ul of buffer S2 containing
150 mm KCl for 30 min at 20 °C with mixing at 1000 rpm. The
supernatants were then collected and mixed with equal
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TABLE 1
Yeast strains used in this study

Strains are derivatives of W1588 —4C (MATa ade2-1 canl-100 ura3-1 his3-11,15 leu2-3,112 trp1-1) (49), a RAD5 derivative of W303-1A (48).

Strain Genotype Source
ML8-9A MATa ADE2 ura3-1 his3-11,15 leu2-3,112 trpl-1 M. Lisby
$S149-15D MATa ADE?2 srs2-K1081/K1089R/K1142R This study
PK1-A MATa ADE2 srs2-SIM* This study
PK2-A MATa ADE2 srs2APIM This study
PK7-A MATa ADE2 srs2APIM-SIM* This study
PK64-2D MATa ADE2 srs2::HIS3 This study
PK78--3C MATa ADE?2 sizl::KAN This study
PK79-5C MATa ADE?2 siz2:KAN This study
PK81-10A MATa ADE2 siz1::KAN siz2:KAN This study
PK100-2D MATa ADE?2 sizl::KAN siz2:KAN srs2-SIM* This study
PK80-3C MATa ADE2 mms21-CH::HIS3 This study
PK77-5D MATa ADE2 rad51A This study
PK77-6D MATa ADE2 srs2-SIM* radS1A This study
PK82-6A MATa ADE2 srs2:HIS3 radS1A This study
yLK69 MATa ADE2 radl8:LEU2 H. Klein
PKO05-16D MATa ADE2 rad18:LEU2 srs2-K1081/K1089R/K1142R This study
PK15-1B MATa ADE2 rad18::LEU2 srs2-SIM* This study
PK25-6D MATa ADE2 rad18::LEU2 srs2APIM This study
PK83-3C MATa ADE2 rad18:LEU2 srs2APIM-SIM* This study
PK47-1A MATa ADE?2 rad18::LEU2 srs2::HIS3 This study
PK06-15C MATa ADE2 rad27:URA3 This study
PK70-10B MATa ADE?2 srs2-K41R This study
PK8-A MATa ADE?2 srs2-K41R-SIM* This study
ML144-8C MATa ADE2 leu2-AEcoRL:URA3-HO::leu2-ABSstEIL M. Lisby
PK02-2B MATa ADE?2 leu2-AEcoRI:URA3-HO::leu2-ABSstEII srs2-K1081/K1089R/K1142R This study
PK12-4C MATa ADE2 leu2-AEcoRI:URA3-HO::leu2-ABStEII srs2-SIM* This study
PK22-8C MATa ADE2 leu2-AEcoRI:URA3-HO::leu2-ABStEII srs2APIM This study
PK84-1B MATa ADE?2 leu2-AEcoRI:URA3-HO::leu2-ABStEII srs2APIM* SIM* This study
PK46-6B MATa ADE2 leu2-AEcoRL:URA3-HO::leu2-ABStEIl srs2::HIS3 This study
PK89-2A MATa ADE2 leu2-AEcoRI:URA3-HO::leu2-ABStEII srs2-K41R This study
PK88-13C MATa ADE2 leu2-AEcoRL:URA3-HO::leu2-ABStEII srs2-K4.1R-SIM* This study
ML412 MATa ADE2 leu2-ABstEII lys2A TRP1 M. Lisby
MATa ADE2 leu2-AEcoRI LYS2 trpl-1

PK09 MATa ADE2 leu2-ABstEII lys2A TRPI srs2-K1081/K1089R/K1142R This study
MATo ADE?2 leu2-AEcoRI LYS2 trp1-1 srs2-K1081/K1089R/K1142R

PK19 MATa ADE2 leu2-ABstEII lys2A TRP1 srs2-SIM* This study
MATa ADE2 leu2-AEcoRI LYS2 trp1-1 srs2-SIM*

PK29 MATa ADE2 leu2-ABstEII lys2A TRP1 srs2APIM This study
MATa ADE2 leu2-AEcoRI LYS2 trp1-1 srs2APIM

PK87 MATa ADE2 leu2-ABstEII lys2A TRP1 srs2APIM-SIM* This study
MATa ADE2 leu2-AEcoRI LYS2 trp1-1 srs2APIM-SIM*

ML478 MATa ADE2 leu2-ABstEII lys2A TRP1 srs2::HIS3 M. Lisby
MATa ADE2 leu2-AEcoRI LYS2 trpl-1 srs2::HIS3

PK95 MATa ADE2 leu2-ABstEII lys2A TRP1 srs2-K41R This study
MATa ADE2 leu2-AEcoRI LYS2 trpl-1 srs2-K41R

PK92 MATa ADE2 leu2-ABStEII lys2A TRP1 srs2-K41R-SIM* This study
MATo ADE?2 leu2-AEcoRI LYS2 trpI-1 srs2-K41R-SIM*

RMY180-5A MATa ade2-1 ADE2:rDNA H. Klein

PK01-11C MATa ade2-1 ADE2::rDNA srs2-K1081/K1089R/K1142R This study

PK11-6A MATa ade2-1 ADE2::rDNA srs2-SIM* This study

PK21-1D MATa ade2-1 ADE2::rDNA srs2APIM This study

yLK344 MATa ade2-1 ADE2::rDNA srs2APIM-SIM* This study

1G10-2D MATa ade2-1 ADE2::rDNA srs2::HIS3 M. Lisby

amounts of SDS Laemmli buffer. The beads were washed with
100 ul of buffer S2 containing 150 mm KCl and mixed with 20 ul
of SDS Laemmli buffer. The supernatant and the SDS eluate (10
pl each) were analyzed by SDS-PAGE on a 10% gel followed by
Coomassie Blue staining.

