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A Lysine Desert Protects a Novel Domain in the
SIx5-SIx8 SUMO Targeted Ub Ligase To Maintain
Sumoylation Levels in Saccharomyces cerevisiae
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ABSTRACT Protein modification by the small ubiquitin-like modifier (SUMO) plays important roles in genome maintenance. In Sac-
charomyces cerevisiae, proper regulation of sumoylation is known to be essential for viability in certain DNA repair mutants. Here, we
find the opposite result; proper regulation of sumoylation is lethal in certain DNA repair mutants. Yeast cells lacking the repair factors
TDP1 and WSST are synthetically lethal due to their redundant roles in removing Top1-DNA covalent complexes (Top1ccs). A screen for
suppressors of tdp7A wssTA synthetic lethality isolated mutations in genes known to control global sumoylation levels including ULPT,
ULP2, SIZ2, and SLX5. The results suggest that alternative pathways of repair become available when sumoylation levels are altered.
Curiously, both suppressor mutations that were isolated in the SIx5 subunit of the SUMO-targeted Ub ligase created new lysine
residues. These “slx5-K" mutations localize to a 398 amino acid domain that is completely free of lysine, and they result in the auto-
ubiquitination and partial proteolysis of SIX5. The decrease in SIx5-K protein leads to the accumulation of high molecular weight SUMO
conjugates, and the residual Ub ligase activity is needed to suppress inviability presumably by targeting polysumoylated Top1ccs. This
“lysine desert” is found in the subset of large fungal SIx5 proteins, but not its smaller orthologs such as RNF4. The lysine desert solves a

problem that Ub ligases encounter when evolving novel functional domains.
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HE cell’s genome is under constant assault from extrinsic

and intrinsic sources of DNA damage. To orchestrate a
quick and effective response to DNA damage, a variety of
protein modifications are employed, including sumoylation
(Hoege et al. 2002; Pfander et al. 2005; Sacher et al. 2006;
Cremona et al. 2012a,b; Jalal et al. 2017; Zilio et al. 2017).
SUMO, also known as Smt3 in Saccharomyces cerevisiae, is
processed from an inactive precursor by the SUMO protease
Ulpl. Ulpl is tethered to the nuclear envelope by components
of the nuclear pore including Nup60 (Li and Hochstrasser
2003; Zhao et al. 2004; Lewis et al. 2007). Like ubiquitin
(Ub), mature Smt3 is conjugated to lysine residues via an
ATP-dependent enzyme cascade of E1 (Aosl/Uba2), E2
(Ubc9), and E3 (Sizl, Siz2, and Mms21) enzymes (Johnson

Copyright © 2017 by the Genetics Society of America

doi: https:/doi.org/10.1534/genetics.117.202697

Manuscript received April 3, 2017; accepted for publication May 23, 2017; published
Early Online May 26, 2017.

Supplemental material is available online at www.genetics.org/lookup/suppl/doi: 10.
1534/genetics.117.202697/-/DC1.

Corresponding author: Department of Molecular Biology and Biochemistry, Center
for Advanced Biotechnology and Medicine (CABM), Rutgers University, 679 Hoes
Lane, Piscataway, NJ 08854. E-mail: brill@cabm.rutgers.edu

et al. 1997; Johnson and Gupta 2001; Zhao and Blobel 2005).
Sumoylation is dynamic, and SUMO can be decoupled from
its target proteins by the Ulp1 and Ulp2 deconjugases (Li and
Hochstrasser 2000).

Because SUMO bears a sumoylation consensus motif, it can
be coupled to itself. This results in poly-SUMO chains anal-
ogous to those of Ub (Tatham et al. 2001; Bylebyl et al. 2003).
Polysumoylation has been implicated in multiple functions
(Zhang et al. 2008; Srikumar et al. 2013). It can be induced
by stresses such as heat shock and proteasomal inhibition,
and is associated with ubiquitination and protein turnover
(Uzunova et al. 2007; Schimmel et al. 2008; Golebiowski
et al. 2009; Tatham et al. 2011; Zhou et al. 2012).

One of poly-SUMO’s best characterized functions is to
mark target proteins for destruction via the SUMO-targeted
Ub ligase (STUbL). STUbLs are RING-finger type Ub E3 li-
gases including RNF4 in higher cells, SIx5-SIx8 in budding
yeast, and Rfp1-2/S1x8 in fission yeast (Prudden et al. 2007;
Sun et al. 2007; Uzunova et al. 2007; Xie et al. 2007; Mullen
and Brill 2008; Tatham et al. 2008). These orthologs differ in
size and subunit structure. RNF4 functions as a homodimer of
190 amino acids (aa), whereas the fungal STUbLs exist as
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heterodimers whose homologs SIx5 (619 aa) and Rfpl-2
(254 aa) also differ in size. It is unknown whether these size
differences are functionally important, although it is known
that RNF4 complements some yeast phenotypes (Prudden
et al. 2007; Mullen et al. 2011; Sriramachandran and
Dohmen 2014). The SIx5, Rfp1-2, and RNF4 proteins achieve
substrate specificity through four SUMO Interacting Motifs
(SIMs) that bind noncovalently to SUMO moieties within a
chain (Keusekotten et al. 2014). Binding stimulates the ubig-
uitination of target proteins bearing the poly-SUMO chain, as
well as the chain itself (Uzunova et al. 2007; Mullen and
Brill 2008; Tatham et al. 2008; Wang and Prelich 2009;
Plechanovova et al. 2011; Rojas-Fernandez et al. 2014). Yeast
cells lacking STUbLs are slow growing, and display several
phenotypes including hyper-recombination, sensitivity to hy-
droxyurea, and accumulation of high molecular weight
SUMO conjugates (Zhang et al. 2006; Burgess et al. 2007;
Kosoy et al. 2007; Prudden et al. 2007).

Sumoylation is important for DNA repair (Hoege et al.
2002; Potts and Yu 2005; Zhao and Blobel 2005; Branzei
et al. 2006; Motegi et al. 2006; Burgess et al. 2007;
Prudden et al. 2007; Galanty et al. 2012; Yin et al. 2012;
Jalal et al. 2017; Zilio et al. 2017). In budding yeast, regula-
tors of sumoylation show synthetic-lethal interactions with
different pathways of DNA repair. For example, yeast cells
lacking the Srs2 DNA helicase require Ulpl, those lacking
the Sgs1 DNA helicase require SIx5-S1x8, and those lacking
the Rad27 flap endonuclease require Sizl or Siz2 (Mullen
et al. 2001; Soustelle et al. 2004; Chen et al. 2007). Such
synthetic-lethal interactions suggest that proper regulation
of SUMO is essential for recruiting repair factors in alterna-
tive repair pathways (Cremona et al. 2012a; Psakhye and
Jentsch 2012).

