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Defects in DNA repair are associated with a variety of human diseases, but the
pathways that regulate DNA repair are poorly understood. Protein modification by
SUMO remains one of the most elusive mechanisms, even though it is known to be
important for genome stability. Sgs1, a RecQ DNA helicase in S. cerevisiae, is important
for DNA repair, and genetic screens have shown that the heterodimeric Slx5-Slx8
SUMO-targeted Ub ligase (STUbL) is required for cell viability in its absence. Another
factor that genetically connects SUMO to DNA repair is the metalloprotease Wss1. The
growth of a wss1Δ sgs1Δ double mutant is reduced compared to either single mutant.
Taking a candidate-gene over-expression (OE) approach, I made the unexpected
finding that SLX5 over-expression is lethal to cells lacking WSS1. Surprisingly, this
lethality did not require its partner protein Slx8, which suggested that this was a novel
Slx5 activity. Consistent with this lethality, was also observed when STUbLs such as
yeast ULS1 or mammalian RNF4 were expressed in these cells. Further, structurefunction analysis showed that lethality due to SLX5 OE required only Slx5’s SUMO
interaction Motif’s (SIMs), not its RING domain. Kinetic analysis indicated that SLX5

ii

OE slows the growth of wild-type cells. In contrast, SLX5 OE permanently arrests the
growth of wss1∆ cells. While investigating the cause of this lethality, I found that
expression of Slx5 SIMs resulted in the accumulation of high molecular weight SUMO
conjugates in both wild-type and mutant cells. Interestingly, subsequent repression of
Slx5 led to a reduction in the levels of induced poly-SUMO chains and this turnover was
more rapid in wild-type than in wss1∆ cells.
The fact that the accumulation of poly-SUMO chains required the Ubc9 SUMO
conjugating enzyme, but not the Ulp1 or Ulp2 isopeptidases, supports the hypothesis that
the SIMs actively promote chain synthesis. Finally, I found that over-expression of
SUMO counteracts the lethality of SLX5 OE. This suggests that wss1∆ cells may suffer
lethal damage due to a shortage of monomeric SUMO.
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Chapter I
Introduction

2

INTRODUCTION
Genome stability is constantly changing by modification and breakage of the
DNA and its maintenance requires the RecQ family of DNA helicases. In Saccharomyces
cerevisae, such DNA damage gives rise to the recruitment of the Sgs1-Top3-Rmi1 (STR)
complex to rescue a stalled or collapsed replication fork (Fig.1). A stalled replication fork
occurs when it stops the DNA polymerase machinery arrests at an immovable lesion such
as a DNA interstrand crosslink, or the presence of a bulky adduct or in some cases a
thymine dimer. This is distinct from a collapsed fork which occurs when the DNA
polymerase machinery traverses a nick in the template DNA. This results in release of
one side of the fork which then appears as a “one-sided” double strand break. The exact
mechanism used to rescue replication forks that encounter blocking lesions on the DNA
template is not well understood. Incorrect rescue of a stalled replication fork can result in
its collapse as well as the generation of ssDNA gaps that are hyper-recombinogenic. In
the absence of the STR complex, alternate pathways essential for DNA damage repair are
required. One such pathway involves the Slx5-Slx8 SUMO-targeted Ub ligase. This
complex plays a role in regulating poly-SUMOylation and ultimately genome stability. In
addition, it requires a SUMO-interacting metalloprotease, Wss1. The original goal of this
project was to understand how poly-SUMOylation is regulated and how it controls
genome stability.
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Figure 1. Model to illustrate the process of DNA strand passage. The proteins
involved in this process are Top3, Sgs1, Rmi1 and RPA. Sgs1’s role is to unwind
dsDNA. The resulting ssDNA strands are stabilized by RPA. Top3 is involved in the
catalysis of strand passage, stimulated by Rmi1, Sgs1, and RPA (Cejka et al., 2012).

RecQ Helicases
The RecQ family of DNA helicases is involved in the maintenance of genome
integrity. In humans, there are five RecQ DNA helicases (RECQ1, BLM, WRN, RTS,
and RECQ5). Mutations in three of these genes cause Bloom’s syndrome (BS), Werner’s
syndrome or Rothmund-Thomson Syndrome (Bohr, 2008). These human diseases are
associated with increased cancer risk and premature aging caused by chromosomal
abnormalities. In BS cells, replication fork blockage is cause by interstrand crosslinking.
This chromosomal abnormality leads to a higher frequency of sister chromatid exchange
(SCE). At the cellular level, there is a reduction in growth rate, chromosome loss and
various DNA-damaging agents could easily affect the cells (Manthei and Keck, 2013).
Budding and fission yeast possess one RecQ family member, Sgs1 and Rqh1
respectively. Sgs1 was originally identified in a genetic screen for slow growth
suppressors of mutants of DNA topoisomerase III (Top3) (Gangloff et al., 1994).
Defective TOP3 depicts the phenotype of hyper-recombination (Wallis et al., 1989).
Mutations in both SGS1 and TOP3 cause cells to be sensitive to a variety of DNA-
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damaging agents; such as camptothecin (CPT), MMS, UV, and hydroxyurea (HU), all of
which cause the replication fork to stall or collapse (Mullen et al., 2000). Identification of
additional components of the STR-complex was named Rmi1 in yeast (Mullen et al.,
2005), and RMI1 and RMI2 in human cells (Chang et al., 2005; Singh et al., 2008). All
these components form a functional unit named STR complex as shown in (Fig.1).

Ubiquitin (Ub)
Ub is a small post-translational regulatory protein of 76 aa and has a molecular
mass of about 8.5 kDa. Ub has been found in almost all eukaryotic organisms and its
sequence is 100% conserved between humans and yeast (Vijay-Kumar et al., 1987). The
main function of Ub is to direct proteins for degradation by the proteasome (Hershko and
Ciechanover, 1998). One key feature essential for its function is a C-terminal di-glycine
motif that is conjugated to the ε-amino group of lysine residues in target proteins (Fig. 2).
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Figure 2. Ubiquitin. Lysine positions involved in poly-ubiquitylation are shown
above.

The conjugation mechanism is mediated by ATP-dependent action of the Uba1
activating enzyme (E1), related to many Ubc conjugating enzymes (E2), and associated
with Ub ligases (E3). Ub auto-conjugation is possible by modification of any of its K
residues. Auto-conjugation produces a poly-Ub chain which, in the case of K48-linked
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chains, promotes the interaction with the 26S proteasome. This process of autoconjugation is essential for cell viability because mutation of residue K48R leads to
lethality (Hershko and Ciechanover, 1998). Ub has other roles in the cell. An example of
such roles are linkages incorporating stable K63-linked chains involved in post
replication repair (Pickart and Fushman, 2004).

Small Ubiquitin-related Modifier (SUMO)
SUMO proteins are similar to ubiquitin, and an enzymatic cascade analogous to
ubiquitination directs SUMOylation. The SUMO homolog in budding yeast is SMT3
(suppressor of mif two3). There is one type of SUMO in budding yeast but humans have
four types, named SUMO1, SUMO2, SUMO3, SUMO4. Cell viability is SUMOdependent as in the case of Ub. The human SUMO1 protein sequence is 18% similar to
Ub (Gill, 2004), and it displays a distinctive 20 aa N-terminal extension (Fig. 3).
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Figure 3. SUMO (Smt3). In the N-terminus region of Smt3 are found three
lysines that are each in the context of a sumoylation site (shown with italics).
Shown is the mature Smt3 which ends with the di-glycine motif at aa 98, but is
initially translated as a 101 aa pre-protein.

SUMOylation, is a post-translational modification that is associated in a variety of
cellular processes that are required for viability in humans and budding yeast (Johnson,
2004). In yeast, protein SUMOylation has been implicated in recombination-mediated
DNA repair, but the exact mechanism is not well understood (Branzei et al., 2006; Ii et