Electrophoretic Mobility Shift Assay (EMSA) and Helicase
Assay—The indicated amounts of Srs2, Srs2-3KR, SUMO-Srs2,
or SUMO machinery proteins prepared in corresponding
sumoylation reactions were mixed with 3 nm fluorescently
labeled 49-mer single- and double-stranded DNA (63) in 10 ul
of buffer E (30 mm Tris (pH 7.5), 1 mm DTT, 0.1 mg/ml BSA,
100 mm KCI) and incubated for 15 min at 37 °C. After incuba-
tion, 2 ul of loading buffer (60% glycerol, 10 mm Tris (pH 7.5),
60 mMm EDTA) were added, and the samples were resolved on
6% native polyacrylamide gel in 1 X TAE buffer (40 mm Tris, 20
mM sodium acetate, 2 mm EDTA, pH 7.5) at 4 °C. Gels were
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scanned using FLA-9000 Starion (Fuyjifilm) and quantified by
MultiGauge software (Fujifilm).

Helicase assay was performed essentially as described previ-
ously (63). Briefly, 3" overhang DNA (3 nm) was incubated with
the proteins for 15 min at 30 °C in 10 ul of buffer H (30 mm Tris
(pH 7.5), 1 mm DTT, 0.1 mg/ml BSA, 100 mm KCl, 20 mm
creatine phosphate, 20 ug/ml creatine kinase, 2.4 mm MgCl,,
and 2 mMm ATP). Reactions were then treated with 2% SDS and
0.5 mg/ml proteinase K at 37 °C for 5 min. After adding loading
buffer, samples were resolved on 10% native polyacrylamide gel
in 1X TBE buffer (40 mm Tris-HCI, 20 mwm boric acid, 2 mm
EDTA (pH 7.5)).

Yeast Two-hybrid Analysis—The assay was performed essen-
tially as described previously (60). Briefly, plasmids containing
fusions with GAL4 transcription activation or DNA binding
domains were transformed into the haploid S. cerevisiae strain
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TABLE 2
Oligonucleotides used in this study

Regulation of Srs2 by SUMO

Oligonucleotide

Sequence

Srs2-K1081R

Forward, 5'-gtctaagagaggtgacaaggttagggtggaggaagt-3’

Reverse, 5'-acttcctccaccctaaccttgtcacctctettagac-3'

Srs2-K1089R

Forward, 5'-ggaggaagtgatagatttgaggagtgaatttgaggaagatg-3’

Reverse, 5'-catcttcctcaaattcactectcaaatctatcacttectee-3'

Srs2-K1142R

Forward,5 '-cagaaattttccaaaaaggtgaggaatgaacctgcatcaagtcaa-3’

Reverse, 5'-ttgacttgatgcaggttcattcctcacctttttggaaaatttctg-3'

Srs2-11170A/11171A/V1172A/11173A

Forward, 5'-cacgtgcgaaaaaaaagtcaaaattaaacaacggtgaagccgeagecgecgattagtageactttcatgectgactacg-3'

Reverse, 5'-cgtagtcaggcatgaaagtgctactaatcggeggetgeggettcaccgttgtttaattttgacttttttttegeacgtg-3’

Srs2-A1170STOP

Forward, 5'-gtcaaaattaaacaacggtgaatgaatagtcatcgattag-3’

Reverse, 5'-ctaatcgatgactattcattcaccgttgtttaattttgac-3’

Srs2A1159-1163

Forward, 5'-ggatatattttctcagctgtcacgtaaattaaacaacggtgaaatcatag-3’

Reverse, 5'-ctatgatttcaccgttgtttaatttacgtgacagctgagaaaatatatce-3’

Srs2-PCR replacement

Forward, 5'-aaccagaaactacatcatcgaattccagcetgaccaccatgtgtcagatgatttaatgagace-3'

Reverse, 5'-cgatcttctacccagaatcacgatccccgggaattgecatgttggeaaatgtcetctactgg-3’

Mrell-1633A/1634A/M635M/V636A

Forward, 5'-aagatgatgttgatattgatgagaatgacgcagctatggccagtactgacgaagaggacgctagttatg-3"

Reverse, 5'-cataactagcgtcctcttegtcagtactggecatagetgegtcattctcatcaatatcaacatcatctt-3”

Rad51-1277A/V278A/V279A

Forward, 5'-gagcgagtctcggttttccttggetgeggecgattetgttatggetctatac-3'

Reverse, 5'-gtatagagccataacagaatcggecgeagecaaggaaaaccgagactegete-3'

Rad51-V321V/V322A/V323A

Forward, 5'-accaatttggtgttgcagccgecegctactaaccaagtggtege-3'

Reverse, 5’'-gcgaccacttggttagtagcggeggetgeaacaccaaattggt-3'

Rad52-K43R/K44R

Forward, 5'-ggatatggatgagaggaggccegttttcggtaacc-3’

Reverse, 5'-ggttaccgaaaacgggcctcctetcatccatatec-3’

Rad52-K253R

Forward, 5'-ctcgacgaagaacctggtgcgcatagaaaatacagtaagtcgagg-3’

Reverse, 5'-cctcgacttactgtattttctatgegeaccaggttcttegtegag-3'

Rad59-K207R

Forward, 5'-gcttgtatggctcaaaaaaaattcgaaatgaagctaacacc-3’

Reverse, 5'-ggtgttagcttcatttcgaattttttttgagecatacaage-3'

Rad59-K228R

Forward, 5'-aatagcaagccgacttttatcagactcgaggatgctaaaggeacge-3'

Reverse, 5'-gcgtgectttageatectcgagtetgataaaagteggettgetatt-3'

PJ69-4a (MATa) or PJ69-4« strain (MATw), respectively. Dip-
loid strains were grown to Ag,, ~ 1 and then 10-fold serially
diluted. Activation of the HIS3 reporter gene was analyzed on
medium lacking leucine, tryptophan, and histidine. Cells were
grown for 3 days at 30 °C before analysis.

DNA Damage Sensitivity Assay—Strains were grown in YPD
to Ao ~ 1 and 10-fold serially diluted. DNA damage sensitivity
was assessed on YPD plates without or with the indicated
amounts of camptothecin (CPT), methyl methane-sulfonate
(MMS), ultraviolet light (UV), hydroxyurea, 4-nitroquinoline
1-oxide, and zeocin (ZEO). Pictures of the plates were taken
after 2 days of incubation at 30 °C.

