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ABSTRACT

Sizl and Siz2/Nfil are the two Siz/PIAS SUMO E3 ligases in Saccharomyces cerevisiae. Here we show that
sizIA siz2A mutants fail to grow in the absence of the homologous recombination pathway or the Fenl
ortholog RAD27. Remarkably, the growth defects of mutants such as sizIA siz2A rad52A are suppressed by
mutations in TOPI, suggesting that these growth defects are caused by topoisomerase I activity. Other
mutants that affect SUMO conjugation, including a ulpl mutant and the nuclear pore mutants nup60A
and nupl33A, show similar topl-suppressible synthetic defects with DNA repair mutants, suggesting that
these phenotypes also result from reduced SUMO conjugation. sizIA siz2A mutants also display TOPI-
independent genome instability phenotypes, including increased mitotic recombination and elongated
telomeres. We also show that SUMO conjugation, TOPI, and RAD27 have overlapping roles in telomere
maintenance. Topl is sumoylated, but Topl does not appear to be the SUMO substrate involved in the
synthetic growth defects. However, sumoylation of certain substrates, including Topl itself and Tril
(YMR233W), is enhanced in the absence of Top1 activity. Sumoylation is also required for growth of topIA
cells. These results suggest that the SUMO pathway has a complex effect on genome stability that involves

several mechanistically distinct processes.

OST-TRANSLATIONAL attachment of the ubiqui-
tin-related protein SUMO (small ubiquitin-related
modifier) to other proteins is involved in many im-
portant biological processes including maintenance of
genome integrity, transcriptional regulation, and signal
transduction (GILL 2004; JoHNsON 2004; MULLER et al.
2004; Hay 2005). Sumoylation is essential for viability of
most eukaryotic cells, including Saccharomyces cerevisiae,
but the essential function(s) is unknown.

SUMO conjugation is carried out by a three-step
pathway that involves a SUMO-activating enzyme (E1)
called Uba2-Aosl, a SUMO-conjugating enzyme (E2)
called Ubc9, and one of several SUMO ligases (E3’s).
SUMO E3’s in yeast include the two Siz/PIAS (protein
inhibitor of activated STAT) proteins Sizl and Siz2/
Nfil, Mms21, and the meiotic E3 Zip3/Cst9 (JOHNSON
and Guprta 2001; TARAHASHI e¢f al. 2001; ZHAO and
BroBeL 2005; CHENG et al. 2006). SUMO is often
attached to the side chain of the Lys residue in the
consensus motif WKXE, where ¥ is a hydrophobic
residue. In yeast, two SUMO-specific proteases Ulpl
and Ulp2 remove SUMO from modified proteins. Ulpl
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also produces mature SUMO from the SUMO precursor
and therefore is required for both sumoylation and
desumoylation of proteins. UBA2, AOSI, UBCY, ULPI,
and SMT3, the gene encoding SUMO, are all essential
genes, while sizIA, siz2A, ulp2A, zip3A, and mutants that
eliminate the sumoylation activity of MMSZ2I are viable
(OusPENSKI ef al. 1999; JounsoN 2004; ZHAO and
BLoBEL 2005).

Siz1 and Siz2 belong to the conserved family of PIAS
proteins, which share several conserved domains, in-
cluding the SP-RING (Siz/PIAS-RING), a zinc binding
domain that is required for the SUMO E3 ligase activity,
and the SAP (SAF-A/B, Acinus, PIAS) domain, which is
required for sumoylation of many, but not all, substrates
(SAcHDEV et al. 2001; TARAHASHI ¢f al. 2001; TAN et al.
2002; OrUBO et al. 2004; REINDLE et al. 2006). Sizl and
Siz2 are required for most SUMO conjugation in yeast,
as a sizIA siz2A mutant shows <10% of the wild-type (wt)
levels of SUMO conjugation (JOHNSON and GUPTA
2001). SIZI and SIZ2 each have unique functions, but
also show functional overlap. The sizIA siz2A double
mutant accumulates up to 40-fold higher levels of
the endogenous yeast plasmid, the 2-um circle, than
do wt cells, and this 2-um accumulation causes growth
defects and heterogeneity between different lineages
(CHEN et al. 2005). sizIA siz2A mutants also have a defect
in minichromosome maintenance that results from
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deficient SUMO attachment to Top2, which can be
sumoylated by either Siz protein (TAKAHASHI el al.
2005). Sumoylation of many other proteins can also
be stimulated by either Sizl or Siz2 (REINDLE et al.
2006).

Here we describe another phenotype of the sizIA
siz2A mutant: it shows synthetic growth defects with
mutants in the homologous recombination (HR) path-
way. In mitotic cells the main function of HR is to repair
double-strand breaks (DSBs) and to restart collapsed
replication forks (PAQUES and HABER 1999; KrROGH and
SYMINGTON 2004). This process is carried out by
products of the RAD52 epistasis group. These genes fall
into several subgroups. In S. cerevisiae, most DSB repair
is carried out by the gene conversion pathway, which is
performed by the Rad51 subgroup: Rad51, Radb2,
Rad54, Rad55, and Rad57. DSBs can also be repaired
by break-induced replication (BIR). BIR can take place
either by a Rad51-dependent mechanism or by a Radb51-
independent mechanism that requires Rad52, Radb9,
Rdh54/Tidl, and the Mrel1-Rad50-Xrs2 complex (MRX).
A distinct mechanism of DSB repair, nonhomologous
end joining (NHE]), is carried out by the MRX complex
along with Ku70 (YKU70), Ku80 (YKUS80), Dnl4, and
Lifl.

The genetic interaction we observed between sizIA
siz2A mutants and HR genes also involved DNA topo-
isomerase I (Topl). Topl participates in DNA replica-
tion, transcription, and chromosome condensation by
relaxing both positively and negatively supercoiled
DNA (CHamproux 2001; L1 and Liu 2001; WaANG
2002). Topl acts by transiently cleaving the phospho-
diester backbone of one strand, generating an in-
termediate where the active site tyrosine of Topl is
covalently linked to the 3’ phosphate of the nicked
strand. The DNA is relaxed by rotating the Top1-DNA
complex around the intact DNA, followed by the
religation of the cleaved strand. In S. cerevisiae, Topl
is encoded by a single gene TOPI, which is not essential
for viability. The Topl-DNA intermediate is potentially
toxic to the cell since it involves a single-strand break.
The anticancer drug camptothecin (CPT) stabilizes
the Topl-DNA intermediate, resulting in formation of
DSBs when the intermediate is encountered by a
replication fork (Lr and Liu 2001). Many yeast genes
are involved in repairing CPT-induced damage, in-
cluding RAD52 (PouLrior et al. 2001; VANCE and
WiLsoN 2002; DENG et al. 2005).

Several connections have been made between Topl
and the SUMO pathway. In mammalian cells, Topl is
sumoylated upon treatment of cells with CPT (Mao et al.
2000; HoRIE et al. 2002; Mo et al. 2002; CHRISTENSEN
et al. 2004), but the functional consequences of this are
not clear. Horie et al. also found that a catalytically
inactive version of Topl is more heavily sumoylated than
wt Topl. Yeast Top1 is also sumoylated, but the function
is also unknown (REINDLE et al. 2006). A ubc9 mutant

that is sensitive to CPT has been identified, but this
mutant is also sensitive to many other DNA damaging
agents, suggesting that it has a primary defect in DNA
repair rather having a Topl-specific defect (JacQuiau
et al. 2005).