6

al., 2007) (Fig. 4). The process of SUMO conjugation is mediated through the
consecutive activities of the E1 activating enzyme Aos1/Uba2, followed by Ubc9 the E2
conjugating enzyme, and finally by E3 ligating enzymes, such as Siz1 and Siz2 (Ardley,
2005; Johnson and Gupta, 2001). This process is reversible; removal of SUMOylation
from target proteins is mediated by SUMO specific proteases, Ulp1 and Ulp2 (Li and
Hochstrasser, 1999, 2000). The location of Ulp1 is at the nuclear pore (Li and
Hochstrasser, 2003), whereas Ulp2 is nucleoplasmic (Li and Hochstrasser, 2000). The
Ulp2 homolog in humans is SENP6 and 7 (Li and Hochstrasser, 1999, 2000), and its role
is to edit long poly-SUMO chains.
Like Ub modifications, SUMOylation of proteins has many functions such as,
protein stability, nuclear-cytosolic transport, and regulation of transcription (Gill, 2004).
Contrary to ubiquitination, it does not promote by itself proteasomal degradation, but it
has been related to protein turnover. SUMOylation of target proteins has been shown to
cause changes in protein trafficking. For example, the SUMOylation of Ran GTPase
Activating Protein 1 (RanGAP1, the first identified SUMO substrate) results in the
transport change from cytosol to nuclear pore complex (Mahajan et al., 1997). Another
example of transport change by SUMOylation is hNinein, a centrosomal-associated
protein leading its transport from the centrosome to the nucleus (Cheng et al., 2006).
SUMOylation of transcription regulators promotes the inhibition of transcription (Gill,
2005).
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Figure 4. SUMO-targeted ubiquitin ligases function in genome maintenance. Stalled
replication forks, double strand breaks, and mutations affect genome integrity. The effect
of DNA damage leads to accumulation of poly-SUMO chains and subsequently
inhibition of the cell cycle. Any process to correct the damage like the processing of
stalled replication forks and double-strand breaks as well homologous recombination
repair (HRR) and DNA damage repair works in conjunction with SUMO-targeted
ubiquitin ligase, Slx5-Slx8 in order to de-conjugate poly-SUMO chains and send target
protein to proteasomal degradation. (Miteva et al., 2010).
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Post-translational Modifications Comparison
The post-translational modifications, SUMOylation and ubiquitination have
analogous enzymatic cascade reactions (Fig. 5 A & B). But, SUMOylation is different
from ubiquination in that it typically occurs at a tetrapeptide consensus motif Ψ-K-x-D/E,
where Ψ refers to a hydrophobic residue, K means the lysine where SUMO conjugates, x
refers to a variable amino acid, and followed by an acidic residue like D or E (Fig. 5B).
SUMOylation and ubiquitination also differ in their products. SUMO modification
usually yields mono- or multi SUMOylated products (Fig. 5C). In contrast, ubiquitination
usually (but not always) yields poly-Ub chains (Fig. 5A). The presence of Poly-SUMO
chains has been detected in in –vitro experiments as a product of the reaction (Bencsath
et al., 2002). The absence of the Ulp2 iso-peptidase in budding yeast promotes the
accumulation of poly-SUMO chains (Bylebyl et al., 2003). This process is mediated in
yeast through its three N-terminal lysine residues (K11, 15, and 19) (Bencsath et al.,
2002; Bylebyl et al., 2003). Nonetheless, changes of all nine lysine to arginine affects the
cell by causing a gradual decline in growth rate and poor response to DNA damage
agents. This mutational effect suggests that poly-SUMO chain formation has a role in
DNA repair mechanisms. This idea is examined further by studying poly-SUMO chain
accumulation and its interaction with Slx5-Slx8, Ub ligase and the metalloprotease,
Wss1.
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Figure 5. Model comparing the post-translational modifications SUMOylation and
Ubiquitination. A) deubiquitylating enzymes (DUBs) process the precursor of Ub,
followed by its activation (Ub-activating enzyme; E1), and sequentially Ub-conjugating
enzyme (E2) and Ubiquitin Ligase (E3) are responsible of conjugating Ub to the
substrate. The end product of ubiquitination is poly-Ub chains; DUBs can disintegrate the
chains. B) SUMOylation is analogous to Ubiquitanation as shown in (A), (UbaAos1) are
E1enzymes, Ubc9 is the only conjugating enzyme (E2), and E3 could be Siz1, Siz2 or
Mms21. SUMO isopeptidases, Ulp1 and Ulp2, in humans SENPs are responsible for
reversing this process. C) Different end products of SUMOylation. (Miteva et al., 2010)
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SUMO modification has many functions, but one of the best known is protein
localization at sub-nuclear sites (Gill, 2004). There is evidence that SUMOylation
directly and indirectly is involved in DNA repair pathways (Ulrich et al., 2005). It has
been associated in the regulation of Smc5-6 complex and homologous recombination
(Torres-Rosell et al., 2007). Studies in yeast demonstrated that changes in SUMOylation
give rise to a “nibbled” colony phenotype, where the colony has an uneven morphology.
This colony phenotype is due to an over-replication of the endogenous non-essential
plasmid, 2µ circle. This plasmid participates in recombination suggesting that a mutation
in SUMO can cause incorrect recombination. Mutations in SUMO regulators like Ubc9,
Mms21, Ulp1 or Ulp2 result in sensitivity to DNA damage indicating that SUMOylation
participates in DNA repair (Zhao and Blobel, 2005).
As mentioned above, nibbled colonies are products of defective SUMOylation,
which indicates that cell regulation is complex. Another example of this is the Ulp
proteases; ulp1-333 is a temperature-sensitive (ts) mutation and results in excess
SUMOylation and inviability at the restrictive temperature (Li and Hochstrasser, 1999).
Surprisingly, deletion of ULP2 suppresses the ulp1-333 phenotype. These examples
could be understood as competing pathways or forms of (poly)-SUMOylation. These
pathways may also involve the Slx5-Slx8 Ub ligase and the Wss1 metalloprotease which
are an important focus of this study. For example, SLX5-SLX8 and ULP2 can mutually
suppress each other (Mullen et al., 2011). In addition, WSS1 has been implicated in cell
viability of ulp1Δulp2Δ mutants (Mullen et al., 2010). There is evidence that in the
absence of Sgs1 poly-SUMOylated proteins accumulate (Mullen et al., 2011). These

11

examples suggest an interconnection between post-translational modification and DNA
repair pathways.
Pathways identified by SGS1 synthetic-lethality:
Synthetic-lethal screens have been performed to identify mutants that require
SGS1 for viability. By this screen it was identified six novel genes named as “SLX” genes
(Mullen et al., 2001). In the absence of Sgs1, mutation in one of the SLX genes or in
TOP3 or RMI1 results in a lethal combination for cell viability. The endonucleases
Mus81-Mms4 are encoded by two of the SLX genes (Bastin-Shanower et al., 2003). In
humans, the absence of BLM and MUS81 is synthetic lethal and it is evolutionary
preserved (Hickson and Mankouri, 2011). Slx1-Slx4 endonuclease interacts as a
heterodimer with Rtt107 and is similarly conserved in humans (Fricke and Brill, 2003;
Roberts et al., 2006). The other two are SLX5-SLX8, which encode a ubiquitin ligase (Ii et
al., 2007). Other functional genomics screens [Synthetic Genetic Array (SGA) and
Synthetic Lethal Analysis by Microarray (SLAM)] identified additional genes that
display synthetic-fitness (not lethal) defects with sgs1Δ (Ooi et al., 2003; Tong et al.,
2001).
Slx5-Slx8 Ub ligase:
As mentioned above, the genes SLX5 and SLX8 encode subunits of a heterodimeric Ub ligase in which each subunit contains a RING-finger domain that mediates
dimerization. This activity links SUMOylation and ubiquitination to recombinational
DNA repair. Deletion of either SLX5 or SLX8 results in a decline growth rate, sensitivity
to the replication stress agent HU, increased rates of gross chromosomal rearrangements,
and increased rates of mitotic recombination (Burgess et al., 2007). Deletion of SLX5 and
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SLX8 also results in nibbling due to the presence of 2µ circle over-replication (Ii et al.,
2007) and its sickness can be suppressed by eliminating genes in the RAD51-independent
recombination pathway (Burgess et al., 2007). Also, these mutants accumulate DNA
lesions during S-phase and the Slx8 protein has been shown to localize to replication
centers (Burgess et al., 2007). Slx5-Slx8 targets poly-SUMO chains for ubiquitination
(Mullen and Brill, 2008). A very similar biochemical activity has been reported for
human RNF4 (Tatham et al., 2008). Together, this information clearly indicates that polySUMOylation is biologically relevant. Moreover, the synthetic lethality of sgs1∆ slx5∆
cells suggests that poly-SUMOylation may play a role in cells lacking SGS1. The
biological significance of poly-SUMOylation is further explored in this thesis project.
Wss1 metalloprotease:
WSS1 is a non-essential gene that encodes a protein of a molecular weight of 30.6
kDa. Initially, Wss1 was identified as a multi-copy suppressor of an smt3 mutation,
(Weak Suppressor of Smt3-1) (Biggins S, 2001). It was also described as a potential
interacting partner of Fin1, a spindle pole body-related intermediate filament protein (van
Hemert et al., 2002). Deletion of WSS1 in cells lacking SGS1 becomes a strain with
synthetic growth defects (Mullen et al., 2010). In addition, mutations in WSS1 produce
intolerance to UV irradiation (Birrell et al., 2001). It has been suggested that Wss1 may
participate in the processing or maintenance of stalled or collapsed replication forks
because it was identified by a physical interaction with Psy2, associated in DNA damage
recovery and Tof1, involved in replication fork stabilization (O'Neill et al., 2004). Wss1
was suggested to have a role in de-SUMOylation (Mullen et al., 2010) although
recombinant Wss1 lacks desumoylation activity