Determination of Mitotic Recombination Rates—Direct-re-
peat, interchromosomal, and rDNA recombination was deter-
mined as previously described (64) with minor modifications.
The recombination rates were calculated by the Lea-Coulson
median method using FALCOR software (66). To illustrate the
variance, median absolute deviation of the individually calcu-
lated recombination rates was used. In addition to measuring
the rate of ADE2 marker loss at the rDNA by the frequency of
half-sectored white versus red colonies, the rate was also deter-
mined from the frequency of wholly red colonies similarly to
the direct-repeat and interchromosomal recombination. To
eliminate the impact of outliers on the statistical evaluation, p
values were calculated using the non-parametric Mann-Whit-
ney U test, except that for the ADE2 loss using the half-sectored
colonies Yates’ x* test was used instead.

Results

SUMO Mildly Affects the Biochemical Activities of Srs2—To
study the effect of SUMO on Srs2, we first addressed the con-
sequences of Srs2 sumoylation on its biochemical activities in
vitro. To precisely compare non-sumoylated and sumoylated
forms of Srs2, the sumoylation reaction was performed in the
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absence or presence of ATP or E1, and the mixtures were ana-
lyzed for DNA binding and helicase activities. Although the
proportion of sumoylated Srs2 was >90%, only a modest, but
significant, decrease in both activities was observed (Fig. 1). The
reduction in helicase activity likely resulted from lower affinity
of SUMO-Srs2 toward DNA. As the addition of ATP or E1 to
the sumoylation reaction did not affect the activities of the non-
sumoylatable Srs2-3KR protein and SUMO machinery proteins
showed no activity (Fig. 1), sumoylation machinery is not
responsible for the observed effects.

SUMO Promotes Srs2 Interactions—We next asked whether
SUMO affects Srs2 protein interactions, as observed in numer-
ous other cases (67, 68), using the yeast two-hybrid system. To
evaluate the importance of covalent modification of Srs2 by
SUMO, we used the non-sumoylatable Srs2-3KR mutant (42).
To study the effect of non-covalent interactions between Srs2
and SUMO, we used the Srs2ASIM mutant (missing the last five
amino acids), which is devoid of such interaction (42). We pre-
viously showed that Srs2 sumoylation is dependent on the SIM
of Srs2; therefore, its deletion should also abolish the interac-
tions dependent on Srs2 modification (42). Because the Srs2
SIM motif is known to mediate its interaction with SUMO-
PCNA (38, 41, 42, 44), we also sought to differentiate between
the PCNA-dependent and -independent roles of the SIM by
using the Srs2 mutant lacking the PCNA interaction domain
(Srs2APIM). When testing the aforementioned Srs2 mutants
for interactions with the known partners, we observed no sig-
nificant effect in the case of Dunl, Lifl, Mph1, Pol32, and Slx5
(data not shown and Fig. 2E). Nevertheless, SUMO seems to be
important to mediate Srs2 interactions with Mrell and Rad51
(Fig. 2, A and B). Moreover, we identified novel interactions
between Srs2 and the recombination mediator Rad52 and its
homologue Rad59, which were likewise promoted by SUMO
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(Fig. 2, Cand E). Using in vitro pulldown with purified proteins
we confirmed that the observed interactions between Srs2 and
Mrell, Rad52, and Rad59 are direct (Fig. 3). In the case of the
Mrell interaction, the Srs2 SIM seems to play a more impor-
tant role than does Srs2 sumoylation, as Srs2ASIM eliminates
the interaction (Fig. 2A4). Interestingly, Srs2APIM mutant,
unlike Srs2ASIM, stimulated the interaction. To confirm this
SUMO-SIM-dependent interaction, we identified a SUMO-in-
teracting motif within Mrell and observed a reduction in the
interaction of Mrell-SIM mutant (I633A/1634A/M635M/
V636A) not only with SUMO (Fig. 2D) but also with Srs2 (Fig.
2A). SUMO also seems to significantly stimulate Srs2 interac-
tion with Rad51, as Srs2-3KR and Srs2ASIM displayed
decreased interaction (Fig. 2B). Similar to what we observed for
Mrell, this effect is independent of Srs2-PCNA interaction, as
Srs2APIM has rather a slight stimulatory effect. We also iden-
tified two possible SIM motifs within Rad51 (*’/IVV>"® and
321y yVv32%) and mutation in either motif reduced the interac-
tions with SUMO and Srs2 (Fig. 2, D and B). This suggests that
the interaction is mediated by SUMO attached to Srs2 and the
Rad51 SIM motifs. Finally, the Srs2ASIM mutant completely
eliminated the interaction with the Rad52 protein. Srs2 SIM
may also play some role in the interaction with Rad59, but this
seems to be minor when compared with the cases of Mrell,
Rad51, and Rad52 (Fig. 2E). Taken together, these data suggest
that SUMO mediates a subset of Srs2 interactions that are inde-
pendent of interaction with PCNA.

Srs2 SIM Promotes Cell Survival Independently of the PCNA
Interaction—Todetermine SUMO-dependentand PCNA-inde-
pendent regulation of Srs2 in vivo, we constructed yeast strains
carrying srs2 mutant alleles similar to the ones used above:
srs2-3KR, srs2-SIM* (I11170A/11171A/V1172A/11173A), and
srs2APIM.

Initially, we evaluated cell survival of these srs2 mutants
exposed to various DNA-damaging agents. Although the srs2A
strain was sensitive to UV, 4-nitroquinoline 1-oxide (4#NQO),
hydroxyurea (HU), and MMS, the aforementioned mutants
exhibited no decrease in cell survival (Fig. 44). This suggests
that SUMO binding and conjugation as well as the interaction
with PCNA play no role in the corresponding repair processes.
However, srs2-SIM* exhibited severe sensitivity to topoisomer-
ase I inhibitor camptothecin (CPT) and zeocin (ZEO; Fig. 4B),
which are drugs causing DNA double-strand breaks (DSBs).
The fact that srs2-3KR and srs2APIM were not sensitive to these
drugs suggests that non-covalent interaction with SUMO or
sumoylated proteins other than PCNA is responsible for
reduced survival. To differentiate between these possibilities,

Regulation of Srs2 by SUMO

we assessed the sensitivity of strains lacking SUMO E3 ligases.
The similar phenotype of the double sizIA siz2A strain and
srs2-SIM* and their epistatic relationship suggests that the
interactions between SIM of Srs2 and proteins sumoylated by
Sizl together with Siz2 are required for DSB repair. Notably,
simultaneous deletion of the PIM and SIM motifs suppressed
the sensitivity of srs2-SIM* to CPT and ZEO (Fig. 4B). Because
srs2-SIM* shows sensitivity to DSB inducing agents, we next
analyzed the interaction between Srs2-SIM* and Rad51 recom-
binase. An epistatic relationship observed between these two
mutants indicates that SIM plays a role in Rad51-dependent
HR. On the other hand, deletion of the SRS2 gene led to partial
suppression of the rad51 defect, illustrating its multifaceted
role in HR.

