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ABSTRACT OF THE THESIS 

 

Genetic and mutational analysis of yeast STUbLs reveals  
global trends and unique functions 

 

 

by 

 

Steve Gilmore 

 

Master of Science in Biology 

 

University of California, San Diego, 2010 

 

Professor Lorraine Pillus, Chair 

 

 

SUMO-Targeted Ubiquitin Ligases (STUbLs) are evolutionarily conserved 

from yeast to eukaryotes and contribute broadly to the maintenance of genome 

integrity.  The budding yeast, Saccharomyces cerevisiae, contains two distinct  

STUbLs, the Slx5-Slx8 heterodimeric complex (Slx complex), and Uls1.  These 

enzymes use SUMO-Interacting Motifs (SIMs) to identify targets and a Really 

Interesting New Gene (RING) domain to ubiquitinate them.  In this work, the !
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gene encoding the lesser-characterized S. cerevisiae STUbL, ULS1, was 

characterized for chromatin-related functions.  In addition, a mutational and 

complementation analysis of yeast STUbLs was carried out using RING and SIM 

mutants and the human STUbL, RNF4.  Here we report that ULS1 contributes to 

DNA silencing at the HMR locus, within the cryptic mating-type loci, and at the 

25S rDNA gene.  ULS1 suppresses the formation of Gross Chromosomal 

Rearrangements (GCRs), but is not involved in the DNA damage response to 

ultra-violet (UV) radiation or HydroxyUrea (HU).  However, ULS1 caused 

increased sensitivity to the drug camptothecin (CPT), and this sensitivity was 

dosage-dependent.  The mutational analysis definitively shows that STUbLs 

require an intact RING domain for their in vivo chromatin functions, whereas the 

SIM domains of Slx5 are dispensable for its in vivo functions.  Finally, RNF4 was 

able to complement both the DNA damage response and DNA silencing defects 

found in slx8! mutants.       
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Chapter 1. Introduction 

Proper regulation of the proteome is a critical aspect of life.  The activities 

of proteins present in the cell are responsible for dictating and maintaining the 

state of the cell.  In addition to regulation at the transcriptional and translational 

level, cells use an extensive arsenal of post-translational modifications in order to 

properly regulate already existing proteins.  Following translation, proteins can 

have their activities modulated through acetylation, phosphorylation, 

glycosylation, methylation and modification with small proteins, among others.  

Individually and in combination these modifications coordinate the activity, 

localization, binding, and degradation of their substrates.  Understanding these 

different types of modifications, how they are controlled, how they alter the 

activity of their substrates, and how they interact with each other, is integral to 

understanding the dynamic nature of the proteome and all of the vital processes 

it maintains.   

The discovery of ubiquitin, as one of the most prevalent post-translational 

modifications known, has reshaped the study of protein modification.  Ubiquitin is 

highly conserved in eukaryotes with greater than 95% identity between yeast and 

humans.  Despite classically being understood as a mark for degradation, 

ubiquitination has now been indicated in a plethora of cellular processes.  

Attachment of the 76 amino acid ubiquitin moiety alters the behavior of proteins 

in myriad ways (Pickart and Eddins, 2004).  Protein mono-ubiquitination has 

been shown to function in protein localization (Katzmann et al. 2002), DNA 

damage response (Hoege et al. 2002), and DNA silencing (Sun and Allis, 2002), !
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among others.  Substrates can also be modified by large multimeric ubiquitin 

chains, which are linked through one of ubiquitin’s internal lysines.  How the 

ubiquitin chains are constructed also dictates function.  Chains built through 

ubiquitin’s lysine 63, have been associated with DNA damage repair and signal 

transduction pathways (Grabbe and Dikic, 2009) and chains linked through lysine 

48 serve as major signals for degradation via the 26S proteasome (Pickart, 

2004).  Targeted substrate degradation by the ubiquitin-proteasome system 

(UPS) has been linked to many cellular processes including, gene expression 

(Kornitzer and Ciechanover, 2000), cell-cycle control (Koepp et al. 1999), and 

proteome quality control (Lee et al. 1996).  The importance of the UPS in cellular 

and overall organismal health is further underscored by the many known 

connections between UPS dysfunction and human disease.  Aberrant UPS 

activity is associated with the onset of cancer (Lellemand-Breitenbach et al. 

2008), neurodegenerative disease (Lehman, 2009), diabetes (Wing, 2008) and 

other debilitating conditions. 

Following the discovery of ubiquitin, many more single-domain protein-

modifiers have been identified (Table 1.1).  For example, the SUMO (Small 

Ubiquitin-like MOdifier), family (Lapenta et al. 1997), Nedd8 (NEDDylation8), (Wu 

et al. 2005), and Urm1 (URMylation1), (Goehring et al. 2003) are all members of 

a growing family of UBiquitin-Like proteins (UBLs).  UBLs display varying levels 

of sequence homology to ubiquitin, but all of them share a highly conserved 3-

dimensional !fold.  Many were originally perceived to have very specialized 

cellular roles, such as ubiquitin was associated with degradation, or SUMO with  
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Table 1.1. Ubiquitin-like proteins (UBL) pathways. 
All identities were determined by comparing each UBL to the structure of human 
ubiquitin.  All UBL families are represented by their human member, and SUMO 
is represented by one of the three human forms, SUMO-1.  No sequence 
homology could be determined for Atg8, Atg12, or Urm1. 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

!

!

UBL 

% Identity 
to 

Ubiquitin Protease? 
Chain 
Form.? Function(s) 

Ubiquitin - Yes Yes 

Substrate degradation, 
localization, protein 
interactions, other 

SUMO 18% Yes Yes 

Substrate localization, 
protein interactions, 
degradation, other 

ISG15 32% Yes No Immune Response 

Nedd8 55% Yes No Transcriptional regulation 

Atg8/12 ND Yes No Autophagy in plants 

Urm1 ND No No Budding, nutrient sensing 
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Figure 1.1.  Conjugation Pathway and Effects of UBL attachment 
 
 

 
 
Figure 1.1. The Conjugation pathway and effects of UBL attachment.  A) The 
UBL is activated by the E1 in an ATP-dependent manner.  B) Activated UBL is 
transferred to an E2. C) Both the E2-UBL and the substrate bind to the E3, which 
facilitates the transfer of the UBL to the target(D).  UBL conjugation is reversible 
through the actions of De-Ubiquitinating enzymes (DUBs). Conjugation can alter 
the targets interactions, localization, and activity.  SUMO and ubiquitin have the 
potential to form multimeric chains, which lead to proteasomal degradation via 
the 26s proteasome.   

!

!

!

!

!
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stabilization, however continued research clearly shows how prevalent and 

dynamic UBL modifications are.  Many of these pathways, if not all, contain 

proteases that can specifically remove the bound modifier and this type of 

regulation has been studied heavily as a means of regulating cell-surface 

receptor distribution (Marx et al. 2010).  Additionally, like ubiquitin, SUMO 

modifications have the potential to form large multimeric chains.  Ubiquitin and 

SUMO both contain several internal lysines, seven and three respectively, that 

can enable chain polymerization through the C-terminal glycine of a separate 

UBL (Ulrich, 2008).  Recently, additional domains have been characterized that 

seem to share much of the expected structure and folding of ubiquitin and 

SUMO.  These Ubiquitin-Like Domains (ULDs) and SUMO-Like Domains (SLDs) 

are expected to contribute in ways similar to conjugated UBLs, further increasing 

the application of these systems (Su and Lau, 2009; Novatchkova et al. 2005).  

The reversibility and the many potential ways a UBL can modify its substrate has 

enabled these UBL systems to be relied on heavily by the cell, in order to tightly 

regulate many dynamic processes.  

The conjugation process is also highly conserved between the various 

UBLs (Figure 1.1).    UBLs are all covalently attached to substrates through an 

isopeptide linkage, usually between the UBL’s C-terminal glycine residue and the 

amino group of a specific lysine on the substrate.  The conjugation process 

requires the coordination of three separate enzymes.  First, an E1 activating 

enzyme activates the ubiquitin or ubiquitin-like peptide in an ATP-dependent 

step.  Next, an E2 conjugating enzyme receives the activated protein from the 
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E1, which it then delivers to the E3 ligase.  Finally, with the help of the E3 ligase, 

the UBL is transferred from the E2 to the target (Kercher et al. 2006).  To do this, 

the E3 must coordinate the separate interactions with both the target substrate 

and the E2 carrying the activated UBL.  Although each UBL pathway uses E1s, 

E2s, and E3s that are specific for that specific UBL, all contain similar 

stoichiometry between the enzymes involved.  For each UBL, there is usually a 

single E1, a few E2s, and many, even hundreds, of E3s (Hochstrasser, 2009).  