In this work, we identified Topl as the cause of the
loss of viability in yeast mutants that are defective for
both SUMO conjugation and DNA repair. We also dem-
onstrated that SUMO conjugation, TOPI, and RAD27
have interrelated effects on telomere maintenance. The
genetic interactions among SUMO pathway mutants,
DNA repair mutants, and fopIA were complex and
suggested that the observed phenotypes reflect defects
in several mechanistically distinct processes.

MATERIALS AND METHODS

Media and genetic techniques: Standard techniques were
used (AUSUBEL et al. 2000). Rich yeast medium containing 2%
glucose (YPD) and synthetic yeast media were prepared as
previously described (SHERMAN et al. 1986). SGE is a synthetic
medium containing 2% glycerol and 2% ethanol. 5-fluooroorotic
acid (5-FOA) plates were prepared in synthetic medium and con-
tained 1 g/liter 5-FOA.

Plasmid and yeast-strain constructions: S. cerevisiae strains
used are listed in supplemental Table 1 at http: /www.genetics.
org/supplemental/. Strains were either constructed in cir®
strains or were cured of 2 pm as described (TsALIk and
GARTENBERG 1998). C-terminally tagged proteins were con-
structed by a PCR-based approach (JOHNSON and BLOBEL
1999). Briefly, a PCR product containing ~500 bp of the 3’ end
of the desired open reading frame, followed by the tag, a STOP
codon, a marker, and then the 3'-flanking region of the gene,
was made by assembly PCR. This results in an insertion at the
3’ end of the gene being tagged and should not affect the
function of neighboring genes. The sequence of the hemag-
glutinin (HA)-Hisg tag on Topl and mutant derivatives was
GYPYDVPDYAAFLHHHHHHHH. The sequence of the Hisg-
HA tag on Tril and Uaf30 was GHHHHHHHHGYPYDVP
DYAAFL. The K65R, K91, 92R, K600, 601R, and Y727F versions
of TOPI were constructed by similar PCR-based approaches.
The hphMX4 marker conferring hygromycin resistance was
derived from pAG32 (GOLDSTEIN and McCUSKER 1999).
kanMX-marked gene deletions were made by transforming

JD52-derived strains with PCR products containing deletion

alleles from the yeast knockout collection including ~500 bp
of flanking sequence on each side. Oligonucleotide sequences
are available on request. TOP2-SNM strains were constructed
in our strain background using plasmid pML251 (BACHANT
et al. 2002), generously provided by S. Elledge. Plasmids were a
pRS316-based plasmid containing RAD52, a pRS416-based
plasmid expressing Sizl-HA from its own promoter (REINDLE
et al. 2006), and three similar pRS413-based plasmids express-
ing wt, ASAP, or C400A versions of Siz-HA. Construction de-
tails available on request.

Selection for suppressor mutations of sizIA siz2A rad52A
growth defect: A sizIA siz2A rad52A strain containing RAD52
on a URA3marked plasmid was transformed with Nod-digested
DNA from a yeast library containing 7n5::LEU2 insertions
(Burns et al. 1994). These integrated into the chromosomal
DNA, generating a collection of mutants containing marked
insertions. LEU2 colonies were replica plated to a 5-FOA plate,
to select for suppressor mutants that were able to grow without
the RAD52-containing plasmid. The DNA containing the
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insertion in these mutants was isolated by vectorette PCR
(http:/ genomics.princeton.edu/botstein/protocols/vectorette.
html) and sequenced.

Yeast growth and plating assays: To measure doubling
times, yeast cultures were grown in YPD at 30° to an ODggg
of ~0.1. ODggg readings were taken every ~1-2 hr until they
reached ~0.8. For most of the strains, three to four in-
dependent cultures were examined to obtain the average gen-
eration time. For plating assays to assess drug sensitivity,
saturated-overnight cultures were subjected to serial 10-fold
dilutions, and aliquots were spotted onto YPD plates contain-
ing designated chemicals. Plates were photographed after
incubation at 30° for 2 days. Sensitivity to methyl methanesul-
fonate (MMS, 0.01%), hydroxyurea (HU, 0.1 m), CPT (50 pg/ml
in 1% DMSO), and UV irradiation (150 J/m?) were assessed.

Loss of heterozygosity assay: Diploid yeast strains were
heterozygous for a version of chromosome (Chr) VII contain-
ing hphMX4 between ERP6 and ERG26 on the left side of the
centromere, ade3A :: URA3 at the ADE3locus on the right arm
409 kb from the centromere, and mall3A::kanMX near the
right telomere 162 kb from ade3A. All strains were constructed
from the same haploid MATu sizIA :: LEU2 siz2A :: TRPI topIA
::HIS3 strain containing this marked chromosome by mating
to appropriate MATa strains with an unmarked Chr VII. Thus,
they are homozygous at the loci indicated in Table 2 and are
heterozygous at the other loci. Cultures from six single col-
onies for each strain were grown to saturation in SGE —ura
—his —trp —leu. This selects for heterozygosity at the ADE3/
ade3A ::URA3 locus, because ADE3 is required for histidine
prototrophy. Aliquots were plated directly on SD-complete
5-FOA plates, to select for loss of URA3, or diluted and plated
on SGE-complete plates, to determine the total number of
colony-forming units. The loss rate of the URA3 marker was
calculated as (no. of colonies on the 5-FOA plate)/(no. of
colony-forming units in the same amount of culture). To
determine whether kanMXand hphMX4 were also lost, colonies
on 5-FOA plates were replica plated to YPD plates containing
G418 or hygromycin.

Telomere length analysis: Southern blot hybridization was
performed as described (AUSUBEL ef al. 2000). Lanes were
loaded with 10 pg of yeast DNA prepared using glass beads and
phenol/chloroform (HorrFmaN and WinsTON 1987) and di-
gested with Xhol, which cuts in the subtelomeric Y’ element
found at over half of yeast telomeres. Agarose gels (1.5%) were
run in 0.5X TBE at 2.2 V/cm for ~30 hr. The probe contained
Y' sequences telomere-proximal to the Xhol site and was
labeled using the DIG High Prime DNA labeling kit (Roche;
Applied Science). Signal was detected according to the manu-
facturer’s instructions.

Antibodies and immunoblot analyses: Yeast whole-cell
lysates were prepared by lysis in NaOH (YAFFE and SCHATZ
1984). HA- and Hisg-tagged proteins were purified from yeast
by Nimnitrilotriacetic acid (NTA) affinity chromatography in the
presence of 6 M guanidine-HCI as described (WOHLSCHLEGEL
et al. 2004; CHEN et al. 2005) and subjected to immunoblot-
ting followed by chemiluminescent detection (JOHNSON and
BrLoBEL 1999). Antibodies were an affinity-purified rabbit poly-
clonal antibody (Ab) against Smt3 (SUMO) (JonnsoN and
BroseL 1999) and the 16B12 monoclonal Ab against the HA
epitope (Covance Research Products, Emeryville, CA). For
quantification of immunoblot signals, secondary antibodies
coupled to fluorescent dyes IRDye 800 (Rockland Immuno-
chemicals, Gilbertsville, PA) and Alexa Fluor 680 (Molecular
Probes, Eugene, OR) were used with an Odyssey infrared
imaging system (LI-COR Biosciences, Lincoln, NE) (Figure 6,
B and C) or the film from the chemiluminescent blot was
scanned and analyzed using a Kodak Image Station and 1D
software (Kodak Digital Science, Rochester, NY) (Figure 6A).

