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The Saccharomyces cerevisiae Srs2 protein is involved in DNA repair and recombination. In order to gain
better insight into the roles of Srs2, we performed a screen to identify mutations that are synthetically lethal
with an srs2 deletion. One of them is a mutated allele of the ULPI gene that encodes a protease specifically
cleaving Smt3-protein conjugates. This allele, ulp1-I615N, is responsible for an accumulation of Smt3-conju-
gated proteins. The mutant is unable to grow at 37°C. At permissive temperatures, it still shows severe growth
defects together with a strong hyperrecombination phenotype and is impaired in meiosis. Genetic interactions
between ulpl and mutations that affect different repair pathways indicated that the RAD51-dependent homol-
ogous recombination mechanism, but not excision resynthesis, translesion synthesis, or nonhomologous end-
joining processes, is required for the viability of the mutant. Thus, both Srs2, believed to negatively control
homologous recombination, and the process of recombination per se are essential for the viability of the ulp1
mutant. Upon replication, mutant cells accumulate single-stranded DNA interruptions. These structures are
believed to generate different recombination intermediates. Some of them are fixed by recombination, and

others require Srs2 to be reversed and fixed by an alternate pathway.

Mutations in the Saccharomyces cerevisiae SRS2 gene were
isolated in different genetic screens, namely suppression of the
trimethoprim sensitivity of rad6 and radl8 mutants (29), sup-
pression of the DNA damage sensitivity in radl8 cells (2), and
hyperrecombination (3). The Srs2 protein shares homologies
with the bacterial UvrD, Rep (2), and PcrA helicases. As
predicted by the sequence, Srs2 was shown in vitro to have
3’-5" DNA helicase activity (50).

Genetic studies showed that a number of deleterious phe-
notypes associated with srs2 null alleles are suppressed by
deletions of the RADS51, RAD52, RADS55, and RADS57 genes,
which are all involved in the formation of Rad51 nucleofila-
ments on single-stranded DNA (ssDNA) (1, 9, 26). These
suppressed phenotypes include UV sensitivity and synthetic
lethality with rad54 (17, 47, 52) and sgs! (14) mutations, which
both (most likely) affect later recombination steps (4, 13, 38).
Links between Srs2 and homologous recombination were also
revealed by the fact that srs2 null alleles suppress the y-ray and
methyl methanesulfonate (MMS) sensitivities conferred by
several leaky alleles of RAD52 and RADS51 but have no sup-
pressor effects on the corresponding deletions (9, 25, 42, 52).
These phenotypes led to the proposal that Srs2 could destabi-
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lize recombination intermediates poisoned to some extent by
the leaky recombination proteins (9). In the absence of Srs2,
the leakiness of the proteins would allow efficient recombina-
tional repair to occur. In support of this interpretation, Srs2
was recently shown to disrupt in vitro Rad51 nucleofilaments
on ssDNA (27, 66). This activity might well account for the srs2
phenotypes cited above, which can be explained by the abnor-
mal persistence of inappropriate recombination intermediates.

Several data indicate that Srs2 is active during replication. In
the mitotic cycle, the expression of the gene is high during the
S and G, phases (17). Furthermore, Srs2 is phosphorylated
during the S phase in response to checkpoint activation by
DNA damages (36). Finally, Srs2 interacts with Pol32, a sub-
unit of polymerase & (23). This, together with the genetic
interactions between srs2 and rad51 and the physical interac-
tion between Srs2 and Rad51 proteins (27), might indicate that
one role of Srs2 is to control recombination intermediates
arising during replication and eventually to reverse them.

To find new clues on the role(s) of Srs2 in DNA metabolism,
we performed a screen for mutations that are synthetically
lethal with an srs2 deletion. Mutations in several genes were
isolated. For most of them, the synthetic lethality with an srs2A
mutation was suppressed by preventing homologous recombi-
nation by a RAD51 deletion. However, two mutants behaved
differently in that synthetic lethality was not suppressed by a
recombinational defect. One of these bore the ulpl-1615N mu-
tation, a recessive temperature-sensitive allele of the essential
ULPI gene. Ulpl is a protease specific for both the processing
of the precursor of the ubiquitin-like Smt3 protein (an or-
tholog of the mammalian SUMO-1 protein) into its mature
form and the cleavage of Smt3 from its conjugates. It is re-
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quired for cell cycle progression, in which it plays a role in the
G,/M cell cycle transition (32, 33). Several homologs of Ulpl
have now been found in different species, including Schizosac-
charomyces pombe (63) and Drosophila melanogaster (31). Key
roles of sumoylation are indicated by the fact that mammalian
SUMO-1 is involved in a broad range of cellular processes,
such as p53 and c-jun transcriptional activation, signal trans-
duction, inflammatory and immune responses, and the control
of cell growth (reviewed in reference 40). Sumoylation plays a
role in proper protein localization, organizing and targeting
promyelocytic leukemia nuclear bodies, and protein stabiliza-
tion and has been proposed to be involved in apoptosis (re-
viewed in reference 53). SUMO conjugates of histone H4,
which may mediate gene silencing, have also been reported
(57). Numerous reports have shown close relations between
SUMO-1 and genome integrity maintenance (reviewed in ref-
erence 46). Indeed, some human proteins involved in genome
stability, e.g., the DNA topoisomerases I and II and the DNA
helicase of the RecQ family involved in the Werner syndrome
(Wrn), are sumoylated after DNA-damaging treatments (24).
The Bloom syndrome helicase (Blm), which also belongs to the
RecQ helicase family, interacts with the SUMO-1-conjugating
enzyme Ubc9 and with Rad51 (see reference 19 for a review).
A link between sumoylation and recombination has also been
suggested by interactions of SUMO-1 or Ubc9 with Rad51 or
Rad52 (54, 55). Finally, sumoylation, i.e., Smt3 conjugation, is
believed to play a role during the S phase of the S. cerevisiae
cell cycle, since PCNA gets either mono-ubiquitinated or
sumoylated. The ubiquitin-Smt3 couple possibly acts like a
regulatory switch that directs PCNA for alternative functions
(21).

We describe here the phenotypes conferred by the ulpl-
1615N mutation screened as synthetically lethal with an srs2
deletion. The mutant is thermosensitive, and at a permissive
temperature, it presents severe growth defects, moderate UV
sensitivity, a strong mitotic hyperrecombination phenotype, an
impairment in meiosis, and an accumulation of Smt3 conju-
gates. The mutation was found to be synthetically lethal not
only with srs2 but also with mutations in genes involved in the
RADS5I1-dependent  homologous recombination pathway
(rad51, rad52, rad54, rad55, rad50, and mrell). These results,
together with those of other experiments described below, led
us to postulate that the ulpl mutation affects replication rather
than recombination, resulting in the accumulation of recombi-
nogenic intermediates that require both homologous recombi-
nation and Srs2 to be correctly processed. We show that this
mutant does indeed accumulate single-stranded interruptions
in newly replicated DNA.

MATERIALS AND METHODS

Media. Complete glucose (YPD), sporulation, and synthetic minimal media
were prepared as described by Sherman et al. (56). YPDS8 is YPD medium
containing 8% instead of 2% glucose. Galactose complete medium (YPGal) was
prepared in the same way as YPD, but with 2% galactose instead of 2% glucose.
Presporulation and sporulation media were prepared according to the method of
Resnick et al. (49). 5-Fluoroorotic acid was used for the selection of Ura™ cells
at a concentration of 1 mg/ml. G418-YPD plates contained 200 pg of the
drug/ml. MMS was used at a final concentration of 0.0175% (vol/vol) in YPD
plates. Canavanine was added to suitably supplemented minimal medium at a
concentration of 60 pg/ml. Carbendazim (Sigma) was added to liquid YPD
medium at a final concentration of 100 pg/ml from a 1% (wt/vol) stock solution
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in dimethyl sulfoxide. For DNA labeling experiments, YPGal liquid medium was
supplemented with either thymidine at a final concentration of 100 wM or
bromodeoxyuridine (BrdU) at a final concentration of 200 uM, and for chase
experiments, thymidine was used at a final concentration of 0.4 to 1 mM. When
used in YPGal plates, thymidine was used at a 1 mM final concentration.