(Stingele et al., 2014). Through a
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genetic screen it was shown that over-expression of WSS1 rescued slx5Δ sgs1Δ inviability
(Mullen et al., 2010). Another example of genetic interactions involving genes in the
DNA repair pathway is the synthetic growth defect in the absence of both tyrosyl-DNA
phosphodiesterase 1 (TDP1) and WSS1 (Stingele et al., 2014). The roles mention above,
suggests the idea that Slx5-Slx8 and Wss1 regulate a process of SUMO metabolism that
becomes necessary in sgs1Δ mutants and will be explored in this study.
Thesis project clinical relevance:
Human disease and cancer are often associated with failure to repair DNA
damage. Defects in DNA repair can have serious consequences for human health as
exemplified by hereditary disorders such as Xeroderma Pigmentosum (XP), Hereditary
Nonpolyposis Colorectal Cancer (HNPCC), Ataxia telangiectasia (A-T), and breast
cancer (BRCA1, BRCA2). Genome instability is a public health concern since it is the
principal common denominator of cancer cells. It is important to study these pathways in
order to understand these diseases and find treatments. Using budding yeast as a model
system will be useful in understanding the biological pathways. The usefulness of
budding yeast has been demonstrated identifying other conserved DNA repair pathways
(Yuen et al., 2007). Moreover, this model system can be modified to study the function of
poly-SUMOylation in genome maintenance. Since most DNA repair pathways are
conserved in eukaryotic species, I predict that my results will help to understand this
process in humans.
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Materials and Methods
Yeast Strains and plasmids construction:
In Table 1, you will find listed the yeast strain used in this study. Unless
otherwise specified, all strains are RAD5 derivatives of W303 and were made by crossing
two mutant strains followed by sporulation and tetrad dissection. Strain maintenance was
at 300C on 1% yeast extract, 2% peptone, and 2% dextrose (YPD) medium. Yeast strains
construction, growth, and transformation followed standard techniques (Adams, 1997).
Gene disruptions by PCR were used to replace complete open reading frames (ORFs)
with the specified antibiotics resistant marker as mentioned (Guldener et al., 1996). Cell
serial dilutions conditions followed standard techniques (Mullen et al., 2011). The
plasmids used in this study (Table 2) were constructed following standard techniques
using pRS vectors (Sikorski and Hieter, 1989). Specific details on how plasmids were
made are available upon request.
Suppressor Screen:
The starting strain used was Y2953. In order to obtain the spontaneous
suppressors about 107 cells will be spread onto synthetic complete plate containing 5fluoroorotic Acid (5-FOA). Candidate suppressors were tested by PCR for the presence
of SGS1 that could have survived the selection procedure. After confirmation of SGS1
absence, each suppressor was individually backcrossed to its parental strain of opposite
mating type. Diploids were sporulated and micro-dissected. The tetrads obtained from the
backcross were analyzed for relevant genetic markers. The suppressors mutation genes
were identified and cloned by commercial, whole-genome sequencing.
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Table 1
Strains used in this study
Strain

Genotype

Reference
or source

NJY2953

MATα ade2-1 ura3-1 his3-11,15 trp1-1 leu2-3,112 can1-100 wss110::KAN::loxP sgs1-20::HGR plus pJM500 (SGS1 ADE3 URA3 CEN)

(Mullen et al.,
2010)

LMY3298

MATa ade2-1 ade3::hisG ura3-1 his3-11,15 trp1-1 leu2-3,112 can1100 wss1-10::NAT sgs1-20::HGR plus pJM500 (SGS1 ADE3 URA3
CEN)

This study

LMY3524

MATa ade2-1 ade3::hisG ura3-1 his3-11,15 trp1-1 leu2-3,112 lys2
can1-100 wss1-10::NAT sgs1-20::HGR csm2Δ::KAN ::loxP plus
pJM500 (SGS1 ADE3 URA3 CEN)

This study

LMY3661

MATα ade2-1 ade3::hisG ura3-1 his3-11,15 trp1-1 leu2-3,112 lys2
can1-100 wss1-10::NAT sgs1-20::HGR shu2Δ::KAN::loxP plus
pJM500 (SGS1 ADE3 URA3 CEN)

This study

LMY3522

MATα ade2-1 ade3::hisG ura3-1 his3-11,15 leu2-3,112 lys2 can1-100
wss1-10::NAT sgs1-20::HGR shu1Δ::KAN::loxP plus pJM500 (SGS1
ADE3 URA3 CEN)

This study

LMY3523

MATα ade2-1 ade3::hisG ura3-1 his3-11,15 trp1-1 leu2-3,112 lys2
can1-100 wss1-10::NAT sgs1-20::HGR psy3Δ::KAN::loxP plus
pJM500 (SGS1 ADE3 URA3 CEN)

This study

LMY3527

MATa ade2-1 ade3::hisG ura3-1 his3-11,15 trp1-1 leu2-3,112 lys2
can1-100 wss1-10::KAN::loxP sgs1-20::HGR rad51Δ::HIS3 plus
pJM500 (SGS1 ADE3 URA3 CEN)

This study

LMY3531

MATa ade2-1 ade3::hisG ura3-1 his3-11,15 trp1-1 leu2-3,112 lys2
can1-100 wss1-10::KAN::loxP sgs1-20::HGR rad52Δ::TRP1 plus
pJM500 (SGS1 ADE3 URA3 CEN)

This study

LMY3530

MATa ade2-1 ade3::hisG ura3-1 his3-11,15 trp1-1 leu2-3,112 lys2
can1-100 wss1-10::KAN::loxP sgs1-20::TRP1 rad54Δ::HIS3 plus
pJM500 (SGS1 ADE3 URA3 CEN)

This study

LMY3703

MATa ade2-1 ade3::hisG ura3-1 his3-11,15 trp1-1 leu2-3,112 lys2
can1-100 wss1-10::KAN::loxP sgs1-20::HGR rad55Δ::LEU2 plus
pJM500 (SGS1 ADE3 URA3 CEN)

This study

LMY3525

MATa ade2-1 ade3::hisG ura3-1 his3-11,15 trp1-1 leu2-3,112 lys2
can1-100 wss1-10::KAN::loxP sgs1-20::TRP1 rad57Δ::LEU2 plus
pJM500 (SGS1 ADE3 URA3 CEN)

This study

LMY3528

MATa ade2-1 ade3::hisG ura3-1 his3-11,15 trp1-1 leu2-3,112 lys2
can1-100 wss1-10::KAN::loxP sgs1-20::HGR rad59Δ::LEU2 plus
pJM500 (SGS1 ADE3 URA3 CEN)

This study

NJY3105

MATa ade2-1 ade3::hisG ura3-1 his3-11,15 trp1-1 leu2-3,112 can1100

LMY3283

MATa ade2-1 ade3::hisG ura3-1 his3-11,15 trp1-1 leu2-3,112 lys2
can1-100 wss1-10::NAT

NJY2824

MATα ade2-1 ade3::hisG ura3-1 his3-11,15 leu2-3,112 lys2 can1-100
wss1-10::NAT slx8Δ::NAT

Brill
This study
Brill
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JMY1814

MATα ade2-1 ura3 his3 trp1-1 leu2-3,112 ulp2-1::HIS3 lys2-801
can1-100

ASY3655

MATa ade2-1 ade3::hisG ura3-1 his3-11,15 trp1-1 leu2-3,112 lys2
can1-100 siz2Δ::KAN::loxP
MATa ade2-1 ade3::hisG ura3-1 his3-11,15 trp1-1 leu2-3,112 can1100 siz1Δ::KAN::loxP
MATα ade2-1 ade3::hisG ura3-1 his3-11,15 trp1-1 leu2-3,112 can1100 siz1Δ::NAT siz2Δ::KAN
MATa ade2-1 ade3::hisG ura3-1 his3-11,15 leu2-3,112 can1-100
wss1-10::NAT smt3-3KR(G98) + p7234 (GPDp/SMT3/URA3/ADE3)
MATa ade2-1 ade3::hisG ura3-1 his3-11,15 leu2-3,112 lys2 can1-100
smt3Δ::loxP + p7234 (GPDp/SMT3/URA3/ADE3)
MATα ade2-1 ade3::hisG ura3-1 his3-11,15 leu2-3,112 lys2 can1-100
smt3Δ::loxP wss1-10Δ::KAN::loxP + p7234
(GPDp/SMT3/URA3/ADE3)
MATa ura3-52 his3-Δ200 trp1-1 lys2-801 can1-100
ulp1Δ::his3::URA3 leu2-3,112::ulp1-333::LEU2 ulp2-1::HIS3
MATa ade2-1 ade3::hisG ura3-1 or -52 his3-Δ200 or -11,15 leu23,112::LEU2::ubc9-1 (ts allele) trp1-1 LYS2+ can1-100? ubc9Δ::KAN
MATα ade2-1 ade3::hisG ura3-1 his3-11,15 trp1-1 leu2-3,112
uls1::KAN
MATa ade2-1 ade3::hisG ura3-1 his3 -11,15 leu2-3,112 trp1-1 LYS2+
can1-100 tdp1::HGR

PSY3699
PSY3867
LMY3760
JFY2490
NJY2805
NJY1748
LMY3892
JMY3024
JSY3238

(Mullen et al.,
2011)
Brill
Sharma
Sharma
This study
Brill
Brill
Brill
This study
Mullen
JWS
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Table 2
Plasmid used in this study
Name
pJM500
pRS425
p6703
p6544
p6508
p7478
p6847
p6848
p7337
p7561
p7564
p6885
p6886
pLM7517
pLM7518
pLM7519
pLM7520
pLM7521
pLM7530
pLM7531
pLM7532
pLM7533
pLM7534
pLM7535
pLM7848
pLM7849
pLM7850
pLM7585
pLM7586
pLM7587
pLM7579
pLM7580
pLM7581
pAS7215
pAS7655
p7272
p7671
pAS7698