It has been previously shown that Srs2 sensitizes post-repli-
cation repair mutants (rad5, rad6, rad18) due to inhibition of
HR in a manner dependent on SUMO-PCNA interaction (6, 11,
42, 44). Therefore, we wanted to determine in more detail the
effect of the srs2 mutants on the interaction with SUMO-PCNA
by examining their ability to suppress the sensitivity of rad18
cells to various DNA-damaging agents. As rad18 cells were not
sensitive to CPT, we observed similar results as in the case of
wild-type RAD18 (Fig. 4C). On the other hand, rad18A led to a
significant decrease in cell survival in response to MMS, UV,
hydroxyurea, 4-nitroquinoline 1-oxide, and ZEO, and this was
suppressed by srs2-SIM* and srs2APIM but not srs2-3KR (Fig.
4C and data not shown). Moreover, the differences in suppres-
sion level of srs2SIM* and srs2APIM indicate that either the
SIM has alower importance for SUMO-PCNA interaction than
does its PIM or that the SIM also plays another, PCNA-inde-
pendent role. To differentiate between these two possibilities,
we analyzed the strain lacking both SIM and PIM motifs and
observed suppression of the MMS sensitivity of radl8 to the
same degree as that of srs2APIM and of UV sensitivity to a
slightly lesser extent (Fig. 4C). Therefore, neither possibility can
be excluded.

To explore more subtle defects that may be masked due to an
existence of parallel repair pathways, we assessed the synthetic
effect of the srs2 mutants with deletion of genes known to cause
cell death when combined with srs2A. Previous studies had
shown that the synthetic lethality of srs2 with rad54 and sgs1 is
not dependent on the PCNA interactions (41). Accordingly, we
observed no genetic interaction between srs2-SIM*, srs2APIM,
srs2-3KR, and rad54A or sgsIA (data not shown), thus indicat-
ing that SUMO and PCNA interactions are not important for
the role of Srs2 in counteracting toxic recombination interme-
diates produced in these backgrounds. SRS2 deletion is also

FIGURE 1. DNA binding and helicase activity of sumoylated Srs2 is mildly decreased. A, SUMO-Srs2 shows decreased single-stranded DNA binding activity.
a, in vitro sumoylation reaction in the absence or presence of ATP was used to prepare Srs2 or SUMO-Srs2 of the same concentration (in SUMO-Srs2 >90% of
the Srs2 protein corresponded to its sumoylated form). The indicated amounts of Srs2 or SUMO-Srs2 were incubated with 3 nm fluorescently labeled 49-mer
single-stranded DNA for 15 min at 37 °C. Samples were then applied to electrophoresis on 6% native PAGE, scanned, and quantified by MultiGauge software.
In vitro sumoylation reactions containing the non-sumoylatable Srs2-3KR (b) or SUMO machinery proteins (c) in the absence or presence of ATP were used as
a control. d, the average values of three independent experiments described in a-c are plotted. Error bars indicate S.D. E12S indicates presence of sumo
machinery (E1, E2, and SUMO). e, level of Srs2 in vitro sumoylation used in the studies. B, SUMO-Srs2 shows decreased dsDNA binding activity. Binding of
non-/sumoylated Srs2 (a), Srs2-3KR (b), or SUMO machinery proteins (c) to 3 nm 49-bp dsDNA was analyzed as in A. d, the average values of three independent
experiments described in a-c are plotted. Error bars indicate S.D. E12S indicates the presence of sumo machinery (E1, E2, and SUMO). C, SUMO-Srs2 shows
decreased helicase activity. The indicated amounts of Srs2, SUMO-Srs2 (a), Srs2-3KR (b), or SUMO machinery proteins (c) were mixed with 3 nm 3’ overhang DNA
and incubated for 15 min at 30 °C. After the reaction was stopped by the addition of SDS and proteinase K, samples were resolved on 10% native PAGE. d, the
average values of three independent experiments described in a-c are plotted. Error bars indicate S.D. E2SA indicates presence of E2, SUMO, and ATP.
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FIGURE 2. The SUMO-interacting motif of Srs2 or its sumoylation mediate
interactions with Mre11, Rad51, and Rad52 in the yeast two-hybrid sys-
tem. Plasmids containing the GAL4 DNA binding domain fused to the indi-
cated genes were transformed into PJ69-4« strain, and the plasmids con-
taining the GAL4 activation domain were transformed into PJ69-4a. After
mating, the diploid strains were spotted as 10-fold serial dilutions on
medium lacking leucine and tryptophan or leucine, tryptophan, and his-
tidine. Pictures were taken after 3 days of incubation at 30 °C. Although
the Srs2 plasmids contained the C-terminal part of the gene (amino acids
783-1174), other plasmids carried the full-length versions of the corre-
sponding genes. The following mutations were used: Srs2-3KR (K1081R/
K1089R/K1142R), Srs2ASIM (A1170X), Srs2APIM (A1159-1163), Mre11-
SIM  (1633A/1634A/M635M/V636A), Rad51-SIM1 (1277A/V278A/N279A),
and Rad51-SIM2 (V321A/V322A/V323A).

lethal with rad27A (16, 37) and, interestingly, srs2-SIM* rad27A

double mutant exhibits severe growth defect similar to that of
ATPase dead mutant srs2-K41R (Fig. 4D and Ref. 19). More-
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over, this effect is independent of Srs2 sumoylation and PCNA
interaction, as srs2-3KR rad27A and srs2APIM rad27A double
mutants are indistinguishable from the rad27A strain (Fig. 4D).
In agreement with our previous results, deletion of PIM sup-
pressed the growth defect of srs2-SIM*. Combination of the
srs2-K41R-SIM* mutations with rad27A resulted in synthetic
lethality, suggesting that SIM can, albeit only slightly, promote
the cell survival of ATPase-deficient Srs2.