This ratio suggests that the E1s and E2s of a particular system contribute widely 

to cell maintenance, as they participate in a majority of the various pathways that 

UBL is associated with.  The fact that most E1s and many E2s are essential 

genes further underscores the necessity of these enzymes for overall systemic 

health of an organism.  The potentially extensive number of processes these 

enzymes are involved in regulating suggests that even a small perturbation could 

cause drastic consequences.  Indeed, even modestly increased expression of 

certain E1s and E2s has been associated with a wide range of cancers 

(Schulman and Wade, 2009). Although E1s and E2s function in numerous 

conjugation events, the vast number of E3 ligases in UBL pathways suggests 

these enzymes will only be involved in a few, specific, conjugation events.  Due 

to this specificity, E3s are ideal targets for therapeutics, since their disruption will 

not disturb the entire pathway.  Unfortunately, despite the increasingly large 

number of known E3s, substrate identification has proven to be quite difficult.  

Understanding the specific substrates of each E3 ligase, how those targets are 

recognized, and how the activity of the E3 is regulated, will be essential to 
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understand the nature of many human diseases that stem from the disruption of 

UBL pathways. 

Recent evidence suggests that UBL modification is often mediated 

through other post-translational modifications of both the substrates and the E3 

ligase.  Phosphorylation of E3s has been shown to both up-regulate and down-

regulate their activities (Rees et al, 2006; Snyder, 2009).  E3s have also been 

shown to negatively regulate themselves through auto-ubiquitination and 

subsequent degradation (Noels et al. 2009). Phosphorylation of substrate often 

occurs immediately prior, and is essential for, subsequent UBL modifications 

(Feldman et al. 1997; Hietakangas et al. 2003).  Interestingly, recent evidence 

suggests that in addition to phosphorylation, certain UBL modifications can serve 

as targeting marks for the recruitment and subsequent ubiquitination of the UBL-

modified substrate.  

Recently, it was determined that certain ubiquitin E3 ligases preferentially 

target previously SUMO-modified proteins for poly-ubiquitination and 

proteasomal degradation (Prudden et al. 2007).  These enzymes, known as 

SUMO Targeted Ubiquitin Ligases (STUbLs), represent the first known interplay 

between the ubiquitin and SUMO pathways.  Although to date only a few STUbLs 

have been identified, they appear to be conserved throughout eukaryotes, as 

they have been found in yeast, both Chizosaccharomyces pombe (Rfp1-Slx8) 

and Saccharomyces cerevisiae (Slx5-Slx8, Uls1), and mammals (Rnf4).  

Although the primary sequences of the different STUbLs display considerable  
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Figure 1.2. STUbLs contain a highly conserved RING domain 

!

!

Figure 1.2. Conservation of RING domains between STUbL family members 
Local alignment of RING domains in eukaryotic STUbLs.  Conserved residues 
are highlighted.  Abbreviations: Hs (Homo sapien) Sc (Saccharomyces 
cerevisiae) Sp (Saccharomyces pombe).  Sequence alignment was carried out 
using COBALT(Contstraint-Based Multiple Alignment Tool) from 
NCBI(http://blast.ncbi.nlm.nih.gov/Blast.cgi).   

!

!

!

!

!

!

!

!

!
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Figure 1.3. STUbLs contain conserved SUMO-interacting Motifs! 

!!!!!!!

!

!

Figure 1.3. Conservation of SIM domains between STUbL family members 
Alignment of SIM domains in STUbLs. Residues in blue are hydrophobic 
residues.  Residues in red are acidic.  Sequence alignment was carried out using 
COBALT from NCBI (http://blast.ncbi.nlm.nih.gov/Blast.cgi).  A. The alignment of 
Type A STUbLs.  B. The alignment of Type B STUbLs.  Type A SIMs are 
characterized by an initial hydrophobic stretch of 3 or 4 amino acids followed by 
an acidic stretch of about the same length.  Type B SIMs are shorter than type A 
SIMs, and display an alternating sequence of hydrophobic and acidic amino 
acids.   

!

!

!
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variation, all share two, highly conserved, domains that define their activity, the 

Really Interesting New Gene (RING) and SUMO Interacting Motif (SIM) domains.       

STUbLs are members of the largest class of ubiquitin ligases, composed 

of over 600 known enzymes in humans, where all members contain the 

conserved RING domain (Deshaies and Joazeiro, 2009) (Figure 1.2).  Canonical 

RING domains contain a conserved sequence of cysteines, Cys-X2-Cys-X(9-39)-

Cys-X(1-3)-His-X(2-3)-Cys-X2-Cys-X(4-48)-Cys-X2-Cys (where X represents any 

amino acid).  RING domains are Zinc binding domains, but unlike the Zinc finger 

proteins that can interact with DNA, these RING domains instead confer the 

ability to interact with other proteins (Matthews et al. 2009).  These RING 

domains enable the E3 to physically interact with E2s carrying activated ubiquitin 

and have been shown to be integral to the ubiquitin ligase activity of any RING-

containing E3 ligase.   

In addition to the RING domain, STUbLs are defined by containing at least 

one SIM (Figure 1.3).  These SIMs, also known as SUMO-Binding Domains 

(SBD), are short, unstructured, hydrophobic stretches, which non-covalently 

interact with SUMO moieties (Hecker et al. 2006).  SIMs are commonly found in 

proteins functioning in the SUMO-conjugation pathway, but the identification of 

SIMs in STUbLs is the first known example of SIMs in ubiquitin ligases (Perry 

and Jefferson, 2008).  The number of known SIMs a particular STUbL contains 

can vary from 2 to 5, and the list of putative SIMs continues to grow.  Regardless 

of number, SIMs collectively contribute the targeting specificity to these SUMO-
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targeted E3 ligases.  However, how specific they are and how the SIMs of a 

particular STUbL work together to identify the correct target is still unknown. 

In mammals, the only known STUbL to date is Ring Finger Protein 4 

(Rnf4p).  Originally identified as a RING finger protein that co-localized with 

SUMO1p at ProMyeolocytic Leukemia (PML) nuclear bodies, studies of RNF4 

have shown that it encodes a transcriptional co-activator for several nuclear 

hormone pathways (Mastrangelo et al 2000;Fedele et al. 2000).  Down regulation 

of Rnf4 activity is associated with several cancers, including Acute Promyelocytic 

Leukemia (APL), and testicular cancer (Pero et al. 2001).  The only known target 

of Rnf4 is the PML protein (Lallemand-Breitenbach et al. 2008).  PML is a tumor 

suppressor that supports the integrity of nuclear bodies, which in turn contribute 

to a wide range of cellular processes including apoptosis, cell proliferation and 

DNA damage response (Borden and Culjkovic, 2009).  PML proteins contain a 

RING domain and have three distinct SUMOylation sites (Kamitani et al. 1998), 

and SUMOylation leads to the recruitment of ubiquitin, proteasomes, and other 

proteins, including Rnf4, to PML nuclear bodies (Shen et al. 2006).  Disruption or 

misregulation of PML or PML nuclear bodies leads to disastrous consequences 

including neurodegenerative disease (Lin and Koleske, 2010) and APL (Nasr et 

al. 2008).    Rnf4 offers a unique means of manipulating PML bodies and 

understanding the nature and mechanisms behind Rnf4-mediated PML 

degradation which will be necessary for the development of appropriate 

treatments for people suffering from PML body dysfunction.   
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However, despite the recent surge in Rnf4 research, many critical aspects 

of its activity remain elusive.  What triggers Rnf4-mediated PML degradation in 

vivo?  What are the other cellular targets of Rnf4?  How do the SIM domains of 

Rnf4 allow it to differentiate between appropriate and inappropriate targets?   

In order to broaden our understanding of Rnf4, and STUbLs in general, I 

have chosen to take a closer look at the STUbLs found in yeast.  Like Rnf4, 

yeast STUbLs display a variety of nuclear functions and seem to be heavily 

involved in the maintenance of chromatin and genome integrity.  Understanding 

their cellular targets, roles and functions will provide useful insights into the 

STUbL family and Rnf4.    

S.c.’s SLX5 and SLX8 were originally identified as being essential for 

viability in the absence of Slow Growth Suppressor 1 (Sgs1), a RecQ helicase 

that is  involved in chromatin stability (Mullen et al. 2003).  Later it was shown 

that Slx5 and Slx8, along with their S. pombe homologs form heterodimeric 

SUMO-targeted ubiquitin ligase complexes (which will now be referred to as the 

Slx complex), (Yang et al. 2006; Uzunova et al. 2007).  For both organisms, Slx8 

contains the canonical RING domain, conferring E2 binding and ubiquitin ligase 

activity whereas Slx5, or Rfp1/2, contain several SIM domains, which aid in 

targeting the complex to nuclear domains (Cook et al. 2009) and in proper 

substrate recognition (Xie et al. 2010).  Like Rnf4, the Slx complex plays an 

important role in genome integrity.  The Slx complex has been shown to function 

in the DNA damage response to UV-irradiation, DNA alkylation, and DNA 

Double-Strand Breaks (DSBs), (Prudden et al, 2007).    
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The Slx complex has also been implicated in DNA silencing.  DNA 

silencing is the Silent Information Regulator (SIR) protein-mediated chromatin-

condensation that occurs at three distinct loci, the telomeres, rDNA locus, and 

the silent mating-type loci, HML and HMR, (For a review of DNA silencing see; .  