RESULTS

sizIA siz2A strains require homologous recombina-
tion for viability: Before we realized that the Go/M-arrest
phenotype of the sizIA siz2A [cir"] mutant (JOHNSON
and Gupta 2001) was caused by accumulation of 2 wm
(CHEN et al. 2005), we hypothesized that this phenotype
might reflect a role for SIZ genes in genome stability.
Therefore, we tested the sizIA siz2A strain for synthetic
defects with various DNA repair mutants and found that
the sizIA siz2A rad52A strain was barely viable, while
rad52A, sizIA siz2A, sizIA rad52A, and siz2A rad52A
mutants all grew well (Figure 1; Table 1; not shown). This
is true in either the presence or the absence of 2 pm,
indicating that this effect is independent of 2-um ampli-
fication. To avoid effects from 2-pum amplification, all
strains used in this work lack 2 pwm; i.e., they are cir®
Because the HR pathway, of which RAD52 is the central
member, functions in repair of DSBs and collapsed rep-
lication forks, this result suggested that sizIA siz2A con-
tains such lesions.

To investigate which aspects of Siz activity are required
for this role, we tested whether plasmids expressing
mutant forms of SIZI complement the viability of this
triple mutant (Figure 1A). Plasmids expressing SIZ1, siz1-
ASAP, or sizI-C400A, which contains a point mutation in
the SP-RING, were introduced into sizIA siz2A rad52A by
a plasmid shuffle. All versions of Sizl were present at
comparable levels (REINDLE ef al. 2006; not shown). Only
wild-type SIZ1 complemented the growth defect of sizIA
siz2A rad52A. Since the SP-RING is required for the
sumoylation activity of Sizl, this result suggested that Siz-
dependent sumoylation, rather than a SUMO-indepen-
dent function of Siz proteins, is important for preventing
DNA damage.

Growth defects are suppressed by deleting TOPI:
When the slowly growing isolates of sizIA siz2A rad52A
were grown for several days, rapidly growing colonies
always emerged. These colonies contained suppressor
mutations (not shown). To identify genes containing
suppressor mutations, we carried out a screen for sup-
pressors of sizIA siz2A rad52A using a Tnb::LEU2 in-
sertion library as the mutagen (see MATERIALS AND
METHODS). The two suppressor strains that were isolated
both contained insertions near the 5’ end of the coding
region of the TOPI gene. These would be expected to be
null mutations. To confirm that eliminating TOPI could
suppress the sizIA siz2A rad52A growth defect, we ana-
lyzed tetrads from a sizIA /SIZ1 siz2A /SIZ2 rad52A /RADS52
lopIA/TOPI heterozygous diploid. As expected, sizIA
s1z2A rad52A grew very poorly (doubling time 7.7 hr;
Figure 1B; Table 1). In contrast, sizIA siz2A rad52A topIA
isolates immediately grew rapidly and uniformly (dou-
bling time 3.2 hr). An active site mutation in TOPI also
suppressed the sizIA siz2A rad52A growth defect: the
sizIA siz2A rad52A topl-Y727F strain had a doubling
time of 3.9 hr. Thus, absence of Topl catalytic activity
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FIGURE 1.—sizIA siz2A shows synthetic growth defects with
rad52A and rad27A that are suppressed by topIA. (A) Domains
in SIZ1 required to complement sizIA siz2A rad52A growth de-
fect. HIS3marked plasmids expressing SIZI, SIZI-ASAP, or
SIZ1-C400A (in SP-RING) were introduced into sizIA siz2A
rad52A containing SIZ1 on a URA3-marked plasmid. Trans-
formants were streaked onto a 5-FOA plate to select against
the URA3marked plasmid and grown for 3 days at 30°. (B)
Suppression of sizIA siz2A rad52A growth defect by topIA.
Strains of the indicated genotypes were grown at 30° on a
YPD plate for 2 days. (C) Suppression of sizIA siz2A rad27A
synthetic lethality by topIA. Tetrads from a sizIA/SIZ1 siz2A/
siz20 rad27A /RAD27 toplA/TOPI diploid were dissected and
incubated for 3 days at 30°. sizIA siz2A rad27A colonies are
boxed and sizIA siz2A rad27A topIA are underlined. Mutant
alleles present in each segregant are diagrammed at the bot-
tom. s, sizIA; 52, siz2A; r27, rad27A; top1, topIA. A siz2A/ siz2A
strain was used to reduce the number of mutant combinations
in the tetrads, but lethality with rad27A depended on absence
of both SIZI and SIZ2.

suppresses the growth defect of the sizIA siz2A rad52A
mutant. The simplest explanation for this result would be
thatin the absence of Siz-dependent SUMO conjugation,
Topl directly causes DNA damage that requires the RAD52
pathway for repair, although other explanations are pos-
sible (see DISCUSSION).

RAD52 pathway genes are required for growth of
sizlA siz2A: We next tested other mutants of the RAD52
epistasis group for genetic interactions with sizIA siz2A
and topIA. Table 1 shows that, except for RAD59,
mutations in all RAD52 pathway genes (RAD50, RAD51,
RAD54, RAD55, RAD57, MREI1 1, and XRS2) resulted in
synthetic growth defects with sizIA siz2A. A cir* version
of rdh54A/tidIA sizIA siz2A did not have a substantial
growth defect. None of these triple mutants grew as
poorly as the rad52A triple mutant, consistent with the
role of RAD52 in both Radb5l-dependent and MRX-
dependent branches of the pathway. Notably, RAD51
subgroup mutants had more severe synthetic defects
than the MRX subgroup. Another difference between
the two subgroups was that the growth defects of sizIA
siz2A mutants lacking RAD51 subgroup genes were
strongly suppressed by topIA, while MRX subgroup
mutants were suppressed weakly, if at all. These results
suggest that the TOPI-related DNA damage in sizIA
siz2A mutants is repaired primarily by the RAD51 branch
of the pathway. These results also suggest that sizIA siz2A
cells contain TOPI-independent DNA damage that is
primarily repaired by the MRX branch.

RAD27is required for viability of sizIA siz2A: We also
tested for synthetic growth defects between sizIA siz2A
and several other genes involved in DNA repair-related
functions. None of radIA, tdpIA, rad6A, rad9A, yku70A,
srs2A, sixIA, mgsIA, or a radIA tdpIA double mutant
showed substantial additional defects when combined
with sizIA siz2A (not shown). Deleting RAD6 did com-
pletely eliminate growth of the sizIA siz2A rad52A mutant,
indicating that the marginal viability of this strain re-
quires the DNA damage tolerance pathway (notshown).

