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ABSTRACT
Sumoylation is a podtanslational modification that plays an essential role in cellular processes,
including transcriptional regulation. Transcription factors represent one of the largest groups of
proteins that are modified by the SUMO (Smalidyltin-like Modifier) protein In this study, we
focused on finding roles for sumoylation in regulating two ggmecfic bZIP transcription factors
Skol and CstGn Saccharomyces cerevisigkol plays a unique bifunctional role in regulating
transcription: it is a repressor during normal growth, by interacting witegaessor complexes,
and an activator during osmofstress, via interaction with Hogl Kinase. We show that Skol is
poly-sumoylated at Lys 567 but gsimoylationis not regulated by stress. Along with sumoylation,
Skol also undergoes phosphorylation, by PKA and Hogl, and our experiments show that these
two modifications are not interdependent. Wl that DNA binding is a requirement for Skol
sumoylation and genomeide chromatin immunoprecipitation (Ch#eq) analysis shows that
Skol sumoylation controls the occupancy level of Skol on target promoters and is involved in
preventing Skol from bindingot nontarget promoters. Moreover, blocking sumoylation

attenuated the interaction between Skol and Hogl on target promoters.

Cst6, on the other hanid,required for survival during ethanol stress and has roles in the utilization
of carbon sources othdran glucoseln this study, we show th&lst6 ismulti-sumg/latedat Lys
residues 139, 461 and 547. The level of Gstoylation increases in ethanol and oxidative stress
conditions, but decreases if ethanol is used as the sole carbon smilitee Sko1l,protein levels

of SUMO-deficient Cst6 werenoderately reduced compared to the visijde form, implying that
sumoylation promotes Cst6 stabilitghIP experiments suggests that sumoylation is important for
the timely recruitment of Cst6 to its target prders. In addition, we provide evidence that Cst6

sumoylation reduces the expression of some target genes, durisgreéssrand ethanol stress



conditions. Taken together, our studies suggest that the specific effects of sumoylation in
regulating transcripbn factos are target specific. Nevertheless, SUMO plays a general role by

controlling the transcription factdbNA interaction to maintain proper gene expression.
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CHAPTER 1
LITERATURE REVIEW

1.1 Posttranslational modification

Proteins play vital roles in many cellular functions such as catalysis, transport, structural building,
defence, hormones, and many more. While the human genome consists of about 25,000 protein
coding genes, there are more than 1 million proteins foundlis that are functionally different

[1]. Much of the diversity among proteins is due to alternative splicing anetrpastational
modifications (PTMs). Alternative splicing takes place before an mRNA is translated to a protein
by ribosomes, whereas, RIE occur after protein synthesis. Many proteins are not functionally
active immediately after the synthesis process; they must first undergo certain chemical
modifications to become fully functional and these modifications are known as PTMs [1]. PTMs
are nost often driven by enzymes that either add a functional group or peptides, or perform
proteolytic cleavage to orchestrate protein activity [2]. PTMs can regulate a protein throughout its
lifespan starting from its intracellular localization, DNMnding, proteinprotein interactions, and

all the way to its degradation [2].

To date, more than 200 PTMs have been identified and some common PTMs include
phosphorylation, acetylation, glycosylation, methylation, ubiquitination, and sumoylat®jn [1
Other PTMs such as oxidation, neddylation, formylation, propionylation, and butyrylation have
also gained attention in recent years. The eftedhe modifications vary, but can include altering

the charge state, hydrophobicity, conformation and stability of the target proteins [3]. In addition,
most of these PTMs are reversible and can have different functions in different organelles. For

exampe, phosphorylation controls nuclear localizatiorsome proteins by either assistireg(



inflammatory response transcription factor RelA) or preventeng Bach2, a regulator of the
immune system) their nuclear import [4, 5]. Whereas in the nuglaosphorylatiortan regulate

gene expression by influencirthe DNA binding activity oftranscriptional regulatorsFor
example, ZEB1, an essential transcription factor in the development of the eye and neurons, is
subjected to phosphorylation at Thr 86fich promotes ZEBIDNA binding [6]. In contrast to

this, YY1 phosphorylation at Tyr 383 interferes with its DNA binding thereby supressing

transcription of genes involved in embryogenesis [7].

In many cases, proteins can be modified by multiple PTMs teadependent or independent of
each other [13]. These modificationsanwork together to alter the functional outcomes of a target
protein. For example, pregnane X receptor (PXR) is a ligatistated transcription factor that has

a pivotal role in transgtion regulation of drug metabolism and drug transport pathways in the
liver and intestine [80]. PXR is regulated by acetylation, sumoylation and ubiquitinatiod
recent studies have shown an interconnected role for these modificBtimshe igand binding

and recruitment of p300 induces a conformational change in PXR that promotes\@@afed
histone acetylation which facilitates transcriptional activatiSostained transcription induces
p300 mediated acetylation of PXR at Lys109 [8]. PXRyagon induces further conformational
changes that reduces its affiniosi t s DNA binding partner RXRU,

of transcriptional complex and transcriptional repression.

Another study indicated that this acetylation of PXRriportant in mediating PXR sumoylation
which is involved in transcriptional repression of target genes [9]. PXR is sumoylated with-SUMO
2/3 at Lys108 and 128/129 llye PIASy SUMO E3 ligase. This sumoylation turn,stimulates

K48-linked poly-ubiquitinaion at Lys170 to promote proteasomediated degradation of PXR



[10]. Interestingly, increased acetylation on ligaativated PXRcorrelated withan increase in
poly-ubiquitination at Lys170 and 160 [9]. These results together show the interplay between
acetylation, sumoylation, and ubiquitination in the regulation of PXR. Importantly, deregulation

of PTMs are found in human diseases such as cancer, neurodegenerative diseases, and diabetes

[2].

1.2 Sumoylation

Since the discovery of sumoylation in 1996@®inter Blobebhnd his teamthis PTM was shown

to be involved in a wide range of cellular processes such as DNA damage response,
nuclear/cytoplasmic transport, cell cycle progression, signalling, cellular stress response and
transcriptional regulation [lt14]. Sumoylation involves the attachment of a SUMO (Small
Ubiquitin-like Modifier) peptide to lysine residues of substrate proteinslf]2SUMO is a small
protein that consists around-225 amino acids and has datdated molecular mass of ~1Da&.

The first SUMO target was identified in mammals, the Ran GTFRetbeating protein 1

(RanGAP1), a protein that functions in regulating nuclear import and export systems [11].

Threedimensional structures of both SUMO and ubiquitin are very similar ané fireseins
contain a tightly packed bbUBBUB fold (Figure
sequence homology with ubiquitin and these fwoteins contain a double gipe at their €

termini (Figure 1.2A). In contrast, SUMO has a longédmind domain that is absent in ubiquitin

and SUMO and ubiquitin have different surface charge distributions [15]. These observations

suggest that they interact with distinct substrates to exert different functions.



Figure 1.1: Structural comparison between Ubiquitin and the human SUMOL1 isoformBoth
proteins share structural similarities with ¢t
has a lond\- terminus which is absent irbiquitin. The structure of ubiquitin was determined by

X-ray crystallography whereas the structure of SUMO was discovered by NMR [15].



SUMO is conserved among eukaryotes and since its discovery, at least one SUMO isoform has
been identified in all eukaryotessaccharomyces cerevisiagCaenorhabditis elegansand
Drosophilaexpress only a single SUMO protein. Contrastingly, mammals express five SUMO
isoforms: SUMO1, SUMO2, SUMO3, SUMO4 and SUMOS5 [18]. cerevisiacSUMO (also

known as Smt3), encoded by tB&T3gene, shares similarities to the amino acid sequences of
the mammalian SUMO isoforms (Figure 1.2A) [13UMOL shares only about 47% sequence
similarity to SUMO2 and SUMO3. On the other hand, since SUMO2 and SUMOS3 share 97%

sequence identity, they are oftezferred to as SUMO2/3.