The Slx complex interacts with the histone deacetylase Sir2p, and has been 

shown to function in transcriptional silencing at the telomeres and rDNA locus 

(Darst et al. 2007).  How the Slx complex contributes to these processes is not 

yet clear.  Currently, the only known in vivo substrates of the Slx complex are 

transcription factors, including a mutant version of Mot1p, and the !1 and !2 

transcription factors involved in determining mating type.  Understanding how the 

Slx complex regulates these targets and other unknown targets will be critical for 

understanding the nature and conservation of STUbLs. 

S. cerevisiae contains an additional, much less studied STUbL, Uls1 

(Ubiquitin-ligase of SUMO-conjugates), formerly Ris1.  Uls1 was originally 

identified as a protein that could antagonize silencing at the HMR locus, yet 

which was required for mating-type switching (Zhang and Buchman, 1997).  A 

yeast two-hybrid experiment also demonstrated that Uls1p interacts with the 

silencing protein Sir4p.  More recently, it was observed that Uls1 binds SUMO in 

vivo, and disrupting ULS1 increases the global levels of poly-SUMOylated 

substrates (Uzunova et al. 2007).  Taken together with data showing a synthetic 

sickness with slx5! mutants, these data suggest ULS1 could be a SUMO-

dependent ubiquitin-ligase involved in controlling the turnover of a subset of 

cellular proteins.   However, the mechanism behind ULS1’s contribution to HM 
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silencing is unclear, and it is not yet clear what other processes ULS1 could be 

involved with, such as the DNA damage response.   Identifying these pathways 

and the specific substrates of Uls1 will ultimately provide additional insight into 

the conservation of cellular functions within the STUbL family.  

In this thesis, the lesser-characterized S. cerevisiae STUbL, ULS1, was 

cloned and mutants were constructed to assay for roles in the DNA damage 

response and DNA silencing.  To further understand how the SIM and RING 

domains contribute to the overall function of STUbLs, mutant forms of SLX5, 

SLX8, and ULS1, as well as Wild-Type (WT) RNF4, were obtained or 

constructed, and assayed for their ability to complement the DNA damage and 

DNA silencing phenotypes of each STUbL mutant.    Finally, genetic interactions 

were examined between ULS1 and two genes with roles in DNA silencing, ESC2 

and SIR4.     

!

!

!

!

!

!

!

!
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Chapter 2. Materials and Methods 

Yeast strains and methods 

 General yeast protocol were followed.  Information on transformations, 

growth assays, crosses, and media can be found in (Amberg et al. 2005).  Yeast 

strains used in this research are listed in Table 2.1.  Strains were grown at 30°C 

unless otherwise stated.  Media were prepared as previously described 

(Sherman, 1991).  Telomeric, rDNA and silent mating-type loci silencing assays 

were performed as previously described (Gottschling et al. 1990; Smith and 

Boeke, 1997; van Leeuwen and Gottshling, 2002).  Unless otherwise stated, cells 

in all serial dilution assays were normalized to 1 O.D. and then diluted 5-fold and 

grown at 30°C for 3-5 days.   

 

Reasoning for curing of the endogenous 2µ  plasmid 

 The slx5! and slx8! mutants, as well as several critical members of the 

SUMO conjugation pathway, grow poorly if the endogenous 2µ plasmid is intact.  

This growth defect has been shown to result from misregulation and amplification 

of the endogenous 2µ plasmid (Burgess et al. 2007).  Curing the 2µ plasmid 

restores robust growth, and does not affect the DNA silencing phenotypes found 

in slx5 and slx8 (Darst et al. 2007).  In order to clearly demonstrate that 

additional phenotypes assayed are specifically due to the loss STUbL function, 

mutant STUbL strains were cured of their 2µ plasmids.    No noticeable growth 

difference was detected between uls1! cir
0
 and uls1! cir

+ strains.  All slx5! and 

slx8! strains used in this research have been cured of their 2µ plasmid.   
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Table 2.1. Strains used in this research 
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!

However, since uls1! cir+ mutants demonstrated no growth deficit, the plasmid 

was not cured.    

 

Method for curing of the endogenous 2µ  plasmid and cir
0
 constraints 

 Strains that have been cured of their 2µ plasmid can be found in Table 

2.2, denoted by cir0.  To cure the plasmid, strains are transformed with pLP2035, 

which contains a flp1 mutant under the control of a galactose promoter .  Plating 

transformants on ura- medium containing galactose induces expression of the 

flp1 mutant, that causes targeted DNA damage to the 2µ plasmid by causing 

stalled replication forks (Tsalik and Gartenberg, 1998).  As the cell divides, the 2µ 

plasmid cannot be maintained.  After growth on galactose, cells are recovered 

that no longer contain either the 2µ plasmid or pLP2035.  cir0 status was 

confirmed through PCR using the primers oLP1200 and oLP1201.  To maintain 

cir0 staus, cir0 strains must be mated to other cir0 strains.  Additionally, 

overexpression experiments using plasmids with 2µ origins of replication cannot 

be carried out in cir0 strains. 

 

Plasmid construction 

 Plasmids and oligos used in this research can be found in Tables 2.3 and 

2.4. 

  

!
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  Table 2.2. Transformants used in this research 
 

Strain Strain + Plasmid Source 

LPY14225 LPY11983 + pLP62 This study 

LPY14226 LPY11983 + pLP2304 This study 

LPY14227 LPY11983 + pLP2306 This study 

LPY14228 LPY11983 + pLP2299 This study 

LPY14231 LPY11983 + pLP2300 This study 

LPY14239 LPY14238 + pLP62 This study 

LPY14240 LPY14238 + pLP2309 This study 

LPY14241 LPY14238 + pLP2310 This study 

LPY14242 LPY14238 + pLP2311 This study 

LPY15624 LPY1322 + pLP362 This study 

LPY15625 LPY1322 + pLP2399 This study 

LPY15626 LPY14835 + pLP 362 This study 

LPY15627 LPY14835 + pLP 116 This study 

LPY15628 LPY14835 + pLP 2368 This study 

LPY15629 LPY14835 + pLP 2399 This study 

LPY15630 LPY14835 + pLP 2552 This study 

LPY15631 LPY4766 + pLP362 This study 

LPY15632 LPY4766 + pLP2368 This study 

LPY15633 LPY4766 + pLP2399 This study 

LPY15634 LPY4766 + pLP2552 This study 

LPY15636 LPY15635 + pLP362 This study 

LPY15637 LPY15635 + pLP2399 This study 

 
 
 
 
 
 
 
!
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Table 2.3. List of plasmids used in this research 
 

pLP 
Number Gene 

Marker/copy 
number Source 

pLP74 pKS Bluescript E. coli only/2 Pillus Lab 

pLP126 pRS316 URA3/CEN Pillus Lab 

pLP191 HO-endonuclease URA3/2u Pillus Lab 

pLP362 pRS426 URA3/2u Pillus Lab 

pLP2297 SLX5 in pRS423 HIS3/2 Mark Hochstrasser 

pLP2298 slx5-C561S, C564S HIS3/2 Mark Hochstrasser 

pLP2299 slx5-C559!, C604! HIS3/2 Mark Hochstrasser 

pLP2300 slx5-!sim LEU2/CEN Mark Hochstrasser 

pLP2301 SLX8 in pRS424 TRP1/2u Mark Hochstrasser 

pLP2302 slx8-C206S, C209S TRP1/2u Mark Hochstrasser 

pLP2304 SLX5 in pRS415 LEU2/CEN Steven Brill 

pLP2305 slx5-C556A, H558A LEU2/CEN Steven Brill 

pLP2306 slx5-C494A, C497A LEU2/CEN Steven Brill 

pLP2307 slx5-C556S, H558A, C561S LEU2/CEN Steven Brill 

pLP2308 slx5-!N300 LEU2/CEN Steven Brill 

pLP2309 SLX8 in pRS415 LEU2/CEN Steven Brill 

pLP2310 slx8-C226S, C229S LEU2/CEN Steven Brill 

pLP2311 slx8-!C74 LEU2/CEN Steven Brill 

pLP2348 RNF4 in pCUP1 LEU2/2 Jurgen Dohmen 

pLP2349 pCUP1 LEU2/2 Jurgen Dohmen 

pLP2367 ULS1(-500-2900) in pLP74 E. coli only/2 This study 

pLP2368 ULS1(2700-5600) in pLP74 E. coli only/2 This study 

pLP2381 ULS1(-500-5600) in pLP74 E. coli only/2 This study 

pLP2386 pLP2367 with C1356A E. coli onlyA/2 This study 

pLP2399 ULS1 in pLP362 URA3/2u This study 

pLP2403 ULS1 in pLP126 URA3/CEN This study 

pLP2405 uls1- C1356A in pLP74 E. coli only/2 This study 

 
!
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!