Insert
SGS1

Vector
pRS416

SLX5
SLX5
WSS1
SLX5+8
SLX8
WSS1
ULS1
Uls1-ΔC1022
RNF4
Rnf4-4CS
Slx5- ΔN100
Slx5- ΔN200
Slx5- ΔN300
Slx5- ΔN400
Slx5- ΔC146
Slx5- ΔC219
Slx5- ΔC319
Slx5- ΔC419
Slx5- ΔC519
Slx5- 200-400
Slx5- 4mutSIMs
Slx5- SIMs2, 3, 4
Slx5- SIMs3, 4
Slx5- SIM4
Wss1- SIMless
Wss1-vim/shp
Wss1- Δ161-207
Wss1- SIMless
Wss1-vim/shp
Wss1- Δ161-207
SIZ1
SIZ2
ULP2
SMT3-G98
Smt3-3KR

pRS425/GAL10p
pRS425/GAL10p
pRS424/GAL10p
pRS416
pRS425/GAL10p
pRS425/GAL10p
pRS424/GPDp
pRS425/GAL10p
pRS425/GAL10p
pRS425/GAL10p
pRS425/GAL10p
pRS425/GAL10p
pRS425/GAL10p
pRS425/GAL10p
pRS425/GAL10p
pRS425/GAL10p
pRS425/GAL10p
pRS425/GAL10p
pRS425/GAL10p
pRS425/GAL10p
pRS425/GAL10p
pRS425/GAL10p
pRS425/GAL10p
pRS425/GAL10p
pRS425/GAL10p
pRS425/GAL10p
pRS425/GAL10p
pRS425/GAL10p
pRS424/GPDp
pRS424/GPDp
pRS424/GPDp
pRS424/Galp/V5/His6
pRS424/GPDp
pRS425/GPDp
pRS424/GPDp
pRS424/GPDp

Reference or source
(Mullen et al., 2001)
(Sikorski and Hieter,
1989)
Brill
Brill
Brill
Brill
Brill
Brill
Brill
Brill
Brill
Brill
Brill
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
Brill
Brill
Brill
Brill
Brill
Brill
Brill
Brill
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Preparation of yeast extracts for anti-Smt3 immunoblotting:
Unless otherwise indicated, cells were grown overnight and dilute in the morning.
Yeast cell extracts were collected at different time points before (2%Raffinose) and after
induction of the galactose promoter (2%galactose) of SLX5 in a LEU2/pRS425 vector
backbone. Induction of the galactose promoter was made when the cell were growing
exponentially (0.5 ODs). Pellet 10 ODs of cells for each culture. The preparation of yeast
extracts for anti-Smt3 immunobloting were done as described previously (Mullen et. al.
2010). A 10% SDS-PAGE was employed in order to trap poly-SUMO chains in the
stacking gel. Gel was transferred to nitrocellulose membranes and treated with anti-V5,
or anti-HA antibody (primary) dilution was 1:10,000. Secondary antibody was antidonkey HRP conjugated and diluted was 1:10,000. Membranes were developed using
chemiluminescence reagents before the image was captured by chemiluminescence
camera (Fujifilm).
Characterization of cell viability:
In order to characterize the loss of cell viability, colony formation was tested after
the cells are exposed to over-expression of SLX5. Both WT and wss1∆ cells were
transformed with a multi-copy plasmid over-expressing SLX5 under galactose promoter
in a LEU2/pRS425 vector backbone. As a control, both strains were transformed with an
empty vector. The transformed cells were pre-grown to mid-log phase in liquid synthetic
complete media lacking leucine (SC-leu) and containing 2% raffinose as a carbon source.
Before protein induction the cells were diluted and spread to yield a standard amount of
400 cells on a surface of an agar plate containing 2% glucose and SC-leu at time zero.
After protein induction using 2% galactose, every two hours cells were spread as
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described for time point zero up to eight hours. The experiment was done in triplicate and
the number of colony-forming units per mL (CFU/mL) was averaged and plotted as a
function of time.

Chapter III
Results and Discussion
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Results and Discussion
sgs1∆ wss1∆ strains have synthetic fitness defect:
The wss1∆ strain, by itself doesn’t have any obvious growth defect but when this
strain is crossed to an sgs1∆ strain, the growth of the double mutant rate slows down
(Mullen et al., 2010). In order to identify suppressors of the slow growth phenotype a
candidate gene deletion approach was used (Table 3). The candidate genes were selected
because loss of ULP2 suppresses slx5∆ sgs1∆ synthetic lethality (Mullen et al., 2011),
and deletion of TOP1 has been identified as a common SUMO mutant suppressor (Chen
et al., 2007). I found that neither deletion could suppress sgs1∆ wss1∆ slow growth.
Then, by obtaining spontaneous suppressors and whole genome sequencing, I identified a
csm2-L180-stop codon as a suppressor. Csm2 is part of the SHU-complex. Loss of any
member of the SHU complex also suppresses (Fig. 6A). The SHU-complex is involved in
the maintenance of genome stability by promoting DNA repair and accurate chromosome
segregation in meiosis (Tao et al., 2012). In addition, the SHU-complex shares common
features with the RAD52 epistasis group, involved in the recombinational repair of
double-strand breaks in DNA. Among related genes, the absence of RAD59 did not
suppress the synthetic growth defect (Fig. 6B).
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A

YPD

FOA

wss1! sgs1!
csm2! wss1! sgs1!
shu1! wss1! sgs1!
shu2! wss1! sgs1!
psy3! wss1! sgs1!
wss1! sgs1!

B

YPD

FOA

wss1! sgs1!

rad51! wss1! sgs1!
rad52! wss1! sgs1!
rad54! wss1! sgs1!
rad55! wss1! sgs1!
rad57! wss1! sgs1!
rad59! wss1! sgs1!

Figure 6. Genetic interactions among sgs1Δ, wss1Δ, and SHU-complex or RAD52
epistasis group. (A & B) Each strain contained a WSS1/URA3 balancer plasmid, were
resuspended at OD=3, subjected to 10-fold serial dilution and spotted on YPD and FOA
plates. The plates were photographed following 3 days of growth at 300C.
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Table 3. Summary of candidate –gene deletion approach to identify suppressors of sgs1!
wss1!. Triple mutants with sgs1! wss1! were streaked on synthetic complete medium
containing 5-FOA. Each mutant chosen for the test was “born” with the balancer
SGS1/ADE3/URA3 during a cross between the knockout candidate and sgs1!wss1! plus
balancer. Symbols: -, no growth; +/-, moderate growth; +, good growth.

sgs1!wss1!+…
No additional mutation
ulp2"
top1"
csm2"
shu1"
shu2"
psy3"

Growth on SC
+ 5-FOA
"
"
"
+
+
+
+

sgs1!wss1!+…
rad51"
rad52"
rad54"
rad55"
rad57"
rad59"

Growth on
SC + 5-FOA
+
+/+
+
+
-
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Over-expression (OE) of SLX5 is toxic in wss1∆ background
I overexpressed candidate genes in order to identify suppressors of sgs1∆ wss1∆
synthetic lethality. We hypothesized that if over expression of WSS1 can suppress sgs1∆
slx5∆ synthetic lethality then over expression of SLX5 could suppress sgs1∆ wss1∆
strains. But, to our surprise only very few transformants were obtained following
transformation with a plasmid over-expressing SLX5 (data not shown). This suggests that
cells may be getting sick even when the strain contains a balancer plasmid
(SGS1/URA3/ADE3). For this reason, a wss1Δ mutant strain containing a balancer
plasmid (WSS1/URA3/ADE3) was transformed with a plasmid containing SLX5 under the
control of the well-known galactose-inducible (GAL10) promoter. This was done in order
to prove SLX5 was causing toxicity in the wss1∆ background (Fig. 7A). In addition, we
tested over-expression of SLX8 which resulted in no growth defect (Fig. 7B).

Further,

this toxicity was shown to be independent of the RING-domain and correlates with
previous results that demonstrated the independence of the C-terminal domain for
accumulation of SUMO conjugates (Uzunova et al., 2007). In addition, SLX5 toxicity in
the wss1∆ background does not require the presence of SLX8, suggesting a novel role for
SLX5 independent of SLX8 (Fig. 7C). In order to determine the cause of toxicity in the
absence of WSS1 we transformed WSS1 back into the cell to show that it indeed allows
growth (Fig. 7D). This result proves that the toxicity was due to a direct genetic
interaction between SLX5 OE and loss of WSS1, rather than an unknown mutation in the
strain.
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FOA –Leu/GAL