Yeast strains. The MH yeast strains used for this study (Table 1) are a series
of isogenic strains constructed starting from one spore derived from a cross
between the FF18733 and GF1906 strains.

To test recombination, we constructed yeast strain MH1088 as follows. Plas-
mid pSG19 containing the arg4-RV allele and the URA3" gene was integrated at
the ARG4 locus of strain MH1024 after SnaBI linearization in the arg4-RV allele.
Clones that had “popped out” the URA3™ plasmid were then selected on 5-fluo-
roorotic acid- and arginine-containing medium. A stable Ura™ Arg~ subclone
was selected as the MH1080 strain. Strain MH1085 was constructed similarly, by
using the URA3" pSG21 plasmid containing the arg4-Bglll allele linearized by
Nhel to direct integration at the ARG#4 locus of strain MH1018. Strains MH1080
and MH1085 were crossed to obtain the MH1088 strain, which is heteroallelic for
arg4-RV and arg4-Bglll, as verified by a papillation test on synthetic medium
lacking arginine.

For BrdU labeling experiments, we constructed the MH1367 strain bearing the
ulpl-I615N mutation in a genetic background that allows efficient thymidine
incorporation into DNA. It was derived from a temperature-sensitive G418%
Leu™ Trp* spore found among the meiotic progeny of diploids constructed by
crossing the MH1024 mutant with one W303 derivative, the YLVE4 strain,
described by Vernis et al. (67). The YLVE4 strain bears the cdc21::kanMX4
deletion, which inhibits de novo dTTP synthesis, and single integrated copies of
the pGAL-hENTI-LEU2" and pGAL-DmdNK-TRPI™" constructs, bearing, un-
der the control of the GALI-10 promoter, one of the human genes of a nucle-
oside transporter and the D. melanogaster gene of deoxyribonucleoside kinase,
respectively (67).

Isolation of synthetically lethal mutants. We used a previously described
colored colony sectoring assay (6). Two isogenic srs2A ade2A ade3A strains
(MH921 and MH983 [MATa and MATa, respectively] [Table 1]) were trans-
formed with a derivative of plasmid YCp50 (URA3" selection marker) contain-
ing the SRS2 and ADE3 genes (YCp50-SRS2"-ADE3™"). On YPD8 medium, the
ability to segregate away the plasmid gives rise to red-and-white sectored colo-
nies and white colonies. Red is associated with the presence of the plasmid (Ade2
cells), and white is associated with the loss of the plasmid (Ade2 Ade3 cells). UV
mutagenesis was performed with a dose of 30 J/m?, leaving about 50% survivors.
We screened for full red colonies, which are presumably indicative of lethality
upon plasmid loss. The synthetic lethality was further ascertained by the absence
of sectored or white colonies through three subsequent subcloning steps. We
ultimately verified that white segregants could be obtained upon plasmid ex-
change with a YCp50-ura3A-TRP1"-SRS2™ plasmid derivative with a deletion of
the URA3 marker and containing the TRPI and SRS2 genes but not the ADE3
gene and that no plasmid exchange could be obtained with YCp50-ura3A-TRPI*
lacking the SRS2 gene.

Plasmids. The YCp50-SRS2*-ADE3" plasmid was constructed by ligation of
a 3,600-bp Sall-Nrul fragment containing the ADE3 gene from the p41 plasmid
(kindly provided by G. Faye) into the p14H plasmid (YCp50 with a 5,573-bp
HindIII-Sall SRS2 insert) (2) digested with Sall and Nrul.

The YCp50-ura3A-TRPI" and YCp50-ura3A-TRPI*-SRS2* plasmids were
obtained, respectively, from YCp50 and p14H: the 1,565-bp Nrul-Smal fragment
containing the URA3 gene was deleted and the 1,453-bp EcoRI fragment from
the ARSI-based YRp7 plasmid was subcloned into the unique EcoRI site of the
resulting plasmids.

The plasmid pTZ18-rad51::KanMX4 used to disrupt the RAD51 gene was
constructed as follows: a 1,500-bp HincII-EcoRV fragment isolated from the
pFA6a-KanMX4 plasmid (a Eurofan plasmid for functional analysis [68]) was
introduced into the pTZ18-RAD51 plasmid digested with Stul and Nrul. A
4,100-bp Agel-Nhel fragment was used to transform yeast strains.

The genomic library used to retrieve the ULPI *-containing insert was kindly
provided by G. Faye and was constructed in a TRPI" plasmid derived from
YRp7.

ULPI ™" -bearing plasmids were constructed as follows: a 2,617-bp BstBI-Nspl
fragment containing the ULPI™ gene was purified from a cloned plasmid that
complements both the ulp! thermosensitivity and the synthetic lethality between
ulpl and srs2A in the B392 mutant. This fragment was ligated into the YRp7
multicopy vector, the YCp50 and YCp50-ura3A-TRPI™" centromeric vectors, and
the URA3™" YIp5 integrative vector after digestion with Clal and Sphl.

The pRS304-GAL-RADS52* plasmid was constructed as follows. The GALI-10
promoter was amplified by PCR and subcloned into pRS304 at EcoRI and
BamHI sites. The RADS52 coding sequence was amplified by a PCR using the
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TABLE 1. Strains used for this study”

Strain Genotype Source
FF18733 MATa his7-2 leu2-3,112 lys1-1 trpI-289 ura3-52 F. Fabre
GF1906 MATao ade2A ade3A leu2-3,112 lys2-1 trp1-289 ura3-52 G. Faye
MH1004 MATo ade2A ade3A leu2-3,112 lys2-1 trpI1-289 ura3-52 This study
MH1006 MATa ade2A ade3A leu2-3,112 lysl::kanMX4 trp1-289 ura3-52 This study
MHO983 MATa srs2::LEU2 ade2A ade3A leu2-3,112 lysl::kanMX4 trp1-289 ura3-52 This study
MH921 MATa srs2:LEU2 ade2A ade3A leu2-3,112 lys2-1 trp1-289 ura3-52 This study
B392 MATo srs2::LEU2 ulp1-1615N ade2A ade3A leu2-3,112 lys2-1 trp1-289 ura3-52 + This study

YCp50-SRS2"-ADE3*
FF181079 rad51::ura3” isogenic to FF18733 F. Fabre
MH1018 MATa ulpl-I615N ade2A ade3A leu2-3,112 lysl::kanMX4 trp1-289 ura3-52 This study
MH1024 MATo ulpl-1615N ade2A ade3A leu2-3,112 lys2-1 trp1-289 ura3-52 This study
MH1080 MATa ulpl-I615N arg4-RV ade2A ade3A leu2-3,112 lysl::kanMX4 trp1-289 ura3-52 This study
MH1085 MATo ulpl-1615N arg4-Bglll ade2A ade3A leu2-3,112 lys2-1 trp1-289 ura3-52 This study
MH1088 MH1085 X MH1080 This study
FF18744 srs2::LEU2" isogenic to FF18733 F. Fabre
FF18958 rad51::URA3" isogenic to FF18733 F. Fabre
FF18742 rad52::URA3" isogenic to FF18733 F. Fabre
FF18973 rad54:LEU2" isogenic to FF18733 F. Fabre
FF181461 rad55::URA3" isogenic to FF18733 F. Fabre
FF18964 rad50::URA3" isogenic to FF18733 F. Fabre
FF181613 mrell::URA3" isogenic to FF18733 F. Fabre
BY4742 MATao yku70::kanMX4 leu2-A0 ura3-A0 lys2-A0 his3-Al Euroscarf
FPI1006-01D MATa rad59::kanMX4 ura3-52 trpl-A63 his3-A200 Euroscarf
FF18739 rad18:LEU2" isogenic to FF18733 F. Fabre
FF18220 rad6::URA3™ isogenic to FF18733 F. Fabre
FF181655 radl4:LEU2" isogenic to FF18733 F. Fabre
Y301 MATa rad53 (sadl-1) leu2-3,112 ura3-1 trpl-1 ade2-1 his3,115 canl-100 S. Elledge
YLVE4 MATa cdc21::kanMX4 leu2-3,112::;pRS305-GALI1-10-hENT1 L. Vernis
trpl A2:;pRS304-GALI-10-DmdNK ade2-1 his3-11,15 ura3-52 canl-100
MH 1367 MATa ulpl-1615N cdc21::kanMX4 leu2-3,112::.pRS305-GALI1-10-hENTI This study