Table 2.4. List of primers used in this research 

 
 

 
 

 
 
 
 
!
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Cloning ULS1 

A construct of full-length ULS1 was built by first cloning the 5’ and 3’ 

halves separately.  These were designed to overlap at a unique NsiI restriction 

enzyme site, which was then used to join the two halves.  

The 5’ clone (pLP2367) contains a PCR-amplified fragment of ULS1, 

stretching from 520 basepairs upstream of the transcription start site through the 

first 2900 residues of the coding sequence, using the high-fidelity polymerase 

Pfu, and the primers, oLP1025 and oLP1067.  Following amplification, the 3.5Kb 

product was purified using a Qiagen PCR cleanup kit.  Insert ends were blunted 

using Klenow polymerase.  In order to receive the insert, the cloning vector pKS 

Bluescript was digested with SmaI and was purified after electrolysis using the 

Qiagen gel purification kit.  Prepared insert and vector were ligated using T4 

DNA Ligase over-night at 16° C.  Ligation reactions were transformed into 

competent DH5-! E. coli cells that were plated onto LB+AMP plates top-spread 

with X-gal and IPTG for blue-white screening.  White colonies were picked and 

grown overnight in LB+AMP at 37°C.  Plasmid DNA was isolated using an 

Invitrogen Purelink miniprep kit.  Diagnostic digests of the candidates were 

carried out in order to identify transformants containing the desired insert, and 

candidates were sequenced at the Moores Cancer Center. 

The construct comprising the 3’ fragment of ULS1 (pLP2368), containing 

basepairs 2800-5600, was prepared in the same way as the 3’ clone, using the 

primers, oLP1083 and oLP1289.  In order to enhance the cloning efficiency, the 

forward primer contained a mismatched base, generating a BamHI restriction  
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Figure 2.1. Cloning ULS1 

!

!

Figure 2.1. 2-step cloning of ULS1 
ULS1 was cloned using a 2-step procedure.  The first and second halves of the 
gene were cloned separately, and each overlapped a conserved NsiI restriction 
site.  The 5’ fragment was amplified using OLP1025 and OLP1069, treated with 
Klenow and inserted into the SmaI site of pLP74 (pKS Bluescript).  The 3’ 
fragment was amplified using OLP1083 and OLP1289.  It and pLP74 were then 
digested using KpnI and BamHI and ligated together.  To generate a complete 
ULS1 clone, the second half insert was excised using NsiI and KpnI and ligated 
into the first half clone following digestion with NsiI and KpnI. 

!
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site, whereas the reverse primer included a KpnI restriction site.  The cloning 

vector, pKSII Bluescript, was digested with KpnI and BamHI and gel purified.  

Ligation, transformation, and screening techniques followed the protocol used for 

the 5’ clone. 

In order to generate a complete ULS1 clone (pLP2381), pLP2367 was 

digested with NsiI and KpnI, while pLP2368 insert was excised using the same 

enzymes.  These fragments were then purified, ligated, and transformed in the 

same manner as described for each half.  Upon transformation, colonies carrying 

the desired full-length ULS1 clone grew poorly at 37°C.  The growth was restored 

by lowering overnight incubation temperature to 30°C.  Presence of full length 

ULS1 with 5’ and 3’ regulatory sequences was confirmed using a diagnostic 

digest.  ULS1 was subsequently subcloned into a number of yeast shuttle vectors 

for experiments in vivo. 

 

Disrupting Uls1’s RING domain 

 In order to generate a RING domain mutant of ULS1, site-directed 

mutagenesis was used to substitute an alanine in the place of one of the highly-

conserved cysteine residues of the RING domain.  Specifically, the oligos 

oLP1325 and oLP1326 were used with pLP2367 to replace two nucleotides 

within the codon for the cysteine at position 1356, altering it to alanine.  PCR 

amplification used an annealing temperature of 56°C, and an elongation time of 6 

minutes 30 seconds.  Correct incorporation of this mutation was verified with 

sequencing through the Moores Cancer Center. 
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Figure 2.2. Disrupting RING domain of Uls1 

 

 

 

Figure 2.2. Schematic of WT and mutant Uls1 
Schematic of Uls1 and the conserved STUbL domains (Top).  C-terminal RING 
domain is indicated in blue.  SIM domains are indicated in green and purple at 
the N-terminus of Uls1.  Green boxes represent type B SIMs, while purple boxes 
represent type A SIMs.  Table indicates residue that was altered using site-
directed mutagenesis, where red indicates the altered amino acid. 
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Generating deletion strains 

The Saccharomyces genome deletion project strain collection from 

Research Genetics (Winzeler et al. 1999) was used to engineer the uls1! and 

esc2! strains for this study.  uls1! strains were engineered using the ResGen 

(RG) strain 22402 and oLP1025 and oLP 1083.  PCR amplification of these lead 

to the production of a cassette containing a kanMX gene, conferring resistance to 

G418, flanked by the DNA sequences surrounding the endogenous coding 

region of ULS1.  This knockout construct was transformed into a wild-type (WT) 

W-303 strain, LPY4654 (for silencing assays), and RDKY3615 (for Gross 

Chromosomal Rearrangement (GCR) assays).  Transformants were plated on 

media containing 50 µg/mL G418 and grown overnight at 30°C before being 

replica plated onto plates containing 200 µg/mL G-418.  Proper incorporation of 

the knockout cassette was confirmed using PCR.  The same procedure was 

used to generate esc2! strains.  In this case, RG strain 22526 was used along 

with oLPs 1367 and 1368.  PCR amplification of the knockout cassette and 

subsequent transformation follow the procedure described for generating uls1! 

strains.      

 

Chromosome V GCR Assay 

In order to assess the formation rate of Gross Chromosomal 

Rearrangements (GCRs) the standard chromosome VL GCR assay was 

performed (Kolodner et al. 2002).  This assay employs two negative selection 

markers, CAN1 and URA3, located about 7.5 Kb apart on chromosome VL.  
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Strains used in this assay are listed in Table 2.1.  Both WT (RDKY3615) and the 

positive control, rad27! (RDKY3653) were obtained from the Kolodner lab.  

Strains carrying the appropriate markers were grown to saturation at 30°C.  Due 

to the large variability of GCR formation rates, culture volume also differed 

greatly between samples.  WT cells were grown in 50-75 mL cultures, positive-

control rad27! cells were grown in 10 mL culture, and uls1! cells were grown in 

30 mL cultures.  Results are the average of at least 5 independent cultures.  

Once saturated, 25 µL of each culture was removed and serial diluted by a factor 

of 105 and plated on YPD plates to determine cell viability.  Remaining cells were 

then pelleted and resuspended in a small volume of YPD and plated on YPD 

plates containing 60 µg/mL L-canavanine and 1 mg/mL 5-FOA.  For every 5 mL 

of culture, 1 plate was used, so that a 50 mL wild-type culture would be plated 

onto 10, 100mm plates.  Plates were incubated for 5-7 days at 30 C and resulting 

colonies were counted.   

To determine the rate of GCR formation for each independent culture, the 

number of GCR events per mL are divided by the number of viable cells per mL.  

Mutation rates were calculated by fluctuation analysis using the method of the 

median, described previously (Chen and Kolodner, 1999).  For each sample, the 

highest and lowest frequencies were excluded, and the remaining frequencies 

were averaged.  To determine fold-increase in GCR rate over WT, mutant 

frequencies are divided by the WT frequency.    

 

!



!

! 27 

Chapter 3. Phenotyping uls1! mutants 

uls1! mutants have robust growth in the presence of the 2µ  plasmid 

 To assess the cellular roles of ULS1, a uls1! strain was constructed.  

uls1! mutants demonstrate robust growth and colonies appear like Wild-Type 

(WT), even if the endogenous-2µ plasmid is present, whereas slx5! and slx8! 

strains grow poorly and display colony heterogeneity (Figure 3.1), (For more 

information on the 2µ plasmid curing seeing materials and methods).  Therefore, 

loss of ULS1 does no lead to the pathology associated with 2µ plasmids first 

reported for the other STUbL mutants.  This results provides a first functional 

distinction between the STUbLs in yeast.  

 

uls1! displays decreased rDNA and HMR silencing 

During ULS1’s initial characterization, several connections to silencing or 

transcriptional silencing were observed.  In addition to physically interacting with 

the silencing protein Sir4 by two-hybrid analysis, it was demonstrated that 

overexpression of Uls1 disrupted the silencing at the HMR silent mating-type 

locus (Zhang and Buchmann, 1997).  To further understand the role of ULS1 in  

silencing, a uls1! mutant was assessed for expression of reporter genes at the 

telomeres, the rDNA locus, and the cryptic mating-type locus. 

Telomeric silencing strains carrying a URA3 reporter located within the 

subtelomeric region of chromosome VR were used in the following assay.  