However, we found that a sizIA siz2A rad27A mutant
was completely inviable (Figure 1C). These segregants
germinated, but stopped growing after four to five cell
divisions. This synthetic lethality was also suppressed by
deletion of TOPI. Rad27 is the S. cerevisiae homolog of
the FEN1 5'-flap-exo/endonuclease (L1U et al. 2004). It
plays important roles in Okazaki fragment processing
as well as long-patch base-excision repair. rad27A is syn-
thetically lethal with mutations in all RAD52 pathway
genes (DEBRAUWERE et al. 2001). However, the lethality
of the rad27A rad52A mutant was not suppressed by
deletion of TOPI (notshown). Thus, the rad27A rad52A
synthetic lethality is mechanistically distinct from the
sizIA siz2A rad52A and sizIA siz2A rad27A defects.

Genetic interactions between RAD52, RAD27, TOPI,
and other SUMO pathway genes: A mutant in the
essential SUMO-specific protease ULPI has been shown
previously to show synthetic lethality with rad52A and
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TABLE 1
Generation times of SIZI, SIZ2, TOP1, and RAD52 pathway mutants

Genotype WT topIA sizlA siz2A sizIA siz2A toplA
WT 1.66 = 0.05“ 2.04 £ 0.02 1.82 = 0.01 22 +02
rad52A 2.17 = 0.06 254 * 0.04 7.7 £ 1.5° 32+ 0.1
rad51A 1.85 = 0.05 45 * 04 2.56 = 0.07
rad54A 4.32 = 0.09 2.36 = 0.05
rad55A 43 04 2.38 * 0.05
rad57A 37+03 2.52 = 0.06
rad59A 1.91 2.04
rad50A 3702 35 *0.1
mrel IA 22 *0.1 3.8 £0.2 3.3 02
xrs2A 3.7+ 0.3 35 0.1

“Doubling times are * SD. Measurements with no error noted are single experiments.
*The doubling time of sizIA siz2A rad52A varies from culture to culture due to the slow growth rate and

spontaneous emergence of suppressor mutations.

rad27A (SOUSTELLE et al. 2004). We found that a less
severely affected allele of ulpl, lacking the N-terminal
160 amino acids of Ulp1, shows virtually identical growth
defects to sizIA siz2A when combined with rad52A and
rad27A: the rad52A ulpl-A 1-160 mutant grew very slowly
while the rad27A wulpl-AI-160 mutant was completely
inviable (not shown; Figure 2A). Importantly, both mu-
tants’ growth defects were rescued by deleting TOPI.
The similarity between these phenotypes suggests that
the ulpI-A1-160 phenotype, like the sizIA siz2A pheno-
type, results from deficient SUMO attachment to one or
more substrates, rather than from elevated SUMO at-
tachment, as has been proposed (SOUSTELLE et al. 2004;
see DISCUSSION).

ulpl mutants containing deletions in their N-terminal
regulatory domain, such as ulpI-A1-160, are defective in
localizing to the nuclear pore complex (NPC) but retain
catalytic activity (Lt and HOCHSTRASSER 2003; PANSE et al.
2003). Two models could explain the defects of these
mutants. One is that Ulpl must be localized correctly to
the NPC to carry out its activity, while the other is that the
mislocalized mutant Ulpl catalyzes unregulated desu-
moylation. The first model predicts that ulpl-A1-160
phenotypes should be recessive, while the second pre-
dicts that they would be dominant. We found that the
synthetic growth defect of ulpl-A1-160 with rad52A was
recessive, as a ulp1-A 1-160/ULPI rad52A /rad52A diploid
grew well, while a ulpl-A1-160/ulpl-A1-160 rad52A/
rad52A diploid grew poorly (Figure 2B). Thus, this
phenotype results from insufficient Ulpl activity rather
than from uncontrolled desumoylation.

Correct localization of Ulpl to the NPC requires the
nucleoporin Nup60, in addition to several other pro-
teins (PANSE et al. 2003; ZHAO et al. 2004). Other
investigators have shown that the nup60A mutant shows
synthetic lethality with both rad52A and rad27A, as do
several other NPC mutants that have not previously
been connected to the SUMO pathway, including

nupl33A, nupl20A, and nup84A (LOEILLET et al. 2005;
PAN et al. 2006). We tested whether the synthetic
lethality of nup60A and nupl33A with rad27A would be
suppressed by fopIA and found that it was (Figure 3A).
Furthermore, the nup60A, nupl133A, and nup84A mu-
tants all perturbed the pattern of bulk SUMO conju-
gates (Figure 3B). Thus, it is likely that the synthetic
lethality of these NPC mutants with rad52A and rad27A
is an indirect consequence of their effects on SUMO
conjugation (see DISCUSSION).

Unlike most SUMO pathway mutants, mms2I-sp, a
mutant version of MMS21 that is unable to stimulate
sumoylation (ANDREWS et al. 2005; REINDLE ef al. 2006),
did not show a synthetic growth defect with rad52A (not
shown). However, mms21-sp did show synthetic growth
defects with topIA (Figure 2C). This effect was even
stronger in sizIA mms21-sp or siz2A mms21-sp mutants,
indicating that a SUMO-dependent activity that is nor-
mally carried out by MMS21 is important for growth in
the absence of TOPI activity, but that SIZ1 and SIZ2 can
also carry out this function. Thus, SIZ1 and SIZ2 par-
ticipate both in preventing TOPI-dependent growth
defects when TOPI is present and in compensating for
absence of TOPI.

sizIA siz2A mutants have minor effects on sensitivity
to DNA damaging agents: Our results could be ex-
plained by a role for SUMO conjugation either in pre-
venting TOPI-dependent DNA damage or in repairing
naturally occurring levels of TOPI-dependent damage.
To test for roles of SIZgenes in DNA repair, we examined
sensitivity to different DNA damaging agents in cir® ver-
sions of sizIA siz2A. sizIA siz2A was not sensitive to the
alkylating agent MMS or to hydroxyurea, but was slightly
sensitive to UV irradiation (Figure 4A). The sizIA siz2A
mutant was also slightly sensitive to the Topl-trapping
drug CPT. A concentration of CPT that reduced the
plating efficiency of a rad52A mutant by several orders of
magnitude had little effect on the plating efficiency of a
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FIGURE 2.—Genetic interactions between topIA and other
SUMO pathway mutants. (A) topIA suppresses synthetic le-
thality between rad27A and wulpl-Al-160. Tetrads from a
ulpl-A1-160/ULPI rad27A/RAD27 toplA/TOPI diploid were
dissected and incubated for 3 days at 30°. ulpI-A I-160 rad27A
colonies are boxed and ulpl-A1-160 rad27A topIA are under-
lined. Designations are as in Figure 1C. ulp1, ulpl-A1-160. (B)
ulpl-A1-160 dominance test. Strains of the indicated geno-
types bearing a URA 3marked plasmid containing RAD52were
streaked onto a 5-FOA plate to select against the plasmid and
grown for 3 days at 30°. (C) Synthetic growth defects between
mms21-sp and topIA. Strains of the indicated genotypes were
grown at 30° on YPD plate for 2 days. Doubling time for each
mutant is indicated.