trpl1 A2:;pRS304-GALI-10-DmdNK ade2-1 his3-11,15 lys2-1 ura3-52

“ All strains (with the exceptions of BY4742, FPI1006-01D, Y301, YLVE4, and MH1367) were derived from two isogenic series, FF18733 and GF1906.

oligonucleotides ATAAGAATGCGGCCGCATGGCGTTTTTAAGCTATTTT
GCC (Notl site in bold) and CCCGAGCTCTCAAGTAGGCTTGCGTGCAT
GCAGG (Sacl site in bold). The PCR product was restricted with NotI and Sacl
and subcloned into pRS304-GAL at NotI and Sacl sites downstream of the GAL
promoter. Digestion by BstXI was done to direct the integration of the pRS304-
GAL-RADS52* plasmid into the chromosomal LEU2 locus.

RADS51 was cloned under the control of the GALI-10 promoter into the
multicopy URA3™ vector pYEDP1/8-2 (11). Digestion by EcoRV was used to
direct the integration of this GAL1-10-RADS51-containing plasmid into the chro-
mosomal URA3 locus.

Plasmids pSG19 and pSG21 were kindly provided by S. Gangloff.

Irradiation. UV irradiation (254 nm) was done on plated cells at a dose rate
of 2 to 5 J/m?/s, depending upon the strain under study. y-Rays were from a '3’Cs
source and were applied at a dose rate of 0.943 Gy/s to cell suspensions in H,O
before plating. We used exponentially growing cells taken from overnight cul-
tures, except for assays to measure the UV sensitivity of haploids, for which
stationary-phase cells were treated. To enrich populations of G, cells, we treated
exponential-phase cultures with carbendazim (100 p.g/ml) before UV irradiation,
for 4 h in the case of ulp! rad18 double mutants and for 2.5 h for rad18 simple
mutants. All of the results presented here correspond to the means of at least two
independent experiments.

Determination of recombination rates. Recombination rates were calculated
by the method of the median (30). They were measured in ulp!/ homozygous
diploids (MH1088) in the presence or absence of either the YCp50-ura3A-
TRP1"-ULPI" or YRp7-ULPI™" plasmid. Cells were grown on solid supple-
mented minimal medium containing arginine and selective for the plasmid when
necessary. Thirteen independent samples were used for each strain. Each sample
corresponded to a pool of two clones taken after 3 days of incubation at 28°C and
suspended in 1 ml of H,O. After hemocytometer counting, we withdrew 10 pl to
make appropriate dilutions before plating them onto supplemented minimal
arginine-containing medium in order to estimate the number of viable cells. The
remaining cell suspension was plated on two supplemented minimal medium
plates lacking arginine. Each experiment was done at least in triplicate.

Western immunoblotting. Yeast protein extracts were prepared from trichlo-
roacetic acid-treated cells, and equal amounts of proteins in 1X Laemmli buffer
were loaded onto sodium dodecyl sulfate-10% polyacrylamide gels and run
according to standard procedures. After electrophoresis, proteins were trans-
ferred onto Hybond ECL nitrocellulose membranes (Amersham Pharmacia Bio-
tech). Smt3-conjugated proteins were detected in 45-ug protein samples by using
an anti-Smt3 antibody kindly provided by M. Hochstrasser. Rad51 and Rad52
were detected in 25-pg protein samples by using anti-Rad51 and anti-Rad52
antibodies (Santa Cruz Biotechnology) according to the manufacturer’s instruc-
tions.

BrdU labeling, chasing, and detection of single-strand breaks in growing cells.
Exponential-phase cells (2 X 10° cells/ml) of strains YLVE4 and MH1367 from
overnight cultures in 500 ml of YPGal plus thymidine were collected, washed
three times in YPGal devoid of thymidine, and resuspended in the same volume
of fresh YPGal supplemented with BrdU at a final concentration of 200 pM.
They were incubated for one generation time at 28°C for BrdU labeling (2.1 h for
YLVE4 and 3.8 h for MH1367) before sodium azide was added to a final
concentration of 0.1% to one-half of the culture. Cells were collected and washed
once in H,O, and pellets were frozen in liquid nitrogen before nucleic acid
purification by phenol extraction. BrdU was chased from the other half of the
culture by washing the cells three times in YPGal and resuspending them in
YPGal supplemented with 400 puM or 1 mM thymidine. Cells were further
incubated for another doubling time at 28°C. Sodium azide was then added to a
final concentration of 0.1%, and cell pellets were collected and treated as de-
scribed above for nucleic acid purification.

The DNA samples analyzed corresponded to 2 X 107 unchased cells and about
twice as many chased ones. One microgram of a A\ HindIII digest was deposed in
each gel, and after electrophoresis, the corresponding track was moved apart and
stained with ethidium bromide for molecular weight calibration. For analyses
under denaturing conditions, electrophoresis was performed with 0.6% alkaline
agarose gels (50 mM NaCl, 5 mM EDTA) previously equilibrated in migration
buffer (30 mM NaOH, 2 mM EDTA) and run at 0.66 V/cm overnight. The DNAs
from the samples were transferred by Southern blotting from the gels to Hybond
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N™* nitrocellulose membranes and revealed by classical Western blotting meth-
ods using a 102 dilution of an anti-BrdU antibody (Becton Dickinson). For
analyses under neutral conditions, samples were run in 0.8% agarose gels that
were then treated as described above.

RESULTS

Isolation and properties of the synthetically lethal ulpi-
I615N srs2A mutant. To screen synthetically lethal mutations
in the presence of an srs2A mutant, we used a previously
described colored colony sectoring assay (6) starting with two
mutagenized srs2A strains of opposite mating types (Table 1)
containing the URA3™ selectable YCp50-SRS2"-ADE3 ™ plas-
mid (see Materials and Methods). Of 68,000 colonies exam-
ined at 24°C, we isolated 70 synthetically lethal mutants. All
were due to recessive mutations, which allowed us to classify
them into at least 13 complementation groups.

Since the deleterious phenotypes of srs2 mutants were sup-
pressed by deletions of the RADS51 gene, we asked whether the
synthetic lethality observed for the different mutants was due
to abortive recombination events. For this purpose, we per-
formed experiments to delete RADS5I by transformation with a
rad51::KanMX4 fragment of one representative mutant from
each of the 13 complementation groups. G418-resistant clones
that lost the RAD51 function were recovered for 11 strains, as
indicated by a complementation test for MMS resistance with
a rad51A tester strain (FF181079). In contrast, none of the
G418-resistant clones obtained for the other two strains cor-
responded to rad51 deletions. This result strongly suggested
that the mutations isolated as synthetically lethal with the srs2
deletion were also synthetically lethal with rad51::kanMX4 for
those two strains. Therefore, they would not affect late recom-
bination steps, but rather events occurring prior to recombi-
nation. One of these mutations, corresponding to the B392
mutant, is described here, and indeed its synthetic lethality
with a rad51A mutant was confirmed by further tests, as de-
scribed below.