A
-Leu

wss1! +
SLX8-OE

-Leu/GAL

wss1! +
SLX5-OE

Vector
WT
SLX5-OE
Vector
wss1!
SLX5-OE

WT +
Vector

B
-Leu/GLU

FOA -Leu/GAL

SLX5-OE

Vector

SLX5+8-OE

SLX8-OE

wss1Δ

WT +
SLX5-OE
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C

-Leu/GLC

-Leu/GAL

SLX5-OE

SLX5-OE

SLX5-OE

SLX5-OE

EV

EV
wss1Δslx8Δ

D

-Trp-Leu

FOA-Trp-Leu/GAL

SLX5-OE
+Vector

SLX5-OE
+WSS1
Figure 7. SLX5 over-expression (SLX5-OE) is toxic in the wss1Δ background. (A)
Strains Y3105 (WT) and Y3283 (wss1Δ) were transformed with pRS425/GAL10p-based
plasmid expressing SLX5 (p6544) or no gene (vector alone). Cells were resuspended at
OD=3, subjected to 10-fold serial dilution, and spotted on solid media lacking leucine
with either 2% glucose or galactose as carbon source. The plate was photographed
following 4 days of growth at 30oC. (B) A wss1Δ strain (Y3283) containing its balancer
plasmid p7478 (WSS1/URA3/ADE3) was transformed with multicopy and centromeric
plasmid containing a galactose promoter for the following genes: SLX5, SLX5+8 (p6847),
and SLX8 (p6848). The cells were treated as in (7A). (C) wss1∆ slx8∆ (Y2428) and WT
(Y3105) strains were transformed with a multi-copy plasmid either empty or expressing
SLX5, as in A. Streaks on a synthetic-complete plate lacking leucine containing either 2%
glucose or galactose, after 3 days of incubation at 30˚C. (D) Strain Y3283 (wss1Δ)
carrying balancer plasmid was transformed with a plasmid containing SLX5 (p6544).
Then, was sequentially transformed with p7337 (WSS1/GPDp/424) or with an empty
vector. Cells were resuspended at OD=3, in 10-fold serial dilution, and spotted on solid
media lacking leucine and tryptophan with either 2% glucose or galactose as carbon
source and FOA to select against the balancer plasmid. The plate was photographed
following 3 days of growth at 30oC.
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Over expression of SUMO-targeted ubiquitin ligases are toxic in wss1Δ background:
In S. cerevisiae there are three putative SUMO-targeted Ubiquitin Ligases: Uls1,
the heterodimer Slx5/Slx8 (Uls2), and Rad18. Uls1 and Slx5 share common features in
their protein structure: their N-termini contain multiple SIMs and their C-termini contain
a RING domain. In addition to this structural similarity, several studies have proposed
that ULS1 and SLX5 have overlapping roles in SUMO regulation (Uzunova et al., 2007)
and in the integration of SUMO into the ubiquitin/proteasome pathway (Makhnevych et
al., 2009). Because of the similarity of Uls1 and Slx5, we also tested ULS1 overexpression in the wss1Δ background. As in SLX5-OE case, ULS1-OE was toxic to wss1Δ
cells compared to WT (Fig. 8A). In order to test if ULS1 toxicity was also independent of
its RING domain, we constructed a plasmid in which GAL10p drives only amino acids 1544 of Uls1 (i.e., Uls1-ΔC1022). As in the case of SLX5, Uls1-ΔC1022-OE is as toxic as
the full-length version of the same protein indicting that it does not require its RING
domain (Fig. 8B). We also tested the mammalian (rat) STUbL RNF4 which is one of the
most widely studied STUbL enzymes (Sriramachandran and Dohmen, 2014). Overexpression of both RNF4 and its catalytically-null version, RNF4-4CS, are toxic in the
wss1Δ background compared with WT cells. The toxicity of the RNF4 constructs was less
than that of SLX5 and ULS1 (Fig. 8C). This may be because human RNF4 does not have
the same affinity for heterologous yeast substrates (e.g., Smt3) that it does for
mammalian substrates (e.g., SUMO-2 and -3).
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-Leu/GAL

-Leu/GLC

A
Vector
WT
ULS1-OE

Vector
wss1Δ
ULS1-OE

-Leu/GLC

FOA-Leu/GAL

B
Vector

ULS1-OE

Uls1ΔC1022
(OE)

wss1Δ
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C

-Leu/GLC

FOA –Leu/GAL

RNF4-OE
WT
RNF4-4CS
(OE)
Vector
wss1Δ SLX5-OE
RNF4-OE
RNF4-4CS
(OE)
Figure 8. Over-expression of SUMO-targeted ubiquitin ligases are toxic in the wss1Δ
background. (A) Strains Y3105 (WT) and Y3283 (wss1Δ) were transformed with a
pRS425/GAL10p-based plasmid containing ULS1 (p7561) or vector alone. Cells were
treated as in (7A). (B) Y3283 (wss1Δ) was transformed with a pRS425/GAL10p-based
plasmid containing ULS1 (p7561), ULS1-ΔC1022 (p7564) or vector alone. Cells were
treated as in (7A). (C) Strains Y3105 (WT) and Y3283 (wss1Δ) were transformed with a
pRS425/GAL10p-based plasmid containing SLX5 (p6544), RNF4 (p6885), RNF4-4CS
(p6886) or vector alone. Cells were treated as in (7B).
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Structure-function analysis of SLX5 to determine the cause of toxicity in wss1Δ cells:
I used structure-function analysis of SLX5 to identify the regions of Slx5 required
to produce toxicity at the cellular level. A series of plasmids containing successive Nand C-terminal truncations of SLX5 was put into a strain lacking WSS1. Then, the
transformants were analyzed for their ability to survive without the balancer
pWSS1/ADE3/URA3 using 5-FOA for selection. The N-terminal truncations used were
the following: slx5-∆N100, slx5-∆N200, slx5-∆N300, and slx5-∆N400 mutants under the
GAL10 promoter. These constructs show that deletion of 100 a.a. of SLX5 completely
eliminates the toxicity in wss1∆ cells (Fig. 9A), indicating that the N-terminus is required
for this activity. The C-terminal truncation plasmids used were the following: slx5∆C146, slx5-∆C219, slx5-∆C319, slx5-∆C419 and slx5-∆C519 (Fig 9A). These
constructs show that SLX5 toxicity can be reproduced using just the first 300 aa of the
protein.
Because the N–terminal region is known to contain four SUMO interaction motifs
(SIMs), I used site-specific mutagenesis to eliminate all four SIMs (Slx5-SIMless). I then
tested whether functional SIMs were responsible for the toxicity. As expected, overexpression of SLX5 lacking functional SIMs did not display toxicity in the absence of
WSS1 (Fig. 9A). As a control, we confirmed Slx5 protein was expressed from all
constucts by western blotting extracts from each culture with a poly-clonal antibody
against full-length Slx5 (Fig. 9B). Taken together, the above results indicate that overexpression of SIMs alone is toxic in the absence of WSS1.
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Figure 9. Structure-function analysis of SLX5 toxicity in wss1Δ cells. (A) The SLX5
ORF or fragments corresponding to the indicated N- and C- terminal truncations were
cloned downstream of the GAL10 promoter in vector pRS425 (LEU2/2µm/CEN). These
constructs were then transformed into a wss1Δ strain (Y3283) containing its balancer
p7478 (WSS1/URA3/ADE3). Constructs in red displayed toxicity. (B) Western blot
analysis of the N- and C- truncations used in (9A). The yeast cell native extracts were
prepared for anti-Slx5 immunoblotting, and used a 10% SDS-PAGE. Anti- RPA-70K
immunoblotting was used as a loading control.
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Poly-SUMO chain accumulation when overexpressing SLX5.
Uzunova and colleagues previously showed that high-copy expression of SUMOinteracting proteins leads to the accumulation of SUMO conjugates independently of the
RING domain (Uzunova et al., 2007). However, their studies failed to identify any
phenotype associated with Slx5 OE or address the mechanism of poly-SUMO chain
accumulation. Therefore, I tested whether our constructs were also generating polySUMO chains and whether those chains correlated with SLX5 toxicity. Yeast cells were
collected at different time points before and after induction of the galactose promoter
which drives SLX5 in a LEU2/pRS425 vector backbone. The preparation of yeast extracts
for anti-Smt3 immunobloting was done as described previously (Mullen et. al. 2010). A
10% SDS-PAGE gel was employed in order to resolve sumoylated proteins and to trap
poly-SUMO chains in the stacking gel. We observed an increase in poly-SUMOylation
levels after inducing SLX5 in both wss1Δ and WT cells (Fig. 10 A & B, respectively).
Poly-SUMO chains accumulated rapidly (2 hours) regardless of cell type, and the
intensity of high molecular weight signal appeared to be more extreme in wss1Δ than in
WT cells.
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Figure 10. Poly-SUMO chains accumulate when overexpressing SLX5, independent
of WSS1. (A & B) WT and wss1Δ strains over-expressed SLX5 or no gene (vector). Yeast
cell extracts were prepared under denaturing conditions before and after SLX5 galactose
induction and subjected to anti-Smt3 immunoblotting on 10% SDS-PAGE. A vertical line
on the left marks the stacking gel. Ponceau staining was used as loading control. Note
that cultures often display small amounts of high molecular weight SUMO conjugates at
late times when the culture approaches confluence.
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Poly-SUMO chains accumulation is dependent on functional SUMO Interaction
Motifs (SIMs) of SLX5.
I next asked whether the toxicity due to over-expressing various SLX5 mutants
correlated with the accumulation of poly-SUMO chains. To do this, I used western blot
analysis to check poly-SUMOylation levels following over-expression of different SLX5
constructs in wt yeast. As shown above, over-expression of full-length SLX5 but not
empty vector causes accumulation of poly-SUMO chains and, so far, this correlates with
its toxicity. Experiments above also showed that SLX5 toxicity required at least the first
300 aa of its N-terminus as well as four functional SIMs. Thus, I induced a variety of
SLX5 mutants as well as the slx5-SIMless allele (Slx5-4mutSIM) in order to determine
whether functional SIMs were required to accumulate poly-SUMO chains. As expected,
dysfunctional SIMs eliminated the accumulation of poly-SUMO chains (Fig. 11A). Also,
over-expression of slx5-∆C219 and slx5-∆C146, which are missing the SLX5-RING
domain, resulted in poly-SUMO chain accumulation (Fig. 11A). This means that polySUMOylation does not require the C-term region. Over-expression of a construct lacking
the N-terminal SIMs, SLX5-∆N400, failed to accumulate poly-SUMO chains (Fig. 11A),
which confirms the essential role of the N-terminal SIMs. As control, the same yeast
extracts analyzed above (Fig. 11A) were probed with anti-Slx5 antibody to confirm its
expression upon galactose induction (Fig. 11B). Taken together, the above results
strongly correlate the toxicity of SLX5 OE with the accumulation of poly-SUMO chains.
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Figure 11. Poly-SUMO chain accumulation is dependent on functional SUMO
Interaction Motifs (SIMs) of SLX5. (A) A WT strain was transformed with different
SLX5 constructs, induced with galactose and yeast cell extracts were treated as in (10; A
& B). (B) The same samples used in (11A) were probed with anti-Slx5 antibody as a
control for protein induction.