Expression of the URA3 reporter gene is toxic when cells are plated on medium 

containing 5-Fluoroorotic acid (5-FOA) (van Leeuwen and Gottschling, 2002).  A  
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Figure 3.1. uls1! strains display robust growth and homogenous 
colonies despite the presence of the endogenous 2µ plasmid 

 

          

 

Figure 3.1. uls1! mutants form homogenous colonies in the presence of the 
endogenous 2-µ plasmid 

Strains carrying a disrupted allele of one of the yeast STUbLs, slx5! (LPY8790), 
slx8! (LPY9698), and uls1! (LPY13146), along with a WT strain (LPY4654), 
were struck out on Yeast-Peptone-Dextrose (YPD) plates and allowed to grow for 
3 days at 30° C before being photographed. 

!
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!

Figure 3.2. uls1! displays normal telomeric silencing 

!

!

!

Figure 3.2. uls1! displays normal telomere silencing 
Strains used to assay telomeric silencing can be found in Table 2.1.  Overnight 
cultures were diluted to A600 = 1 and subjected to a 5-fold dilution series.  Strains 
carry a URA3 reporter construct within the subtelomeric region of chromosome 
VR.  Expression of this reporter gene on 5-FOA generates a toxic product that 
inhibits growth.  Strains were grown for 3 days at 30°C.   
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Figure 3.3. uls1! displays a silencing defect at the 25S rDNA locus 
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Figure 3.3. uls1! has an rDNA silencing defect at the 25S rDNA gene 
Strains used in this assay carry a ADE2CAN1 reporter construct within the 25S 
rDNA gene, and more information on these strains can be found in Table 2.1.  
Strains were plated on either control plates, lacking adenine and arginine, or 
plates lacking those amino acids and also containing 32µg/mL L-CANavanine 

(CAN).  Expression of the CAN1 reporter results in inhibited growth.  Plates were 
grown 3-5 days at 30°C.    
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Figure 3.4. uls1! has a slight silencing defect at the HMR locus 

!

!

Figure 3.4. uls1! has a slight silencing defect at the cryptic mating-type locus 
Strains used to determine HMR silencing, found in Table 2.1, contain a TRP1 

reporter gene inserted within the HMR region of silenced DNA.  Growth is 
measured on YPD plates or trp- medium. Plates were grown out 4 days at 30°C.  
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uls1! strain carrying this URA3 reporter gene demonstrated wild-type levels of 

growth when plated on 5-FOA, whereas the positive control strain, sir2!, has a 

severe silencing defect when exposed to 5-FOA (Fig. 3.2).   

To assess rDNA silencing, strains containing an ADE2CAN1 reporter 

cassette within the 25S rDNA gene were plated on medium containing L-

canavanine (CAN).  Expression of CAN1 facilitates the transport of CAN into the 

cell, which can then be incorporated into proteins in the place of arginine 

residues.  Inclusion of L-canavanine disrupts protein stability and results in 

decreased growth.  A uls1! strain carrying the ADE2 CAN1 reporter 

demonstrated a severe growth reduction when plated on medium containing 

CAN (Figure 3.3).  This defect in rDNA silencing is similar to that seen in esa1!-

414 mutants (Clarke et al. 2006), and distinct from the slx5! and slx8! mutants, 

which have no defects at this locus (Darst et al. 2007).   

Silencing at the HMR cryptic mating-type locus was assessed using an 

embedded TRP1 reporter.  In order to assess the levels of silencing, strains 

carrying this TRP1 reporter were plated onto trp-.  Decreased silencing results in 

increased expression of the TRP1 reporter gene, which will result in improved 

growth. uls1! strains demonstrated a slight  but reproducible increase in growth, 

relative to WT (Figure 3.4).  Therefore, uls1! mutants have defects in silencing at 

the rDNA and HMR loci, but no defects in telomeric silencing. 

!

!
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uls1!’s DNA damage profile is distinct from other STUbLs 

 Other members of the STUbL family are known to contribute to the 

maintenance of genome integrity.  Disruption of the Slx complex is known to 

increases cell-sensitivity to several DNA damaging agents, such as hydroxyurea 

(HU), which causes replication-associated DNA double strand breaks (DSBs), 

camptothecin (CPT), which causes DNA DSBs by inhibiting topoisomerase I 

(Top1), and ultra-violet radiation (UV), which results in the formation of cross-

linked DNA, mostly in the form of Thymidine-Thymidine (T-T) dimers.  In order to 

evaluate if ULS1 is involved in DNA damage response, uls1! mutants were 

tested for growth on media containing either HU, CPT, or when exposed to UV 

radiation.  Deletion of ULS1 did not increase sensitivity to UV radiation (Figure 

3.5) or HU (Figure 3.6), however it did lead to an increased growth on medium 

containing CPT (Figure 3.7).  Therefore, uls1! mutants are somewhat resistant 

to treatment with camptothecin, yet do not function in UV or HU induced DNA 

repair.  

The formation rate of gross chromosomal rearrangements (GCRs) in 

uls1! mutants, which is elevated in slx5! or slx8! strains, was examined using a 

chromosome VL GCR assay (Figure 3.8).  WT and mutant strains contained a 

URA3 reporter gene, located 7.5 Kb from the endogenous CAN1 locus.  Plating 

these strains on medium containing 5-FOA and L-canavanine will select for those 

that simultaneously lose both reporter genes in the same cell.  uls1! mutants 

demonstrated a small but significant increase in the formation of spontaneous  

!
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Figure 3.5. ULS1 does not participate in UV-induced Nucleotide 
Excission Repair(NER) 

 

!

Figure 3.5. ULS1 is not involved in the UV-induced Nucleotide Excission Repair 
(NER) 
Sensitivity to UV radiation was assayed with a 5-fold dilution series, using WT 
and individual STUbL mutant strains.  Strains were plated on either YPD or YPD 
plates exposed to 100 Joules (J)/m2.  Plates were grown at 30°C for 4 days.   
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Figure 3.6. uls1! mutants are not sensitive to treatment with 
HydroxyUrea (HU) 

 

 
 
 
Figure 3.6. uls1! mutants are not sensitive to treatment with HydroxyUrea (HU)  
Using the same strains found in Figure 3.5, uls1!’s sensitivity to HydroxyUrea 
(HU) was examined with a 5-Fold dilution assay.  Strains were plated on either 
YPD medium or YPD medium containing 0.1M HU.  Plates were grown at 30°C 

for 4 days.   
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Figure 3.7. uls1! mutants display increased resistance to 
camptothecin 

!

!

Figure 3.7. uls1! mutants demonstrate enhanced resistance to camptothecin     
The WT and individual STUbL mutant strains were grown in a 5- fold dilution 
series on plates containing 30µg/mL camptothecin (CPT) buffered in DMSO and 

phosphate buffer (pH7.5), or buffered plates without CPT.  Plates were grown at 
30°C for 4 days.   
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Figure 3.8. Chromosome VL GCR assay 

!

!

!

!

Figure 3.8. Chromosome VL Gross Chromosomal Rearrangement (GCR) Assay 
Strains used in this assay contain a URA3 reporter gene at the site of a 
redundant transporter gene (HXT13).  This site is approximately 7.5 Kb telomeric 
to the endogenous CAN1 gene.  Plates contain 1mg/mL 5-FOA and 60µg/mL 

CAN, which select against strains expressing URA3 and CAN1 genes 
respectively.  The probability of single point mutations arising simultaneously in 
the same cell in these two genes is exceedingly small, so the majority of resistant 
colonies arose from a single event that eliminated the distal region of 
Chromosome VL, including the stretch that contains the two reporter genes.  
Saturated cultures are plated on the 5-FOA, CAN medium, 5mL culture per 
individual plate, grown for 5-7 days at 30°C and counted.  In order to find the 

GCR frequency, the number of GCRs/mL is divided by the number of viable 
cells/mL.     
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Table 3.1. ULS1 contributes to the suppression of Gross 
Chromosomal Rearrangements 

 

Strains used in this assay were grown to saturation in varying amounts due to the 
large variability in GCR formation rates.  WT was grown in 50 mL volumes, the 
positive control rad27!, and esc2! were grown in 10 mL volumes, and uls1! was 
grown in 25 mL volumes.  Data points are the result of at least 10 independent 
colonies.  Strains were plated on YPD plates, containing 1mg/mL 5-FOA and 60 
µg/mL CAN.  To plate, cultures were pelleted and resuspended in a small volume 

of YPD, and distributed amongst the plates.  For every 5 mLs of original culture, 
1 plate was used.  Plates were grown between 4 and 7 days and resulting 
colonies were counted.  GCR rate was determined by dividing the number of 
GCR event/mL by the number of viable cells/mL.  These frequencies were then 
divided by the WT GCR rate to determine the fold increase over WT.  To assess 
rate of GCRs following DNA damage induced by CPT, following growth cells 
were pelleted and resuspended in phosphate buffered YPD containing DMSO, 
with or without 20 µg/mL CPT and incubated for 90 minutes.  Cultures were 

pelleted and washed, then plated on 1 plate for every 3 mLs.  At least 
independent cultures were used to calculate the frequencies of GCRs.  Fold 
increase over spontaneous GCRs was calculated by dividing the frequency from 
the CPT cultures, by the frequency from the DMSO buffered cultures. 
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GCRs (Figure 3.9).  Therefore, ULS1 suppresses the formation of GCRs and has 

a DNA damage profile distinct from other STUbLs. 
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Chapter 4. Mutational Analysis of Yeast STUbLs 