The mutant strain B392 exhibited thermosensitive growth at
37°C and was the only representative of its complementation
group. A genetic analysis after crossing with the wild-type
strain MH1006 showed that B392 contains a single new reces-
sive mutation that is genetically independent from the srs2A
mutation. B392 cells therefore have the genotype “x srs2A,”
where x represents the new thermosensitive allele, and contain
the plasmid pYCp50-SRS2*-ADE3™.

To clone the corresponding gene, we screened an S. cerevi-
siae genomic TRPI library (see Materials and Methods) for
sequences able to confer thermoresistance to the B392 mutant
at 37°C. Of the 12,000 transformants tested, 1 grew at 37°C.
Moreover, the synthetic lethality between the srs2 deletion and
the second mutation was abolished in this transformant, as
indicated by its viability after the loss of the SRS2™ plasmid.

The complementing plasmid was isolated, amplified in Esch-
erichia coli, and analyzed. It contained an insert of 6,861 bp,
corresponding to a genomic sequence extending from nucleo-
tides 509040 to 515900 on chromosome XVI (Saccharomyces
Genome Database). This region encompasses two partial and
two complete open reading frames, including the ULPI gene.
A deletion analysis indicated that the ULPI gene was the only

RECOMBINATION AND REPLICATION IN THE ulpl-16I5N MUTANT 5133

. M AN
ulpl-I615N
R

FIG. 1. The ulpI-1615N mutant shows growth defects at a permis-
sive temperature. (A) Colony morphology of ulpl-I6I5N mutants
(MH1024) and ULPI™" cells (MH1004) after 5 days of incubation at
24°C on YPD plates. (B) Live phase-contrast images of ulp-1615N and
ULPI™ cells in exponential-phase cultures growing at 24°C in YPD.

open reading frame responsible for thermoresistance and the
abolition of synthetic lethality (data not shown).

In order to check that ULPI was indeed the wild-type copy
of the synthetically lethal x mutation and not an extragenic
suppressor that would map elsewhere in the genome, we inte-
grated an ULPI gene flanked by the URA3 marker at the ULPI
locus in a wild-type strain, which resulted in duplicate ULPI
genes separated by URA3. This strain was crossed with a de-
rivative of B392 in which the original plasmid had been re-
placed by a TRPI"-SRS2 " -carrying plasmid. Seventeen tetrads
derived from this diploid were analyzed. In all cases, the Ura3™
phenotype had segregated away from the temperature-sensi-
tive phenotype conferred by the synthetically lethal mutation.
This result indicates that the mutation lies in, or at least very
close to, the ULPI gene.

The sequence of the mutant allele revealed a single point
mutation, a T replaced with an A, at position 1843 from the
ATG, leading to the replacement of isoleucine 615 with aspar-
agine in the Ulpl protein. The allele will be referred to here-
after as ulpI-I615N.

From the tetrads derived from the B392 X MH1006 (SRS2™"
ULPI") strain, we isolated MATa and MAToa monosporic
clones containing the single ulp1-I615N mutation at the origin
of the MH1018 and MH1024 strains, respectively.

The ulpl-I615N mutation confers defects in vegetative
growth and during meiosis. ulp/-1615N mutant cells do not
grow at 37 or 14°C, and at permissive temperatures (24 to
28°C) they have severe growth defects. The doubling time for
haploids is 3.5 h at 24°C compared to 1.8 h for wild-type cells.
The colony morphology is also affected, exhibiting an irregular
shape and various sizes (Fig. 1A). Cells are also variable in size,
being one to three times larger for the mutant than for its
wild-type counterpart (Fig. 1B). Large budded cells with a
single nucleus are overrepresented, which is indicative of an
impairment in the G,/M transition. Stationary phase is reached
at about a two times lower cell density than that for the wild
type. Cell death is also increased in the mutant population
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compared to the wild type: the plating efficiency is about 30%
for a growing population and 40 to 50% for stationary phase.

Meiosis is also impaired in homozygous ulp-1615N diploids.
Under optimal standard conditions for meiosis (24 h in pre-
sporulation medium and 48 h in sporulation medium [49]) at
24°C, tetrad frequencies fluctuated from one experiment to
another between 0.3 and 5% and those of dyads fluctuated
between 0 and 7% for ulpl homozygotes. In contrast, ULPI*
homozygotes gave rise to 42 to 70% tetrads and 1 to 7% dyads.
The spore viability, as determined after the dissection of 12
tetrads, was decreased compared to the wild type. Of 48 spores
derived from the mutant diploid, 13 developed into a colony,
compared to 35 of 48 for diploid mutant cells complemented
with YCp50-ULPI*. These data demonstrate that the ulpl-
1615N mutation affects both the sporulation efficiency and
spore viability. The spore lethality is likely due to a meiotic
defect leading to genetic anomalies that are responsible for cell
death. Indeed, ulpI-I615N monosporic clones were recovered
at nearly normal frequencies if they originated from meiosis of
ulpl/ULPI™ heterozygous diploids (see control line in Table
2).

From these observations, it appears that the ulpl-I615N
mutation affects both vegetative growth (abnormal cell cycle
and increased cell death) and the meiotic process (sporulation
efficiency and spore viability).

The ulpl-I615N mutation leads to accumulation of Smt3
conjugates. Because Ulp1 catalyzes not only the deconjugation
of Smt3 but also the maturation of the Smt3 precursor (32),
ulpl mutations could have led to either an excess of or a
reduction in the amount of sumoylated forms of proteins. In
order to know which was the effect of the ulp1-1615N mutation,
we compared the status of the proteins extracted from mutant
and wild-type cells during exponential growth at a permissive
temperature. Western blots using an anti-Smt3 antibody re-
vealed that sumoylated proteins were present in a very large
excess in the ulpl-1615N mutant compared to those in wild-
type cells (Fig. 2). The phenotypes described here are thus
most likely related to an excess of sumoylated forms of some
Smt3 targets.

The ulp1-1615N mutation confers sensitivity to UV but not to
v-rays. That the ulpI-I615N mutation confers growth defects
and is synthetically lethal with an srs2 deletion at a permissive
temperature raises the possibility that ULPI, like SRS2, is
involved in DNA repair. We therefore asked whether ulpi-
1615N confers sensitivity to the lethal effects of UV and «-
irradiation. The response of haploids was compared to that of
the corresponding wild-type cells. For diploids, we compared
the response of ulpl-1615N homozygotes to that of the same
cells complemented with a multicopy plasmid expressing
ULPI". These diploids will be referred to as Ulpl~ and
Ulpl™, respectively.

The haploid ulp! mutant was moderately UV sensitive (Fig.
3A) compared to the wild type. The dose reduction factor at a
10% survival rate was 1.6. Similarly, Ulp1~ diploids were more
sensitive than Ulpl™ cells to UV irradiation (dose reduction
factor at a 10% survival rate of 1.4) (Fig. 3B). Diploids have
long been known to be more UV resistant than haploids, which
is an effect related to homologous recombination. A compar-
ison of haploid and diploid responses in wild-type or mutant
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FIG. 2. The ulpI-I615N mutant accumulates Smt3 protein conju-
gates. The images show Ponceau red staining of proteins after transfer
onto a nitrocellulose membrane (left) and immunodetection of Smt3

conjugates with an anti-Smt3 antibody (right). Extracts (45 pg) were
obtained from cells growing exponentially at 28°C. WT, wild type.

cells (Fig. 3A and B) indicated that the diploid effect is not
significantly affected by the ulpl mutation.