Similar to our data for srs2-SIM*, it had previously been
observed that the non-phosphorylatable srs2 mutant (srs2—
7AV) is more sensitive to zeocin than srs2A and is lethal in
combination with rad27A (46). Therefore, we tested the rela-
tionship between SIM and Srs2 phosphorylation by transform-
ing centromeric plasmids containing Srs2 or its mutants into
the srs2A strain. Although comparison of the CPT and MMS
sensitivities revealed an additive effect of srs2-SIM* and srs2—
7AV, sensitivity to zeocin was epistatic (Fig. 4E), thus indicating
both linked as well as independent roles of SIM and phosphor-
ylation of Srs2 in DNA repair. In summary, these data show that
SUMO-interacting motif of Srs2 not only stimulates the Srs2
interaction with SUMO-PCNA, but it also plays a role indepen-
dent from SUMO-PCNA interaction and Srs2 sumoylation.

Interaction with PCNA, SUMO, and Sumoylation Differently
Regulate Srs2 Function in HR—The observations that SIM of
Srs2 is important when cells need to deal with DSBs or with the
absence of Rad27 is consistent with the idea that it is important
to promote HR. To test this possibility, we examined the srs2
mutants in mitotic recombination assays, including direct-re-
peat (DR), heteroallelic, and rDNA recombination (64, 69, 70).
In the DR assay, which measures spontaneous intrachromo-
somal recombination in haploid cells that is generated mostly
by single-strand annealing and gene conversion events, we
observed a slightly elevated recombination rate in the case of
srs2-SIM* and much greater increase in the case of srs2APIM
(Table 3 and Fig. 54). Moreover, the recombination rate of
srs2APIM was statistically indistinguishable from that of the
srs2A strain, indicating that this domain is important for the
anti-recombination function of Srs2 in haploid cells. As the two
strains also exhibit the same ratio between deletion and gene
conversion events, the Srs2-PCNA interaction seems to be
involved in inhibition of both types of events. The lower recom-
bination rate of srs2-SIM* in comparison to srs2APIM may
ensue from SIM’s minor role in SUMO-PCNA binding (as sug-
gested by Fig. 4C) or from its partly opposing role in regulating
recombination. To differentiate between these two possibili-
ties, we tested the srs2APIM-SIM* double mutant, where a
PCNA-independent role of SIM could be observed. Indeed, we
noticed a nearly 2-fold decrease in recombination level when
SIM* was additionally mutated in the APIM strain, thus indi-
cating that SIM promotes recombination and suppresses the
inhibitory role of PIM. To analyze whether the ATPase activity
of Srs2 is necessary for this pro-recombination role mediated by
its SIM, we next tested srs2-K41R and srs2-K41R-SIM* strains.
Inasmuch as the two strains showed very similar recombination
levels, the pro-recombination role of Srs2 seems to depend on
the ATPase activity of Srs2.

When we monitored heteroallelic recombination between
leu2 alleles located on two homologous chromosomes in dip-
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FIGURE 3. Srs2 directly interacts with Mre11, Rad52, and Rad59. A, Srs2 interacts with Mre11. Recombinant Mre11 (1 um, lanes 1-4) was incubated with
His-tagged Srs2 (0.75 um, lanes 1 and 2) and nickel-charged resin in buffer S2 containing 150 mm KCl for 30 min at 20 °C. The resin was washed, and the proteins
were eluted by SDS Laemmli buffer. The supernatant (S) and the SDS eluate (E) were analyzed by 10% SDS-PAGE followed by staining with Coomassie Blue. B,
Srs2 interacts with Rad52. The pulldown assay between purified GST-Rad52 (1.5 um, lanes 1 and 2) and Srs2 (0.75 um, lanes 1-4), using glutathione-Sepharose,
was performed as in A. C, Srs2 interacts with Rad59. Srs2 (0.75 um, lanes 1-4) was mixed with either MBP-Rad59 (2 um, lanes 7 and 2) or MBP alone (2.5 um, lanes
3 and 4) and amylose resin. The experiment was carried out as in A. The asterisk indicates a degradation product of MBP-Rad59.

loid cells (71), srs2APIM exhibited an increase in recombina-
tion rate similar with that observed in the DR assay (Table 3 and
Fig. 5B). The rate was significantly more increased in the srs2A
strain, however, indicating that part of the Srs2 inhibitory effect
on the interchromosomal recombination is PCNA-indepen-
dent. In contrast to srs2APIM, srs2-SIM* led to a slight decrease
in recombination rates, and srs2APIM-SIM* suppressed the
recombination rate of srs2APIM to a rate undistinguishable
from that of wild type. This is consistent with the idea that,
despite its PCNA-dependent role, SIM stimulates recombina-
tion. Similar to the cases in DR, srs2-K41R and srs2-K41R-SIM*
exhibited undistinguishable recombination levels, but those
levels were significantly lower than those of the deletion strain.
This suggests that ATPase activity of Srs2 is only partially
important for repression of interchromosomal recombination
but that it is necessary for the pro-recombination function
mediated by its SIM.

Although the non-sumoylatable srs2-3KR mutant does not
affect DR and heteroallelic recombination rates, the picture
changes when rDNA recombination is examined (72). The rate
of rDNA-located ADE2 marker loss, which was measured by
the incidence of half-sectored (red-white) colonies, was signif-
icantly decreased in the srs2-3KR strain (Table 4 and Fig. 5C).
Although there was no statistically significant difference
between wild-type strain and srs2APIM or srs2-SIM?*, their role
was better visible when recombination rate was calculated from
wholly red colonies, which had lost the ADE2 marker before
plating (Table 4 and Fig. 5D). Apart from srs2-3KR, only the
difference between SRS2 and srs2APIM was significant. How-
ever, Fig. 5D indicates that PCNA interaction inhibits recom-
bination at the rDNA, whereas SIM again probably plays an
ambivalent role: stimulation of recombination by mediating
Srs2 sumoylation and inhibition by mediating PCNA binding.