Domain analysis of Slx5 function demonstrates necessity for an intact 
RING domain, but not for SIM domains 
 

In order to assess the independent contributions of Slx5’s RING and SIM 

domains to its chromatin-related functions in DNA silencing and the DNA 

damage response, plasmids carrying point mutations within either the RING 

domain, or in two N-terminal SIM domains were obtained from Mark 

Hochstrasser and Steven Brill (Figure 4.1).  These plasmids, which had been 

previously characterized for in vivo processing of DNA damage and SUMOylated 

substrates, (Xie et al. 2007; Mullen and Brill, 2008) were transformed into wild-

type or slx5 cir
0 strains, and assayed for their ability to complement the DNA 

damage and DNA silencing phenotypes of slx5! cir
0 strains.  slx5! cir

0 strains 

demonstrate increased sensitivity to HU and UV radiation (Figure 4.2).  In this 

experiment and DNA silencing experiments, transformation with WT SLX5 

complements the slx5! phenotype.  slx5 mutants, containing point mutations in 

the RING domain, slx5-C494A, C497A and slx5-C599!, C604!, were unable to 

complement the null’s  increased sensitivity to DNA damage.  However, slx5-sim, 

which carries mutations disrupting two N-terminal SIM domains, robustly 

complements the null’s sensitivity to DNA damage (Figure 4.2).   

Transformants were also assessed for their ability to complement the DNA 

silencing phenotypes of slx5! cir
0 strains.  Telomeric silencing and rDNA 

silencing was examined using the same reporter constructs and protocols as 

!
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Figure 4.1. Mutant variants of Slx5 

 

 

 

 

Figure 4.1. Schematic of WT and mutant variants of Slx5 
Diagram of Slx5, indicating the location of C-terminal RING domain and N-
terminal SIM domains.  The chart below lists the Slx5 mutants used in this 
research and the specific substitutions or deletions found in each.  
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Figure 4.2. Mutating Slx5’s RING domain disrupts Slx5’s role in DNA 
damage response, whereas mutation of two N-terminal SIM domains 

has no effect 

         
Figure 4.2. Mutating Slx5’s RING domain disrupts Slx5’s role in the DNA damage 
response, while mutation of two N-terminal SIM domains has no effect 
The indicated strains were transformed with either the empty vector, or the vector 
containing the indicated allele of SLX5.  5-fold dilution assays of the 
transformants were plated on leucine deficient (leu-) medium, leu- medium 
containing 0.1M HU, or leu- medium exposed to 100J/m2 of UV light.   
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Figure 4.3. Disruption of Slx5’s RING domain leads to decreased 
DNA silencing, whereas disruption of two N-terminal SIM domains 

has no effect 
 

!

Figure 4.3. Disruption of Slx5’s RING domain leads to decreased DNA silencing, 
while disruption of two N-terminal SIM domains has no effect on silencing 
Strains and plasmids for this assay can be found in Tables 2.2 and 2.3.  As in 
Figure 4.1, cir

0 strains were transformed with the indicated plasmids.  5-fold 
dilution assays were plated onto leu- media.   To assess telomeric silencing, leu- 
medium containing 5-FOA was used.  To assess rDNA silencing, transformants 
were plated on ade-arg-leu- medium containing 32µg/mL L-canavanine (CAN).  

Plates were grown 3-4 days at 30°C. 

!
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described previously (Figures 3.2, 3.3).  Disruption of SLX5 decreases telomeric 

and rDNA silencing (Darst et al. 2007), (Figure 4.3).  As was the case for Slx5-

mediated DNA damage response, slx5 RING domain mutants fail to complement 

the null phenotypes, while an slx5 mutant with mutations in two N-terminal SIM 

domains is still able to complement.  Therefore, SLX5’s chromatin related roles 

requires an intact RING domain, yet two N-terminal SIMs are not necessary.        

 

In vivo, Slx8-mediated DNA silencing and DNA damage response requires 
an intact RING domain 
 
 In order to understand the contributions of Slx8’s RING domain to the in 

vivo functions of the Slx complex, slx8 mutants were obtained from the 

laboratories of Mark Hochstrasser and Steven Brill.  These slx8 mutants 

contained either point mutations in the RING domain, or an slx8 mutant missing 

the final 74 amino acids, which includes the entire RING domain (Figure 4.4), 

(Mullen and Brill, 2008).  WT and slx8! cir
0 strains were transformed with the slx8 

mutants and assayed for complementation of its DNA damage sensitivities, on 

the same media as described for SLX5 (see Figure 4.2).  The sensitivity to HU 

and UV of slx8! cir
0 strains was complemented when transformed with SLX8 

(Figure 4.5), as was the silencing phenotypes (Figure 4.6).  However, RING 

domain mutants (slx8-C226S, C229S and slx8-!C74) were unable to 

complement the DNA damage sensitivity of slx8! cir
0 strains.   

 slx8 cir
0  transformants were also evaluated for telomeric silencing (Figure 

4.6).  slx8! cir
0 strains containing the subtelomeric URA3 reporter are extremely  
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Figure 4.4. Mutant variants of Slx8 

 

 

 

Figure 4.4. Schematic of WT and mutant variants of Slx8 
Diagram of Slx8, indicating the location of the C-terminal RING domain.  Chart 
below indicates the amino acid substitutions or deletions found in each mutant.  
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Figure 4.5. Mutation of Slx8’s RING domain disrupts Slx8’s role in 
DNA damage response 

 

                 

        

Figure 4.5. Mutation of Slx8’s RING domain disrupts Slx8’s role in the DNA 
damage response 
Strains and plasmids used for this assay can be found in Tables 2.2 and 2.3.  
The indicated strains were transformed with either an empty vector, or the 
indicated allele of SLX8.  Transformants were assayed for sensitive to DNA 
damage with a 5-fold dilution.  Transformants were plated on leu- media alone, 
on leu- medium containing 0.1M HU, or leu- medium exposed to 90J/m2 of UV 
radiation.  Plates were incubated at 30°C for 3-4 days.  
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Figure 4.6. Disruption of Slx8’s RING domain reduces telomeric 
silencing 

 

 
 
 
Figure 4.6. Disruption of Slx8’s RING domain reduces telomeric silencing 
Strains used in this assay contain a URA3 reporter gene, located within the 
subtelomeric region of chromosome VR (see figure 3.2).  More information on 
strains and plasmids can be found in Tables 2.2 and 2.3.  As in Figure 4.3, the 
indicated strains were transformed with either the indicated alleles of SLX8, or an 
empty vector.  Transformants were plated on leu- medium with or without 5-FOA.  
Plates were incubated for 4-5 days at 30°C.  Decreased growth indicates a 

decrease in silencing. 
 
 
 

!

!

!

!

!

!

!
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Sensitive to 5-FOA exposure and transformation with slx8 RING mutants could 

only achieve modest complementation of the telomeric silencing phenotype.  

Therefore, the in vivo functions of SLX8 require an intact RING domain. 

 
ULS1-mediated disruption of HMR silencing requires an intact RING 
domain 

 
 During the initial characterization of ULS1 it was found that over-

expression of ULS1 causes a disruption of DNA silencing at the HMR locus 

(Zhang and Buchman, 1997).  In order to determine if the RING domain of Uls1 

is required for its role in disrupting silencing, a uls1 mutant containing a single 

point mutation in the RING domain, uls1-C1356A, was used (Figure 4.7).  WT 

and uls1! strains were transformed with both ULS1 and uls1-C1356A.  As a 

control, sir4! strains which are defective in HMR silencing, display robust growth 

on the trp- medium (Figure 4.7).  In contrast uls1! mutants display a modest 

increase in growth, and over-expression of ULS1, in either WT or uls1! strains, 

results in a dramatic increase in growth, comparable to the sir4! levels.  This 

effect is not observed when the RING domain of Uls1 is disrupted.  Therefore, 

ULS1’s contribution to HMR silencing requires an intact RING domain.     

 

ULS1 increases sensitivity to CPT in a dosage-, and RING-, dependent 
manner 
 
 To further understand the uls1! CPT-resistant phenotype, a ULS1 dosage 

series was used.  WT was transformed with either an empty vector, or vector 

containing ULS1-2µ, which results in increased sensitivity to CPT (Figure 4.8).   
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Figure 4.7. ULS1-mediated disruption of silencing at the HMR locus 
requires an intact RING domain 

!

!

!

Figure 4.7.  ULS1-mediated disruption of silencing at the HMR silent mating-type 

locus requires an intact RING domain 
Strains used in this assay contain a TRP1 reporter gene located within the HMR 

locus (see Figure3.4).  More information on strains and plasmids can be found in 
Tables 2.2 and 2.3.  The indicated strains were transformed with the indicated 2µ 

plasmids.  In order to assay the transformants’ HMR silencing, the 5-fold dilution 
series was plated on ura- medium or ura-trp- medium, and incubated at 30°C for 4 

days.  Increased growth indicates a disruption of silencing.!