On the other hand, no sensitivity to y-rays was observed in
haploids or homozygous ulp! diploids relative to ULPI™ cells:
in haploids, the resistant subpopulation corresponding to cells
in S/G, was larger for the mutant than for the wild type (Fig.
3C), as was expected because of the presence of a larger frac-
tion of doublets with a single nucleus in the growing cultures,
and in diploids, no difference in survival curves was found for
ulpl and wild-type cells (Fig. 3D). These results indicate that
the ulpl mutation does not affect the recombinational repair of
double strand breaks (DSBs), whether it involves sister chro-
matids (haploids) or homologous chromosomes (diploids).

The ulp1-1615N mutation confers a spontaneous and UV-
induced hyperrecombination phenotype. In order to determine
whether recombination was affected by the ulpl-I1615N muta-
tion, we constructed heteroallelic arg4-RV/arg4-BglII diploids
that were homozygous for ulpl and either complemented or
not by the ULPI™ plasmid. Intragenic recombinants are essen-
tially generated by gene conversion in wild-type diploids. We
observed that spontaneous recombinants were much more fre-
quent for the mutant than for the Ulp1™ diploids, based on the
frequencies of Arg™ papillae after replica plating of colonies
on a medium lacking arginine (Fig. 4A). To determine the
spontaneous recombination rates, we performed fluctuation
tests according to the method of Lea and Coulson (30; also see
Materials and Methods). We found the recombination rate to
be about 20 times higher in the mutant diploids than in the
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FIG. 3. The ulpI-I615N mutant is slightly sensitive to UV but not to y-rays. (A and B) Survival curves of ulpI-16I5N (MH1024) and ULPI*
(MH1004) haploids after UV (A) or vy (B) irradiation. (C and D) Survival curves of homozygous ulpI-1615N (MH1088) diploids after UV (C) or
v (D) irradiation in the presence or absence of an ULPI *-bearing plasmid.

Ulp1™ diploids (Fig. 4B). Thus, intragenic homologous recom-
bination is highly stimulated by the mutation.

We then asked if radiation-induced recombination was also
stimulated by the ulpl-I615N mutation. The frequencies of
UV-induced Arg" recombinants among the survivors were
found to be increased in Ulpl~ diploids compared to Ulpl™
diploids (dose modification factor = 2) (Fig. SA). After y-ray
irradiation, the induction of recombinants was similar in the
mutant and Ulp1™ diploids (Fig. 5B).

We also compared UV-induced mutagenesis in mutant and
wild-type haploids when they were treated during the station-
ary phase of growth. Similar dose-effect relationships for the
induction of can® mutants (forward mutations) were found, at
least in the low-dose range (Fig. 5C), indicating that mutagenic
repair is not significantly affected by the ulpl-I615N mutation
in G, cells.

Altogether, these results indicate that the ulpl-I615N cells
(i) accumulate recombination events during growth, (ii) are
not affected in -y-ray-induced recombination and DSB repair,
and (iii) are sensitive to some extent to the lethal effect of UV,
a phenotype linked to increased UV-induced recombination.

RADS51-dependent homologous recombination is essential in
the ulp1-I615N mutant. As mentioned above, we were unable
to recover transformants with a deletion of RAD5! in the

synthetically lethal mutant B392, indicating that the ulpI-
1615N and rad51 mutations themselves are likely to be synthet-
ically lethal. This observation, together with the spontaneous
hyperrecombination phenotype of ulpl cells, raised the possi-
bility that the whole process of homologous recombination is
required for the viability of this ulp/ mutant. We next tested
for synthetic lethality between the ulpl-I615N mutation and
mutations in different genes governing homologous recombi-
nation. The ulpI-1615N strain was crossed with single mutants
with a deletion of either RAD51, RADS52, RAD54, RADSS,
RADS50, or MRE11. The diploids were sporulated and tetrad
analysis was performed. The genotypes of the monosporic
clones were determined (Table 2). Tetrad analysis allowed us
to deduce the presumed genotypes of the missing clones. In all
cases, a large majority of the ulp! rad double mutant spores did
not develop into a colony. The rare viable double mutant
spores were not analyzed further and may contain some kind of
suppressor. The results are clear enough, however, to conclude
that all six tested rad mutations affecting the R4AD51-depen-
dent homologous recombination process are synthetically le-
thal with the ulpl mutation, and therefore that this process is
essential for the viability of ulpl cells. By the same type of
analysis, we confirmed the synthetic lethality of the srs2 and
ulp1-1615N mutations (Table 2).
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FIG. 4. Hyperrecombination phenotype of the ulpl-I615N mutant. (A) Papillation test of ulpl homozygous diploids (MH1088) that were
heteroallelic for ARG4 on synthetic medium lacking arginine. Clones with (right) or without (left) an ULPI* copy were grown on arginine-
containing medium before being replica plated onto medium lacking arginine (left) or onto medium lacking arginine and tryptophan to maintain
the ULPI-containing plasmid (right). (B) The ulpl homozygous diploids have a spontaneous hyperrecombination phenotype. Spontaneous
recombination rates were measured at the ARG4 locus in the presence or absence of one or several ULPI™ copies.

All types of homologous recombination events are depen-
dent on RADS52, but a subclass of them do not require the
RADS]I pathway and are mediated through pathways involving
RADS9 (5). These types of events include the repair of DSBs
by break-induced replication (58) and by single-strand anneal-
ing (SSA) (61). We therefore studied the genetic interaction of
the rad59A mutation with ulpl by a tetrad analysis of double
heterozygous diploids. No synthetically lethal interaction was
found (Table 2).

DSBs can also be repaired by nonhomologous end joining
(NHEJ) (43). RAD50 and MREII are involved not only in
homologous recombination but also in NHEJ. Thus, the syn-
thetic lethality between rad50 and ulpl or between mrell and
ulpl could be due to the impairment of either one or both of

>
vo)

the mechanisms. To determine which is true, we studied the
genetic interaction between ulp! and a yku70A mutation which
specifically blocks NHEJ (7, 8). No synthetic lethality was ob-
served (Table 2), indicating that NHEJ is not required for
ulpI-1615N cell viability and that the interaction between ulpl
and rad50 or between ulpl and mrell relates to defects in
homologous recombination. Thus, among the recombination
processes, only the RADS51-dependent mechanisms are re-
quired for the viability of ulp1-I615N cells.

We then assayed the genetic interactions of the ulpl-1615N
mutant with mutations of key genes involved in other processes
participating in DNA repair and genome stability, i.e., genes
controlling translesional bypass (rad6A and radl8A), excision
repair (rad14A), and checkpoint control (rad53/sadl-I). In
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FIG. 5. Radiation-induced recombination and UV-induced mutagenesis in ulpl-I6I15N mutants. (A and B) Induced ARG™ recombinant
frequency in homozygous ulp1-1615N (MH1088) diploids that were heteroallelic for ARG4 after UV (A) or +y (B) irradiation in the presence or
absence of an ULPI " -bearing plasmid. (C) UV-induced can® mutants in ulpI-1615N (MH1024) and ULP1™ (MH1004) haploids. Error bars show

standard errors of the means from independent experiments.
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TABLE 2. Genetic interactions of the ulpI-1615N mutation with mutated genes (x) of the repair and recombination pathways

No. of monosporic clones Nature of genetic

Diploid heterozygous for ulpI-1615N and another

interaction with

mutation (no. of tetrads analyzed . ulpl single x single ulp! x double
( ) Wild type mutant mutant mutant ulpl
Control: ulpl X wild type (32) 64 58
Mutants specifically deficient in
homologous recombination
ulpl X srs2A (48) 44 45 39 1 Colethal
ulpl X rad51A (76) 66 78 76 2 Colethal
ulpl X rad52A (48) 46 41 38 3 Colethal
ulpl X rad54A (58) 57 44 45 1 Colethal
ulpl X rad55A (21) 10 23 21 1 Colethal
Mutants deficient in both homologous
recombination and NHEJ
ulpl X rad50A (59) 59 43 48 0 Colethal
ulpl X mrellA (12) 10 13 12 0 Colethal
Mutant specifically deficient in NHEJ: ulpl 12 20 18 12 Viable
X yku70A (18)
Mutant mainly deficient in SSA (and 28 25 23 27 Viable
homologous recombination): ulpl X
rad59A (32)
Mutants deficient in control of translesional
bypass by ubiquitination
ulpl X radl8A (64) 57 51 48 51 Viable
ulpl X rad6A (37) 39 29 33 28 Viable
Mutant deficient in excision repair: ulpl X 21 13 18 21 Viable
radl4A (22)
Mutant deficient in checkpoint entry: ulp! 26 24 32 21 Viable
X rad53/sadl-1 (31)
Mutant deficient in replication and repair: 17 16 14 0 Colethal

ulpl X rad27A (17)

each case, the double mutants were viable (Table 2). This set
of results indicates that among the repair mechanisms, only
RADS51-dependent homologous recombination is essential for
the ulpl-I615N mutant to survive.