37

Poly-SUMO chains accumulation requires at least two functional Slx5-SIMs.
As described above, mutations in all four Slx5-SIMs eliminated the accumulation
of poly-SUMO chains. To better understand the mechanism of poly-SUMO chain
accumulation by over-expression of SLX5 SIMs, I asked whether poly-SUMO chain
accumulation required all four of Slx5’s SIMs. A series of plasmids expressing fulllength Slx5 but containing individual or multiple SIM mutations was transformed into a
WT strain. The Slx5-SIM constructs include slx5-SIM2,3,4 (i.e., SIM 1 mutated), slx5SIM3,4 (SIMs 1 & 2 mutated), and slx5-SIM4 (SIMs 1, 2 & 3 mutated), all under the
inducible GAL10 promoter. As shown in Figure 12A, loss of an individual SIM (1) or a
pair of SIMs (1 and 2) did not eliminate the accumulation of poly-SUMO chains,
however loss of three SIMs (1, 2, and 3) eliminated chain accumulation. Immunoblotting
against Slx5 revealed that it was induced by galactose in all cases (Fig. 12A middle
panel). Taken together, these results suggest that accumulation of poly-SUMO chains
requires expression of at least two functional Slx5-SIMs.
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Figure 12. Poly-SUMO chain accumulation requires at least two functional Slx5SIMs. (A) A WT strain was transformed with the indicated SLX5 constructs differing in
the number of functional SIMs. Yeast cell extracts were treated as in (10; A & B). The
same samples used in the upper panel were reprobed with anti-Slx5 antibody (middle
panel) as a control for protein induction. Ponceau staining (lower panel) was used as
loading control.
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Why are wss1Δ strains sensitive to SLX5 OE?
I have demonstrated that SLX5 OE in wss1Δ cells is toxic compared to WT cells,
but in both cases there is accumulation of poly-SUMO chains. For this reason I asked,
“Why are wss1Δ strains sensitive to SLX5 OE and WT cells insensitive”? One approach
to answering this question is to determine the growth rates of WT and wss1Δ strains by
measuring the optical density (OD) of cultures growing before and after SLX5 induction.
Initially, I expected this experiment to show that wss1Δ cells were dying compared to
WT. But, I found no difference in rate of change of the ODs of wss1Δ or WT cultures
after induction of SLX5 (Fig. 13A). This result could be explained if wss1Δ cells were
inviable but continuing to enlarge or undergoing a few divisions after incurring a lethal
event. This would result in an increase in cell absorbance rather than increasing the
number of viable cells.
In order to characterize the loss of cell viability, I tested colony formation after
the cells were induced for SLX5. Both WT and wss1∆ cells were transformed with a
multi-copy plasmid over-expressing SLX5 under galactose promoter in a LEU2/pRS425
vector backbone. As a control, both strains were transformed with an empty vector. The
transformed cells were pre-grown to mid-log phase in liquid synthetic complete media
lacking leucine (SC-leu) and containing 2% raffinose (non-inducing/non-repressing) as a
carbon source. Before induction (time t = zero), the OD of the culture was measured and
the cells were diluted and a sufficient volume spread on an SC-leu agar plate containing
2% glucose to yield an expected number of 400 colonies. Glucose represses the GAL10
promoter and is expected to allow recovery in the absence of any SLX5 expression. It
should also be noted that the volume of culture plated on glucose was based on what we
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know to be the number of cells in a log-growing WT culture (~100% viability) at a given
OD (i.e., 1 x 10E7 cells/OD). Every two hours after protein induction (addition of
galactose to 2%) and up to 8 hours, cells were spread as described above. Note that a WT
culture exhibiting no change in viability would be expected to yield 400 colonies/plate at
each time point. The experiment was done in triplicate and the average number of
colonies per plate was used to determine the concentration of colony-forming units
(CFU/mL) for each culture as a function of time. As shown in Figure 13B, WT cells
subjected to SLX5 induction doubled at a lower rate than cells containing the vector
control. This was expected based on the cell dilution/spotting assays. In contrast, wss1∆
cells expressing SLX5 showed no increase in CFUs/ml, even after eight hours (Fig. 13B).
One interpretation of this result is that the viability of WT cells is reduced somewhat by
SLX5 OE. (Since the OD of this strain kept pace with that of vector alone (Fig. 13A), the
reduction in CFUs/ml probably reflects a loss of viability.) Still, WT cells are able double
in galactose, albeit at a lower rate, and then recover on glucose. In contrast, wss1Δ cells
are unable to undergo a successful doubling. Surprisingly, the CFUs/ml of wss1Δ cells
expressing SLX5 did not go down. This may be because of the short duration of the
experiment, or the perhaps that the loss of viability kept pace with the rate of cell division
(remember, the OD of the culture does increase). One possibility is that cells undergoing
division lost viability and never recovered on glucose, while a sub-population arrested
(due to a checkpoint, perhaps) and was able to recover on glucose. This suggests that
checkpoint-deficient cells (e.g., mec1∆, rad53∆, or rad9∆) might suffer a more dramatic
loss of viability under these conditions.
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I attempted to confirm the ability of WT cells to divide after long periods of SLX5
OE. This was done using the cell dilution/spotting assay and recording the growth of cells
after two periods of growth. As expected, following 4 days of growth on galactose plates,
WT cells showed reduced levels of growth compared to vector alone, as did wss1∆
mutants (Fig. 13C, center panel). But, after 8 days WT cells had increased their cell
growth, whereas wss1Δ, siz1∆ and siz2∆ mutant strains had not (Fig. 13C, right panel).
Western blot analysis confirmed that poly-SUMO chain accumulation occurred after
galactose induction in all strains (Fig. 13D). Thus, I conclude that WT cells are able to
proliferate in the presence of SLX5 OE, but some mutants associated with the SUMO
pathway are unable to withstand this treatment.
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Figure 13. Why are wss1Δ strains sensitive to SLX5 OE? (A) WT and wss1Δ strains
overexpressing SLX5. Strains were compared in growth rate before and after SLX5
induction while using different carbon sources. Starting with an OD = 0.5. (B) For the
colony formation test, the transformed cells were pre-grown to mid-log phase in liquid
synthetic complete media lacking leucine (SC-leu) and containing 2% raffinose as a
carbon source. Before protein induction the cells were diluted and spread to yield a
standard amount of 400 cells on a surface of an agar plate containing 2% glucose and SCleu at time zero. After protein induction using 2% galactose, every two hours cells were
spread as described for time point zero up to eight hours. (C) Transformed strains with
pRS425/GAL10p-based plasmid containing slx5- ΔC219 (p7530) or vector alone were
treated like in (7A). (D) Western blot analysis to detect poly-SUMO chains accumulation
in different mutants related to SUMO pathway. The yeast cell extracts were treated as in
(10; A & B).
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Structure function analysis of WSS1:
Wss1 is a metalloprotease, which consists of a Zn-binding domain and two Cterminal SIMs (Mullen et al., 2010) (Fig. 14A). To determine whether any specific
domains are required to complement sgs1Δ wss1Δ synthetic lethality, a structure-function
analysis was performed. A series of plasmids containing different Wss1 domains was
transformed into an sgs1Δ wss1Δ cell already containing a balancer plasmid
(pJM500/URA3/ADE3). Then, the transformants were examined for their ability to grow
in the presence of FOA to select against plasmid pJM500 in SC-trp media. The genes
used were: wss1-SIMless, wss1-vim/sph, and wss1-Δ161-207 all under a strong
constitutive GPD1 promoter in the TRP1/pRS424 vector backbone. As shown in Figure
14B, none of the Wss1 domains were individually required to complement sgs1Δ wss1Δ
synthetic lethality. It should be noted that the protease domain has previously been shown
to be required for complementation in this assay (Mullen et al., 2010).
Following these complementation experiments, I tested whether WSS1 OE could
eliminate the accumulation of poly-SUMO chains due to SLX5 OE in a WT strain. I
prepared yeast extracts before and after the co-expression of SLX5 and WSS1 and
subjected them to western blot analysis to detect poly-SUMOylation. To my surprise,
over-expression of WSS1 did not abrogate the accumulation of poly-SUMO chains (Fig.
14C, middle panel). But instead, the over-expression of WSS1 by itself was found to
promote the accumulation of poly-SUMO chains in WT cells (Fig. 14C, right panel).
Because of the presence of SIMs in Wss1, I tested whether the accumulation of polySUMO chains was SIM-dependent as it was in the case of SLX5 OE. Indeed, overexpression of wss1-SIMless failed to accumulate poly-SUMO chains (Fig.14D). This
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confirms that WSS1 requires functional SIMs in order to accumulate poly-SUMO chains
and suggests that the failure to eliminate SLX5 OE-dependent chains may be due to the
possibility that WSS1 OE contributes to the chains.
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Figure 14. Structure function analysis of WSS1. (A) Schematic representation of the
Wss1 protein, which consists of Wss1p-like-metalloprotease (WLM) domain characterize
by Zn-binding. In the carboxyl (C)-terminal domain it has two motifs known to be
associated with a Cdc48 binding domain: SHP box and VCP-interaction motif [VIM].