sizIA siz2A mutant, but did reduce its colony size (Figure
4A). This slight sensitivity to CPT would be consistent
either with a role for Siz proteins in repairing Topl-
dependent DNA damage or with the possibility that
absence of Sizl and Siz2 causes Topl-dependent damage,
thereby increasing the load of Topl-dependent DNA
damage in CPT-treated cells.

sizIA siz2A mutants display increased mitotic re-
combination: The model that sizIA siz2A contains DNA
damage that is repaired by the RAD52 pathway predicts
that this mutant might show increased mitotic recom-
bination. We first assayed for recombination between
direct repeats with an intervening marker (PETUKHOVA
et al. 1999), but these experiments were inconclusive,
with at most an approximately twofold increase in gene
conversions or pop-outs in the sizIA siz2A strain (not
shown). Next we tested for mitotic recombination by
looking forloss of heterozygosity (LOH) in diploid strains
with one triply marked chromosome (Figure 4B). By
selecting for loss of the middle marker (URA3) and
testing whether the flanking markers (at the centromere
and near the telomere) were also lost, it was possible to
distinguish between recombination events (such as re-
ciprocal exchange or BIR), chromosome loss, and muta-
tionsin URA3. This experimentshowed an approximately
fivefold increase in the frequency of recombination
events in the sizIA siz2A mutant relative to wt or either
single mutant (Table 2). However, this effect was not
dependenton Topl, as the sizIA siz2A topIA mutant also
showed an approximately fivefold increase over lopIA
[although the overall levels of 5-FOA resistant (wra3)
colonies in both topIA mutants were lower than those in
the corresponding TOPI strains]. We obtained similar
results examining LOH at a different locus (URA3 in-
serted at the MLP2locus on Chr IX), indicating that this
effect is not specific to Chr VII. This result provides ad-
ditional evidence for TOPIl-independent genome in-
stability in sizIA siz2A.

Sumoylation and Topl affect telomere length: It has
been shown that siz2A has slightly elongated telomeres,
while a S. pombe mutant lacking the Siz/PIAS homolog
has dramatically elongated telomeres (ASKREE et al.
2004; XHEMALCE el al. 2004, 2007). We next asked
whether the synthetic phenotypes of sizIA siz2A mutants
and suppression by topIA were related to telomere
length. We detected a slight increase in telomere length
in siz2A, and possibly in sizIA as well, that was clearly
exacerbated in the sizIA siz2A double mutant (Figure 5A).
This suggests that SIZI and SIZ2 have an overlapping
function in telomere maintenance. Next, we tested
whether this effect depended on TOPI. The topIA mu-
tant alone had very slightly elongated telomeres, but
there was a notable increase in telomere length in both
topIA sizIA and topIA siz2A compared to any of the
single mutants (Figure bA). sizIA siz2A and sizIA siz2A
topIA telomeres were similar to each other in length.
Thus, the telomere elongation in sizIA siz2A is not
dependent on TOPI, since telomere elongation is not
suppressed by topIA. Instead TOPI and Siz-dependent
sumoylation appear to play related, partially overlap-
ping roles in preventing telomere elongation.

Next we tested whether these effects on telomere
length involved RAD52 or RAD27, which have both
been linked to telomere maintenance (PARENTEAU and
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WELLINGER 1999; BHATTACHARYYA and Lustic 2006;
Figure 5B). rad27A showed heterogeneity in telomere
length, as has been observed previously (PARENTEAU
and WELLINGER 1999). Further deletion of TOPI
resulted in elongation of these telomeres. Remarkably,
this telomere elongation in rad27A topIA depended on
the SUMO pathway: deleting both SIZI and SIZ2 from
this strain restored a pattern similar to RAD27 alone,
while deleting SIZ1 had a partial effect. ulpI-A1-160,
nup60A, and nupl33A mutants had similar effects: ulpl/
nup topIA rad27A mutants had short telomeres, similar
to rad27A alone (notshown). These results suggest that
RAD27 and the SUMO pathway have overlapping func-
tions in telomere maintenance: topIA sizIA siz2A and
topIA rad27A mutants both have elongated telomeres,
while the quadruple mutant does not, indicating that
either RAD27 or SIZ genes must be present for telomere
elongation to occur in the {opIA mutant. Thus, our
results point to both negative and positive effects of
sumoylation on telomere length: in otherwise wild-type
strains, Siz-dependent sumoylation prevents telomere
elongation, whereas in topIA rad27A mutants, Siz-
dependent sumoylation promotes telomere elongation.

The rad52A strain had slightly longer telomeres than
wt, but there was little additional change when TOPI
and SIZgenes were also deleted. This resultis difficult to
interpret. One possibility is that RAD52, TOPI, and SIZ
genes all act in the same pathway related to telomere
length control.

Topl is sumoylated: The genetic interactions we
observed suggested that reduced Siz-dependent SUMO
attachment to an unknown substrate (s) results in Top1-
dependent loss of viability. One candidate substrate
would be Topl itself, which could require sumoylation
to complete one of its activities properly. Yeast Topl is
sumoylated, with at least four SUMO-modified Topl
species detectable on a Hisg- and HA-tagged version of

Topl (REINDLE ¢t al. 2006; Figure 6). This tagged version
of Topl is at least partially functional, since the tagged
strain did not have a growth defect and since sizIA siz2A
rad52A TOPI-His8-HA was dead, demonstrating that
tagged TOPI complements the suppression phenotype.
Most, but not all, SUMO attachment to Topl depends
on SIZI and SIZ2 (REINDLE et al. 2006). Here we tested
whether MMSZ21 also plays a role in Topl sumoylation
and found that while similar levels of sumoylation took
place in wt and in sizIA, siz2A, mms21-sp, and siz2A
mms21-sp mutants, sumoylation was decreased ~10-fold
in sizIA siz2A and sizIA mms21-sp double mutants
(Figure 6A). Thus, MMS2I also participates in Topl
sumoylation.

An active site mutant of mammalian topoisomerase I
is sumoylated more heavily than the wt protein (HORIE
et al. 2002). We found that this was also true in yeast, as
ToplY727F, which lacks the active site tyrosine, was
sumoylated approximately sixfold more heavily than
wt Top1 (Figure 6B). Interestingly, Top1-Y727F-HA-Hisg
expressed in a heterozygous diploid with topIA at the
other locus was sumoylated more heavily than Topl-
Y727F-HA-Hisg from a heterozygous diploid with wt
untagged TOPI at the other locus (Figure 6B). This
result suggests that the level of SUMO attachment to
Topl may be affected by the global level of TOPI activity
in the cell, not just the activity of the Topl polypeptide
that is being sumoylated.