We also questioned if the ulpl-1615N mutation genetically
interacts with the deletion of the RAD27 gene, which encodes
an endonuclease (Rad27/FEN1) involved in replication (37,
59), HO-induced switching of the MAT locus (22), and the
processing of DNA strand breaks generated at abasic sites
(70). Synthetic lethality was observed (Table 2), but whether it
relates more specifically to one of the different RAD27 func-
tions remains to be elucidated.

The ulpl-1615N mutation partially suppresses the UV sen-
sitivity associated with a rad18A mutation. Because ulpl is
sensitive to UV, we asked whether ulp! and rad14 and/or ulpl
and radl8 present genetic interactions with respect to UV
repair. The rad14 and rad18 mutations prevent nucleotide ex-
cision repair and translesion synthesis, respectively. The ulpI-
1615N radI14A double mutant responds in the same way as the
rad14A single mutant (Fig. 6A). However, due to the lack of
UV sensitivity of ulpl cells in a dose range that permits the
study of the highly UV-sensitive rad14A cells, no conclusions
could be drawn about a possible epistatic or additive interac-
tion. A similar experiment was performed with the ulpl-I615N

rad18A double mutant and revealed an unexpected interaction
(Fig. 6B): the survival curve is biphasic, indicating the presence
of two subpopulations with different UV sensitivities. There-
fore, ulpl acts as a suppressor of the radi8 sensitivity of hap-
loids, but only in a subpopulation of cells. Moreover, this
subpopulation is larger when cells are irradiated in the expo-
nential phase than in stationary phase, suggesting that the
resistant subpopulation is comprised of S/G, cells, which are
able to repair by sister chromatid recombination. That the
suppression relates to S/G, cells was further ascertained by a
significant increase in the UV-resistant fraction when cell pop-
ulations were enriched in G, by preincubation in carbendazim,
an inhibitor of spindle microtubule polymerization. Under
these conditions, about 70% of the cells were doublets with a
single nucleus, which is indicative of a G, arrest at the time of
irradiation. It should be noted that varying the proportion of
Gy, S, and G, cells at the time of irradiation (exponential-
phase or stationary-phase cells, with cultures enriched to 75 to
80% G, cells by a carbendazim pretreatment) had only a mi-
nor, if any, effect on the sensitivity of radl8 simple mutants
(Fig. 6B). This confirms that the biphasic survival curves of the
double mutant resulted from a suppression of the UV sensi-
tivity of S/G, radI8§ cells by the ulpl-I615N mutation. Since
ulpl cells were not viable in the absence of recombination, a
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FIG. 6. Interaction analysis of ulpl-I615N mutation with rad14A (A) or rad18A (B) mutation in response to UV irradiation. For both panels,
UV was applied to cells from each of the four monosporic clones of a tetratype that originated from meiosis of the double heterozygotes described

in Table 2. expo, exponentially growing cells; stat, stationary-phase cells; G2, populations enriched for G, cells by a carbendazim preincubation.
Error bars show standard errors of the means from independent experiments.

direct test of the involvement of recombinational repair in ulpl
radl8 cells is precluded a priori. However, we tried to construct
ulpl radl8 rad51 or ulpl radl8 rad52 triple mutants because of
a previous report showing that the synthetic lethality between
a mutation of the polymerase & gene (pol3-13) and rad51 or
rad52 is suppressed by a rad18 deletion (15). The situation with
ulpl is different, as we found no viable ulp! rad18 rad51 or ulpl
radl8 rad52 cells among the meiotic progeny of the triple
heterozygous diploids (data not shown). Although we cannot
demonstrate it, the most likely explanation for the UV resis-
tance conferred by ulpl to radi8 cells is a channeling of repair
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into a recombinational pathway which is successful in at least a
fraction of the S/G, population of cells.

RADS51 and RADS2 are not deregulated in the mutant and
their overexpression does not improve the mutant condition.
Because the ulpl mutant has a strong spontaneous hyperre-
combination phenotype, we examined the possibility that it
correlates with an upregulation of homologous recombination
genes. We compared Rad51 and Rad52 levels in mutant and
wild-type cells during exponential growth. A Western blot
analysis revealed that both protein levels were very comparable
in both types of cells (Fig. 7A), indicating that Rad51 and
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FIG. 7. Rad51 and Rad52 analysis and expression in ulpI-1615N haploids. (A) Rad51 and Rad52 levels are not noticeably affected in the ulp!
mutant. The images show Ponceau red staining of proteins after transfer onto a nitrocellulose membrane and immunodetection of Rad51 and
Rad52 proteins with anti-Rad51 and anti-Rad52 antibodies. (B) Overexpression of Rad51 and Rad52 under control of the GALI-10 promoter in
the ulp! mutant. Immunodetection of the Rad51 and Rad52 proteins was done with anti-Rad51 and anti-Rad52 antibodies.
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Rad52 levels are not noticeably deregulated in the ulp1-I1615N
mutant.

The essential role of homologous recombination in ulp1 cells
could be related to a saturation of recombination proteins in
this genetic context. We therefore asked whether artificially
up-regulating recombination protein levels could improve the
mutant condition. Indeed, the increased expression of homol-
ogous recombination genes has been reported to improve mu-
tant phenotypes in several cases: the simultaneous overexpres-
sion of Rad51 and Rad52 suppresses the X-ray sensitivity of
rad55 and rad57 mutants (16), the overexpression of Rad54
suppresses the UV and MMS sensitivities of rad5] mutants
(10), and the temperature-sensitive lethal phenotype of an
mgs1 radl8 double mutant is suppressed by RADS52 overexpres-
sion (20). We overexpressed RADS5I and RAD52 under the
control of the GAL1-10 promoter integrated as a single copy
into the chromosome (see Material and Methods). Overex-
pression was verified by Western blotting (Fig. 7B). We
checked that both the GAL-RAD51 and GAL-RADS2 copies
were fully functional, as they suppress the MMS sensitivities of
rad51A and rad52A strains, respectively (data not shown). Nei-
ther RAD51 nor RAD52 overexpression was found to improve
the mutant condition, as shown by comparisons on YPGal
medium of the responses of ulpI-I615N cells harboring (test
samples) or not harboring (control samples) the GAL1-RAD51
or GALI-RADS?2 fusion: we found no increase in plating effi-
ciencies upon overexpression; control and test samples did not
differ in thermosensitivity, as assayed by drop tests at 24, 32, 35,
and 37°C; they gave similar UV survival curves; and the syn-
thetic lethality conferred by the ulpl-I615N and srs2A muta-
tions was not rescued upon overexpression, as judged from the
color sectoring assays used to screen synthetically lethal muta-
tions (data not shown). Therefore, these results suggest that
the high spontaneous rate of recombination and the high in-
cidence of spontaneous death in ulpl-I615N mutants reflect a
high level of recombinogenic structures rather than an altered
recombinational metabolism.