The covalent linkage of proteins to DNA is a source of
intrinsic DNA damage whose repair is not completely un-
derstood. The transient cleavage cycle of type I DNA topo-
isomerases is a major source of such damage. Stabilization of
the cleavage intermediate, by prior damage or drugs, for
example, leads to a nicked-DNA protein complex. Studies in
different systems have identified a variety of pathways to
repair such Topl-DNA covalent complexes (Toplccs)
(Pommier et al. 2006). These pathways involve a disparate
group of proteins including the tyrosyl-DNA phosphodiester-
ase Tdpl (Pouliot et al. 1999; Hoa et al. 2016), the protease
Wss1/SPRTN (Stingele et al. 2014, 2016; Balakirev et al.
2015; Vaz et al. 2016), and endonucleases such as MRX,
Rad1-10, Slx1-4, and Mus81-Mms4 (Liu et al. 2002; Vance
and Wilson 2002; Deng et al. 2005; Hartsuiker et al. 2009;
Regairaz et al. 2011). Originally identified as a phosphodies-
terase specific for topoisomerase I-induced DNA damage,
Tdp1 can hydrolyze the phosphodiester bond between DNA
and substrates such as 3'-and 5’-phosphotyrosine (Pouliot
et al. 1999; Interthal et al. 2005; Nitiss et al. 2006; Huang
et al. 2013; Pommier et al. 2014). The neurodegenerative
disorder spinocerebellar ataxia with axonal neuropathy
(SCAN1) is due to a mutation in TDPI1, and mice with this
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mutation are sensitive to the topoisomerase I poison camp-
tothecin (Takashima et al. 2002; Hirano et al. 2007). Wss1/
SPRTN is a recently characterized metalloprotease that acts
on DNA-protein crosslinks. In yeast, Wss1 forms a complex
with Cdc48/p97 to target sumoylated proteins bound to DNA,
including Topl (Stingele et al. 2014; Balakirev et al. 2015).
Mutations in SPRTN are associated with Ruijs-Aalfs syndrome,
a progeroid and cancer-predisposition disease in humans.
Sumoylation has been implicated in the repair of topoisomer-
ase-linked DNA damage (Mao et al. 2000; Chen et al. 2007;
Heideker et al. 2011). Some models suggest that sumoylation
of Topl may lead to the ubiquitin-dependent degradation of
Toplces prior to removal of the 3'-phosphotyrosine-linked
peptide by Tdp1l (Desai et al. 2001; Mao et al. 2001; Horie
et al. 2002; Lin et al. 2008; Interthal and Champoux 2011).

In budding yeast, TDP1 and WSSI have been shown to
define redundant pathways for the repair of Toplccs. The
tdp1A wss1A double mutant is synthetically lethal, and sup-
pressible by loss of TOP1 (Dixon et al. 2008; Stingele et al.
2014; Balakirev et al. 2015). To identify alternative pathways
for the repair of Top1l-dependent DNA damage, we searched
for additional suppressors of tdp1A wss1A synthetic lethality.
We found that tdplA wssIA cells can survive if the cell’s
sumoylation is altered. The results suggest that sumoylation
inhibits alternative pathways for DNA repair, and they
revealed a novel functional domain in Slx5 whose sequence
is constrained by its tendency to self-destruct.

Materials and Methods
Yeast strain construction and manipulation

The yeast strains used in this study are RAD5 derivatives of
strain W303-1a (Thomas and Rothstein 1989), and are listed
in Supplemental Material, Table S1. Strains were maintained
on 1% yeast extract, 2% peptone, and 2% dextrose (YPD) or
synthetic complete (SC) medium, unless otherwise stated, and
standard techniques were used for their manipulation (Adams
et al. 1997). Gene disruptions were carried out using PCR-
generated cassettes that replaced entire open reading frames
(ORFs) with antibiotic resistance markers as described
(Guldener et al. 1996; Goldstein and McCusker 1999). When
necessary, chromosomally marked strains were obtained from
the commercially available knock-out collection (Open Biosys-
tems). To construct tdpIA wssIA double mutants, single mu-
tants containing the balancer plasmid pNJ7478 (WSS1/ADE3/
URA3/CEN) were mated, and diploid cells were sporulated
and microdissected. Only spore clones that germinated with
the balancer plasmid were used throughout the study to elim-
inate spontaneous suppressor mutations.

DNA manipulation

Oligonucleotides were from IDT (Integrated DNA Technolo-
gies, Coralville, IA). Phusion DNA polymerase was used to
amplify genes by the polymerase chain reaction (PCR). Point
mutations were created by site-directed mutagenesis using
specific primer sets and two-rounds of PCR.
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Screen for tdp1A wss1A suppressors

Screens for spontaneous and induced suppressors were per-
formed. To identify spontaneous suppressors, 107 cells from an
overnight culture of NJY3292 [tdp1A wss1A pNJ7478 (WSS1/
ADE3/URA3/CEN)] were spread onto each of 10 SC plates con-
taining (5-Fluoroorotic Acid) (FOA). Plates were incubated at
30° for 7 days, and the fastest growing colonies were selected
as potential suppressor mutants. Loss of pNJY7478 was con-
firmed by patching these cells onto YPD plates. Since the
parent strain is white (ade2 ade3), cells forming red colonies
indicate the presence of the ADE3 balancer plasmid. Two
mutants grew white on YPD plates and were chosen for
further analysis. To isolate induced mutations, an isogenic
strain of opposite mating type, PSY3288, was treated with
ethyl methansulfonate (EMS) as described (Mullen et al.
2001). A 30 min EMS treatment resulted in ~70% lethality,
and these cells were used to screen for fast-growing colonies
on FOA as described above.

Cloning the suppressor genes

All suppressor strains were backcrossed to the parent strain of
the opposite mating type to identify recessive mutations and
for tetrad analysis. The two spontaneous suppressors (sup92-z
and sup92-h) and four induced suppressors (sup88-2, sup88-3,
sup88-9, and sup88-y) were recessive and segregated in tetrads
as single mutations (Table 1). To identify these six suppressor
mutations, we took advantage of the fact that they all generated
nibbled spore clones (including sup88-3 [TOP1], Figure S3A in
File S1), and five of the six were judged to be centromere-linked
based on their segregation pattern with respect to TRP1 (sup88-y
[NUP60]; sup88-3 [TOP1]; sup88-2 [SLX5]; sup92-h [SLX5]; and
sup88-9 [ULPI]).

The centromere-linked mutations sup88-y and sup88-3
were mapped to specific chromosomes by crossing these
mutants to a set of knockout strains bearing mutations in
nonessential centromere-proximal genes, and identifying
the ones that yielded parental di-type tetrads (Table 1).
Very tight linkage of sup92-h and sup88-2 to TRP1 placed
these genes at, or near, SLX5 on Chr IV. These four genes
were cloned by complementation using a tiling library of
LEU2-marked plasmids (Jones et al. 2008). Specifically,
a suppressed strain (e.g., tdpIA wssIA supX) was trans-
formed with the balancer pNJ7478, and then with a set
of LEUZ2 plasmids from the tiling library that was known
to cover the chromosomal region of interest. When the
suppressor mutation was complemented by one of the plas-
mids, transformants retained pNJ7478 (WSS1/ADE3/
URA3/CEN), and were inviable on medium lacking leucine
and containing FOA. Mutant alleles were then PCR ampli-
fied and sequenced.

There are several genes that are known to cause a nibbled
colony phenotype and are not centromere linked. Sequencing
some of these from the sup92-z strain (SLX8, SIZ1, SIZ2, ULP1,
and ULP2) revealed a frame-shift mutation in SIZ2 that
caused a premature stop codon at aa L301.

DNA from backcrossed sup88-9 progeny was subjected to
whole genome sequencing (Genwiz). Sequence analysis by a
custom pipeline consisting of SNP detection by Crossbow
version 1.2.0 (Langmead et al. 2009), and variant annotation
with the ANNOVAR package (Wang et al. 2010) revealed a
mutation in ULP1 (nt G489A) that was confirmed by comple-
menting the suppressor phenotype with a wt ULP1 plasmid.
ULP1 is an essential gene, and this mutation creates a pre-
mature stop codon at aa 163, so we presume the cell survives
because of translation initiation at an internal methionine
codon (e.g., M295) resulting in an N-terminal truncation.
This idea is supported by the fact that a viable N-terminal
truncation of Ulpl (Ulplssy_es4) (Li and Hochstrasser
2003) suppressed tdpIA wssIA synthetic lethality (strain
NJY4285). Both Nup60 and the N-terminus of Ulpl are
needed to localize Ulpl to the nuclear envelope (Li and
Hochstrasser 2003; Zhao et al. 2004; Lewis et al. 2007) so
mutations in NUP60 and ULP1 were probably isolated due to
the same mechanism of mis-localizing Ulp1.