!

!

!

!

!

!
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Figure 4.8. ULS1-induced sensitivity to CPT is dosage-dependent 

 

!

!

Figure 4.8. ULS1-induced sensitivity to CPT is dosage-dependent 
Strains and plasmids used in this assay can be found in Tables 2.2 and 2.3.  The 
indicated transformants were plated in a 5-fold dilution series on ura- medium that 
was buffered with phosphate (pH 7.5) and DMSO, with or without CPT. Plates 
were incubated for 4-5 days at 30°C.         

!

!

!

!

!

!

!
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uls1! mutants were transformed with both CEN and 2µ varieties of ULS1.  While 

ULS1 expression from a CEN plasmid returns uls1!’s CPT-sensitivity to WT, 

over-expression of ULS1 in a uls1! strain again results in a dramatic increase in 

sensitivity to CPT.!

In order to determine if the RING domain of ULS1 is required for ULS1-

mediated CPT-sensitivity, the CPT dilution assay was repeated using a uls1 

RING mutant, uls1-C1356A (Figure 4.8).  Again, over-expression of ULS1 results 

in increased sensitivity to CPT, however, over-expression of uls1-C1356A fails to 

increase the cell’s sensitivity to CPT, as it remains at the uls1!, or slightly 

resistant, level.  Therefore ULS1-mediated sensitivity to CPT is dosage 

dependent and requires an intact RING domain. 

!

!

!

!

!

!

!

!

!

!
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!

!

Figure 4.9. ULS1-induced sensitivity to CPT requires an intact RING 
domain 

!

!

Figure 4.9. ULS1-induced sensitivity to CPT requires an intact RING domain. 
The indicated strains were transformed with the indicated 2µ plasmids.  Refer to 

Tables 2.2 and 2.3 for more information on the strains and plasmids used in this 
assay.  In a 5-fold dilution assay, the indicated transformants were plated on ura- 
media that was phosphate buffered (pH 7.5) and included DMSO, with or without 
30µg/mL CPT. Plates were incubated at 30°C for 4 days. 

!

!
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!
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Chapter 5. Genetic interactions of yeast STUbLs 

 In order to gain a better understanding of how ULS1 contributes to HMR 

silencing, ULS1’s genetic and physical interactions were examined.  Because, 

Uls1 has been shown to interact physically with Sir4, a sir4! uls1! double mutant 

strain was constructed in order to examine the level of HMR silencing.  The 

silencing-defective sir4! strain displays robust growth on trp- medium, and the 

sir4! uls1! double mutant displays the same level of growth (Figure 5.1).  

Additionally, over-expression of ULS1 in sir4! mutants does not exacerbate the 

silencing defect further.   

 The genetic interaction between ULS1 and the silencing gene, Establishes 

Silent Chromatin 2 (ESC2), was also investigated.  Esc2 contains two SUMO-

Like Domains (SLDs), and contributes to the maintenance of both DNA silencing 

and genome integrity (Dhillon and Kamakaka, 2000, Novatchkova et al. 2005, 

Mankouri et al. 2009).  In a large-scale screen for genetic interactions in S. 

cerevisiae, it was reported that an esc2! uls1! double mutant was synthetically 

lethal (Tong et al, 2004).  To determine if this genetic interaction could be 

validated independently, an esc2! mutant was crossed with an uls1! mutant and 

the progeny were screened to identify double mutants.  Several esc2! uls1! 

strains were readily obtained, thus mutation of the two genes is not synthetically 

lethal, which is distinct from the record on SGD.  The esc2! uls1! double mutant 

was then assayed for its silencing at HMR.  Whereas uls1! strains are slightly 

defective in HMR silencing, esc2! strains demonstrate increased HMR silencing  

!
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Figure 5.1. Expression of ULS1 does not affect the HMR silencing 
defect of sir4! 

 

 

 

Figure 5.1. Expression of ULS1 does not affect the HMR silencing defect of sir4! 
A 5-fold HMR silencing assay was used to look at the epistatic relationship 
between sir4! and uls1! single mutants.  Strains and plasmids can be found in 
Tables 2.1, 2.2, and 2.3.  Growth was observed on ura- medium and silencing 
was measured on trp-ura- medium.  Plates were incubated at 30°C for 4 days.        

!
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!

Figure 5.2. Disruption of uls1! partially suppresses the esc2!-
mediated increase in HMR silencing 

!

!

!

Figure 5.2. Disruption of uls1! partially suppresses the esc2!-mediated increase 
in HMR silencing 
The epistatic relationship between esc2! mutants and uls1! mutants at the HMR 

locus was examined.  Strains used in this, HMR silencing assay can be found in 
Table 2.1.  Growth is measured on YPD and TRP1 reporter expression is 
measured on trp- media.  Plates were growth at 30°C for 4 days. 
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Figure 5.3. ULS1 over-expression disrupts HMR silencing in esc2! 

mutants 
 
 

 
 
 

!

Figure 5.3. ULS1 over-expression disrupts HMR silencing in esc2! mutants  
ULS1-induced disruption of HMR silencing was observed in esc2! mutants.  
Strains and plasmids used in this assay can be found in Tables 2.1 and 2.2. The 
indicated transformants were assayed for expression of the TRP1 reporter. 
Growth was observed on ura- medium and silencing was observed on trp-ura- 

medium.  Plates were grown at 30°C for 4 days.  

!

!

!

!

!

!

!
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(Figure 5.2).  The esc2! uls1! double mutants display a slight increase in HMR 

silencing, but not to the same extent of esc2! mutants alone. 

 To further clarify the interaction between ESC2, ULS1, and HMR 

silencing, an esc2! strain was transformed with a plasmid over-expressing ULS1 

and subjected to another HMR silencing assay (Figure 5.3).  The ULS1-mediated 

disruption of HMR silencing still occurred when ULS1 was over-expressed in 

esc2! mutants and the disruption appears to be consistent with the disruption 

seen in WT and uls1! strains.  Therefore, ULS1’s contribution to HMR silencing 

is not mediated through ESC2. 

  

RNF4 complements slx8!’s DNA damage response and DNA silencing 
defects 
 
The mammalian STUbL, RNF4, has been shown to complement the DNA 

damage phenotypes of S. pombe STUbL mutants, rfp1!, rfp2!, and slx8! 

(Kosoy et al. 2007, Sun et al. 2007).  In order to examine the conservation of 

function between RNF4 and the STUbLs found in S. cerevisiae, plasmids 

containing RNF4 (Weisshaar et al. 2008) were transformed into individual STUbL 

mutants.  The capacity for RNF4 to complement the DNA damage and DNA 

silencing phenotypes of the mutants was examined.  RNF4 is able to 

complement the telomeric silencing defect (Figure 5.4), and the increased 

sensitivity to DNA damage (Figure 5.5), of slx8! mutants.  RNF4 can partially 

rescue the UV sensitivity of slx5! mutants, but not the sensitivity to HU or the  

!
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Figure 5.4. Human RNF4 complements the telomeric silencing defect 
of slx8! mutants 

!

!

!

Figure 5.4. RNF4 complements the telomeric silencing defect of slx8! mutants 
In order to assay the ability of RNF4 to complement the telomeric silencing defect 
of slx5! and slx8! mutants, WT and STUbL mutant strains were transformed 
with either an empty pCUP1 vector, or pCUP1 containing human RNF4.  CUP1 is 
a copper inducible promoter, however copper was not added, as the residual 
levels of copper in the medium are enough to induce expression.  5-fold dilutions 
of the transformants were plated on leu- medium or leu- medium containing 5-
FOA to assay for expression of the subtelomeric URA3 reporter.  Plates were 
grown at 30°C for 4 days.     

!

!

!

!

!

!
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Figure 5.5. Human RNF4 complements the DNA damage response 
phenotypes of slx8! mutants 

!!!!!!!!!!!!!!!!!!!!!!! !

Figure 5.5. RNF4 complements the DNA damage sensitivity of slx8! mutants 
In order to determine if RNF4 can complement the deficient DNA damage 
response of slx5! and slx8! mutants, WT and STUbL mutant strains were 
transformed with either an empty pCUP1 vector, or pCUP1 containing human 
RNF4.  5-fold dilutions of the transformants were plated onto leu- medium or leu- 

media containing either 0.1M HU, or exposed to 95 J/m2 UV radiation.  Plates 
were grown at 30°C for 4 days.     

!
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Figure 5.6. RNF4 does not complement the DNA silencing 
phenotypes of uls1! mutants 

!

!

Figure 5.6. RNF4 fails to complement the DNA silencing defects of uls1! 
In order to determine if RNF4 can complement the DNA silencing phenotypes of 
uls1! mutants, WT and uls1! mutants were transformed with either an empty 
pCUP1 vector, or pCUP1 containing human RNF4.  5-fold dilution assays of the 
transformants were plated on leu- medium or leu-trp- medium, to monitor HMR 

silencing, and on ade-arg-leu- media, with or without 32 µg/mL CAN, to measure 

rDNA silencing.  Plates were grown at 30°C for 5 days.     