The ulpI1-1615N mutant accumulates single-stranded inter-
ruptions in newly synthesized DNA. Recombinogenic struc-
tures relate to discontinuities in DNA, either DSBs or single-
strand breaks. In order to determine if such structures are
found in abnormal amounts in ulpI-1615N cells, we examined
nucleic acid extracts from exponentially growing mutant and
wild-type cells run in neutral and alkaline agarose gels.
Ethidium bromide staining did not reveal any noticeable
change in migration associated with the ulpl mutation under
neutral electrophoresis conditions, and therefore there was no
evidence of DNA DSBs (data not shown). In contrast, after
electrophoresis under alkaline conditions, whereas ssDNA
from the wild type was concentrated in the high-molecular-
weight area of the gel, the DNA extracted from ulpl cells
appeared as a smear (data not shown). Since about 70% of
mutant cells from a growing culture did not develop into col-
onies, we asked whether this smear reflected a physiological
consequence of the mutation or if it was due to secondary
effects related to cell death. To answer this question, we used
a genetic system developed by Vernis et al. (67) which offers
the possibility of specifically labeling nascent DNA with BrdU.
We therefore labeled the DNAs of living cells over the course
of one generation and compared the sizes of newly synthesized
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FIG. 8. Analysis of electrophoretic patterns of BrdU-labeled DNA
in ulpl-1615N mutant. (A) Immunodetection of BrdU-labeled DNAs
separated under neutral conditions. DNAs were prepared from
ULPI* (YLVE4; lane 1) and ulp1-1615N (MH1367, lane 2) cells after
one generation with BrdU. DNAs were revealed by using an anti-BrdU
antibody. (B) Immunodetection of BrdU-labeled DNAs separated un-
der alkaline conditions. DNAs were prepared from ULPI" (YLVE4;
lanes 1 and 3) and ulp1-1615N (MH1367; lane 2 and 4) cells. Lanes 1
and 2, DNAs extracted after one generation with BrdU; lanes 3 and 4,
DNAs extracted after one generation with BrdU followed by one
generation of chasing. DNAs were revealed by using an anti-BrdU
antibody.

DNAs in mutant and control cells by agarose gel electrophore-
sis followed by Southwestern blotting and immunodetection
with an anti-BrdU antibody. Again, no marked difference was
seen between the two types of cells when DNAs were sepa-
rated under neutral conditions (Fig. 8A). In contrast, signifi-
cant amounts of low-molecular-weight ssDNA fragments were
found in the mutant extracts after electrophoresis under dena-
turing conditions, as evidenced by a smear extending to a
position of about 1.9 kb (Fig. 8B, lane 2). Such a smear was not
observed for control cells (Fig. 8B, lane 1) unless the extracts
were overloaded (10X) (data not shown). This experiment
therefore reveals the presence of an abnormally large amount
of single-stranded interruptions in the BrdU-labeled DNA of
ulpl cells. When cells were allowed to replicate further in the
absence of BrdU and in the presence of an excess of thymidine
(chase), it appeared that nearly all of the incorporated BrdU
had been chased into the high-molecular-weight fraction (Fig.
8B, lane 4), indicating that single-stranded interruptions had
been repaired and did not occur in mutant cells once the DNA
was replicated. From these data, it is clear that the ulp1-1615N
mutation leads to an abnormally large amount of single-strand
DNA interruptions that are specifically associated with DNA
replication. This could reflect an increase in the S-phase du-
ration, possibly due to an impairment in Okazaki fragment
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maturation. We did not detect ssDNA molecules of the size of
Okazaki fragments, which are about 500 bp in length (41), in
these experiments performed at a permissive temperature. We
therefore studied the effect of the ulpl-I615N mutation after
labeling at the restrictive temperature of 36.5°C. The newly
replicated DNA fragments, even after 5 h of incubation, had
sizes extending progressively down to about 700 bp (data not
shown), compared to 1.9 kb after labeling at the permissive
temperature. Thus, we do not know if the ssDNA accumula-
tion relates to a partial defect in Okazaki fragment maturation,
to a decrease in the DNA polymerization rate, or both.

We conclude from this set of experiments that, as inferred
from genetic data, recombinogenic structures accumulate in
the mutant during replication. Those specific structures are not
DNA DSBs but single-strand breaks in newly synthesized
DNA.

DISCUSSION

In a screen for synthetically lethal mutations with an srs2
deletion, we found a mutated ulp! allele (ulpI-1615N) coding
for a protein with a replacement of Ile by Asn at position 615.
The ULPI gene of S. cerevisiae was previously identified and
characterized as an essential cysteine protease involved in the
maturation and deconjugation from proteins of Smt3, a ubig-
uitin-like protein ortholog of mammalian SUMO-1 (32). It is
known that the conserved C-terminal domain extending from
residue 432 to residue 621, also called the Ulp domain, displays
full proteolytic activity in deconjugating Smt3/SUMO protein
conjugates and in processing the Smt3/SUMO precursor to its
mature form (45). The same authors showed evidence of the
presence of six « helixes in the C-terminal fold from residues
432 to 621, and Ile615 lies within the last helix of the crystal
structure. Rasmol structure viewing software (Bernstein +
Sons) was used to visualize the Ulp1-Smt3 structure (PDB no.
1EUV). It indicated that seven amino acids are in the close
vicinity of Tle615 (<5 A): they are Phe456, Met428, Tle435,
Phed40, Leu614, Leu616, and Asp618. Asp618 possesses an
acidic residue but is orientated towards the external part of the
helix. All six other amino acids are hydrophobic, indicating that
Ile615 belongs to the hydrophobic core of the protein. More-
over, Ile615 is relatively distant from the Ulp1-Smt3 interface.
The replacement of Ile615 by Asn could then affect the folding
of the Ulpl hydrophobic core, as Asn is a polar but small
amino acid. Most likely, it does not directly affect the catalytic
activity of the protease, but rather the global stability of the
protein. We inferred a decrease in the Ulpl protease function
from the fact that Smt3-conjugated proteins were overrepre-
sented in the mutant relative to the wild type (Fig. 2). Thus, the
properties of this mutant are likely related to an excess of
sumoylated forms of the protein(s).

We showed that the ulpl-I615N mutation has a strong hy-
perrecombination effect (Fig. 4). Links between recombination
and this mutation are also evidenced in this study by the syn-
thetic lethality of ulp! with mutations in homologous recom-
bination genes and in SRS2 (Table 2). Thus, in ulpl cells,
recombination appears to be simultaneously essential and also
deleterious, since Srs2, in some cases at least, was shown to
prevent the persistence of otherwise toxic recombination in-
termediates (9, 13, 27, 42, 52, 66). Protein interactions also
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support the existence of a relationship between Srs2, homolo-
gous recombination, and sumoylation: Srs2 interacts not only
with Rad51 (27) but also with Smt3 and Ubc9 (65), the Smt3
E2-conjugating protein. Rad51, in turn, interacts with Ubc9
(65). Links between sumoylation and recombination were also
reported for mammalian cells: for human cells, two-hybrid
assays revealed that the Rad51 or Rad52 protein interacts with
Ubc9 and SUMO-1 (54, 55). Further studies demonstrated the
coimmunoprecipitation of SUMO-1 and Rad51 in Chinese
hamster cells but failed to evidence covalently modified forms
of the Rad51 protein (34). The same authors reported that the
overexpression of SUMO-1 results in a reduction in DSB-
induced homologous recombination and in cellular resistance
to ionizing radiation.

Two possibilities could a priori explain the hyperrecombina-
tion effect of the ulpl-I615N mutation. Either this mutation
affects the activity of repair genes, leading directly or not to an
increase in recombination, or it affects a function that normally
avoids the formation of recombinogenic structures and those
accumulate in the mutant. We found no evidence showing that
the recombination process per se is affected in ulpl-I615SN
cells, but we demonstrated, by BrdU labeling and chase exper-
iments, the transient presence of frequent single-stranded in-
terruptions in the newly replicated DNA, even in cells growing
at a permissive temperature (Fig. 8). No DSBs were detected.
The sizes of the ssDNA fragments were larger than those
predicted for Okazaki fragments. Thus, the interruptions may
be due to abnormal Okazaki fragment maturation and/or in-
creased elongation rates that are or are not related to transient
replication arrests. In any case, this replicative defect could
well be responsible for the different phenotypes conferred by
the mutation, as discussed below.