SUMO4 was identified through DNA sequence analysis as it shares about 87% similarity with the
SUMO2/3 sequence [16, 17]. However, differences between SUMO4 and the other SUMO
isoforms have led to questions about whether it is egpie or functions like other SUMO
peptides. Unlike other SUMOs, tis@JMO4gene lacks introns, thus making it possible that it is
actually a pseudogene. In addition, it has a proline instead of glutamine in position 90, which
guestions whether it can be pessed by known SUMO proteases to a mature form (Figure 1.2A)

[16, 17].

Lastly, SUMOS5 wa the latest identified SUMO isoform to be identified, and it shares a high
sequence similarity with SUMO1 (Figure 1.2B). Although these five isoforms share some
sequace similarities, their expression profiles are different [12]. SUMO1 and SUMO2/3 are
ubiquitously epressed while SUMO4 and SUMCare tisue specific. Although the SUMD
MRNA has been found in specific organs such as spleen, lymph nodekidneys, the
endogenous SUM®Dprotein has not been detected [12, 16, 17], whereas SUMOS5 is translated in

the lungs and spleen [18].



Ubiquitin MOIFHKTLTGKTITLEVESSDTIDNVKAKIQDKE
sSmt3 RRLMEAFAKRO
suMOl1 3

s5UMO2
SUMO3
S5UMO4
SUMOS

smt3

sSUMO1
SUMO2
SUMO3
S5UMO4
SUMOS

Figure 1.2: Sequence alignment between Ubiquitin and SUMO family proteindlammalan

SUMO isoforms and yeast SUMO (Smt3) shaoee sequence similarity wittbiguitin. Dark

blue background shows the identical residues in all sequences, includinggligeird@ motif.

Light blue background represents conserved positions among ubandt@UMO. Positions that

are identical in at least three of the SUMO proteins, but not in Ub, are shaded with a purple
badkground Sequence alignmerdf SUMO isoforms and ubiquitin was made using Clustal

Omega.



1.2.1 Sumoylation Pathway

SUMO proteins are synthesized as immature precursors and must undetgoran@l cleavage

mediated by SUM&pecific proteases to become mature proteins [11, 14]. This cleavage exposes
adigl ycine motif (6GG6) that i wronlgsipneresideedinf or S
substrate proteins. Similar to ubiquitination, sumoylation is a dynamic process which requires
catalysis by three classes of enzymes: E1 activating enzymes, E2 conjugating enzyme, and E3
ligases (Figure 1.3). The mammalian and yeasteins involved in the sumoylation pathway are

listed in Tablel.1.

Once the mature form of SUMO is formed, it undergoes an activation step by the E1 activation
enzyme in an ATP dependent manriére mammalianSUMO E1 enzyme is composed of two

subunis, SUMQactivating enzyme subunit 1 (SAE1l; known as Aosl in yeast) and SUMO
activating enzyme subunit 2 (SAE2; known as Uba2 in yeast}4].1The activation of SUMO is

atwost ep process: (i) SUMO E1 complex adi@nyl at e
SAE2 forms a thioester bond between its active site cysteine and the carboxyl terminus (at the
6GG6) of SUMO [12]. Formation of the thioest e
interaction with the SUMO E2 enzyme, Ubc9. Activated SUMOénttransferred to a cysteine

in the active site of Ubc9, maintaining the thioester bond by athémesterification reaction [11

14]. In contrast to ubiquitination, in which E3 ubiquitin ligases are the primary determinant of
substrate specificity, Ubad®an directly specify its targets vi
q is a hydrophobic residue, K is the |lysine (

3: Step 4A).



SUMO-GG-XXXX

SE
1 | ———- Proteases
Substrate 6 Yip1iips Saetl : Aosl  ET activating
~ | heterodimers
> SUMO-GG Sae2 i Uba2
Mammalian enzymes
S. cerevisiae enzymes ATP
Common enzymes -
® SIM

AMP + PPi

Aost
5 SUMO-GG-C-Uba2
] e e Proteases =iy
Ulp1/UIp2 Sael

SUMO-GG-C-Sae2

E2 conjugating Ubc9
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YKxE-Substrate \ SUMO-GG-C-Ubc9 Sae2 | Uba2
e

Substrate Substrate
SUMO-GG-C-Ubc9

IR-RanBP2 E3 ligase

Figure 1.3: The sumoylation pathway in mammals andS. cerevisiae (1) SUMO precursors
are cleaved at the-terminus by SUMGspecific protease to reveal the GG mot#f) Mature
SUMO is activated by the E1 activating enzyme in an Af€Pendent manne(3) Activated
SUMO isthen transferred to the E2 conjugating enzyme, UBuBstrates sumoylatedby one of
the three method$4A) Ubc9 can trigger the conjugation of SUMO to a lysine residue within a
consensus mo diKkH) of a given substmapor (4B) SUMQ E3 ligase(e.g. SP
RING) interacts with both the UbeSUMO complex and the substrate to facilitaebstrate
sumoylation or (4C) SUMO E3 ligase(e.g. IR-RanBP2)interacts only with the UbeSUMO
complex duringsumoylation (5) Finally, de-sumoylation is arried out by SUMGspecific
protease that cleaves the SUMO peptide from the substoagns, and6) allowing the recycling
of free SUMO.SIM: SUMO interacting motif.Figure adapted from [13
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Although Ubc9 can transfer the SUMO protein to a subgpratein, there are a number of SUMO
E3 ligases discoverethatenhanceSUMO conjugation and substrate specificithe identified
SUMO ES3 ligases are classified into three groijs/PIASRING (SRRING), Internal repeats
(IR)-RanBP2, and the otherSimilar to Ubc9, SUMO E3 executes the transfer of SUMO by
forming an isopeptide bond between the lysine of a target protein andtémni@al glycine of

SUMO [11-14] (Figure 1.3: Steps 4B and 4C).

1.2.2 Desumoylation

Sumoylation is a highly dynamic prosesnd the removal of SUMO frosubstrateis referred

to as desumoylation. This step is mediated by the same enzymes that cleave the SUMO precursors
before the activation step (Figure 1.3; compare Step 1 and Step 5). There are several SUMO
proteases iddified to date, including Ulpl and Ulp2 in yeast, and the sespatific protease
(SENP) family in humans [114] (Tablel.1). SUMO proteases contain shallow clefts lined with
conserved amino acids, such as tryptophans, that clampgheitie motif leading to the cleavage

of the SUMO Cterminus [19]. These proteases show substrate specificity and have been
discovered to be localized to different subcellular compartments in cells. For example, Ulp1,
SENP1 and SENP2dalizeto the nuclear envelope torfction in cleaving SUMO precursors and
de-sumoylating substrates. In Contrast, Ulp2, SENP6 and SENP7 localize in the nucleoplasm in

order to remove polsUMO chains [19].



Table 1-1: Enzymes mediating the sumoylation pathway irs. cerevisia@nd H. sapiens

SUMO1, SUMO2, SUMO3,

SUMO Smt3
SUMO4, SUMO5

E1 activating enzyme Aosl, Uba2 Sael, Sae?

E2 conjugating enzyme Ubc9 Ubc9
PIAS1, PIAS2, PIAS3,
PIAS4, ZMIZ1, NSEZ2,

E3 ligase Siz1, Siz2Cst9, Mms21 RanBP2, Pc2, MUL1,
TOPORS, HDAC4, HDACY?,
TRAF7, FUS, RSUME
SENP1, SENP2, SENP3,
SENP4, SENP5, SENPG6,

SUMO protease Ulpl, Ulp2

SENP7, DESI1, DESI2,

USPL1

Adapted from [18
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1.2.3 SUMO acceptor sites

Approximately 75% of SUMO substrates are modi
However, sumoylation can also occur at a lysine residue within at least two other types of SUMO
acceptor sites: phosphorylatidependent sumoylation motifs (PDSM) arepgatively charged

amino aciddependent sumoylation motif (NDSM) [22].