Yeast extracts for immunoblotting

Total yeast cell extracts were prepared under denaturing
conditions as follows. Cells equivalent to 10 ODgq units were
harvested from exponentially growing cultures by centrifu-
gation. The pellet was washed with cold water once, resus-
pended in 1 ml water, transferred to a microfuge tube, and
centrifuged again. The cell pellet was resuspended in a lysis
solution [1.85 N NaOH, 7.5% beta-mercaptoethanol (BME),
5 pg/ml leupeptin, 10 pg/ml pepstatin A, and 20 mM
iodoacetamide], whose volume was twice that of the cell
pellet. Following incubation on ice for 10 min, an equal
amount of 50% trichloroacetic acid (TCA) solution was
added, and the sample was incubated on ice for another
10 min. Precipitated protein was collected by high-speed
centrifugation at 4°, followed by incubation with 90%
acetone at —20° for 20 min. The precipitate was dried,
resuspended in 400 pl of solution E [0.5 M Tris base, 3%
SDS, and 0.1 M dithiothreitol (DTT)] with gentle sonica-
tion, heated at 65° for 20 min and centrifuged to remove
insoluble material. The soluble portion (350 pl) was
moved to a new tube and made 1X in Laemmli buffer
lacking SDS prior to subjecting the sample to SDS-PAGE
and immunoblotting.

Ni-NTA affinity pull down

Denaturing extracts were prepared from yeast cultures con-
taining His6-tagged proteins as described above. However,
the pellet obtained after TCA precipitation was resolubilized
in 2 ml Buffer G [6 M guanidine, 0.1 M sodium phosphate
(pH 8.5), and 75 mM Tris (pH 8.5)], with light sonication
followed by rocking at room temperature for 1 hr. Solubilized
proteins were separated away from the insoluble fraction by
high-speed centrifugation, and a portion used for immunoblot-
ting. The remainder of the sample was made 5 mM in imid-
azole, and incubated with 40 pl Ni-NTA agarose beads
(Qiagen) equilibrated in Buffer G. Following incubation for
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Table 1 Suppressors of tdp1A wss7A synthetic lethality

Suppressor name Centromere-linkage Gene Allele

sup92-z No Siz2 L301-STOP frameshift at E289 due to AntG868
sup92-h Yes/ChrlV SLX5 Q362K

sup88-y Yes/Chrl NUP60 V48-STOP frameshift at Q42 due to AntC124
sup88-2 Yes/ChrlV SLX5 E350K

sup88-3 Yes/ChrXV TOP1 Q668-STOP

sup88-9 Yes/ChrXVI ULP1 W163-STOP

3 hr at 4°, the unbound fraction was removed by a 15 sec
low-speed centrifugation spin. Beads were washed twice
with buffer U [8.0 M urea, 0.1 M sodium phosphate
(pH 6.5), 10 mM Tris (6.5), 10 mM imidazole, and 0.05%
Tween 20], and resuspended in 40 pl gel loading buffer
[8.0 M urea, 0.2 M Tris (pH 6.5), 1 mM EDTA, 5% SDS,
5% glycerol, 0.1 M DTT, and 0.1% bromophenol blue]. Sam-
ples were heated at 60° for 20 min, and a portion was ana-
lyzed by immunoblotting.

Protein ubiquitination assay

Proteins were expressed, purified, and assayed essentially as
described (Ii et al. 2007a; Mullen and Brill 2008). In vitro
ubiquitination assays were performed in a buffer consisting of
20 mM HEPES (pH 7.5), 5 mM MgCl,, 0.1 mM DTT, and
5 wM ZnSO4. The reactions contained 20 nM Ubel (Boston
Biochem), 200 nM Ubc4, 1 pM Ub, 1 mM creatine phos-
phate, 0.1 mg/ml creatine phosphate kinase, 2 mM ATP,
and 500 ng of the indicated Slx5/8 dimer. Reactions were
incubated at 30° for 30 min, terminated with 3X Laemmli’s
buffer, after which the samples were heated at 95° for 5 min
and analyzed by immunoblotting. Under these conditions
Ubc4/Ubc5 has been shown to generate K48-linked Ub
chains (Ii et al. 2007a).

Mouse embryo fibroblasts (MEFs)

Standard methods were used to isolate homozygous wild type
(Rnf4*/*) and mutant (Rnf4~~) MEFs using an Rnf4+/~
mouse bearing a gene-trap insertion mutation in the first
intron of Rnf4 (Hu et al. 2010; Jozefczuk et al. 2012). MEFs
were immortalized by transduction with pBABE-SV40 TAg/
Neo (Hahn et al. 2002), maintained in DMEM containing
15% FBS plus penicillin/streptomycin, and transduced with
retroviruses containing wild-type (wt) and mutant rat
RNF4/SNURF genes. RNF4-2CS and RNF4-4CS mutations
encode C to S changes at residues 177/180, or 136/139/
177/180, respectively (Hakli et al. 2004). RNF4 and its
mutant derivatives were cloned into the retroviral transfer
vector pMX-pie (Kitamura 1998), and packaged into retro-
viruses using 293T cells essentially as described (Robbiani
et al. 2008). Transduced MEFs were selected in 2 pg/ml
puromycin, and maintained in 1 pg/ml puromycin. Cell
extracts were prepared from trypsinized cells by lysing
them in 50 mM Tris (pH 7.5),0.2 M NaCl, 1% Tween 20,
0.2% Igepal, 50 mM glycerol-2-phosphate plus protease
inhibitors.
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Anti-RNF4 antibody

Recombinant His6-tagged rat RNF4/SNURF protein was
expressed from plasmid pNJ6891 in E. coli BL21(DE3) RIL
cells. Cells were grown at 37° in 300 ml LB containing am-
picillinto OD = 0.15, and then shifted to 17°. At OD = 0.5,
IPTG was added to 0.4 mM, and growth was continued over-
night at 17°. Cells were harvested and resuspended in 10 ml
N500 buffer [25 mM Tris (8.3), 500 mM NaCl, 0.01%
NP-40, 10% glycerol, 0.1 mM PMSF, and 1 mM DTT] con-
taining the following protease inhibitors: pepstatin,
10 mg/ml; leupeptin, 5 mg/ml; benzamidine, 10 mM;
bacitracin 100 mg/ml; and aprotinin, 20 mg/ml. Cells were
placed on ice, treated with 0.1 mg/ml lysozyme for 15 min,
sonicated, and centrifuged at 13,000 X g for 15 min. The
supernatant was filtered, made 10 mM in imidazole, and
loaded onto a 1 ml HIS-TRAP column (GE Healthcare).
The column was washed with 10 ml of N500 buffer contain-
ing 10 mM imidazole, and then with phosphate buffered
saline (PBS) containing 10 mM imidazole. The protein was
eluted with a 10-500 mM gradient of imidazole in PBS. Peak
fractions were pooled (9.3 mg), and dialyzed against PBS
containing 0.1 mM PMSF and 1 mM DTT. A portion of this
protein (total 875 wg) was used to produce a commercial
rabbit antiserum using a 118 days protocol (Covance, Denver,
PA). Serum proteins were precipitated from 30 ml of serum by
dilution with 30 ml 0.12 M NaOAc (pH 4.8), and addition of
2.25 ml caprylic acid while stirring at room temperature. The
sample was centrifuged at 10,000 X g for 15 min, and the
supernatant was brought to pH 7 with 1 M Tris base. IgG
was preciptated by addition of 60 ml saturated (NH,4),SO,4 with
stirring on ice. This sample was centrifuged as above, the pre-
cipitate was resuspended in 10 ml PBS, and then dialyzed
against PBS and filtered. Anti-RNF4 antibody was isolated by
binding the IgG fraction to an RNF4 affinity column that was
prepared by incubating 0.4 g dry NHS-activated agarose beads
(Pierce) with 5.5 ml PBS containing 10 mg RNF4 as per man-
ufacturer’s instructions. Bound antibody was eluted with 0.1 M
glycine (pH 2), and rapidly made 33 mM in Tris (pH 8.5) and
50 pg/ml in BSA. This antibody preparation was dialyzed
against PBS and stored at —80°.