Also, the C-terminal domain contains two SIMs a putative type “a” (247-VVILDDDD254) and type “b” (265-VIDLT-269). (B) Strain Y3298 (sgs1Δwss1Δ) carrying balancer
plasmid pJM500 (SGS1/ADE3/URA3) was transformed with a plasmid containing Wss1SIMless S (p7579), Wss1-vim/shp (p7580), Wss1-Δ161-207 (p7581) and empty vector.
Cells were treated as in (7A). (C) WT cells were co-overexpressing SLX5 and WSS1. The
yeast cell extracts were treated as in (10; A & B). (D) WT cells were subject to overexpression of defective and functional WSS1-SIMs. Western blot analysis for SUMOconjugates was done as in (10; A & B).
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Does WSS1p directly affect the levels of poly-SUMO chains?
As mentioned before, we tested co-overexpression of WSS1 and SLX5 to see if
accumulation of poly-SUMO chains could be eliminated but it didn’t work. For this
reason, I tested whether the induced poly-SUMO chains might be processed by Wss1p
once chain synthesis had ceased. In order to test this idea, I prepared extracts from yeast
cells overexpressing SLX5 in the presence or absence of Wss1p and determined the levels
of poly-SUMO chains at various time points following repression of SLX5. Specifically,
cells were induced with galactose for two hours and then the cells were exposed to
glucose as a carbon source to repress the GAL10 promoter. As shown in Figure 15A,
poly-SUMO chain accumulation occurred in both WSS1 and wss1∆ cells, however, the
level of chains in WT cells declined after 8 hours (6 hours in glucose) and were largely
eliminated at 11 hours (9 hours in glucose). In contrast to WT, the decline in the level of
poly-SUMO chains was noticeably slower with higher levels remaining even after 11
hours. These results suggest that Wss1p may eliminate poly-SUMO chains.
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Figure 15. Does Wss1p affect the levels of poly-SUMO chains? (A) Characterization
of poly-SUMO chain accumulation in the absence or presence of WSS1 due to SLX5 OE.
SLX5 expression was repressed by the addition of glucose after 2 hours in galactose.
Note that time is given in cumulative hours. Western blot analysis for SUMO-conjugates
was done as in (10; A & B).
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Over-expression of SMT3-G98 suppresses SLX5 toxicity in the wss1Δ background.
The above data suggest that accumulation of poly-SUMO chains in wss1Δ is toxic
compared to WT cells because Wss1p is involved in eliminating these chains. We
hypothesized that in the absence of WSS1, SLX5 OE consumes all the free monomeric
Smt3 in the cell in order to form poly-SUMO chains and the absence of Wss1 reduces the
rate of recycling Smt3 monomers. Western blot analysis was used to detect free Smt3
when SLX5 was over-expressed in the absence of WSS1. Poly-SUMO chain formation by
SLX5 OE appeared to have only a minor effect on reducing the level of free Smt3 in
wss1Δ cells (Fig. 16A).
Since it was not possible to determine whether this small change in Smt3 levels
was sufficient to alter the cell’s physiology, I tested whether overexpression of genes
related to the SUMO pathway could suppress SLX5’s toxicity in wss1Δ cells.
Specifically, I tested over-expression of SMT3-G98, SIZ1, SIZ2, ULP2, ULS1 and SMT33KR, all under the GPD1 promoter in a TRP1/pRS424. These multi-copy plasmids were
transformed into a strain lacking WSS1 and over-expressing SLX5 under the usual
galactose promoter in a LEU2/pRS425 vector backbone. As shown in Figure 16B, overexpression of SMT3-G98 strongly suppressed SLX5 OE toxicity. This result is consistent
with the idea that the toxicity due to the accumulation of poly-SUMO chains is due to the
reduction of free monomeric SUMO.
Since the mature form of Smt3 could suppress, I also tested SMT3-3KR, which is
an allele that is expected to form poly-SUMO chains poorly, if at all. In this case, I found
that over-expression of SMT3-3KR could only partially suppress SLX5 OE toxicity (Fig.
16C). It is possible that this construct suppressed for the same reason as WT Smt3, but
that it was unable to provide any needed poly-SUMOylation. Alternatively, Smt3-3KR
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simply inhibited the degree to which WT Smt3 could form chains (Fig. 16D) since it
would be expected to arrest poly-SUMO chain elongation following its incorporation into
such “mixed” chains. As shown in Table 5, the other gene candidates (SIZ1, SIZ2, ULP2,
and ULS1) did not suppress SLX5 OE.
The ability of Smt3-G98 to suppress SLX5 toxicity may be because it directly
affects the levels of poly-SUMO chains, or because it complements a deficiency in free
Smt3. To test these possibilities, I examined the effect of expressing Smt3-G98 on the
rate of poly-SUMO chain turn-over using the same protocol used in Figure 15. As shown
in Figure 16E, repression of SLX5 expression in glucose led to a reduction in the levels of
poly-SUMO chains. However, the additional expression of Smt3-G98 did not stimulate
the ability of wss1∆ cells to turn-over the poly-SUMO chains (compare Figures 15 and
16E). This negative result supports the idea that suppression of SLX5 toxicity by Smt3 is
likely due to a deficiency of SUMO. It also supports the idea that Wss1p is required for
Smt3 recycling in the cell.
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Figure 16. Over-expression of SMT3-G98 suppresses SLX5 toxicity in wss1Δ
background. (A) Extracts of wss1Δ mutants over-expressing SLX5 were prepared under
denaturing and native conditions and immunoblotted with anti-Smt3 antibody. (B) Strain
Y3283 (wss1Δ) carrying balancer plasmid p7478 (WSS1/ADE3/URA3) was transformed
with a pRS425/GALp based plasmid containing SLX5 (p6544). It was then transformed
with either p7569 (SMT3-G98/GALp/424) or with the empty vector. Cells were treated as
in Figure 7. (C) Strain Y3283 (wss1Δ) and Y3760 (wss1Δ smt3-3KR), both carrying their
respective balancer plasmids, were transformed with a pRS425/GALp-based plasmid
containing SLX5 (p6544). Cells were treated as in Figure 7.	
   (D) Strain Y2805 was
transformed with different Smt3 alleles. Western blot analysis for SUMO-conjugates
were done as in (10; A & B). (E) Characterization of poly-SUMO chains accumulation
in the absence or presence of WSS1 when co-over-expressing SLX5 and SMT3-G98.
Western blot analysis for SUMO-conjugates was performed as in (10; A & B).
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Table 5. Summary of genes tested for the ability to suppress SLX5 OE toxicity when
overexpressed.
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Determine the genetic requirements for poly-SUMO chain accumulation.
Uzunova and colleagues have shown that over-expression of SUMO-interacting
proteins leads to accumulation of SUMO conjugates independently of the RING domain
but in their experiments is not address the mechanism of how this occurs (Uzunova et al.,
2007). We proposed two possibilities to explain the accumulation of poly-SUMO chains
upon induction of SLX5-SIMs: In one case it is an active process of chain formation that
would be dependent on UBC9, and the second is a passive mechanism in which the Slx5
SIMs protects the poly-SUMO chains from ULP2 protease activity. In order to
characterize SLX5 toxicity, western blot analysis was performed to check polySUMOylation levels in various mutant backgrounds following SLX5 expression as
described above. We observed an increase in poly-SUMOylation levels after inducing
SLX5 in ulp2Δ cells (Fig. 17A). It should be kept in mind that ulp2∆ cells have a
moderate level of poly-SUMO chains to begin with, but clearly galactose addition
enhanced that level. Thus, the Slx5 SIMs cannot be simply protecting the poly-SUMO
chains from Ulp2 alone. Since, ULP2 is not the only SUMO protease in the cell, we
tested a double mutant strain, ulp1-ts ulp2Δ. It should be noted that this strain is unusual
in that it displays co-suppression and its levels of sumoylated proteins are not
exceptionally high. However, as in ulp2Δ background, there was still an increase in polySUMO chain accumulation (Fig. 17B). These results together suggest that poly-SUMO
chains accumulation is independent of Ulp proteases.
In order to test whether accumulation of poly-SUMO chains are dependent of
UBC9, SLX5 OE was done in a ubc9-ts strain. It should be noted that this mutation is
likely to reduce Ubc9 activity even at the permissive temperature because of it exhibits
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slow growth and a nibbled colony phenotype even at 25C. Use the same assay as above, I
failed to detect poly-SUMO chain accumulation after SLX5 induction in ubc9-ts
compared to WT cells, regardless of temperature (Fig. 17C). Thus, poly-SUMO chain
accumulation clearly requires UBC9. A weakness of this experiment is that it remains
possible that the ubc9-1 mutation lowers the intracellular levels of pre-existing polySUMO chains and that Slx5 SIMs are unable to protect them. Given that this possibility
is inconsistent with the data of Figures 17A and B, the consensus of the data is that the
Slx5 SIMs actively stimulate the synthesis of poly-SUMO chains in a Ubc9-dependent
process.
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Figure 17. Poly-SUMO chain accumulation is due to reduced degradation or
increased synthesis. (A) Y1814 (ulp2Δ) was transformed with p6544
(SLX5/GALp/pRS425), and empty vector. Extracts were prepared as the same conditions
as in (Figure 10). (B) Y1748 (ulp1-ts ulp2Δ) with the same plasmids used in (17A). Also,
extracts were prepared as in (Figure 10). (C) Y3105 (WT) and Y (ubc9-ts) were
transformed using p6544 (SLX5/GALp/pRS425), and empty vector. Extracts from the
indicated mutants were prepared under denaturing conditions before and after addition of
galactose and immunoblotted with anti-Smt3 and anti-Slx5 antibody. Lower panel shows
a ponceau-stained membrane as a loading control.
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Chapter IV