The PDSM is composed of a SUMO consensus motif and a pabheeted phosphorylation site
(KxExxSP) [11, 21] . Binding of SUMO within P
Thefirst evidence of PDSMiependent sumoylation was observed in4seatck factor 1 and heat

shock factor 4 [21]. Subsequent bioinformatics analyses showed the presence of PDSM in multiple
transcriptional regulators, including erythroid transcription factdkT&-1, Smad nuclear
interacting proteirl, and myocyte enhancer factor 2 [21]. On the other hand, NDSM
(KXEXXXXXXXXXX) contains n e g a tamimocadidy regionrh ar ge d
downstream of the SUMO consensus motif [19, 22]. NDSM was firsowksed in Elkl and

later in PML, Sin3A and NF1.

Both PDSM and NDSM provide negatively charged residues downstream of the Lys residue [20,
21]. These negatively charged residues are used to interact with the basic patches on Ubc9, thereby
stabilizing the mteraction between Ubc9 and the SUMO target to facilitate the transfer of SUMO
[19-21]. The main difference between these two motifs is that PDSM provides the acidic nature
by phosphorylation of a nearby serine residue, whereas the negative charge DSikeidNa

property of the primary sequence of the protein [17].

11



1.2.4 SUMO chain formation

Through the sumoylation cycle, a substrate can undergo different types of sumoylation: mono
sumoylation (sumoylated at a single Lys); mslimoylation (sumoylatedt anultiple Lys); or
poly-sumoylation (formation of SUMO chains on one or more Lys) (Figure 4ALE12SUMO

2/3 contain a SUMO consensus motif in theutedminal region, centered on K11 [12, 23]
(highlighted on Figure 1.2B), whereas yeast SUMO (Smt3) contains three SUNM@Nsos
motifs around K11, K15, and K19 [23, 24]. These Lys residues with these three SUMO forms
serve as a platform to be modified by SUMO chains. There areommsensus Lys residues in
SUMOL1 (K7, K17, K25), SUMO2 (K32, K34), and SUMO3 (K33, K35) thategot the formation

of SUMO chains. Interestingly, in humans, SUMO chains can be formed with the combination of
different SUMO isoforms. For example, SUMOL1 conjugates to K11 of SUMO2/3 to terminate the
chain formation in arn vitro reaction [25]. This termation is due to the absence of K11 on

SUMO1 hindering the ability for further chain elongation (Figure 1.4A) [25, 26].

De-sumoylation of SUMO chains is mainly executed by Ulp2 and SENP6 SUMO pmtease
yeast and mammalian cells respectively, as bgathe heavy accumulation of pedymoylated
proteins in the absence of these two proteases [23]. Multiple SUMO targets have been identified
to be polysumoylated and the SUMO chain has many biological functions. Thestudiked
primary function of polysumoylation is that it targets the substrate for ubiquitediated
proteasomal degradation (Figure 1.4B) [27, 28]. SUtdf@eted ubiquitin ligases (STUbLS) bind
poly-sumoylated targets to form pelpiquitin chains.Subsequentlythe 26S proteasome is
reciited to degrade the target protein. In addition, {soignoylation has been found to increase

sporulation efficiency in yeast, and it plays a role in kinetochore function in humans [29, 30].
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S1
S2/3 S1
s1 s2/3 s1
| |
yKXE YKXE YKXE YKXE
Mono-SUMOylation Poly-SUMOylation Multi-SUMOylation

Proteasome

Unmodified Monosumoylated Polysumoylated Ubiquitin-SUMO
protein protein protein hybrid conjugate

Figure 1.4: Types of sumoylation and the function of polysumoylation in ubiquitin-mediated
proteasomal degradation.(A) SUMO targets can be either mesomoylated, pohsumoylated

or multi-sumoylated. Combinations of SUMO2/3 (S2/3) and SUMO1 (S1) can form poly
sumoylation and SUMO1 often terminates the chain elongg)rSchematic representation to
explain how polysumoyation on target proteins leads to ubiquithediated proteasome
degradation. Pobkgumoylated protein is recognized by SUMDgeted ubiquitin ligases
(STUDbLSs), RING finger type of ubiquitin ligase. STUbL adds pabyquitin chains that are
recognized byhe 26S proteasome, which then facilitates protein degradation. Finally, ubiquitin
and SUMO are recycled by ddiquitination (DUB) and dsumoylation (ULP), respectively.
SIM: SUMO interacting motif. Figws are adapted from [26] and [28spectively.
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1.2.5 Molecular consequences of sumoylation

Sumoylation can affect protein localization, enzymatic activity, protein stability or influence
interactions with other proteins [20, 31]. For example, sumoylation of RanGAP1, a GTPase
activating protein, increaseits interaction with RanBP2, a component of the nucleae po
complex, to facilitate RanGAPnuclear import [32]. In addition, the sumoylation of p53 promotes

its interaction with the nuclear export receptor CRML1 to allow nuclear export of p53 [33].

SUMO also influences protein stability by either enhancing stability directly, or by assisting in
ubiquitinrmediated degradation. For example, in the absence of viral infection, cyclicABANPP
synthase (cGAS) is modified by SUMO1, which prevents qoliguitination and the subsequent
degradation of cGAS, thereby enhancing its stability [34]. On the other hand, RNF4, a ubiquitin
E3 ligase, preferentially binds to the palymoylated promyelocytic leukaemia (PML) protein to
induce polyubiquitination of PML andhe subsequent degradation by the ubigtptioteasome

pathway [35].

All these general functions of SUMO are mediated by altering the surface of the target protein,
thereby influencing interactions with other proteins. There are multiple ways that thize can
achieved: (i) target conformation changes after the modification by SUMO (Figure 1.5A); (ii) the
presence of SUMO can mask the binding sites that are needed for other proteins to interact (Figure
1.5B); or (iii) SUMO provides the binding sites/surfdoe other proteins to bind (Figure 1.5C)

[13, 20, 31].
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SIM

SIM
SuMO SUMO

SUMO

Figure 1.5: Schematic representation of how SUMO alters the binding site on the target
surface.(A) SUMO conjugation induces conformational changes on the subgBaiinding of
SUMO prevents the interaction with a partner proté) SUMO promotes protetprotein
interaction through SUMO interacting motifs (SIM). Figure adapted from [13].
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Sumoylation of thyminddNA glycosylase (TDG) is thus far the best examplexplan how
SUMO modulates the target conformation (Figure 1.5A). During DNA repair, TDG binds to the
DNA to execute base excision repair by removing the mutant base pair. After excision, TDG is
modified by SUMO1 causing a conformational change. This chang#ructure reduces the
affinity between TDG and DNA, thereby removing TDG from DNA [36]. This allows the binding

of other proteins involved in DNA repair to then proceed with repairing the DNA lesion.

In addition to protein conformational change, SUM&h mask binding sites that are needed for
other proteins to interact (Figure 1.5B). For example, transcription factor Spl aylated by
SUMO2/3 which prevents Spl interaction with the acetyl transferase p300 during ocular lens
differentiation [37]. Inaddition, sumoylation of the ubiquiticonjugating enzyme E25k inhibits

the interaction with ubiquitin E1 enzyme, causing a decrease in ubiquitin conjugation [38]. In
contrast, SUMO also provides binding sites/surface for other proteins to bind. Sieu@ytseins
noncovalently interact with other proteins via SUMO interacting motif (SIM) (Figure 1.5C) [13,
20]. The SIM is made up of hydrophobic residues (VEKKWV/I/L) -(V/I/L), where x is any amino

acid [13]. Sumoylated proteins and proteins comgisIMs can bind to form protein complexes.