In summary, analysis of the recombination rates suggests
that interaction between Srs2 and PCNA is important for Srs2
anti-recombination function, whereas SIM of Srs2 also plays a
PCNA-independent role that leads to recombination stimula-
tion. The most visible effect of Srs2 sumoylation is stimulation
of the rDNA recombination.
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Discussion

SUMO Mediates Several Srs2 Interactions—In this work we
aimed to decipher the specific roles of SUMO and PCNA in
regulating the multiple Srs2 functions during DNA repair. The
previous identification of Srs2 sumoylation sites (Srs2-Lys-
1081, -1089, -1142) as well as SUMO (Srs2-SIM) and PCNA
(Srs2-PIM) interaction motifs enabled us to study their roles in
Srs2 regulation.

Because we did not observe a major effect of SUMO on Srs2
DNA binding and helicase activities, we proceeded to examine
the best documented role of SUMO in stimulation of protein
interactions. Because in our experience pulldown experiments
have proven largely insensitive in evaluating the effects of
SUMO attachment on protein interactions, we proceeded to
test the effect of SUMO by analyzing Srs2 mutants using the
yeast two-hybrid assay. We noticed that SUMO strengthens
two-hybrid Srs2 interaction not only with PCNA but also with
other recombination factors, including Mrel1, Rad51, Rad52,
and to a smaller extent, Rad59 (Fig. 2). Although in the cases of
Mrell, Rad52, and Rad59, the SIM motif of Srs2 is important
for the interactions, in the case of interaction with Rad51 the
Srs2 sumoylation itself is also crucial. Analysis of Srs2APIM
shows that stimulation and/or stabilization of Srs2 interactions
by SUMO is not promoted by the PCNA interaction. The fact
that Srs2APIM shows even increased interactions suggests the
existence of two possibly mutually exclusive pools of Srs2, one
bound through its SIM with recombination proteins and
the second bound through PIM and SIM to PCNA (Fig. 6). The
absence of the PCNA binding, then, allows an increase in the
pool of free Srs2 and enables more interactions with recombi-
nation proteins mediated via SIM. The mutual exclusivity of
these two binding pools is also supported by our previous
observations showing that sumoylation of Srs2 blocks the inter-
action with PCNA and that increasing amounts of SUMO and
Sizl can counteract the inhibitory effect of SUMO-PCNA on
Srs2 sumoylation (42). Therefore, the clustering of PCNA and
SUMO binding motifs with nearby post-translational modifi-
cation sites in Srs2 may be an intriguing regulatory mechanism
required for the multifaceted role of Srs2 during DNA repair.
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FIGURE 4. The SUMO-interacting motif of Srs2 plays PCNA-independent roles. A, DNA damage sensitivity of srs2 mutant strains. The indicated strains were
grownin YPD to Ago ~ 1, 10-fold serially diluted, spotted on YPD plates without or with the indicated amounts of hydroxyurea (HU), methyl methane sulfonate
(MMS), ultraviolet light (UV), and 4-nitroquinoline 1-oxide (4NQO), and grown for 2 days at 30 °C. B, Srs2 SIM is important for cell survival after CPT and ZEO
treatment. Experiment was performed as in A. C, the srs2-SIM* and srs2APIM mutations suppress the sensitivity of rad18 cells to MMS and UV. The experiment
was performed as in A. D, srs2-SIM* is synthetically sick with rad27A. Diploid strains heterozygous for the indicated mutations were obtained by crossing the
haploid rad27A strain to individual srs2 mutant strains. After sporulation, the tetrads were dissected. Four tetrads (positioned in rows) are depicted for each
strain. The double mutants are indicated by the white squares. E, Srs2 SIM and its phosphorylation are both important for cell survival after induced DNA
damage. srs2A cells were transformed with the YCplac22 plasmids containing Srs2 gene or its mutants, grown on media lacking tryptophan, and analyzed as
inA.

Srs2 SIM Is Important for HR—To further understand the Srs2 mutant strains under various conditions. In contrast to

relationship between the Srs2 interaction and/or modification  srs2APIM and srs2-3KR mutants, srs2-SIM* was sensitive to
sites and its biological role, we analyzed the sensitivity of our camptothecin and to zeocin and displayed a synthetic growth
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TABLE 3
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Effect of srs2 mutants on mitotic direct-repeat and heteroallelic recombination rates

Direct-repeat recombination

Heteroallelic recombination

Allele Rate” -Fold change” p value® Fraction Ura*“ p value® Rate® Fold change” p value®
X 107° X 10~°

SRS2 419 £ 151 1 NA 0.35 NA 1.94 = 0.60 1 NA
srs2—-3KR 4.29 = 1.14 1.02 0.719 0.37 0.704 2.26 £ 0.81 1.16 0.112
srs2-SIM* 6.81 = 1.48 1.62 0.003 0.44 0.105 1.54 + 0.73 0.8 0.88
srs2APIM 15.78 £ 6.11 3.76 <0.001 0.50 0.001 5.69 £ 2.74 2.93 <0.001
srs2APIM-SIM* 7.79 £1.61 1.86 0.002 0.37 0.741 2.02 £ 0.80 1.04 0.58
srs2A 13.34 £ 6.17 3.18 <0.001 0.51 0.010 11.35 £5.38 5.86 <0.001
srs2-K41R 16.97 * 6.84 4.05 <0.001 0.68 <0.001 6.02 = 3.01 3.11 <0.001
srs2-K41R-SIM* 18.56 £ 6.73 4.43 <0.001 0.69 <0.001 7.02 £ 1.59 3.63 <0.001

“ Intrachromosomal recombination between direct repeats in a haploid strain was assessed using leu2-AEcoRI and Jeu2-ABstEII alleles flanking the L/RA3 gene. Overall re-
combination rate (events per cell per generation) calculated from frequency of LEU™" colonies is presented as the median + mean absolute deviation, as described under

“Experimental Procedures.”

b Recruitment by PCNA is important for the Srs2 role in direct-repeat recombination repression. -Fold change is expressed relative to wild type.