Data availability

All yeast strains and plasmids used in this study are presented
in Table S1. Strains, plasmids and antibodies are available on
request.
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Results

Isolation of suppressors of tdpT1A wss1A
synthetic lethality

To identify new pathways of DNA repair, we searched for
suppressors of the synthetic-lethal interaction between the
two repair factors TDP1 and WSSI (Dixon et al. 2008;
Stingele et al. 2014). We confirmed that yeast cells lacking
TDP1 and WSS1 fail to form spore clones after tetrad dissec-
tion (Figure S1 in File S1). Haploid tdp1A wssIA cells were
rescued by a complementing “balancer” plasmid (pNJ7478
[WSS1/ADE3/URA3/CEN]), and these cells were unable to
proliferate when diluted and spotted onto medium contain-
ing FOA, which selects against Ura3+ cells (Figure 1A). As
described in the Materials and Methods, we used this strain to
isolate extragenic suppressor mutants. As summarized in
Table 1, the six suppressors were shown to be due to muta-
tions in five genes. With the exception of TOP1, all of the
genes are involved in regulating sumoylation. Mutations in
TOP1 were expected since loss of TOP1 was previously
shown to suppress lethality by eliminating topoisomerase-
induced DNA damage (Stingele et al. 2014).

To confirm the results of the suppressor screen, we tested
complete deletions of these and other genes implicated in
SUMO metabolism. Complete deletions of SIZ2 and SLX5
suppressed lethality (Figure 1A). However, sIx5A was not
as good a suppressor as siz2A, nor as good as the original
six5 suppressors (see below). Loss of ULP2 strongly sup-
pressed lethality, whereas deletion of SIZ1 or ULSI or the
mms21-11 mutation (data not shown) did not (Figure 1A).
Interestingly, loss of SLX8 did not suppress lethality, even
though SIx8 is thought to be required for SIx5-SIx8 Ub ligase
activity in vivo. To our knowledge, this is the first case where
the phenotypes of six5A and six8A differ. The sIx5A sIx8A
tdp1A wss1A quadruple mutant displayed weak suppression
like sIx5A (Figure 1A), suggesting that SIx5 is functioning
independently of SIx8. However, based on results below, it

tdpIA wssIA + pNJ7478

Figure 1 Suppression of tdp7A wssTA synthetic le-
thality by altered SUMO regulation. (A) Haploid tdp7A
wssTA strains containing the balancer plasmid
pNJ7478 (WSST/ADE3/URA3/CEN) and the additional
gene deletion(s), as indicated, were serially diluted in
10-fold increments starting at ODgoo = 3.0. Five mi-
croliters were pinned onto nonselective medium (YPD),
me  or onto SC medium containing FOA. (B) Strain
NJY3288 (tdpTA wssTA plus pNJ7478 [WSS1/ADE3/
URA3/CEN]) was transformed with plasmids in which
the indicated gene was under the control of the GPD1
promoter in a multi-copy 2. vector (mc) or its natural
promoter in a CEN/ARS (cen) vector. Transformants
were streaked onto SC medium containing FOA. (C)
Strain NJY4142 (tdpTA wssTA topTA plus pNJ7478
[WSS1/ADE3/URA3/CEN]) was transformed with the in-
dicated TOPT allele in vector pRS415 (CEN/ARS/LEUZ2)
or vector alone. Transformants were treated as in (A)
and pinned onto selective medium in the presence or
absence of FOA. TOP1-4KR = TOP1-K65,91,92,600R
(Chen et al. 2007).

ULPI

me

is possible that SIx5 antagonizes sIx8A cells due to its ability
to bind poly-SUMO.

Surprisingly, suppression was obtained by mutations
that would be expected to either decrease sumoylation
(siz2), increase or stabilize sumoylation (ulp2 and slx5),
or alter sumoylation patterns (ulp1 and nup60). To further
test this idea, we used high-copy expression of various
SUMO regulators to test for suppression. Multi-copy plas-
mids containing the ULPI or ULP2 SUMO isopeptidase
genes suppressed tdplA wssIA lethality, whereas those
containing SLX5-SLX8, SMT3 or SIZ2 did not (Figure 1B).
The smt3-3KR allele, which reduces inter-SUMO linkages,
was also found to suppress inviability (strain PSY3621;
data not shown). One interpretation of these results is
that tdpIA wssIA cells accumulate harmful sumoylated
proteins, and that viability is restored by eliminating
the Siz2 SUMO ligase or by overexpressing SUMO
isopeptidases.

Because Topl is a target for sumoylation, and a causal
factor in tdp1A wss1A synthetic lethality, we suspected that a
nonsumoylated version of Topl might be an effective
suppressor. The TOP1-K65,91,92,600R allele (here called
TOP1-4KR) mutates the major sumoylation sites of Topl by
changing the critical lysine residues to arginine. This allele
was previously shown to eliminate most, but not all, Topl
sumoylation (Chen et al. 2007). This plasmid-borne allele
was transformed into a tdp1A wss1A top1A tester strain con-
taining the pNJ7478 balancer plasmid, and subjected to the
spot dilution assay. As shown in Figure 1C, cells containing
TOP1-4KR showed improved growth compared to wt TOP1,
but reduced growth compared to topIA. The partial suppres-
sion obtained by TOP1-4KR indicates that Topl sumoylation
contributes to the lethality of tdp1A wss1A cells. The failure
to obtain full suppression may be due to the sumoylation of
other proteins, or to residual Topl sumoylation, which is
difficult to completely eliminate by point mutation (Chen
et al. 2007).
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Figure 2 Role of SLX5 in the suppression of tadp7A
wssTA synthetic lethality. (A) Strain NJY4113 (tdp7A
wssTA sIx5A plus pNJ7478) was transformed with a
LEU2/CEN/ARS plasmid containing either no insert
(vector) or the indicated SLX5 allele. Transformants
were serially diluted in half-log increments starting at
ODgoo = 3.0 and 5 pl were spotted onto medium
lacking leucine in the presence or absence of FOA.
The ring~ allele refers to s/x5-8, which encodes the
RING domain mutations C556S, H558A, and C561S
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Suppression by novel alleles of SLX5

The isolation of SLX5 alleles in this screen was unexpected
given that TDP1 and SLX5-SLX8 have been reported to show
negative genetic interactions by Synthetic Genetic Array
(SGA) analysis in S. cerevisiae and synthetic lethality in Schizo-
saccharomyces pombe (Collins et al. 2007; Dixon et al. 2008;
Heideker et al. 2011). However when spores were microdis-
sected and germinated on YPD medium, we found that tdp1A
sIx5A and tdp1A sIx8A double-mutant spore clones were vi-
able with no synergistic slow-growth defect (Figure S1A in
File S1). Interestingly, spore clones of the double mutants
typically lacked the nibbled morphology of sIx5A and sIx8A
single mutants. Some of this variance in results may be due to
the different strain backgrounds or assay conditions used in
the two methods. We also observed no obvious growth de-
fects in tdpIA mms21-11 or tdplA esc2A double mutants
(Figure S1B in File S1), which contrasts with the case in
S. pombe where tdp1A nse2A and tdp1A rad60A double mu-
tants are synthetically lethal (Heideker et al. 2011). These
results indicate that, although the pathways for the repair of
Toplces are highly conserved between the two yeasts, the
pathways appear to differ in their relative importance.