For example, PML nuclear bodies (PML NBs) are made by forming complexes with sumoylated
and SIM containing proteins such as PML, p53, sp100, CBP, and DAXX [39]. In fact, STUbLs
bind to the polysumoylated protei using their SIMs, then mediate palpiquitination for
subsequent degradation (Figure 1.5C and Figure 1.3B) [27]. Along with PML (mentioned above),
other proteins suc#BasrlaaBUOr (| lpnh iohduticefadtdon § MR

1 U e also found to be degraded through similar methods [40, 41].
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1.2.6 The SUMO Enigma

An interesting observation regarding sumoylation is that, although a small fraction of targets is
sumoylated at a given time, this is enough for a maximum effect. Thisopfenon has been
referred to as O6SUMO enigmad [17]. The under
been determined, but there are some possible explanations regarding this effect. As sumoylation

is a dynamic event, if proteases act constitutivaty @apidly to desumoylate target proteins soon

after their sumoylation, this might partly explain the low stestdye level of sumoylated proteins

at a given time.

It is also possible that the effect of sumoylation persists even afwrndeylation of he target
proteins [17, 20, 42]. For example, sumoylation of some transcription factors was shown to be
involved in transcriptional repression by recruiting proteins that repress transcription (detailed
explanation below). There are two mechanisms propadlsat explains how low levels of
sumoylated transcription factors could repress transcription even aanasgylation (Figure 1.6)

[20]. Sumoylated transcription factors might recruit chromatin remodelling proteins that have
repressive activity. This wiensure that the chromatin stays in a repressive state even after SUMO
is removed from the transcription factor (Figure 1.6A). Alternatively, sumoylation of a
transcription factor initiates the formation of a repressive complex on chromatin and thisxcompl
will remain stable even after SUMO is removed from the transcription factor (Figure 1.6B) [20,
42]. In both cases, the transcription factor or the reguteedonly to be sumoylated for a short
period of time during which gene silencing is initiaté&kgardless of the small fraction of
sumoylated proteins found in cells, the functional outcomes of sumoylation in regulating target

proteins are diverse.
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Chromatin A B Recruitment of an
remodelling / \ inhibitory complex

Figure 1.6. Methods explaining how sumoylation can have a prolonged effect on
transcriptional repression even after desumoylation of the transcription factor. (A)
Sumoylated transcription factors might recruit chromatin remodelling proteins that have repressive
activity, such as deacetylation. This will ensure that the chromatys st a repressive state even
after SUMO is removed from the transcription fac{@&) Sumoylation of a transcription factor
initiates the formation of a repressive complex on chromatin and this complex will remain stable
even after SUMO is removed frommet transcription factor. TF: transcription factor. Figure adapted
from [20].
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1.2.7 SUMO and stress response

Although only a small fraction of targeted proteins are sumoylated at a given time, overall
sumoylation levels are altered during stress conditiSteadystate sumoylation levels are heavily
elevated during stress conditions, and this scenario is called the SUMO stress response (SSR) [43].
SSR is common in mammalian, yeast and plant cells and is observed during several endogenous
or environmentastress conditions such as DNA damagejatic stress, oxidative stresg/poxia,

and heat shock [12, 40]. In yeasts, the kinetics of SSR depends on the concentration and the
type of the stressors [44]. For example, during severe hyperosmotic stregsgCIML M KCl,

or 1 M sorbitol) and oxidative stress (100 mM), the increase in sumoylation was noted within

2 min of introducing the stressors. In the presence of 10% ethanol, SSR was noted within 10

min of introducing the ethanol stress. SSR myisevere osmotic only lasts abd@-45 min but

it lasts about 3 hours during severe oxidative and ethanol stress [44]. Similarly, in mammalian

cells, elevated sumoylation was observed within 5 min of heat shock and lasted about 2 hours [45].

Many proeins are notdetectablysumoylatedduring normal growth but display elevated
sumoylation levels after exposure to stress. For example, in a yeast mass spectrometry study, H2B
(a histone component), Bir (involved in kinetochore function), Sodl and Tsabx{dant
enzymes), proteins that are usually not modified by SUMO during normal growth, were found to
be sumoylated during oxidative stress [46]. Similarly, in Hcrl (related to translation), Adhl
(function in metabolism) and Bob3 (chromatin related), suatmy was only observed during
ethanol stress [46]. Moreover, an interesting observation in mammals was that during normal
growth conditions, SUMO substrates were mostly conjugated by SUMO1, leaving a heavy

abundance of free SUMO2/3. However, when celeyevexposed to stress conditions, more
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SUMO conjugations were observed with SUMO2/3, depleting the levels of free SUMO2/3, thus
signifying its functional importance in SSR [47]. For example, during heat shock, 766 proteins
were identified to be sumoylatdry SUMOZ2 and in oxygen/glucoskeprivationinduced cells,

188 SUMGQ3 substrates were identified [43, 45, 48].

There have been a few studies #reaminednechanisra responsible for the SSR in cells. Among
proteins thatre sensitive to heat shock, it wabserved that the activity of all SENPs (except
SENP6), mammalian SUMO proteases, are -Bemsitive and inactive during heat shock.
Therefore, the inactivation of SENP causes a decrease-snndeylation which explains the
increased sumoylation observedridg heat shock [49]. Similarly, severe oxidative stress
inactivates SENP1 by forming a disulfide bond between two SENP1 molecules thereby interfering
with the desumoylation pathway [43]. Related yeast studies suggest that the global increase in
transcrigion during stress conditions is what causes the increase in sumoylated proteins during the
SSR [44]. Since transcription related proteins are known to be heavily modified by SUMO
(explained below), this study suggests that ongoing transcription and &&Rased. In fet, this

study also demonstratethat SSR is not regulated by translation or proteasdependent
degradation [44]. Moreover, SUMO conjugation during SSR is dependent on the Siz1 SUMO E3
ligase and the timelgeversalof SSR is dependent on the SUMPecific protease Ulp2 in yeast

[44].
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1.3 Biological functions of SUMO

Sumoylation is important for many cellular processes throughout the cell. Although early studies
regarding SUMO functions focused more on nucfgacesses, there are also many-naolear

proteins that are modified by SUMO. The emerging evidence suggests that defects related to
sumoyl ati on have been observed i n many di so

Al zhei mer 6s di seases [12].

1.3.1 Nonrnuclear sumoylation

Sumoylated proteins are found on the plasma membrane, endoplasmic reticulum and mitochondria
where they serve multiple functions in protein signaling, cytoskeletal organization, channel
activity, receptor function, exocytosis, autophagitochondrial dynamics and others [20, 51]. In

fact, the first SUMO target discovered, Ran1GAP, is sumoylated in cytoplasmic filaments of the

nuclear pore complex [11].

At the plasma membrane, SUMO targets receptors and plasma channels to exertidts. func

GIuR6, a subunit of the kainate receptor, is sumoylated when induced by kainite to facilitate
kainite-induced endocytosis [52]. In contrast, sumoylation of TRPM4, a cation channel, impairs
its endocytosis function [ W3ynapticvesiol®exdcyasis,on o f
causing clustering of calcium channels and enhancing the Ca2+ influx necessary for exocytosis
[54]. In addition, sumoylation regulates the function of cytoskeletal proteins. For example, SUMO
ligase PIAS3, sumoylates Racl paotein that regulates the actin cytoskeleton [55]. Racl
sumoylation has been reported to function in Racl activation, cell migration, and lamellipodia

formation in response to hepatocyte growth factor.

21



The first protein found to be sumoylated at theaogtasmic reticular mabrane wa protein
tyrosine phosphataskB (PTP1B). PTP1B negatively regulates grofettor signaling by binding

to receptor tyrosine kinases. SUMO E3 ligasediated sumoylation of PTP1B impairs its activity

by reducing its proteintability [56]. SUMO has also been discovered to exert its functions in the
mitochondria. Mitochondrial fission and fusion are balanced by the Drpl protein and it is subjected
to sumoylation by SUMO1, which causes mitochondrial fission [57]. OverexprasSBENPS
SUMO protease induces -demoylation of Drpl, wich causes mitochondrial fusiof®8].

However, the exact mechanism of how SUMO regulates this function is yet to be studied.