¢ p value for Mann-Whitney U test applied to the direct-repeat recombination rate, Ura™ fractions, and heteroallelic recombination relative to wild type; NA, not applicable.
@ Fraction of gene conversion events (LEU " URA™) from the overall direct-repeat recombination (LEU™).

¢ Interchromosomal recombination rate between leu2-AEcoRI and leu2-ABstEII heteroalleles in a diploid strain was calculated as in footnote a.

JPCNA interaction is partly responsible for Srs2 inhibitory effect on heteroallelic recombination, whereas the SIM has no such effect. -Fold change is relative to wild type.

defect with rad27A. This suggests it has a pro-recombination
role within Srs2. The HR promotion is likely Rad51-dependent,
as indicated by the observation that rad51A is epistatic to srs2-
SIM*. Based on our interaction data, we propose that SIM of
Srs2 stimulates interactions with other sumoylated proteins
involved in HR (Fig. 6). This is also supported by the epistatic
relationship between srs2-SIM and sizIA siz2A. The observa-
tion that APIM rescues the SIM* mutant is in agreement with
the idea that when PCNA does not compete for Srs2 binding,
the SIM of Srs2 is no longer essential for efficient formation of
recombination complexes. This further supports the notion of
mutual exclusivity of the two Srs2 pools.

A previous study of Srs2 regulation by post-translational
modifications had shown that, similarly to our srs2-SIM*
mutant, the non-phosphorylatable SRS2 mutant (srs2-7AV) is
required for recombination, as it is lethal in combination with
rad27A and more sensitive to zeocin compared with srs2A (46).
Moreover, phosphorylation of Srs2 is needed to reorganize pro-
tein complexes involving Mrell, Srs2, and Sgsl after DNA
damage (47). Our analysis of the srs2-7AV-SIM* mutant
showed clear synergistic relationships of the two mutants
with respect to CPT and MMS, thus suggesting that the Srs2
SIM and its phosphorylation work independently in promot-
ing recombination (Figs. 4E and 6). We hypothesize that the
DNA damage-induced assembly of DNA-repair complexes is
jointly promoted by their phosphorylation and sumoylation,
and phosphosites and SIM of Srs2 play an important part in
the multiple undergoing phosphate- and SUMO-dependent
interactions.

Srs2 SIM Promotes Recombination—Our data indicate that
Srs2 SIM also plays a PCNA-independent role in promoting
recombination, and therefore, we analyzed the effects of corre-
sponding Srs2 mutants in various mitotic recombination assays
(Fig. 5). In the direct-repeat recombination assay, the srs2-SIM*
showed only a small increase in recombination, whereas
recombination in the case of srs2APIM was increased signifi-
cantly and indistinguishably from that of the srs2A strain. The
importance of the PCNA interaction for the inhibitory effect of
Srs2 on DR suggests it occurs at the replication forks, where
Srs2 first needs to be recruited by PCNA. Because SIM of Srs2
also stimulates interaction with SUMO-PCNA and thus partic-
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ipates in HR inhibition, the recombination promotion of SIM
was only visible in the APIM background, where the PCNA
interaction is disrupted. Furthermore, the SIM is likely respon-
sible for promoting gene conversions, as particularly the gene
conversion part of recombination was decreased when SIM*
was combined with APIM.

When we measured recombination between heteroalleles
located on homologous chromosomes in diploid cells, the rates
behaved similarly to those from the DR assay. Loss of Srs2 SIM-
mediated protein interactions with HR factors suppressed the
increased recombination rates of srs2APIM. We nevertheless
observed two considerable differences, and these are likely
linked. First, the recombination in srs2-SIM* was identical to
that in the wild type, suggesting that the pro-recombination
role of Srs2 plays a greater part in this type of recombination.
Second, the srs2A strain showed a significantly greater increase
in recombination than did srs2APIM, indicating that the PCNA
interaction plays a less important part in Srs2’s role in suppress-
ing recombination between homologous chromosomes. This is
probably due to the different requirements of the two types of
recombination. The recombination between sister chromatids
is dependent on DNA replication during S phase, when the
PCNA sumoylation also appears to recruit Srs2 and inhibit
recombination (38 —40). In the case of recombination between
homologous chromosomes, DNA replication is not necessary,
and it is, therefore, less affected by PCNA-mediated recruit-
ment of Srs2. This lesser role of SUMO-PCNA in Srs2 inhibi-
tion of heteroallelic recombination is also manifested by the
pronounced stimulatory role of SIM.

Our recombination results are in agreement with those of
Pfander et al. (38), whose interchromosomal and direct-repeat
recombination results with srs2AC136 and srs2AC6 strains
resemble those of our srs2APIM-SIM* and srs2-SIM* strains,
pointing to an important role of Srs2-PCNA interaction for
inhibition of sister chromatid recombination . The more recent
results of Miura et al. (34) are in various ways both similar to
and dissimilar from our study’s findings. In contrast to our data,
they observed that SUMO-PCNA interaction is necessary for
Srs2’s role in SDSA promotion. This may be caused by the dif-
ferences between our chromosome-based and their plasmid-
based recombination assays, which demands homology search
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TABLE 4

Srs2 sumoylation promotes rDNA recombination

rDNA recombination

Half-sectored colonies

Whole-red colonies

Allele Rate” -Fold change’ pvalue® Rate’ -Fold change’ p value®
x 1073 x 1073

SRS2 2.73 1 NA 4.34 080 1 NA
srs2-3KR 1.15 0.42 <0.001 2.63 = 0.59 0.61 <0.001
srs2-SIM* 2.35 0.86 0452  5.66 = 0.69 1.30 0.100
srs2APIM 3.63 1.19 0327  8.19 = 0.67 1.89 0.006
srs2APIM-SIM* 2.76 1.01 0946  6.79 = 0.63 1.56 0.026
srs2A 2.48 0.91 0.705  4.40 = 0.43 1.01 0.976
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“ ADE2 marker loss (located in the rDNA locus) in the first generation after plat-
ing was assayed by counting half-sectored colonies (80).