The two SLX5 alleles were sequenced, and each was found
to encode a single amino acid change. These alleles, slx5-
E350K and sIx5-Q362K (referred to below as the “six5-K”
alleles) were individually subcloned into a single-copy
LEU2-based vector and transformed into a tdp1 A wss1A slx5A
tester strain that carried the WSS1/URA3 balancer plasmid.
The transformants were then subjected to the spot dilution
assay in the presence and absence of FOA. As expected, a
plasmid carrying wt SLX5 strongly inhibited growth on
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(li et al. 2007b), and is otherwise wt. (B) NJY4113
was transformed with single-copy plasmids containing
indicated six5 alleles, and treated as in (A). SIMless
refers to the sim-1234 allele with point mutations in
the four SIMs as described (Xie et al. 2010). (C)
NJY4113 was transformed with single-copy plasmids
containing the indicated six5 alleles, and treated as in
(A). (D) Strain PSY3494 (wssTA tdplA six5A +
pNJ7478) was crossed to NJY4167 (wss1A tdplA
ulp2-1::HIS3), and the indicated haploid progeny, all
containing the pNJ7478 balancer plasmid, were
streaked onto YPD or SC medium containing FOA.

ulp2A
slxSA

ulp2A
six5A

tdpIA wssIA + pNJ7478

FOA, while the empty vector allowed slow growth (Figure
2A), which is more obvious at later times (Figure 5B). In
contrast to growth inhibition by SLX5, both six5-K alleles pro-
vided good growth. Suppression by these alleles is unlikely to
be due simply to elimination of Slx5-SI1x8 Ub ligase activity,
since an allele that inactivates the SIx5 RING domain failed
to suppress inviability (ring~, Figure 2A). Interestingly, good
growth was obtained with N-terminal truncations of SIx5, in-
cluding a 200 aa deletion that eliminates the four SIMs of SIx5
(AN200, Figure 2A) (see Figure 5 for a schematic of the SIx5
protein). Larger N-terminal truncations failed to suppress invi-
ability presumably because they destabilized the AN300 and
AN400 proteins (Figure S2 in File S1). Since the N-terminal
truncations of SIx5 suppressed tdp1A wssI1A lethality, but six5-
ring~ and sIx8A did not, we conclude that optimal suppression
requires altered, or reduced, STUbL activity.

The fact that the six5-K alleles create new lysine residues
within 12 residues of each other suggested that modification
of SIx5 by Ub or SUMO may be responsible for their suppres-
sor function. To test this idea, we transformed the tdplA
wss1A six5A tester strain described above with plasmids con-
taining other mutations in this region of SLX5, and compared
their growth by spot dilution assay. As shown in Figure 2B, wt
SLX5 was lethal while alleles bearing E350K, Q362K, or point
mutations that eliminate the four SIMs (SIMless) promoted
good growth. In contrast, genes with the nonmodifiable slx5-
E350R and slx5-Q362R mutations failed to confer growth.
Consistent with these results, changing a random, closely
placed basic residue to lysine (H355K) suppressed inviability,
while H355R did not. These results strongly suggest a role for
protein modification by Ub or SUMO in the regulation of the
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six5-K alleles. We next tested whether suppression by the
slx5-K alleles was dependent on Ub ligase activity by creating
compound slx5-K-ring~ alleles. These compound alleles lost
the ability to suppress (Figure 2C). This confirms that optimal
suppression requires both the six5-K mutations, and at least
some Ub ligase activity.

As mentioned above, SLX5 and ULP2 may have been iso-
lated in this screen because mutations in these genes are
known to increase global sumoylation levels. It is also known
that ulp2A six5A double mutants show cosuppression includ-
ing the loss of distinct ulp2A phenotypes, such as tempera-
ture and DNA damage sensitivities (Mullen et al. 2011; Gillies
et al. 2016). A potential explanation for the negative effect of
wt SIx5-S1x8 in ulp2A cells is that the ulp2A strain accumu-
lates polysumoylated proteins that are inappropriately ubig-
uitinated and degraded by the STUDbL. We therefore
hypothesized that the good growth of tdplA wss1A ulp2A
cells should be further improved, or at least unaffected, by
the loss of SLX5. Surprisingly, tdpIA wss1A ulp2A slx5A cells
reverted to poor growth (Figure 2D). Thus, suppression of
tdpIA wss1A by ulp2A is dependent on SLX5. The simplest
explanation for this result is that the S1x5-SIx8 STUDL targets
polysumoylated Top1lcces for proteolytic destruction.

The six5-K alleles display a hypomorphic phenotype

To determine the level of activity retained in the six5-K alleles,
we assayed them for known six5A phenotypes. Compared to
sIx5A, the slx5-K strains exhibited only a slight sensitivity to

sgsIA .sh5A + pJM500

\
w?’

o

Figure 3 s/x5-K suppressor alleles are hypomorphic.
(A) Strain PSY3884 (slx5A) was transformed with the
indicated SLX5 allele in a LEU2/CEN/ARS plasmid.
Transformants were subjected to 10-fold serial dilu-
tions, and pinned onto selective medium in the pres-
ence or absence of 0.1 M HU. (B) Strain JMY2462
(sgs71A sIx5A plus pJM500 [SGS1/ADE3/URA3/CEN])
was treated as in (A) except that transformants were
pinned onto selective medium or SC medium contain-
ing FOA. (C) Strain JMY3694 (six5A smt3-3KR plus
pJM7496 [SLX5/SMT3/ADE3/URA3/CEN]) was treated
as in (B). (D) Whole-cell extracts were prepared under
denaturing conditions from strains with the indicated
SLX5 genotype. Extracts were subjected to SDS-PAGE
and immunoblotted with anti-Smt3 antibody. Shown is
the high molecular-weight region of the blot including
the stacking gel. The lower panel shows a portion
of the membrane stained with ponceau S as loading
control. (E) Strain PSY3868 (ulp2A six5A + pMS7481
[ULP2/ADE3/URA3/CEN]) was treated as in (B) except
cells were pinned onto medium lacking leucine in the
presence or absence of FOA. (F) Strain PSY3866 (siz1A
siz2A sIx5A + pJM7494 [SLX5/ADE3/URA3/CEN]) was
treated as in (B) except that transformants were
streaked onto SC medium containing FOA.

six3SA sizIA siz2A + pJM7494

hydroxyurea (HU), indicating that they retain near wt levels
of activity based on this assay (Figure 3A). However, the six5-K
alleles only partially complemented the synthetic lethality of
sIx5A sgsIA (Figure 3B) and slx5A smt3-3KR (Figure 3C)
(Mullen et al. 2001, 2011). In both cases, the levels of growth
were intermediate to that of wt and null. The six5-R alleles
functioned like wt in both of these synthetic-lethal assays.
Another phenotype of sIx5A cells is the accumulation of high
molecular weight poly-SUMO chains that can be detected by
immunoblot. Strains bearing six5-K alleles contained ele-
vated levels of poly-SUMO chains that migrated in the stack-
ing gel following SDS-PAGE, while those bearing six5-R
alleles did not (Figure 3D). While this assay is difficult to
quantify, it is consistent with a defect in the six5-K alleles
but not the slx5-R alleles.

One of the hallmarks of an sIx5A mutant is its nibbled-
colony morphology (Mullen et al. 2001). Following sporula-
tion and tetrad dissection, both sIx5-E350K and slx5-Q362K
strains revealed this phenotype, while the six5-R alleles gave
rise to spore clones that were round (Figure S3B in File S1).
The same result was obtained when sIx5A cells were trans-
formed with the respective plasmids and spread on agar
plates (Figure S3C in File S1). The nibbled phenotype is
characteristic of six5 strains lacking Ub ligase activity
(ring—), as well as alleles lacking SUMO binding sites (SIMless)
(Figure S3C in File S1) (Xie et al. 2007). Based on colony mor-
phology; the six5-K alleles are at least partially compromised for
function.
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Given that six5A suppresses the phenotypes of ulp2A cells,
we asked whether ulp2A slow growth can be suppressed by
the six5-K alleles. When the tester strain ulp2A slx5A carrying
pULP2/URA3 is spotted on FOA, it displays the double mu-
tant phenotype (Figure 3E, top row) in which it grows slightly
faster than the same strain forced to carry a wt SLX5/LEU2
plasmid (ulp2A phenotype). Interestingly, both slx5-E350K
and slx5-Q362K improved the growth of this strain on FOA
better than vector alone. The corresponding six5-R alleles
slowed growth like wt SLX5. The improved growth provided
by the slx5-K alleles was also dependent on their Ub ligase
activity since compound alleles, such as six5-Q362K/ring—,
resembled vector alone. We conclude that the slx5-K alleles
display reduced activity, as in other assays, and that the re-
sidual STUDL activity of the six5-K alleles is beneficial to
ulp2A cells.