1.3.2 Nuclear sumoylation

The majority of SUMO related studies have feed on nuclear targets, and the sumoylated
proteins identified in subnuclear structures such as polycomb group (PcG) bodies, PML nuclear
bodies, and nucleoli, were found to play multiple roles in the DNA damage response (DDR),
chromatin organization, ancanscription [31]. DNA is constantly challenged by potential damage
and the DDR is a critical mechanism in maintaining genomic integrity. Multiple proteins are
sumoylated in the DDR pathway. For example, sumoylation of tumor suppressor PTEN is
important fo its nuclear retention andelps to function in homologougcombination [59].
Sumoylation of Rad52 enhances its stability by protecting it from ubiquitin mediated degradation
[60]. Rad52 binds to the single stranded DNA and processes the ends of tmedd¢ales, which

can then be bound by Rad51. In addition to increasing its stability, sumoylation promotes Rad52
disassociation from DNA, thereby giving space for Rad51 to function [61]. A similar function was
observed for Rad52 sumoylation in yeast [63lumoylation of MDC1 is responsible for

recruitment and complex formation of other proteins involved in the DDR, such as RNF4, RNF8
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UBC13, ABRA1 and BRAL1 [63]. In fact, BRCAL is also subjected to sumoylation and this

modification enhances its ubiquitin #ige activity 120 fold [64].

Along with DDR, telomere length must be maintained for proper genomic integrity. Yeast strains
defective in SUMO, Ubc9, or SUMO E3 ligases demonstrated abnormal elongation of their
telomeres [65, 66]. Supporting this, lengtbd telomeres ware also observed in strains expressing
nonsumoylatable Cdc3, an inhibitor of telomerase. However, in the presence of SChN3

fusion, telomere size was shortened, suggesting an inhibitory role for sumoylation in regulating
telomere sizg66]. Sumoylation also functions in maintaining heterochromatin structure. For
exampl e, during interphase, sumoyl ation of

|l ocalization into pericentric domaellita &RNA and

transcripts, to promote heterochromatin formation in the centromere [67, 68].

1.4 Sumoylation and transcription

Large numbers of sumoylated proteins identified using proteomicsnasd spectrometry are
involved in transcription [13, 11215]. This includes RNA polymerase subunits, transcription
factors, coactivators, corepressdistones, chromatin remodeling complexasd components of

PML NBs. Among these proteins, transcription factors represent the largest classes of SUMO
substrates [69]Furthermore, SUMO signals were observed on promoters of transcriptionally
active genes such as constitutive and inducible genes, emphasizing the functional importance of

SUMO in active transcription [70].
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1.4.1 Transcriptional repression by SUMO

Sumoyldion of proteins involved in transcription is most often associated with transcriptional
repression. Indeed, transcription of inducible genes su8ih%(osmostresinduced gene) and
ARG1(amino acid starvatiemduced geneyas elevated when the funatiof Ubc9 was impaired

[70]. Different mechanisms are used by SUMO to repress transcription. Among these mechanisms,
in some cases, SUMO targets proteins involved in transcriptional activation for degradation. RNA
polymerase (RNAP) Il is involved in thejgression of tRNAs, and one of its suburiRpc53, is
targeted for sumoylation byhe Sizl E3 SUMO ligase. Sumoylated Rpc53 then triggers
ubiquitination of Rpcl160, the catalytic subunit of RNAPIII, followed by its degradation [71].
Similarly, transcriptio factors PEA3, Spl andMyc are degraded by the SUM@iquitin-
proteasome degradation pathway-[/4. In another mechanism, SUMO enhances the activity of
corepressors or their recruitment to chromatin. For example, in yeast, sumoylation of corepressor
Tupl, part of TupACyc8 corepressor complex, was shown to be involved in transcriptional
deactivation by promoting the removal of sumoylated transcription factor Gen4 from DNA [75].

In mammals, sumoylation of the transcription fad®d@d® ARU ¢ r e a tsibedor the ndctear k i n g

receptorcar epressor NCoR, which r dggetgenassfbls tr anscr i |

Moreover, sumoylation of some transcription factors enhances their interaction with chromatin
remodelling complexes. For example, sumoylation ofstaption factordNFAT, Elk-1 and MafG
enhanced their interaction with histone deacetylases (HDATSs])9. This interaction induces
deacetylation of histones followed by DNA condensation, and eonsequence, expression of
target geneds suppressedin fact, sumoylation of histone H4 also recruits HDACs and

heterochromatin protein 1, in mammad§][ Similarly, in yeast, all four core histones were found
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to be sumoylated to repress transcripti®fj.[Interestingly, HDACs themselves have been shown

to be sumoylated. HDACL1 is sumoylated by SUMO1 and this modification was shown to enhance
its repressor activityg2]. Sumoylation is also known to be involved in the promoter clearance of
some transcription factors such as yeast Gen4 and mamméfas B3, 84]. Sumoylation of

Gcen4 aids in its removal from the promoters of target genes through Srb10 phospherylation
mediated degradation of sumoylated Gc&4].[In contrast, the mechanism foiFos promoter

clearance by its sumoylation remains to be studdf [

1.4.2 Transcriptional activation by SUMO

Interestingly, emerging recent evidences suggests positive roles for sumoylation in regulating
transcription. A genomwide study suggested that SUMO signals were heavily enriched on tRNA
genes and ribosomal protein genes [85]. This study demonstrateslitheD at these genes is
involved in transcriptional activation. Specifically, sumoylation of Rapl transcription factor at
these genes was found to promote the recruitment of general transcription factor TFIID to induce
transcription of ribosomal proteiniges [85]. In addition, in some cases, SUMO modification was
shown to interfere with the corepressor function, or to block the interaction between transcription
factors and caepressors. For example, during hyperosmotic stress, the Cyc8 corepressor is
sumglated to form TupiCyc8 inclusions, which allows the expression of genes that are important
for hyperosmotic stress related adaptation [86]. In mammals, ErbB2 induces sumoylation of
transcription factor MFZ1. Sumoylated MFZ1 is then activated by subsepbesphorylation

which assists in the dissociation of MFZI with its corepressors such as CTCF [87].

Furthermore, SUMO can enhance the interaction between transcription factors and DNA. For

example, sumoylation of transcription factors CREB1 and Paxtheakdheir association with
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DNA to induce transcription [88, 89]. Sumoylation also enhances the stability of proteins by
preventing their ubiquitinatiomediated degradation. For example, sumoylation competes with
ubiquitin for the Lys residues on trangtion factors such as dellactoferrin and ZHX1, to
prevent ubiquitination [90, 91]. Moreover, some HDACs are sumoylated under certain conditions,
which results in a loss of deacetylation functions and an increases in target gene expression. For
example HDAC2 sumoylation by SUMOL is induced in the presence of cigarette smoke extract,

which inhibits the HDAC?2 activity and enhances the expression of t8egkne [92].

1.5 Transcription

1.5.1 DNA cisregulatory elements

The expression of protein coding gsnrequire the synthesis of mRNA in a process called
transcription. Transcription involves the binding of transcription related proteins to DNA cis
regulatory sequences in a region usually upstream of the transcription start sitedFS$$) In
yeast,the cisregulatory sequence includes the core promoter, the upstream activator sequence
(UAS), and potential silencer sequenc@d] [[Figure 1.7A). The yeast core promoter is located
20-30 base pairs upstream of TSS and may contain the TATA box elemértt,dstly differs

from the consensus, TATAAA, by up to 2 bases| [

Higher eukaryotic cisegulatory sequences are more complex compared to the simple yeast
system. Mammalian cieegulatory sequences can include, in addition to the core promoter,
multiple enhancer regions, silencers and insulators (Figure 1.7B). Enhancers can be situated
upstream or downstream of the core promoter of the genes they regulate, and can even be found
within introns P9. The mammalian core promoter itself display significeomplexity, with

multiple subregulatory regions: (i) the TATA box that is located upstreartheflSS; (ii) the
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initiator (INR) element that is located at, or immediately adjacent to, the TSS; (iii) the TFIIB
recognition element (BRE) that is located % upstream of TSS; and (iv) the downstream

promoter element (DPE) that is locatedd@0downstream of the TS84, 97].