If Topl itself is the substrate whose sumoylation
prevents Topl-dependent DNA damage, then a mutant
version of TOPI lacking the SUMO attachment sites
should show synthetic growth defects with rad52A and
rad27A, similarly to the sizIA siz2A mutant. To test this,
we identified SUMO attachment sites in yeast Topl.
Mammalian topoisomerase I contains three major
SUMO attachment sites in its N-terminal noncatalytic
domain (RALLABHANDI ef al. 2002). This domain is not
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FIGURE 4.—Phenotypes of sizIA siz2A mutants. (A) Sensitiv-
ity of SUMO pathway mutants to DNA damaging agents. Sta-
tionary phase cultures with the indicated genotypes were
serially diluted (10-fold) and spotted onto YPD containing
the indicated concentration of MMS, HU, DMSO, CPT, or
subjected to UV irradiation, and incubated for 2-3 days at
30°. One set of dilutions is shown at the top and another
setis shown at the bottom. (B) Diagram of loss of heterozygos-
ity assay. Diploid strains were heterozygous for a version of
Chr VII marked with the AphMX4 gene conferring hygromy-
cin resistance (Hyg®), near the centromere, with URA3 con-
ferring sensitivity to 5-FOA (FOA®) on the right arm, and
with kanMX conferring G418 resistance (Kan®) near the right
telomere. Cultures were plated on 5-FOA to select for isolates
that have lost the URA3 gene and are thus FOAR. Illustrated is
how a reciprocal crossover could give rise to a FOA® Hyg" Kan®
isolate. BIR could also generate FOA® Hyg® Kan® colonies.
Chromosome loss would give FOA® Hyg® Kan® colonies, while
a mutation in URA3 would give FOA® Hyg® Kan® colonies.

conserved, but yeast Topl also contains two consensus
sumoylation sites in its N-terminal domain, IKTE in-
cluding Lys65 and IKKE containing Lys91 and 92. These
are the major SUMO attachment sites in yeast Topl, as
Lys to Arg mutations at these three Lys residues reduced
Top1 sumoylation by ~95% (Figure 6C). However, there
was significant residual sumoylation in this mutant.
Yeast Topl contains one other sumoylation consensus
site at LKKE including Lys600 and 601. Mutating these

TABLE 2

Mitotic recombination frequencies in siz mutants

URA3oss

frequency Hyg® Kan® Hyg® Kan® Hyg® Kan®
Genotype (X 107) (%) (%)° (%)°
WT 1.9 = 0.7 92.1 4.7 2.4
sizIA 2.0 = 0.6 87.1 10.4 0.7
siz2A 19 * 0.8 93.0 7.0 —
sizlA siz2A 8.5 £ 1.7 95.6 4.0 0.4
topIA 03 *0.2 91.8 8.2 —
sizIA siz2A 1.8 £ 0.8 97.4 2.6 —

topIA

“% of FOA® colonies with the given phenotype.
"+ SD.
‘—, none detected.

Lys residues had no detectable effect on sumoylation of
either wt Topl or Topl containing mutations at the
other three lysines (Figure 6C). Thus, the residual
sumoylation of the Top1-K65,91,92R mutant takes place
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Ficure 6.—Topl is modified by SUMO. (A) Sumoylation of
Topl in SUMO E3 ligase mutants. Proteins from indicated
strains containing Topl-HA-Hisg were purified by Ni-NTA af-
finity chromatography and analyzed by SDS-PAGE and immu-
noblotting with Abs against Smt3 (top) and HA (bottom).
Arrowhead indicates unmodified Topl, and lines indicate
SUMO-modified Topl. HH, HA and Hisg tags. Numbers un-
der the lanes indicate the ratio of the total signal from the
sumoylated species to the signal from the unmodified species,
normalized to wt Topl-HA-Hiss. (B) Topl sumoylation is
induced by deficient Topl activity. Strains containing Top1-
HA-Hisg or active site mutant Top1-Y727F-HA-Hisg were ana-
lyzed as in A. Diploid strains contained untagged TOPI (lane
4) or topIA (lane 5) at the other locus. (C) Sumoylation of
Topl containing mutations in sumoylation consensus motifs.
Indicated versions of Topl-HA-Hisg were analyzed as in A.

at nonconsensus sites. The 769-residue Topl protein
contains 103 other Lys residues, complicating the task of
identifying additional sites. We found that the rad52A
TOPI-K65,91,92R double mutant grew indistinguish-
ably from a rad52A single mutant (doubling time 2.2 hr)
and unlike the rad52A sizIA siz2A strain (7.7 hr). A

rad27A TOPI1-K65,91,92R mutant also did not have a
notable growth defect beyond that of rad27A. The most
likely interpretation of these results is that Topl itself
is not the relevant SUMO target in preventing TOPI-
dependent DNA damage. However, it is still possible
that Topl is the relevant substrate, but that the residual
sumoylation of Topl-K65,91,92R is sufficient to carry
out this function. The TOPI-K65,91,92R mutant does
retain topoisomerase activity, as it was functional in topo-
isomerase assays in vilro, and sizIA siz2A rad52A TOPI-
K65,91,92R was dead, indicating that it complements
the suppression phenotype (not shown).

SUMO modification of Topl-interacting proteins:
Another possible explanation for the absence of a
phenotype in the TOPI-K65,91,92R rad52A and rad27A
mutants is that sumoylation of Topl may be redundant
with sumoylation of other associated proteins. SUMO
is often attached to multiple subunits within protein
complexes (WOHLSCHLEGEL et al. 2004), and sumoyla-
tion of different proteins within the same complex may
be functionally redundant. The Tril (YMR233W) pro-
tein has been reported to interact with Topl and was
identified as a SUMO substrate by a proteomic study
(UeTZ et al. 2000; HANNICH et al. 2005). We confirmed
that Tril is sumoylated and found that its sumoylation
depended primarily on SIZI but was decreased to a
greater extent in sizIA siz2A (Figure 7A). Remarkably,
sumoylation of Tril was strongly stimulated by deletion
of TOPI (Figure 7, A and B). This topIA-induced su-
moylation was primarily Siz-dependent, but Tril sumoy-
lation was also increased in sizIA siz2A topIA relative to
sizIA siz2A. Sumoylation of Tril was increased to a
similar level in a strain containing inactive Top1-Y727F,
indicating that it is the absence of Topl activity, rather
than the absence of Topl protein, that results in the
increase in Tril sumoylation (Figure 7B). S. cerevisiae
contains a gene that is 41% identical to TRI1, called
UAF30. Uaf30 was sumoylated to a low level, but its su-
moylation was not strongly increased by topIA (Figure
7B). SUMO attachment to Pol30, Prp45, Genb, Abfl,
Rsc2, Top2, and Cdc3 also was not affected by deleting
TOPI (not shown). Furthermore, no change in global
sumoylation was observed upon deletion of TOPI in
either wt or sizIA siz2A cells (not shown). This suggests
thatreduced Topl activity stimulates SUMO attachment
to a limited subset of SUMO substrates that includes at
least Topl itself and Tril.