An slx5A null strain also lacking the SIZ1 and SIZ2 SUMO
ligases is very slow growing (Ii et al. 2007b). The sizI1A siz2A
sIx5A triple mutant (complemented with an SLX5/URA3 bal-
ancer plasmid) was transformed with various SLX5 alleles on
a LEU2/CEN vector, and streaked onto medium containing
FOA. This strain grew poorly with vector alone (vector, Figure
3F), but grew well with SLX5. The slx5-K alleles were severely
compromised in their ability to complement the siz1A siz2A
sIx5A slow-growth phenotype, whereas the slx5-R versions
complemented like wt. SIx5-SIx8 Ub ligase activity is re-
quired for good growth in the sizIA siz2A background be-
cause the slx5-ring ™~ allele failed to promote growth on FOA.
Thus, in siz1A siz2A cells, the six5-K alleles appear to be
essentially null. Taken together, the above assays lead us to
conclude that the six5-K alleles have reduced, but not null,
activity. Howevey, it is clear that different assays and genetic
backgrounds can vary markedly in their response to limiting
amounts of SIx5-SIx8 activity.

The siIx5-K alleles display enhanced auto-ubiquitination
activity in vitro

The S1x5-SIx8 heterodimer is a Ub ligase that displays auto-
ubiquitination activity in vitro (Ii et al. 2007a; Xie et al. 2007).
To test whether the six5-K alleles retain this activity, we pu-
rified SIx5-SIx8 complexes containing the six5-K or slx5-R
mutations and assayed them directly. Following the in vitro
reactions, the products were analyzed by SDS-PAGE and im-
munoblotting with antibody against SIx5 (Figure 4). Both
slx5-K complexes generated multiple high molecular-weight
forms of SIx5 that were not observed with the wt heterodimer
or the slx5-R complexes. We conclude that the mutant SIx5-K
complexes display enhanced auto-ubiquitination activity of
the SIx5 subunit on the respective 350 and 362 K residues.

SIx5 contains a functional lysine desert

The yeast SIx5 protein contains a C-terminal RING domain at
aa 494-619. Its N-terminal domain (1-493 aa) contains
four SIMs in the first 160 aa (Figure 5A). Analysis of the basic
residues in Slx5 revealed a region of 398 aa within the
N-terminal domain in which 15% of the amino acids are
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Figure 4 Auto-ubiquitination of SIx5/SIx8 is enhanced due to mutant
lysine residues. Wild-type and mutant SIx5-SIx8 complexes were incu-
bated under ubiquitination conditions as described in Materials and
Methods. Following the reaction, the products were resolved by 10%
SDS-PAGE and immunoblotted with antibody against SIx5. The SIx5 sub-
unit was either wt (+) or contained the indicated mutation at position
350 or 362.

arginine residues (32-429 aa). Interestingly, this region is
devoid of lysine residues, and is hereafter referred to as the
“lysine desert.” The fact that the six5-K alleles introduce ly-
sines into this domain suggests that the lysine desert is bi-
ologically important.

To define the endpoints of the lysine desert functionally, we
changed every 50th aa in the SIx5 N-terminus to lysine, and
tested whether the resulting mutant suppressed tdp1 A wssIA
synthetic lethality. As shown in Figure 5B, lysine residues at
positions 50, 100, and 150 repressed growth of tdp1A wss1A
cells, similar to wt SLX5. However, lysines at positions 200,
250, 300, 350, and 400 resulted in better growth, suggesting
lower levels of SLX5 activity. As with the original slx5-K al-
leles, all of these mutants promoted better growth than six5A
(vector). As a control, the same plasmids were tested for
complementation of sgsIA sIx5A synthetic lethality where
SLX5 function is required for viability. Here, SIx5 mutants
with lysine residues at positions 50-300 promoted growth
that was almost as robust as SLX5 (Figure 5C). But, when
lysines were present at aa 350 and 400, SLX5 function was
noticeably compromised in the sgs1A sIx5A cells (Figure 5C).
Based on this data, we conclude that the C-terminal portion
of the lysine desert (200-400 aa) is functionally important,
and that lysine residues between aa 350 and 400 have the
strongest negative effect on SLX5 function.

Amino acid sequence analysis suggests that the lysine
desert is conserved in fungal species where the S1x5 homolog
is >~350 aa, including Saccharomyces, Candida, and Ustilago
(Figure S4A in File S1). Less clear are the smaller fungal SIx5
homologs, such as the Rfp proteins of S. pombe (205-254 aa).
Many of these smaller SIx5 homologs contain arginine-rich
(10-15%) domains that lack lysine and comprise a large por-
tion (50-80%) of the full-length proteins. Similarly, almost
all SIx8 homologs are smaller than their SIx5 coun-
terparts (~250 aa), and many also contain a domain lacking
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tdpIA wssIA six3A + pNJ7478

in lysine that comprises a significant proportion (34-66%) of
the full length protein (Figure S4B in File S1). Given their
small size and the small number of arginines, it is unknown
whether any of these smaller proteins contain functional ly-
sine deserts. The homodimeric RNF4 proteins of higher cells
are similar to Rfp and SIx8 homologs in that they are small
(~190 aa), and contain relatively large domains with argi-
nine but without lysine. As shown in Figure S4C in File S1,
these potential lysine deserts comprise between 43 and 78%
of the full-length RNF4 proteins.

To test whether lysine deserts are common in other bud-
ding yeast Ub ligases, a similar sequence analysis was per-
formed on yeast SIM-containing proteins, RING-domain Ub
ligases, HECT-domain Ub ligases, and SCF subunits (data not
shown). Most of the lysine-free domains within this group
comprised only ~10% of the full-length proteins. The only
exception is San1 (54% of the full-length protein), which was
previously shown to employ a functional lysine desert to pre-
vent auto-ubiquitination (Fredrickson et al. 2013). Thus,
large lysine-free domains are rare in budding yeast Ub E3
ligases, with Sanl and SIx5 being the only ones known to
have functionally important lysine deserts.

Lysine mutations affect the steady-state levels of
SIx5 protein

To test the idea that the SIx5-K proteins were regulated by
ubiquitin-mediated proteolysis, we used immunoblotting to
determine the effect of the six5-K mutations on protein levels.
Extracts were prepared from yeast cells carrying plasmid-
borne His6-tagged versions of each allele as their only copy
of SLX5. The proteins were then concentrated by binding to
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Ni-NTA beads and immunoblotted for SIx5. As shown in
Figure 6A, SIx5-E350K and SIx5-Q362K proteins were
detectable, but at levels that were dramatically reduced com-
pared to wt SIx5. The corresponding Slx5-R proteins were
expressed at wt levels consistent with their wt function in
genetic assays. To determine whether the levels of the SIx5-K
proteins were regulated by the ubiquitin-proteasome system,
we repeated this experiment in a strain that is permeable to
the proteasome inhibitor MG132. Treatment of these cells
with MG132 stabilized the SIx5-K proteins (Figure 6B). The
simplest interpretation of these results is that mutant SIx5-K
proteins are susceptible to ubiquitination and degradation by
the Ub-proteasome system.

If the low levels of the SIx5-K proteins are due to auto-
ubiquitination, then a compound allele encoding SIx5-K but
lacking Ub ligase activity would be expected to restore its
abundance. As shown in Figure 7A, the intensities of the
two mutant SIx5-K proteins were increased to wt levels when
they also contained the ring~ mutation. This suggests that
the SIx5-K protein is undergoing auto-ubiquitination in cis,
but it does not rule out the possibility that ubiquitination is
happening in trans. We therefore performed the same exper-
iment in a strain expressing both untagged wt SIx5 and
His6-tagged SIx5-K-ring ™ to test whether the SIx5-K protein
is susceptible to ubiquitination in trans. Following Ni pull-
down, the His6-SIx5-K-ring™~ proteins were again found to
be elevated to wt levels (Figure 7B). This indicates that wt
STUDL is unable to ubiquitinate SIx5-K-ring ™~ in trans.