Yeast UAS and the mammalian enhancers contain multiple-gp@fic transcription factor
recognition sites or binding sites throughiethvarious combinations of transcription factors are
recruited to activate transcriptiofd, 99]. In contrast, silencers function to repress transcription,
while insulators interfere with the function of both enhancers and sileré®rdrisulators are

further categorized as enhancer blockers, when the insulator blocks the enhancer function, and

barriers, when the silencer function is block@#] [
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Figure 1.7: Schematic representation of the cisegulatory sequences involved in
transcription. (A) Yeast cisregulatory sequences include a simple core promoter (e.g. TATA
box), upstream activator sequence (UAS) and silencer ele(B¢@omplex eukaryotic promoter
elements can include the TATA box (TATA), Initiator sequences (INRY downstream
promoter elements (DPE). In addition, multiple enhancer modules are found interspersed with

silencer and insulator elements. Figure adapted from [99].
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1.5.2 Transcription overview

Regulatory signals from gerspecific transcription factorsooverge at the core promoter to
activate transcription93] (Figure 1.8). Prior to initiation of transcription, RNA polymerase
(RNAP) 1l and general transcription factors (GTFs: TFIID, TFIA, TFIIB, TFIIE, TFIIF, and
TFIIH) assemble on promoter regiondoom a preinitiation complex (PIC) 93, 97-101] (Figure

1.8A). Formation of the PIC requires the concerted action of GTFs beginning with the binding of
TFIID to the promoter. TFIID contains TATAinding protein (TBP) and TBRssociated factors
(TAFs), andthe binding of TBP to the TATA element on the promoter induces a 90 degree bend
in the DNA [97-100. Not all core human and yeast promoter regions contain a TATA box. In fact
only about 10% of the yeast promoters contain TADA].[However, TBP can assate with
variants of TATAlike promoter regions93, 100. In mammals, TAF1 and TAF2 recognize the

INR region and TAF6 and TAF9 recognize DPE region within the core pron®dfer [

TFIIA and TFIIB are then recruited to stabilize the TBRA complex. In mamrals, TFIIB binds

to the BRE region in the core promotéi7]. Next, an RNAPHTFIIF complex binds to form the

core PIC. TFIIF plays a role in TSS selection and preventsspeaific interaction of Pol Il with

DNA [104. Finally, the binding of TFIIE and TIFH completes formation of the PIC. TFIIE
functions as a bridge between RNAPII and TFI1i9]). In the presence of adenosine triphosphate
(ATP), TFlIHusesitsDNAd ependent ATPase activity to melt
bubbl ed6 an dm ihe opentproractel complexo(Figure 1.8BY(|. Next, nucleoside
triphosphates (NTPs) are utilized to form the nascent RNA. Finally, GTFs (referred to as initiation
factors in Figure 1.8B) dissociate from the promoter as RNAP Il clears the promotesisandtes

with elongation factors during the elongation phase of transcrigti@®h]02].
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Figure 1.8: Schematic representation of the formation of transcription machinery(A) The

stepwise process of prmitiation complex (PIC) formation is initiated by the recruitment of

TFIID subunits, TATA boxbinding protein (TBP) and BP-associated factors (TAFs), to the
unbound promoter. Then, TFIIB and TFIIA are recruited to stabilize-DBIA complex. Then,

the core PIC is formed after the association of RORHIIF complex. Subsequent binding of TFIIE

and TFIIH completes the forrtian of PIC.(B) In the presence of ATP, DNA is opened by TFIIH

to form a O6transcription bubbled to initiate
synthesis, initiation factors dissociate to enable the formation of an elongation complex. NTP,

nucleoside tripbsphate. Figure adapted from [100].

30



1.6 Transcription factors

Apart from the general transcription factors (mentioned above), there are multiple sequence
specific transcription factors (TFs) that bind to-r@gulatory sequences in DNA to control the
expression of target gene®3, 103 104]. By regulating gene expression they play an important
function in cellular processes, including cell proliferation and differentiation, stress response and
homeostasis. Generally, TFs contain a DbiAding domain (DBD)effector domain (such as an
activation or a repression domain), a nuclear localization sequence (NLS), and a regulatory domain

[93].

TFs are referred to as transcriptional activators or transcriptional repressors depending on the
presence of an activah domain or a repression domain, respectiveg}.[In addition to having

these effector domains, transcription factors interact with different cofactors (coactivators and
corepressors) to decide the transcriptional outc@gle $ome TFs including yea$ts Ashl and

Skol, are able to both activate and repress transcription, depending on the promoter that is targeted,
cofactor association, and growth conditio@8,[103 104]. TFs can be classified based on their

binding sequence motifs and character@abtf their DNAbinding domains (DBDs)93, 103).

1.6.1 Transcription Factor binding motifs and DNA binding specificity

A single TF can recognize multiple DNA binding site sequences with varying binding affinity, and
these sequences are collectively reférro as binding motif©OB]. Multiple methods are used to
find DNA binding motifs for TFs, including genonvede studies such as chromatin
immunoprecipitation followed by nexfeneration sequencing (Ch&tq) P3, 103105.
Interestingly, a single type binding motif sequence can be found hundreds of times in a genome,

but not all the sites will be occupied by the cognate TFs at a givenlifle $ome TFs, such as
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Forkhead and C2H2f, can bind multiple binding motifdp4. Therefore, apart from theraling

motifs themselves, there are other factors that determine the DNA binding specificity of TFs. For
example, an interaction between two TFs can be necessary to facilitate binding to a specific
sequence in what is referred to as cooperative bindinekdioned below, some families of TFs

bind to DNA as partners, either as homodimers or heterodimers, and these cooperative bindings
confer DNA binding specificityJ03 104, 106. TF binding specificity can be determined by non

DNA binding cofactors andheir recruitment motifs 04, 107]. Although norDNA binding
cofactors cannot directly contact DNA, in some cases, such recruitment ametiéjuired for

their recruitment to target genes. For example, RYAAT, the recruitment motif for cofactors Met28
andMet4, which is situated near TF Cbfl binding sites, is required for the association of tfie Met4

Met28 Cbfl regulatory complex to target gen&87].

Moreover, DNA shape or DNA flexibility can guide IBNA interactions 103 105. Using

propeller twist, &echnique used to explain DNA flexibility based on it GC content, researchers

found that TFs belonging to the homeodomain POU and Forkhead families prefer sequences with

an enhanced negative propeller twist (more GC content), while TFs that belongC@Hkeand

ETS families prefer binding to sequences with a less negative propeller twist (more AT content)
[105. In addition, binding of one TF can influence the shape of the DNA in a manner that promotes

the binding of a second TF. For example, binding & Nb e nhanc e otheobmaingf aci | i

of eight other transcription factors and three-barding coactivatorsi03.

1.6.2 Characterization of tanscription factors based on DBD

Whereas TFs bind to their DNA binding motifs through DBDs, some, su@w#sand Met4,

which do not contain a DBD, associate with DNA through a DNA binding par®3krfor TFs
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that do bind to the DNA directly, there are different types of DBDs. In fact, TFs can be grouped
into different classes based on the type of DBDttieyg contain. Zinc finger (ZF), Homeodomain,
basic helixloop-helix (bHLH), basic leucine zipper (bZIP), and nuclear hormone receptor (NHR)

are some example83, 103 104.