Tril contains two sumoylation consensus sequences
near its C terminus at Lys201 and Lys215, and mutating
the Lys in these sequences to Arg eliminated SUMO
attachment to Tril (Figure 7B). This mutant had no
obvious phenotypes either alone or when combined
with topIA, rad52A, rad27A, TOP1-K65,91,92R, or with
the double mutants rad52A TOPI1-K65,91,92R, or rad27A
TOPI-K65,91,92R (not shown). The doubling time of
TRII-K201,215Rrad52A was 2.1 hrand of TRII-K201,215R
TOP1-K65,91,92R rad52A was 2.3 hr, neither of which
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FIGURE 7.—Sumoylation of Tril is induced by absence of
Topl activity. (A) E3 and TOPI dependence of Tril sumoyla-
tion. Indicated strains containing Tril-Hisg-HA were analyzed
as in Figure 6 and detected by immunoblotting with an Ab
against HA. The bottom section is a lighter exposure of the
blot shown in the top. Arrowheads indicate unmodified
Tril, and lines indicate SUMO-modified Tril. Asterisks indi-
cate bands that cross-react with the Ab. HH, HA and Hisg tags.
(B) Strains of the indicated genotypes expressing versions of
Tril-Hisg-HA or Uaf30-Hisg-HA, as indicated, were analyzed as
in Figure 6 and detected by immunoblotting with Abs against
Smt3 (top) or HA (bottom). Identities of bands are indicated.
An asterisk indicates a band that cross-reacts with the Ab.

was significantly different from rad52A alone. Thus,
neither Topl nor Tril—nor Topl and Tril acting
redundantly—is the substrate that must be sumoylated
to prevent TOPI-related DNA damage.

We also tested mutants in other yeast SUMO sub-
strates for synthetic interactions with rad52A and rad27A.
These experiments showed that it is unlikely that deficient
SUMO attachment to Pol30 or Top2 or deficient SUMO
chain formation is involved in the Topl-dependent syn-
thetic growth defects. Rad52 is also unlikely to be the
relevant substrate, although Radb2 is sumoylated.
(SACHER et al. 2006). The fact that SIZI and SIZ2 are
required for viability of rad52A indicates that the
relevant substrate is being sumoylated in the rad52A
mutant, which lacks Rad52 protein. Thus, the SUMO
substrate associated with the Topl-dependent synthetic
growth defects remains to be identified.

DISCUSSION

We describe several new discoveries that provide
insight into the role of the SUMO pathway in maintain-

ing genome integrity. Most importantly, we have shown
that inactivating topoisomerase I suppresses the syn-
thetic growth defects that arise from simultaneously
inhibiting sumoylation and inactivating certain DNA
repair pathways. This discovery provides a tool that
allowed us both to identify other mutants that affect
the SUMO pathway, such as the nuclear pore mutant
nupl33A, and to define the mechanistic relationships
between various phenotypes of known SUMO pathway
mutants. This second aspect is particularly important
given the fact that the yeast SUMO pathway has hun-
dreds of substrates that presumably act through many
distinct mechanisms, yet there is a single SUMO-specific
protease that processes the SUMO precursor protein
(Ulpl), a single E1 (Uba2-Aosl) and E2 (Ubc9) for
SUMO, and only three known E3’s that function during
vegetative growth (Sizl, Siz2, and Mms21). Thus, mu-
tating UBC9Y or ULPI may cause hundreds of distinct
defects (Figure 8). For example, a recent article shows
that a conditional mutant in ubc9 displays synthetic
lethality with mutants including rad51A and srs2A and
also describes a role for MMS21-dependent sumoylation
in the response of replication forks to DNA damage
(BraNzEl et al. 2006). Our work suggests that these phe-
notypes reflect at least three distinct phenomena. One is
the MMS2I-dependentresponse to DNA damage. Second
is the synthetic lethality of ubc9with rad51A and other HR
mutants. Thisis almost certainly the same fopIA-suppressible
phenomenon we have studied, which results from de-
fective Siz-dependent sumoylation. [Deficient MMS21-
dependent sumoylation does not result in synthetic
lethality with rad52A (notshown).] Third is the synthetic
lethality between ubc9 and srs2A, which we did not ob-
serve in srs2A sizIA siz2A. This either reflects a strain dif-
ference oris the result of a process thatis defective in ubc9
butnotin sizIA siz2A. In either case, itis a distinct effect.

We identified three additional phenotypes of de-
ficient Siz-dependent SUMO conjugation that are dis-
tinct from those described above and probably from
each other. First is the increased mitotic recombination
in sizIA siz2A, as detected by LOH in diploid cells (Table
2). Second is the telomere elongation that takes place
upon deletion of SIZ genes from wt or from topIA cells
(Figure b). Third is the decrease in telomere length that
occurs upon deletion of SIZ genes in rad27A topIA cells.
There are two reasons for thinking that these telomere-
related effects are distinct. One is that in the first case,
Siz activity promotes shorter telomeres, while in the
second case it generates longer telomeres. Further-
more, the sizIA and siz2A single mutants have different
effects on these phenomena. The siz2A mutant has
slightly longer telomeres than sizIA, suggesting that
SIZ2 plays a greater role in controlling telomere length
in wt cells. In contrast, SIZI has a greater effectin rad27A
topIA: telomere length is reduced more dramatically
upon deleting S/ZI from this mutant than upon de-
leting SI/Z2 (Figure 5).
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MIp2 are required for correct localization of Ulpl, and therefore these mutants display a subset of ulpl phenotypes (ZHAO et al.
2004). nupl33A and nup84A also affect SUMO conjugation (this work) and may also act through Ulpl localization. The SUMO
E3’s Sizl, Siz2, and Mms21 have both unique and overlapping functions during vegetative growth, while Zip3 acts during meiosis
(STELTER and ULrRIcH 2003; ASKREE ef al. 2004; CHEN et al. 2005; TARAHASHI et al. 2005; ZHAO and BLOBEL 2005; BRANZEI et al.
2006; CHENG et al. 2006; MOTEGI et al. 2006; this work). Several phenotypes of ulp2A, as well as the synthetic lethality between sizIA
siz2A and rad52A or rad27A are suppressed by mutations in TOPI ( JACQUIAU et al. 2005; this work). Phenotypes associated with mu-
tants in a particular gene or set of genes are listed in italics. Proteins in parentheses are SUMO substrates associated with the phe-
notype. Arrows point toward downstream components of the pathway. Lines indicate hierarchical relationships. Proteins illustrated
vertically each have unique roles in a particular function, while proteins illustrated side by side have redundant roles in the indicated
function. sl, synthetic lethal; GCR, gross chromosomal rearrangement.

We also showed that several previously described
SUMO-related phenotypes are distinct from the TOPI-
dependent loss of viability in sumoylation- and DNA
repair-deficient mutants. An unsumoylatable TOP2 mu-
tant, top2-SNM, has defects in centromere cohesion and
minichromosome maintenance (BACHANT et al. 2002;
TakanasHI ef al. 2005). However, since top2-SNM does
not show synthetic defects with rad52A or rad27A, these
phenotypes are not related to the Topl-dependent
synthetic growth defects. Likewise, a mutant version of
SUMO that cannot form SUMO chains suppresses many
of the phenotypes of a ulp2A mutant (BYLEBYL el al.
2003), but deficient SUMO chain formation is also not
the cause of the synthetic growth defects. Sumoylation
of PCNA at K164 depends solely on SIZ1 (HOEGE et al.
2002) and so is clearly not responsible for the synthetic
defects, but sumoylation at K127 could have been re-
sponsible. However, this is not the case. Cumulatively,
this set of results suggests that the SUMO pathway has
multiple related, yet mechanistically distinct, roles in
maintaining the integrity of the genome.