Several results suggest that the lysine desert does not
completely protect wt Slx5 from auto-ubiquitination. First,
wt SIx5 levels were seen to increase upon treatment with
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Figure 6 The SIx5-K mutant proteins are ubiquitinated and degraded by
the proteasome. (A) Yeast strain PSY3884 (six5A) was transformed with
LEU2/CEN/ARS plasmids containing either no insert (vector), wt SLX5, or
the indicated mutant allele of SLX5 and grown in liquid medium lacking
leucine. All inserts express N-terminal His6-tagged SIX5 protein. Extracts
were prepared and incubated with Ni-NTA agarose beads under dena-
turing conditions. Bound proteins were then immunoblotted with anti-
SIx5 antiserum (upper). Equal volumes of extract were separately
immunoblotted and probed with anti-Rfa1 antibody as a control for the
pulldown (lower). * indicates nonspecific cross-reacting bands. (B) Yeast
strain NJY3912 (sIx5A pdr5A erg6A) was transformed with the indicated
plasmids and treated as in (A), but, prior to harvesting the cells, they were
incubated for 1 hrin the presence of 75 pM MG132 in DMSO (+), or in
DMSO alone (—).

MG132 (Figure 6C). Second, the abundance of SIx5-ring™
protein is elevated relative to wt SIx5, as judged by a simple
immunoblotting (Figure 7C). Finally, the abundance of SIx5-
SIMless protein is elevated relative to wt SIx5 (Figure 7C),
suggesting that auto-ubiquitination occurs when it is
bound to poly-SUMO chains. In the case of mammalian
RNF4, SUMO chains have been shown to stimulate its
homo-dimerization and auto-ubiquitination (Rojas-Fernandez
et al. 2014), so this characteristic appears to be conserved be-
tween yeast and mammalian homologs despite their different
subunit composition. Taken together, these results suggest that
the lysine desert of SIx5 plays an important role in protecting it
from excessive degradation.

While it is known that RNF4 is similarly subject to auto-
ubiquitination in vivo (Hakli et al. 2004; Rojas-Fernandez
et al. 2014), it was of interest to test whether the lysine-poor
N-terminus of mammalian RNF4 was functionally important
to protect it from excessive degradation. We therefore intro-
duced lysines into this region of the mammalian RNF4 pro-
tein to test its stability. We first established an Rnf4~/~ MEF
cell line from the previously described gene-trap mouse (Hu
et al. 2010). Immunoblotting with a rabbit antiserum against
RNF4 demonstrated that this cell line lacked detectable RNF4
compared to wild-type MEFs (Figure 7D, lanes 1 and 2).
Mutant and wt versions of RNF4 were then stably introduced
into the cell line by retroviral transduction. Transductants
expressing wt RNF4 or versions containing the R78 or
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R85 K mutations produced similar levels of protein (Figure
7D, lanes 4-7). The levels of RNF4-H67K protein were also
unchanged from wt (data not shown). In contrast, the abun-
dance of RNF4 proteins deficient in Ub ligase activity (RNF4-
4CS or RNF4-2CS) was elevated compared to wt RNF4, and
transduced wt RNF4 was stabilized by the proteasome inhib-
itor MG132 (Figure 7D, lanes 8-11). The fact that RNF4 pro-
tein levels were unaffected by the introduction of lysine
residues indicates that it lacks the functional lysine desert
found in the yeast ortholog.

Because the lysine desert is not found in mammalian RNF4,
and does not appear to be present in other small orthologs, we
asked whether it was important for SIx5 function in budding
yeast. A deletion of residues 180-400 removes just over half
of the lysine desert while leaving intact the four N-terminal
SIMs and C-terminal RING finger. To ensure optimal expres-
sion, the six5-A180-400 allele was cloned downstream of the
strong constitutive GPD1 promoter and shown to rescue
sgs1A slx5A synthetic lethality (Figure 8A). This suggests
that the Slx5a180-400 protein interacts productively with
S1x8 to provide STUDL activity. However, compared to wt
SLX5, the rescued strain is slow growing, which suggests
that the deleted region is important for SIx5-SIx8 function.
The slow-growth phenotype cannot be due to an unstable
protein because the SIx54150_400 protein was well expressed
(Figure 8B). We conclude that the lysine desert exists to
protect a functionally important domain of Slx5 that is not
conserved in smaller versions of this STUbL.

Discussion

The synthetic lethality of tdp1A wssIA cells is most easily
explained by the redundancy of these factors in removing
Toplces (Stingele et al. 2014; Balakirev et al. 2015). Our
isolation of suppressor mutations in genes known to affect
sumoylation strongly suggests that these factors are regu-
lated by sumoylation. This is consistent with previous studies
implicating sumoylation in Top1-dependent DNA damage re-
pair. The synthetic growth defects observed in rad52 siz1 siz2
or rad52 ulpl mutants in budding yeast, or plil rhp51 mu-
tants in S. pombe, are all relieved by deletion of TOP1, as is
the hyper-recombination phenotype of plil mutants (chen
et al. 2007; Prudden et al. 2011; Steinacher et al. 2013).
The implication of these studies is that Topl is the direct
target of sumoylation; however, sumoylation of other pro-
teins, such as Tdpl (Hudson et al. 2012), may also play a
role. In mammalian cells, it is thought that Top1 sumoylation
leads to the proteasomal degradation of Toplccs prior to
Tdpl cleavage (Mao et al. 2000; Lin et al. 2008; Interthal
and Champoux 2011). In budding yeast, Topl sumoylation
has been implicated in Wssl-dependent proteolysis
(Balakirev et al. 2015), while in fission yeast it has been
implicated in the Rad16-Swil0/Rad1-10 pathway that relies
on Rad60, Nse2, and the S1x8 STUbL (Heideker et al. 2011).

Based on the above studies, it is tempting to speculate that
Topl is the critical SUMO target that mediates tdpIA wss1A
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Figure 7 SIx5-K proteins undergo auto-ubiquitination in cis, and are
unique to the yeast STUbBL. (A) Strain PSY3884 (six5A) was transformed
with LEU2/CEN/ARS plasmids that contained either SLX5 (WT), no insert
(A), the indicated s/x5-K mutant, or a compound allele also containing the
ring~ mutation. All inserts express N-terminal His6-tagged SIX5 protein.
Cell extracts were incubated with Ni-NTA agarose beads, and bound
proteins were immunoblotted as in Figure 6A. (B) Wild-type strain
IJMY3107 (SLX5) was treated as in (A). (C) Strain PSY3884 (six5A) was
transformed with plasmids containing the indicated SLX5 alleles and
treated as in (A), except that extracts were directly immunoblotted for
SIX5. A nonspecific band (*) on the blot is used as an internal loading
control. (D) Mammalian cell extracts were prepared from wt MEFs (lane
1), Rnf4=/= MEFs (lane 2), or from Rnf4—/~ MEFs that were stably trans-
duced with empty vector or the indicated RNF4 alleles (lanes 4-9). Cell
extracts (25 wg) were immunoblotted with anti-RNF4 antibodies (upper),
and the blot was reprobed with antibody to a-tubulin as control (lower).
Extracts were also prepared from wt RNF4 transductants that had been
treated for 4 hr with 20 pM MG132 in DMSO (+) or with DMSO alone
(=) (lanes 10 and 11). Purified His6-RNF4 (80 pg) was included as positive
control (lane 3).

cell inviability. In this model, wt levels of Topl sumoylation
constrain the repair of Top1ccs to the Tdp1 or Wss1 pathways
such that lethality results in their absence. By altering Top1l
sumoylation, other DNA repair factors such as the nucleases
MRX, Mus81-Mms4, or Slx1-Slx4 could be recruited to sites
of damage. Consistent with this model, we showed that mu-
tation of Top1’s major sumoylation sites partially suppressed

tdp1A wss1A synthetic lethality. In this case, the TOP1-4KR
suppressed strain did not grow as well as topIA. This could be
due to residual sumoylation occurring at one of the other
100 lysine residues in Topl, or to the sumoylation of Topl-
associated proteins such as Tril (Chen et al. 2007).