!

!

!

!
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!

Figure 5.7. RNF4 does not complement uls1!’s CPT-resistant 
phenotype 

 

!

!

Figure 5.7. RNF4 fails to complement the CPT-resistant phenotype of uls1! 

To determine if RNF4 can complement the CPT-resistant phenotype of uls1! 

mutants, WT and uls1! mutants were transformed with either an empty pCUP1 
vector, or pCUP1 containing human RNF4.  5-fold dilution assays of the 
transformants were plated on phosphate buffered leu- media containing DMSO, 
with or without 30 µg/mL CPT.   
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telomeric silencing defect.  Additionally, RNF4 fails to complement any of the 

DNA silencing and DNA damage phenotypes found in uls1! mutants (Figures 5.6 

and 5.7).  In control platings, RNF4 was observed to modestly interfere with 

telomeric silencing in WT cells, but there was no other evidence for dominance of 

the human gene.  Therefore, RNF4 specifically complements the in vivo 

phenotypes of slx8! strains. 

 

!

!

!

!

!
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Chapter 6. Discussion  
 
 The research reported here demonstrates that the budding yeast STUbL, 

ULS1, contributes to a diverse collection of nuclear processes and chromatin 

functions, much like the other known STUbLs found in yeast and mammals.  

Characterization of ULS1 clearly shows that it does participate in chromatin-

related processes like the other known STUbLs, however its role in these 

processes is fundamentally distinct from those of other STUbLs.  In addition, this 

research clearly demonstrates that the in vivo functions of yeast STUbLs require 

an intact RING domain, while also indicating that some of the SIM domains of 

these enzymes are dispensable for these processes.  Finally, the mammalian 

RNF4 is shown to complement the DNA silencing and DNA damage phenotypes 

of slx8! mutants. 

 

ULS1 contributes to DNA silencing in loci-dependent manner 

 ULS1’s initial characterization (Buchman and Zhang, 1997), demonstrated 

multiple links to transcriptional silencing.  In addition to interacting with the 

silencing protein Sir4, ULS1 over-expression results in disruption of HMR 

silencing.  Here we see that deletion of ULS1 also negatively affects the silencing 

occurring at the rDNA  (Figure 3.3) and HMR loci (Figure 3.4).  Although both 

deletion and over-expression of ULS1 lead to disruption of HMR silencing, the 

silencing defect caused by deletion of ULS1, is substantially less robust than the 

defect that arises from over-expression of ULS1 (Figure 5.1).  Interestingly, this 

defect does appear similar to that seen in sir4! mutants and over-expressing !
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ULS1 in sir4! strains has no additive effect (Figure 5.1).  Perhaps endogenous 

levels of Uls1 are required to mediate proper Sir4 turnover.  These bits of data 

make Sir4 a tantalizing candidate protein for further investigation, potentially as a 

substrate of Uls1’s STUbL activity.    

 Another candidate gene that was tested in an attempt to understand how 

ULS1 contributes to silencing is the silencing protein ESC2.  These two genes 

are not synthetically lethal, as previously reported, and the results presented 

here suggest they contribute to silencing through distinct pathways.  Although 

uls1! mutants show slightly decreased HMR silencing, esc2! mutants display 

enhanced silencing (Figure 5.2).  The silencing in an esc2! uls1! double mutant 

seems to be an intermediate phenotype between the two single mutants.  

Furthermore, even in the absence of ESC2, over-expression of ULS1 disrupts 

HMR silencing (Figure 5.3).  Therefore, ULS1-mediated HMR silencing disruption 

does not require ESC2. 

 

ULS1 induces sensitivity to camptothecin and suppresses the formation of 
Gross Chromosomal Rearrangements (GCRs) 
 
 ULS1’s role in the DNA damage response is distinct from the other STUbL 

complex.  Here we show that deletion of ULS1 does not confer sensitivity to UV 

radiation (Figure 3.5) or hydroxyurea (Figure 3.6), while mutation of the other 

yeast STUbLs does induce sensitivity.  In addition, uls1! mutants are resistant to 

treatment with camptothecin (CPT) (Figure 3.6), and over-expression of ULS1 

causes dosage-dependent sensitivity to CPT (Figure 4.6).  CPT treatment inhibits 

Topoisomerase I (TopI), and the CPT-TopI complex is degraded by the ubiquitin-
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proteasome system.   Recently, several reports have shown that certain CPT-

induced DNA damage marks, including the phosphorylation of DNA-PK, require 

proteasomal degradation (Sakasai et al. 2010).  The molecular mechanisms 

behind ULS1-induced CPT sensitivity remain unclear.  Perhaps, ULS1 is involved 

in the activation of a subset of the DNA damage repair checkpoints that are 

induced following CPT-exposure.  It is also possible that ULS1 could be involved 

in the degradation of the CPT-TopI complex.  If this complex is defective, but 

active, then efficient clearing would be one way to mitigate the damage.  

Identification of Uls1’s substrates is an ongoing endeavor, which is critical for the 

further understanding of ULS1’s role following CPT treatment. 

 ULS1 was also shown to participate in the suppression of Gross 

Chromosomal Rearrangements (GCRs) (Figure 3.9).  The occurrence of GCRs is 

a hallmark of cancer and a phenotype shared between the yeast STUbLs.  The 

increase in GCRs seen in uls1! mutants is modest when compared to some 

other, well-characterized, genomic destabilizers, including those of the other 

STUbLs.  The manner in which ULS1 contributes to the suppression of GCRs is 

currently unknown.  Understanding the targets of ULS1 will enable a much more 

detailed explanation of this role of ULS1.    

 

The in vivo functions of yeast STUbLs require an intact RING domain, 
whereas two SIM domains of Slx5 are not necessary 
 
 Two previous independent studies evaluated the role of the SIM and RING 

domains of Slx5 and Slx8 in catalysis and in vivo functions (Xie et al. 2007; 
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Mullen and Brill, 2008).  The mutational data shown here clearly demonstrates 

that all yeast STUbLs require an intact RING domain in order to properly carry 

out their various nuclear functions.  Slx5, Slx8, and ULS1 all require intact RING 

domains for their specific roles in DNA silencing and DNA damage response 

(Figures 4.1-4.5, 4.7).  Slx8 is understood to be the E3 ubiquitin ligase of the Slx 

complex, so Slx5’s RING domain must be required for a separate function.  

Slx5’s RING domain could help stabilize Slx8.  It could also be involved in 

interactions with other proteins.   

 Two SIM domains of Slx5 were also investigated and shown to be 

dispensable for all of the functions of Slx5 that were tested (Figure 4.1, 4.2).  

However, it is known now that there are at least five SIM domains in Slx5 and 

mutants containing only one functional SIM of the five are fully competent for 

their SUMO binding and in vivo activities (Xie et al. 2010).  How these SIMs 

collectively mediate the targeting specificity to STUbLs is still unknown.  How 

these SIMs effectively sort out poly-SUMO chains versus single SUMO 

modifications versus SUMO-Like Domains (SLDs) also remains to be 

determined. 

      

RNF4 complements slx8! mutant phenotypes 

 Investigating the conservation of function between yeast STUbLs and 

mammalian RNF4 has shown that RNF4 can complement the DNA silencing and 

DNA damage phenotypes of slx8! mutants (Figures 5.4, 5.5).  RNF4 partially 

rescues the UV sensitivity of slx5! strains, but the positive effect was most 
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evident for slx8! mutants.  RNF4 failed to complement any of uls1!’s 

phenotypes (Figure 5.6, 5.7).  It was previously reported that RNF4 could 

complement the STUbL homologs of SLX5 (RFP1 and RFP2) and SLX8 (SLX8) 

found in S. pombe (Sun et al. 2007).  Why RNF4 complements rfp1! and rfp2! 

mutants, but not slx5! mutants is not yet known.  However, one distinction 

between SLX5, RFP1, and RNF4 can be found in the number of known SIMs.  

Although Slx5 contains five SIM domains, both RFP1 and RNF4 contain only two 

known SIMs (Prudden et al. 2007).  This distinction could prevent RNF4 from 

engaging in some of SLX5’s interactions, perhaps those that require the 

recognition of large poly-SUMO chains.           

 

Future Directions 

 The identification of STUbL substrates has proven to be a difficult task, but 

one that is essential for the thorough understanding of STUbL function.  Knowing 

these targets will enable a much more complete understanding of their in vivo 

chromatin-related roles.  This will be imperative for understanding ULS1’s role in 

inducing sensitivity to CPT.  In addition, knowing how these yeast STUbLs 

function, what proteins they target and how, will potentially yield insight into the 

presence of other STUbLs in humans or other organisms.  Once the identity and 

functions of these enzymes are elucidated, their targeting specificity could be 

used to effectively destroy any number of deficient proteins through proteasomal 

degradation. 

!
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