Our current results also emphasize another trend in
the phenotypes of SUMO pathway mutants that is often
not discussed clearly in the literature: the vast majority
of the phenotypes of ulpl mutants result from reduc-
tions in SUMO conjugation, rather than from accumu-
lation of sumoylated substrates. This is not immediately
obvious because u/pl mutants accumulate some sumoy-
lated species and have reductions in others (L1 and
HocHSTRASSER 1999). However, in all cases where it has

been examined, ulpl phenotypes are identical to those
of mutants that are defective in attaching SUMO. One
or more of the SUMO attachment pathway mutants
ubc9, uba2, or sizIA siz2A display all of the following
phenotypes of ulpl mutants: accumulation of the 2 pm
circle; synthetic lethality with rad52A, rad27A, and srs2A;
suppression of the phenotypes of ulp2A; and defects in
cell cycle progression, nuclear transport, and trafficking
of ribosomal subunits (L1 and HocHSTRASSER 2000;
SCHWIENHORST ¢t al. 2000; STADE ¢t al. 2002; SOUSTELLE
et al. 2004; CHEN et al. 2005; DOBSON et al. 2005; BRANZEI
et al. 2006; PANSE et al. 2006). Since these other proteins
participate only in SUMO attachment, while Ulp1 plays
roles both in generating free SUMO and in removing
SUMO from specific conjugates, it is reasonable to
conclude that these phenotypes have the same cause
in all mutants: deficient SUMO conjugation.

In contrast, the defects associated with ulp2A appear
to be caused primarily by abnormal accumulation of
SUMO conjugates. The reason for believing this is
that the major phenotypes of ulp2A mutants are sup-
pressed by mutations that decrease SUMO conjugation,
including uba2, ubc9, sizIA siz2A, and uipl, as well as
the unsumoylatable versions of TOP2 and SUMO (L1
and HocHSTRASSER 2000; SCHWIENHORST et al. 2000;
BACHANT et al. 2002; BYLEBYL et al. 2003). Thus, given
our results, it is surprising that deleting 7TOPI also
suppresses many of these same phenotypes of ulp2A
(JacqQuiau et al. 2005). This means that topIA sup-
presses phenotypes associated both with increased
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sumoylation (in u/p2A) and with decreased sumoylation
(in sizIA siz2A rad52A). It is not obvious how this works.
One possibility is that topIA suppression affects entirely
different phenomena in these two cases. Another
possibility is that undersumoylation and oversumoyla-
tion of the same Topl-related protein have different
deleterious effects that are both suppressed by deleting
TOPI.

The simplest model to explain how inactivating Topl
would suppress DNA repairrelated phenotypes is that
Top1 could directly cause DNA damage in these mutants.
It is easy to imagine how aberrant Topl activity could
cause DNA damage, since single-strand breaks (SSBs)
form during the catalytic mechanism of Topl. However,
we have not detected evidence of this. In a ulpI catalytic
domain mutant with a severe growth defect, SOUSTELLE
et al. (2004) detected SSBs during DNA replication, but
we have not detected SSBs in the rapidly growing sizIA
siz2A mutant. Aberrant Topl activity can result from the
presence of certain DNA abnormalities, such as abasic
sites, that delay religation (CHAMPOUX 2001; WANG
2002). We did not detect differing levels of abasic sites
between wt and sizIA siz2A DNA (notshown). We also did
not observe higher levels of either Topl protein or Topl
activity in vitro in lysates from sizIA siz2A cells (not
shown). Furthermore, the mitotic recombination and
telomere elongation phenotypes in the sizIA siz2A mutant
were not suppressed by fopIA, indicating that these
phenotypes are not caused by Top1 activity. These results
may mean that we have not yet detected the defect that
is associated with TOPI-dependent cell death in these
mutants.

It is also possible that the role of TOPI in synthetic
lethality is indirect. The relevant SIZ-dependent process
may be carried out by an entirely different mechanism
in the absence of TOPI. Alternatively, inactivating TOPI
may allow cell viability even though the relevant DNA-
related defect is still present. For example, SIZ genes
and RAD27 have overlapping functions in telomere
maintenance, such that telomeres are shorter in sizIA
siz2A rad27A topIA than in either sizIA siz2A topIA or
rad27A topIA. Itis possible that in the presence of TOP1
the telomere shortening in sizIA siz2A rad27A is even
more dramatic and results in inviability. We also cannot
exclude the possibility that the suppression of sizIA
siz2A mutants’ synthetic growth defects by topIA results
from the increased sumoylation of certain proteins in
this mutant.

Another new finding in this work is that the increased
sumoylation of defective Topl—either CPT poisoned or
with an active site mutation—that has been observed by
others appears to be a global effect resulting from
reduced Topl activity in the cell. Previous investigators
assumed that the specific CPT-bound or inactivated
topo I molecule is targeted for sumoylation (Mao ef al.
2000; Horik et al. 2002; Mo et al. 2002; CHRISTENSEN
et al. 2004). In contrast, our results show that there is a

general upregulation of SUMO attachment to certain
proteins, including Top1l and Tril, when TOPI activity is
reduced or eliminated.

Finally, we have also shown that, like nup60A, mutants
in the nucleoporin genes NUPI33 and NUP§4 have
defects in SUMO conjugation and that nupl33A, at
least, shares some of the phenotypes of SUMO pathway
mutants. Nup60 is involved in NPC localization of Ulpl
(ZHAO et al. 2004), and this is a likely mechanism for the
effect of the other NPC mutants as well, although this
remains to be proven. There were substantial differ-
ences in the patterns of SUMO conjugates among the
nup and ulpl mutants. nupl33A and nup84A showed
some increased and some decreased species, somewhat
like ulp1-AI-160, while nup60A showed a greater overall
reduction in SUMO conjugation (Figure 3B). This is
likely explained by the fact that tethering of Ulpl to the
NPCis mediated by two different karyopherins that bind
to different parts of the Ulp1 N-terminal domain (PANSE
et al. 2003). The ulpI-A1-160 mutant lacks only one of
these and retains partial nuclear envelope localization
(Lt and HocHSTRASSER 2003). nup60A shows greater
reductions in Ulpl nuclear envelope localization (ZHAO
et al. 2004) and consequently may carry out greater
unregulated desumoylation. The NPCs in nupl33A
form a single cluster, and Ulpl has been shown to
colocalize with this cluster (SCHWIENHORST et al. 2000).
This indicates that Ulpl still localizes to the NPC in this
mutant, although the NPCs themselves are mislocalized.
Interestingly, these nup mutants, as well as mutants in
MLPI and MLP2, which are also involved in localization
of Ulpl to the NPC, have a variety of other phenotypes
including defects in subtelomeric silencing, in repair of
double-strand breaks near the telomere, and in tether-
ing of telomeres to the nuclear envelope (GALY et al.
2000; HEDIGER et al. 2002; THERIZOLS et al. 2006). Some
of these may also be secondary effects of their defects in
SUMO metabolism and may be mechanistically related
to the phenotypes of sizIA siz2A that we have character-
ized. Determining what the relevant SUMO substrates
are and distinguishing phenotypes involving sumoyla-
tion of one protein from those involving sumoylation of
others will be a challenge for the future.
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