The accumulation of single-strand breaks during replication
explains not only the hyperrecombination phenotype, but also
the delay or arrest in the S/G, mitotic phase associated with
low plating efficiencies. This is in accordance with the essential
role of Ulpl in the G,/M transition (32). Meiotic defects,
revealed by low sporulation efficiencies and a decreased spore
viability, could reasonably result from defective meiotic repli-
cation, although we did not further studied meiotic cells.

The viability of ulpI-I615N cells depends on Srs2 activities
and on homologous recombination. This indicates that, in the
mutant, nicks and likely single-stranded gaps accumulated in
the newly replicated strands are, at least in part, metabolized
through recombination. A possible model showing the repair
pathways of these structures is diagrammed in Fig. 9. The
requirement of Srs2 is interpreted to mean that Rad51 binds at
least a subclass of single-strand gaps, leading to recombination
but also to dead-end intermediates that are toxic if not dis-
mantled by Srs2. Such a scheme was previously proposed to
explain the negative interaction between sgs/ and srs2 (14).
However, in contrast to the case with sgs/ cells, which are
viable in the absence of homologous recombination, the ulp!
cells require a functional RAD57-dependent homologous re-
combination process for viability (Table 2). Therefore, de-
pending upon the context of its initiation, RAD51-dependent
recombination is potentially toxic or essential for repair in the
ulpl mutant. It could be that the accumulation of ssDNA
regions in the newly replicated DNA results in some cases in
the formation of DSBs that require recombination to be re-
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FIG. 9. Model accounting for the essential roles of both SRS2 and
homologous recombination genes in ulpl-1615N cells. The ulp1-1615N
mutation is responsible for an altered replication yielding single-
stranded gaps in nascent DNA. Recombination is initiated, for at least
a fraction of these gaps, by the formation of Rad51 nucleofilaments. A
subclass of them is processed by recombination and the others are
processed by Srs2, which allows gap filling by DNA synthesis. In the
absence of Srs2, toxic recombination intermediates lead to cell death.

paired. The BrdU technique used here is not sensitive enough
to detect a low DSB level. Alternatively, due to the ulpl mu-
tation, single-stranded structures of a particular class could be
repairable only by recombination. These structures could be
gaps adjacent to the replication fork on the lagging strand,
which cannot be filled by DNA synthesis due to the lack of a 3’
priming end (for a review, see reference 39).

Because Smt3 has numerous targets, the possibility that the
ulpI-I615N mutation also leads to a modification of recombi-
nation activities remains open. However, as stated above, our
results strongly support the view that homologous recombina-
tion metabolism is not impaired in ulpl cells. The mutant has
a strong spontaneous hyperrecombination phenotype (Fig. 4)
and shows an increase in UV-induced intragenic recombinants
(Fig. 5A). The vy-ray responses (survival and recombination)
are not affected by the ulpl mutation (Fig. 3C, 3D, and 5B),
indicating that DSB repair is normal. Moreover, Rad51 and
Rad52 proteins appear to be present in similar amounts in
mutant and wild-type cells (Fig. 7A), and overexpression of
these proteins (Fig. 7B) did not rescue the mutant phenotype.
Altogether, these results indicate that recombination is not
impaired, but rather that the effects of the ulpl-I615N muta-
tion on recombination relate to the abnormal incidence of
recombinogenic structures.

We did not know what Smt3 target is responsible for the
replicative defect in ulp! cells. A candidate was PCNA, which
is known to be involved in DNA replication and several DNA
repair processes (for a review, see reference 69). In yeast,
PCNA can be modified at the same lysine residue by either a
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Rad6/Rad18-mediated ligation of a single ubiquitin molecule
or sumoylation. These modifications differentially affect re-
sponses to DNA damage: the mono-ubiquitinated form of
PCNA is required for damage-induced translesion synthesis,
while the sumoylated form is involved in the replication of
undamaged templates (21, 60). It is then conceivable that, even
in untreated cells, an impairment in PCNA modifications due
to the ulpI-1615N mutation results in replication defects. After
UV irradiation, we observed a genetic interaction between
radl8 and ulp1-1615N, which also suggests that the regulation
of the ubiquitination/sumoylation modifications plays an im-
portant role in DNA repair. The ulpl-I6I5N mutation sup-
presses the UV sensitivity of a subpopulation of radlSA hap-
loids (Fig. 6B). We believe that the resistant ulpl radl8 cells
are S/G, cells, which are able to repair by recombination be-
tween sister chromatids. Indeed, the size of the resistant sub-
population is larger in G, cell-enriched cultures than in expo-
nentially growing cells; the latter, in turn, have a larger fraction
of resistant cells than cells in stationary phase, in which a large
proportion of cells are in G;. A direct test of recombination
involvement is precluded by the synthetically lethal interac-
tions between the ulpl-I1615N mutation and mutations in re-
combination genes. However, the coexpression of MATa and
MATa, known to favor recombinational repair (28, 44, 51),
leads to a similar suppression of the radl8 sensitivity (18), also
supporting the hypothesis that the resistance of a subpopula-
tion is due to recombinational repair. Thus, the UV responses
strongly suggest that in the radl8 context, the ulp1-I615N mu-
tation channels the repair of otherwise lethal structures into a
recombinational process. Whether this channeling relates to
PCNA modifications, and consequently to the interplay be-
tween polymerases, is an attractive hypothesis that remains to
be demonstrated.

It is striking that the viability of several mutants that accu-
mulate small ssDNA fragments during replication depends,
like that of the ulpl-I615N mutant, on homologous recombi-
nation. This is the case for different PCNA mutants (pol30)
(41) and rad27 mutants (62, 64). Rad27 (FEN1) is an endonu-
clease involved in the processing of Okazaki fragments (37, 59)
whose activity is stimulated via binding to PCNA (35). Rad27
is also involved in base excision repair, as shown in rad27
mutants by the accumulation of DNA single-strand breaks
generated by endonucleolytic cleavage of abasic sites (70). Like
ulpl cells, the rad27 mutant displays a hyperrecombination
phenotype (64) and shows an increased sensitivity to UV light,
but not to ionizing radiation (48). Furthermore, the rad27
mutant is also synthetically lethal with the srs2 deletion (12,
26). These similarities support the view that the properties of
both ulpl and rad27 mutants relate to single-stranded inter-
ruptions or gaps in newly replicated DNA. Different hypothe-
ses could explain the synthetic lethality conferred by the ulp!-
I615N and rad27A mutations reported here. It could result
from the addition of replicative defects, since both single mu-
tants are viable but sick. In that case, the two mutations could
affect the same function, such as the maturation of Okazaki
fragments, or different functions, such as base excision repair
and the maturation of Okazaki fragments. Alternatively, it
could be that abnormally sumoylated proteins during replica-
tion lead to ssDNA structures that require Rad27 to be fixed.

In conclusion, these results show that the regulation of
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sumoylation plays an important role in DNA replication and
that in the ulpl-I6I5N mutant, the formation of single-
stranded gaps in the newly replicated DNA is likely due to an
abnormal persistence of a sumoylated protein(s). The genera-
tion of these structures could by itself explain the mutant
phenotypes. The binding of recombination proteins at these
gaps would result in some cases in recombinational repair,
accounting for the hyperrecombination phenotype. In other
cases, it would result in dead-end recombination intermediates
that require Srs2 to be dismantled and repaired by an alterna-
tive pathway(s).
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