Conclusions and Future Experiments
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Conclusions and Future Experiments
The most important findings in this study were the following: by a candidate-gene
deletion approach, we identified the SHU complex and the RAD52 epistasis group as
suppressors of the synthetic growth defect of the wss1Δ sgs1Δ double mutant. The
genetic interaction among these genes entails an intertwined relationship between DNA
repair and proteasomal processing pathways. By candidate-gene over-expression
approach, we determined that SLX5 over-expression is toxic in the wss1Δ background (as
in cells lacking the Siz1 or Siz2 SUMO ligases). In addition, this phenotype of toxicity is
shared with other STUbLs such as Uls1 and RNF4. This common phenotype
demonstrates a conserved feature of STUbLs over time. SLX5 OE toxicity does not
require the presence of SLX8, suggesting a novel role for SLX5. In a structure-function
analysis we found that SLX5 toxicity in the wss1Δ strain requires functional SIMs and the
first 300 amino acids that is also involved in poly-SUMO chain formation.
SLX5 OE promotes the accumulation of poly-SUMO chains independently of the
RING domain, which is in agreement with Uzunova and colleagues who first showed that
over-expression of SUMO-interacting proteins, leads to accumulation of SUMO
conjugates independently of the RING domain (Uzunova et al., 2007). Accumulation of
poly-SUMO chains is not exclusive to wss1Δ background. But, I determined through
kinetic analysis that SLX5 OE toxicity is rapid and more extreme in wss1Δ cells
compared to WT. I hypothesize that wss1Δ strains are sensitive to SLX5 OE because there
is a lack of recycling of SMT3 monomers in the cell, which are being consumed due to
the accumulation of poly-SUMO chains. This hypothesis was supported by western blot
analysis which showed a slight reduction of SMT3 monomer levels during SLX5 OE.
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Clearly, future experiments will be necessary to quantify these levels. This hypothesis
was also supported by the fact that over-expression of SMT3-G98 and Smt3-3KR could
rescue wss1Δ growth from SLX5 OE toxicity. The fact that Wss1p can improve the rate of
elimination of poly-SUMO chains suggests that it may play a direct role in this process,
but this also needs to be tested in future experiments.
In both cases, over-expression of WSS1 and SLX5 led to the accumulation of polySUMO chains and this was shown to be SIM-dependent. Structure-function analysis
demonstrated that at least require two functional SIMs are required to promote the
formation of poly-SUMO chains. Further experiments will be needed to test the spatial
configuration required for this result. For example, it would be trivial to determine
whether two of the four SIMs needed to be sequential or whether they could be
discontinuous and still stimulate poly-SUMO chain formation. I also proved through the
use of a ubc9-ts allele, that accumulation of poly-SUMO chains is dependent of
functional UBC9. In contrast, the accumulation of poly-SUMOylation is independent of
the Ulp proteases in budding yeast. If the Slx5 SIMs are protecting pre-existing polySUMO chains, then they must be protected from some other protease.
In summary, I have propose a novel role for STUbLs in the promotion of polySUMO chains accumulation (Fig. 18). This process is proposed to be activated by DNA
damage, where the target protein involved in DNA repair is poly-SUMOylated. Synthesis
of poly-SUMO chains requires Ubc9, which binds a minimum of two SIMs. The Slx5
ubiquitin ligase in this model could be replaced by Uls1 or Wss1, and it is likely that this
process occurs to some degree even in the absence of Slx5 over-expression. Once the
target protein has been poly-SUMOylated, Wss1 is proposed to play a role in the
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recycling poly-SUMO chains by making free Smt3 available. The target protein is likely
to be further processed by proteasomal degradation.
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Figure 18. Model for the accumulation of Poly-SUMO chains. In response to DNA
damage, a protein associated with DNA repair is SUMOylated. Poly-SUMO chain
depends on Ubc9 and Slx5 and requires at least two functional Slx5 SIMs. Wss1 or Uls1
can replace Slx5–SUMO targeted Ub ligase. In order to process the target protein for
degradation, Wss1 cleaves the poly-SUMO chains for recycling and further proteasomal
processing.
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Future experiments:
Determine the chemical linkages between SUMO monomers by purifying SUMO
chains induced by SLX5 over-expression and analyzing them by mass spectrometry. In order
to reach this goal, a WT strain over-expressing SLX5 will be transform with a plasmid containing
a His6-tagged version of smt3-G98 in a TRP1/pRS425 vector backbone. The control sample for
this experiment will be the above strain with no galactose induction. While, the experimental
sample will consist of the galactose induction of SLX5 over-expression. Cells extracts will be
prepared as mentioned in the above aim but instead extracts will be resuspended in 6M guanidine.
Then, cell extracts will be purified using Ni-NTA column chromatography. After purification, a
10% SDS-PAGE will be employed in order to trap poly-SUMO chains in the stacking gel to be
sent samples for mass spectrometry analysis to determine the chemical linkages between SUMO
monomers.
Determine the half-life of poly-SUMO chains in WT and wss1∆ cells. As part of the
characterization of poly-SUMO chain formation, we will use pulse-chase analysis in order to
define the half-life of poly-SUMO chains. The experiment consists of pulse-labeling the SMT3
protein with [35S] methionine. WT and wss1∆ cells will be incubated in liquid synthetic complete
media lacking leucine (SC-leu) containing 2% raffinose as a carbon source and radioactive [35S]
methionine. While incubating, yeast cell extracts will be collected at different time points before
and after induction of SLX5 over-expression. The preparation of yeast extracts for anti-Smt3
immunobloting will be done as described previously (Mullen et. al. 2010). A 10% SDS-PAGE
will be employed in order to trap poly-SUMO chains in the stacking gel for analysis. The
radiolabeled SMT3 will be detected using fluorography method. The bands obtained from the
fluorograph will be measured using densitometry and plotted as degradation curve in order to
determine half-life.
Elucidate the role of WSS1 in mechanisms of DNA repair and SUMO metabolism.
Screen for additional mutations that suppress the slow-growth phenotype of wss1Δ sgs1Δ cells.
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The starting strain to be used is Y3298, consisting of a deletion of sgs1Δ and wss1Δ that is
synthetic lethal and is covered by a plasmid, pJM500 that contains a URA3 marker, ADE3, and
SGS1. In order to obtain the spontaneous suppressors of the synthetic lethality between
sgs1Δwss1Δ, about 107 cells will be spread onto synthetic complete plate containing 5fluoroorotic Acid (5-FOA).
Once obtained, the candidate suppressors will be tested by PCR for the presence of SGS1
that could have survived the selection procedure. This PCR reaction will help to eliminate false
positives due to mutations in URA3. After confirmation of SGS1 absence, each suppressor will be
individually backcrossed to its parental strain of opposite mating type. Diploids will be sporulated
and micro-dissected. The tetrads obtain from the backcross will be analyzed for relevant genetic
markers. An alternate way to obtain suppressors could be to be use EMS mutagenesis.
Suppressor genes will be crossed into an otherwise wild-type genetic background for
drug sensitivity and phenotypic characterization. In order to accomplish this aim, the
suppressor strains will be crossed to Y3105 or Y3106, which are wild type strains differing in their
mating type. Diploids will be sporulated and micro-dissected. The tetrads obtained from the
backcross will be analyzed for relevant genetic markers. To test drug sensitivity the following drug
agents will be used: Hydroxyurea (HU), its mechanism of action is based on the reduction of
deoxyribonucleotides dNTPs production by inhibiting the enzyme ribonucleotide reductase. A
second drug to be use is methyl methanesulfonate (MMS) is an alkylating agent and a carcinogen.
MMS stalls replication forks, making cells that are homologous recombination-deficient sensitive
to repair the DNA damaged. The third test will be using canavanine is a non-proteinogenic αamino acid and its mechanism of action is to replace L-arginine, thereby producing structurally
aberrant proteins that may not function properly. Finally, camptothecin (CPT) is a cytotoxic
quinolone alkaloid which inhibits the DNA enzyme topoisomerase I (topo I). The cells will be
exposed to the different solid agar mediums containing respectively the drugs mention above by
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using a pin-frogger for serial dilutions. The serial dilution technique consist in diluting mid log
phase grown yeast cultures. The controls for this experiment will be to compare growth rate with
the parental strains.
Map and clone the suppressor genes. The suppressors mutation genes will be identified
and cloned by commercial, whole-genome sequencing. This technique focuses on the spontaneous
suppressors strains, as they would have only one suppressor mutation. These strains will pass
through several backcrosses to diminish mutations that are not relevant for the suppression and
will decrease the background noise from such mutations. The results obtained will show the single
nucleotide polymorphism (SNPs) change from mutant samples and it will be compared to the
SNPs of the unsuppressed siblings otherwise wild type strains in order to identify the suppressor.
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