The suppression of tdpI1A wss1A inviability by decreased
sumoylation was extremely effective. In fact, suppression by
siz2A rivaled that of top1A. This suppression likely occurs via
the same mechanism as mutating Topl sumoylation sites,
although siz2A is clearly more efficient. As suggested above,
sumoylation of Toplccs in otherwise wt tdpIA wss1A cells
would be expected to play a negative role by blocking alter-
native pathways. This could be due to SUMO recruiting SIM-
containing inhibitory proteins. By eliminating the Siz2 SUMO
ligase, Toplcc sumoylation is reduced, inhibitory proteins
do not bind, and Toplccs are accessible to other repair
pathways.

Like siz2A, the nup60 and ulpl mutations isolated here
probably suppress tdplA wss1A inviability by reducing
Toplcc sumoylation. Ulp1 is tethered to the nuclear envelope
by its N-terminus and intact nuclear pores (Li and Hochstrasser
2003; Zhao et al. 2004; Lewis et al. 2007), so we expect that
the nup60 and ulpI mutations delocalize Ulp1. It is difficult to
quantify the effect of Ulp1 delocalization on global sumoyla-
tion levels. But because Ulpl is needed to generate mature
Smt3, ULP1 mutations could negatively affect sumoylation.
Indeed, it has been observed that ulp1 phenotypes closely re-
semble those of the siz]1 siz2 mutant (Chen et al. 2007).

Suppression by increased or stabilized sumoylation was
very effective in the case of ulp2A, and it is plausible that
Toplces are the target of this hypersumoylation. If the
poly-SUMO chains observed in ulp2A cells accumulate on
Toplccs, they might recruit novel repair factors. One of the
best known functions of poly-SUMO chains is to recruit
STUbLs, and, in certain cases, the poly-SUMO chains that
accumulate in ulp2A cells have been shown to be substrates
of the SIx5-S1x8 STUbL (Gillies et al. 2016). This suggests
that the S1x5-S1x8 STUDL is recruited to these chains to ubig-
uitinate and proteolyze Toplccs. Such an idea is consistent
with the fact that suppression by ulp2A was dependent on
SLX5 (Figure 2C). Moreover, it has previously been shown
that the loss of SLX5 is associated with an increase in the level
of sumoylated Topl (Albuquerque et al. 2013).

The above model may seem inconsistent with the fact that
mutant alleles of SIx5 were isolated as suppressors in this
screen. However, the six5A null was a poor suppressor.
Although the six5-K alleles led to the accumulation of
poly-SUMO chains, optimal suppression by these alleles
was dependent on Ub ligase activity. We suggest that the
sbx5-K’s are Goldilocks alleles whose SIx5-SIx8 levels are low
enough to stimulate polysumoylation, and whose Ub ligase
levels are high enough to target polysumoylated Toplccs for
proteolysis. More surprising was the ability of six5A to suppress
tdp1A wssIA at all. This indicates the presence of yet another
pathway, perhaps one involving a minor STUbL such as Uls1.
Clearly, additional experiments will be needed to test these
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Figure 8 The lysine desert is important for SIx5 func-

tion. (A) Strain JMY2462 (sgsTA sIx5A plus pJM500

UtL)jb [SGS1/ADE3/URA3/CEN]) was transformed with a
Ub  LEU2/CEN/ARS plasmid carrying either SLX5, no insert
Ub (sIx5A) or six5-A180-400 under the control of the
GPD1 promoter. Transformants were serially diluted

000 5
Lo e 0.5 ¢ .

polysumoylated
target turnover

in 10-fold increments, and 5 wl was pinned onto se-
lective medium or SC medium containing FOA. (B)

PSY3884 (slx5A) was transformed with the same plas-

mids as in (A), and cell extracts were immunoblotted

with antibody against SIx5. A portion of the ponceau

Ub  S-stained filter is shown as a loading control. (C) The
Up  upper panel illustrates a model of wt SIx5-5Ix8 binding
Ub to a poly-SUMO chain as a heterodimer via the four
SIMs of SIX5. The Ub ligase stimulates Ubc4 to ubig-

b reduced SIx5-S1x8
Ub | increased poly-SUMO

uitinate the poly-SUMO chain at its N-terminus as well
as the sumoylated target protein (T). Auto-ubiquitination
of SIX5 is minimized by the lysine desert in red. The lower
panel illustrates how the SIx5-E350K (or SIx5-Q352) mu-

— Ub reduced polysumoylated
Slxsmgo.zmo . target turnover
T . - tdplA wssIA viability
ponceau

models. Biochemical experiments have the potential to confirm
whether Toplccs are the target of SIx5-SIx8 Ub ligase in ulp2A
cells, and epistasis experiments could identify the repair path-
ways that eliminate Toplccs in siz2A and sIx5A cells.

SIx5-S1x8 differs from RNF4 in several ways that are likely
to be meaningful. First, the SIx5 subunit is large (~600 aa)
compared to RNF4 (~200 aa). The disparity in size between
SIx5 and RNF4 is largely accounted for by the 400 aa lysine
desert domain identified here. This lysine desert is highly con-
served among heterodimeric STUbLs, with large SIx5 subunits
and is especially common in fungi. Fungi with smaller SIx5
homologs (~200 aa), including the versions found in S. pombe
(Rfpl and Rfp2), lack the domain. This suggests that the do-
main may confer unique activities on the budding yeast STUbBL.

A second distinction is that poly-SUMO chains activate
RNF4 by dimerizing RNF4 monomers that individually bind
the chain (Rojas-Fernandez et al. 2014). In budding yeast,
poly-SUMO chains are not needed for formation of the SIx5-
S1x8 heterodimer. These subunits are found stably associated
in yeast extracts and in recombinant systems. As shown in
Figure 8C, the SIMs of Slx5 interact with the poly-SUMO
chain, which stimulates the ubiquitination of the chain
(Mullen and Brill 2008) and presumably the target protein.
Why employ a lysine desert when eliminating the domain
entirely would achieve the same goal? One reason is that
the SIMs of Slx5 are dispersed over 155 aa instead of
50 aa in its smaller orthologs. This larger, functionally
important, region may require protection from auto-ubiquiti-
nation. Perhaps the remaining portion of the domain
(S1x5180_400), is retained to assist SIx5-SIx8 dimerization
by interacting with SIx8. If deletion of this domain dimin-
ished the S1x5-S1x8 interaction it would be expected to com-
promise STUDL activity, which is what we observed.

A final distinction is that budding yeast SLX5-SLX8 displays
genetic interactions that are not observed in other model
systems. For example, although STUbL mutants in fission
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tation provides a target for auto-ubiquitination within
the lysine desert leading to polyubiquitination.

and budding yeast display similar phenotypes, including ac-
cumulation of poly-SUMO conjugates and genome instability,
these phenotypes are suppressed in fission yeast by eliminat-
ing poly-SUMO chains with a nonconjugable SUMO, or by
deletion of the SUMO E3 ligase (Prudden et al. 2007, 2011).
But, in budding yeast STUbL mutants, the corresponding
mutations, smt3-3KR and siz1A siz2A, result in synthetic le-
thality and synthetic sickness, respectively (Ii et al. 2007b;
Mullen et al. 2011). These results have led to the paradoxical
conclusion that polysumoylation is essential in the absence of
budding yeast STUbBL activity. This suggests that SIx5 shares a
function with poly-SUMO. It will be of interest to test the role
of the lysine desert in this and other unique aspects of the
budding yeast STUbL.
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