1.7 bZIP transcription factors

Among the different types of TFs discovered,lthsic leucinezipper (bZIP) proteins form a large
multifunctional family, which is conserved in all eukaryotes. There are about 53 bZIP proteins
identified in humans and 14 bZIP proteins in yed®8[ 109 112. bZIP TFs contain a highly
conserved 6@0 anino acid bZIP domain, consisting of a basic region, responsible for DNA
binding, followed by a leucine zipper coiledil motif [108 110. bZIP dimers form a chopsticks

like structure by dimerization through their leuciripper segments (Figure 1.9AXI® proteins

can either form homodimers or heterodimers. As dimers, they regulate transcription by binding
short DNA targe sites, often in the form of-Base pair palindromed.1(. There are different
groups of families within bZIP proteins whose memlberge similarity in their protein sequences
and DNA binding preferences. This includes activator pretgiAP-1), activating Transcription
Factor (ATF), cCAMP Response ElemdBinding Protein (CREB) and CCAA€&nhancer binding

protein (CEBP). Members withitmese groups can bind together to form heterodini®&110Q.

Among these different groups of families, ATF/CREB members have been extensively studied
and are used as models to understand transcription-fabtarinteraction. Although ATF and
CREB protens were discovered individually, these two families bind to identical sequences in

DNA, and are usually referred to as the ATF/CREB family. They bind to the cAMP responsive
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element (CRE), TGACGTCA, in DNA [11]. There are multiple subfamilies in the ATFEERE

family that function in a variety of cellular process during-stness and stress conditions.

In yeast, transcription factors belonging to ATF/CREB family are Acal, Cst6 (also known as
Aca2), Skol (also known as Acrl), and Hadll]. These transcriptio factors share some
similarities and differences in their structures as illustrated in Figure 1.9B. All four proteins are
highly similar in their basic domain, and they all contain a Lys residue within the basic region, at
a position that is conserved tvia Lys in ATF/CREB, but notin AR [112. Among these proteins,
Acal and Cst6 share a stretch of an 80 amino acid region (known &péa#fc region), which

is not present in the other two proteins. Although these proteins belongs to the same gyoup, th

have distinct biological functions and targets genes as described below for Skol and Cst6.
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Figure 1.9: bZIP transcription factor structures and comparisons. (A) Structure of bZIP
transcription factor. Yeast Gen4 bZIP domain structure is shown, as obtained from the protein data
bank (PDB ID: 2DGQ). (B) Schematic structural comparison between yeast ATF/CREB bZIP
transcription factors. bZIP domains (striped and setatdoxes) and the Aespecific region
(hatched boxes) are indicated. Conserved residues in the basic region are boltedeand

Figures adapted from [Pand [112], respectively.
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1.7.1 Suppressor of Kinase Overexpression 1 (Skol)

Skol, initially identifed as ATF/CREB repressor 1 (Acrl), is constitutively expressed and
composed of 647 amino acidslf3 114. It belongs to the ATF/CREB family due to the fact that

its bZIP domain is highly similar to the bZIP domawmlsmammalian TFs CREB and ATF2,
although theSkol bZIP domain is less similar to the bZIP domains of yeast APs Gcn4 and
Yapl [113]. Usinghis domain, Skol binds as a homodimer to the CRE region in its target genes
[114]. 1t is not required for mitat growth, mating, sporulation, spore germination, or flamentous
growth [113]. However, Skol is associated with promoters of genes involved in glycolysis,
transmembrane transporters, transcription regulators and stress resporisZl]|1118 particular,

Skol is the main TF that regulates the expression of osmotic and oxidative stress response genes,
including the expression of transcription fastand phosphatases that mediategeneral stress
response and the expression of genes that encode protaindirgctly relieve osmotic and

oxidative stressl14, 11T.

Skol plays a unique {bunctional role in transcription: during normal growth, it represses the
transcription of osmotic and oxidative str@sducible genes and upon stress, it activates the
transcription of these same defense genes (Figure 1L18)1[ 6. Its transcriptional repressor
function is dependent on the recruitment of TH@yt8 corepressor complexes to its target
promoters (Figure 1.10AL[L4116. Tupl binds directly to the ferminus of Skol to induce the
repressor functionlf14, 11§. The switch from being a repressor to an activator during osmotic
stress relies specifically on the phosphorylatiotheHogl MAP kinases and the Hoglependent
recruitment of the coactivator SAGAWI/SNF nucleosomeemodeling complexes and RNAP

to induce the transcription of target genes (Figure 1.10B3120]. Studies have shown that the
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interaction between Skol and Tuf¥c8 corepressor complexes is unaffected in the presence of
Hogl duringosmotic stress [115, 116]. In fact, ChIP experiments on Skol target genes, such as
GRE2andAHP1,have shown that the recruitment of Adaaubunit ofthe SAGA complex and

Swi2, subunit of SWI/SNF complex, are reduced in the absence of Tupl indicatingptirtance

of Tupl function during osmotic stress [116]. In addition to the phosphorylation by Hogl, Sko1l is
phosphorylated by the PKA kinase né@rbZIP domain 115 11§. PKA phosphorylation is
important for the nuclear localization of Sko1, for emtiag the repression activity of Skol during

normal growth, and for slightly enhancing the affinity between Skol and the CRE eléddf@nt [

Previous studies have shown that the amount of Skol occupied on the promoter region varies
depending on the targetrgmoter and growth conditions [119, 121]. To date, there are four
different Skol DNA binding patterrthathave been reported during osmotic stress: (i) constant
binding at all time points during osmotic stress and during normal growth conditions; i@li) rap
binding during osmotic stresehenSkol bindingreached itsnaximumafter 15 min; (iii) slow

and gradual binding of Skobbserved after 5 min of osmotic stresghen themaximum
occupancyevel was reached after 30 miand (iv) transient binding witbnly a minor increase

in Skoloccupancy after osmotic stress compared to normal gréehg with the osmotic stress
conditiondependent Skol occupancy, the binding of other proteins, such as other TFs, on Skol
target promoters also determines the biggattern of Skol [119, 121]. For example, TFs Yap4

and Yap6 are bound on promoters where Skol is constantly bound. In addition, some of the
promoters where Skol occupancy reaches maximum after 30 min of osmotic stress were also
bound bytheTF Smpl. Impaantly, Skol is at the top of the transcription network and it associates

with many other targets including Msn2, Msn4, Yap4, and Yap6 during normal growth and
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osmotic stress conditions to regulate gene expression, which emphasizes its importance in yeast

cells [121].
A
( Cyc8 ‘s
e Non-stress condition
G w
B

Hyperosmotic: stress

RNAPol Il

—

Figure 1.10: Skol is a bifunctional transcription factor. (A) During nonstress conditions, it
functions as a transcriptional repressor by recruiting Tupl and Cyeposssor complexes to the
target promotergB) However, during hyperosmotic stress, Skol functions as a transcriptional
activator by interacting witthe HogtMAP kinase. Hogl phosphorylates Skol and recruis co
activator SAGA, the SWI/SNF nuclease remodeling complexes and RRI to induce

transcription of target genes. CRE: cCAMP response element, P: Phosphate group.
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1.7.2 Chromosome stability 6 (%)

Cst6, also known as ATF/CREB activator 2 (Aca2), functions as a transcriptional activator and is
composed of 587 amino acids. Similar to Sko1, it recognises and binds to tH&kERiEB®moter
sequencel[17. Cst6 binds to DNA as a homodimer or a hedereer with the structurally similar

bZIP transcription factor Acalll?. Interestingly, a recent study showed that the Cst6 binding
site has an additional -GT&:AGEE-Bwu e d aguadrhiene5 gn uec
consensus CRE motif, indicatinggsoble different preferences of DNA binding between Cst6 and

other bZIP transcription factor%?].

Genomewide and phenotypic studies have revealed multiple functions for Cst6 including
transcription, cellular respiration, gluconeogenesis, stress respand pseudohyphal growth
[127. Cst6 is essential for survival during ethanol stress and has roles in the utilization of carbon
sources such as glycerol, ethanol, and raffin@ge, [122). CST6deleted yeast cells show poor
growth or no growth when facedth ethanol stress or when ethanol wasdus sole carbon source.

This is kecause, in the presence of ethanol, yeast fermentation is affected and the production of
CQis slow. During this growth condition, Cst6 actival$SE103,agene that encodes arbonic
anhydrase, to convert G@ HCGs, a reaction necessary for yeast cell survival. Under elevated
CO: levels, Cst6 is phosphorylated by Sch9 kinase at serine 266 to réy@iss03activation

[123].