® _Fold change relative to wild type.

¢ p value for Yates’ x> test applied to the rDNA recombination rate relative to wild
type; NA, not applicable.

% ADE2 marker loss was assayed by counting whole-red colonies. Recombination
rate (events per cell per generation) was calculated by the Lea-Coulson median
method and is presented as the median * median absolute deviation.

¢ p value for Mann-Whitney U test applied to rDNA recombination relative to
wild-type.

at two different chromosomal sites. On the other hand, their
double Holliday junction-mediated assay shows similarities
with ours, with srs2APIM leading to a significant increase in
recombination, whereas srs2-SIM* barely shows any effect.
Moreover, both studies suggest that the pro-recombination
role of Srs2 requires its ATPase activity (Fig. 5 and Ref. 34).

Interestingly, we observed that the sumoylation of Srs2 itself
is particularly important in promoting recombination at the
rDNA (Fig. 5, C and D). This finding is not unexpected, as the
importance of SUMO in regulation of rDNA recombination
has already been described by several studies (73).

The Pro- and Anti-recombination Roles of Srs2 Need to Be
Balanced—Overall, our results indicate that SUMO plays
opposing roles in Srs2 regulation. It not only takes part in Srs2
recruitment by SUMO-PCNA, thereby leading to HR inhibi-
tion at replication forks, but it also plays a PCNA-independent
role in stimulating the formation of pro-recombination com-
plexes by stabilizing interactions of Srs2 with recombination
proteins (Fig. 6). The efficient formation of Srs2 complexes with
PCNA or recombination proteins is dependent on two sets of
transient interactions, protein- and SUMO-specific. Neither of
these interaction types seems to be sufficient by itself. The pro-
tein-specific interactions need to be stabilized by SUMO-SIM
interactions for efficient complex formation in the wild-type
cells, a mechanism that enables their rapid assembly and disas-
sembly according to the actual cellular needs.

The importance of Srs2 SIM for both the PCNA-dependent
anti-recombination and PCNA-independent pro-recombina-

FIGURE 5. Srs2 interaction with PCNA, its non-covalent interaction with
SUMO, and Srs2 sumoylation play different roles in recombination
regulation. The recombination rates relative to wild type (Table 3) are plot-
ted. In A, the overall direct-repeat recombination and the part corresponding
to gene conversions (dark gray) are depicted. In B, the heteroallelic recombi-
nation between homologous chromosomes is shown. In both A and B the
median values of 15-19 trials are illustrated. Error bars indicate median abso-
lute deviations. In C, the rDNA recombination rates were measured by the
incidence of half-sectored (red-white) colonies from >20,000 total colonies
for each strain (Table 4). In D, the rDNA recombination rates were calculated
from wholly red colonies (Table 4); median values of 15-19 trials are shown.
The statistical analysis was performed using the non-parametric Mann-Whit-
ney Utest (A, B,and D), or Yates’ x° test (C). n.s., no significant difference, *, p <
0.01;**,p < 0.001 versus wild type or between the indicated strains. Error bars
show median absolute deviation.
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FIGURE 6. Model for regulation of Srs2 functions by post-translational modifications. The SIM and PIM motifs of Srs2 both participate in its recruitment by
SUMO-PCNA to replication forks, which leads to HR inhibition. Srs2 SIM also stimulates interactions with sumoylated recombination factors, leading to
recombination promotion. Recombination is likewise promoted by post-translational modifications of Srs2 itself. Phosphorylation of Srs2 was shown to
stimulate SDSA (46), whereas the effect of its sumoylation is particularly exhibited by rDNA recombination promotion.

tion complexes leads to competition for the binding of Srs2’s
SIM. The observation that srs2-SIM* causes cell death under
conditions necessitating repair by HR suggests its particular
importance for the pro-recombination complex formation.
Although these complexes are not formed efficiently in the
srs2-SIM* strain, it seems there is still a residual PCNA binding.
When this residual binding is abolished by the simultaneous
PIM deletion, the phenotype of cells lacking SIM is rescued.
This suggests the absence of PCNA competition for Srs2 bind-
ing enables efficient pro-recombination complex formation,
even in the absence of its SIM. This indicates that PCNA-PIM
interaction is stronger than the specific interactions between
Srs2 and its recombination partners, as we indeed observed in
the pulldown experiments. Our results also show that rather
than SIM alone, the proper balance between the pro- and anti-
recombination pools of Srs2 is crucial, as the srs2APIM-SIM*
mutants behave similarly to wild type in both survival and
recombination assays.

The underlying molecular mechanism of the Srs2 pro-re-
combination function is still unclear. Although the possible
mechanisms of Srs2 function in SDSA promotion have been
outlined, the exact function of Srs2 in this process remains elu-
sive. Even though Srs2 is able to unwind synthetic D-loop struc-
tures in vitro (32), it is not able to do so when the Rad51-medi-
ated strand invasion and DNA synthesis are reconstituted (33).
We hypothesize that rather than disrupting the D-loop inter-
mediate, Srs2 prevents reloading of Rad51 on the displaced
extended strand to promote annealing to the complementary
part at the other end of the DSB, similarly to human RECQ5
helicase (74). That would be in line with the observed interac-
tion with Rad52 and Rad59 proteins, implicated to take part in
this process (61, 75, 76). Alternatively, Srs2 can be involved in
the resolution of the recombination intermediates (77).

The facts that Srs2 plays a multifaceted role in HR regulation
and interacts with a plethora of recombination proteins indi-
cate a complex and robust DNA damage response mechanism.
Such a mechanism requires regulation and fine-tuning of
proper repair scenarios. We show that sumoylation plays an
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important part in this process, and formation of SUMO-SIM
interactions facilitates recombination complex assembly nec-
essary for efficient DNA repair. As human protein PARI
(PCNA-associated recombination inhibitor) functionally and
structurally resembles Srs2 (78, 79), a similar SIM-dependent
process may exist in human cells. The described mechanism is
likely to serve for other repair proteins whose functions need to
be closely regulated and coordinated.
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