In addition, Cst6 regulates the expression of athid and heat shock stress induced geh&3 |
124, 129. In fact,a previous study has suggested that the derepressi®RBE, anosmotic and
oxidative stressnduced gene, in the absence of Skol depends on the function of Cst6 and Acal

[115]. Phosphorylation of Cst6 at S&99 and Th#01 is induced by oleate and mutation at these
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sites increased thexep r e s s ioxidationogenedi26. In addition, aCST6deletion mutant
showed poor ability to maintaingin plasmidswhile its overexpression resulted in chromosome
instability [127]. Although Cst6 occupancy was identified on promoters of genes with multiple

functional outcomes, G8trelated studies in budding yeasévery limited.

1.8 Rationale and objectives of this study

Sumoylation is a key regulatory protein modification and deregulation of sumoylation is
implicated in various pathological disorders such as, canearpdegenerative diseases and heart
diseases [12]. There are many sumoylated targets identified to date that suggest that sumoylation
plays a vital role in many cellular processes. Specificaligtgins involved in transcription are

one of the largest asses of SUMO substrates-31 11-15]. In fact, proteomic studies have
identified multiple sumoylated proteins from the transcription machinery including transcription
factors, RNAII, transcriptional ceregulators and a variety of chromatin regulatorydesc[1-3,

11-15]. Among these, sequence specific DNiAding TFs represent the largest group of SUMO
conjugates§9]. Previous work showed that SUMO accumulates on transcriptionally active genes,
including constitutive genes and activated inducible génés In addition, the recruitment of
Ubc9, the SUMO E2 conjugating enzyme, was observed on promoters of inducible genes.
However, the promoters of repressed cfinduced genes did not show an accumulation of either
SUMO or Ubc9 70]. These findings indites that sumoylation functions in regulating active

transcription to either repress @o activate the target gene expression

Numerous studies have been carreed to determine the role sumoylation plays in regulating
different TFs. The majority ofrpvious studies suggested that transcription factor sumoylation was

involved in transcriptional repression or deactivation [@9]. This is mostly achieved by
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recruiting various repressor complexes to chromatin, by interfering with protein modifichbns t
promote transcription, or by facilitating promoter clearance of transcription factors. However,
some recent discoveries also suggest that transcription factor sumoylation is involved in

transcriptional activation by enhancing transcription factor bigdo target promoters [189,

85).

Based on the previous findings, we know that the effects of sumoylation vary with different target
TFs. Regardless of these findings, it is still not clear whether sumoylation has a general role in
regulating TFs. Indct, there have been more TFs that were identified to be potential SUMO
substrates, which still need to be investigated in order to shed more light on sumoylation functions.
In addition, majority of earlier studies were conducted in normal growth corglititowever, a

drastic accumulation of sumoylated proteins were observed during stress conditions, as explained
by the SUMO stress responst]. Therefore, it is important to study whether the function of

sumoylated TFs changes from a normal growth candit a stress condition.

A prior work in our lab showed that the bZIP TF Gcn4 is sumoylated during amino acid starvation,
and this modification aids in its removal from the promoters of target genes through Srb10
phosphorylatiormediated degradation of moylated Gcn4 [83]. To extenithe investigation on
whether sumoylation play a general role in regulating TF association with chromatin, my PhD
dissertation focused on determining roles for sumoylation in regulating the function of two other
yeast §. cerwisia® genespecific bZIP TFs, Skol and Cst6. The experiments were conducted
during normal growth conditions and stress conditions, to elucidate more functions for SUMO.
Large scale proteomic studies discovered Skol and Cst6 as potential SUMO targie¢sfasid

step of these projects was to validate sumoylation of both these proi@®43(. Once
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sumoylation was confirmed, changes in sumoylation under different stress conditions were tested
to determine which stress condition to use for additionalies. Then, wealentifiedthe SUMG

site(s) on these two TFs to generate mutants to block sumoylation. Themrtna and nor
sumoylateable fons of these two TFs were usada variety of experiments, such as growth
analysis/cell fithesgrotein stabity, expression of target genesd ChlIP, t@xplicitly determine

whether sumoylation affects the association of Skol and Cst6 with chromatin.
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2.1ABSTRACT

Sequencapecific transcription factors (TFs) represent one of the laggesps of proteins that is
targeted for SUMO podtanslational modification, in both yeast and humans. SUMO
modification can have diverse effects, but recent studies showed that sumoylation reduces the
interaction of multiple TFs with DNA in living cell8Vhether this relates to a general role for
sumoylation in TF binding site selection, however, has not been fully explored because few
genomewide studies aimed at studying such a role have been reported. To address this, we used
genomewide analysis to eamine how sumoylation regulates Skol, a yeast bZIP TF with hundreds

of known binding sites. We find that Skol is sumoylated at Lys 567 and, although many of its
targets are osmoresponse genes, the level of Skol sumoylation is netegfuéested and the
modification does not depend or impinge on its phosphorylation by the osmostress kinase Hogl.
We show that Skol mutants that cannot bind DNA are not sumoylated, but attaching a
heterologous DNA binding domain restores the modification, implicating DNArmras a major
determinant for Skol sumoylation. Genoemiele chromatin immunoprecipitation (Chdeq)
analysis shows that a sumoylatideficient Skol mutant displays increased occupancy levels at

its numerous binding sites, which inhibits the recruitmdrthe Hogl kinase to some induced
osmostress genes. This strongly supports a general role for sumoylation in reducing the association
of TFs with chromatin. Extending this result, remarkably, sumoylataficient Skol binds
numerous additional promotefsat are not normally regulated by Skol but contain sequences that
resemble the Skol binding motif. Our study points to an important role for sumoylation in
modulating the interaction of a DNBound TF with chromatin to increase the specificity of TF

DNA interactions.
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2.2INTRODUCTION

Sumoylation is an essential eukaryotic pwahslational modification that functions in many,
predominantly nuclear, cellular processes, such as DNA repair and transcription, by regulating
target protein localization, staltii or interactions with othreproteins or with chromatin {5].

The modification involves the covalent attachment of a-kik2 SUMO @Gmall Ubiquitin-like
Modifier) peptide to specific lysine residues on substrate proteins through -&timgee cascade

that is analogous to ubiquitination [1]. In contrast to ubiquitination, however, the sole SUMO E2
conjugating enzyme Ubc9 can recognize its substrates via the consensus SgueiEewhere

g is a hydrophobic residue, K is the modified lysine and x is amino acid [6]. Although
thousands of proteins have been identified as potential SUMO targets, modification levels of
individual proteins are typically low and can be contly the desumoylatingction of SUMQ
specific isopeptidases (SUMO protegsaxluding the SENP family imammals, and Ulpl and

Ulp2 in budding yeast [3,7,8]. On a bl level, cellular sumoylatioman be coordinately
regulated, which is exemplified byalfSUMO stress response, a raipickease in overall SUMO
conjugation that is luserved in bth yeast and mammalian cells iesponse to various stress

conditions, including temperatyrexidative, and osmotic stregl 9-12].

Chromatin immunoprecipitation (ChlP) analyses, both geraide and on individual genes,

have demonstratechdt sumoylated proteins are detected specifically at promoter regions of
constitutively active and induced genes, suggesting that the modification is important for
regulating early steps of transcription {13]. Supporting this, proteomics studies haantdied
subunits of the general transcription factors (GTFs), RNA Polymerase Il (RNAP I1), and Mediator
as SUMO conjugates in yeast, Drosophila, and human cells [18]. Moreover, one of the largest

groups of SUMO substrates, with over 300 substrates igsshiif human SUMOylome analyses,
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is sequence/germpecific transcription factors (TFs) [3, 19]. Numerous studies have characterized
the role of sumoylation on individual TFs, and in most cases the modification is associated with a
repressive effect on traaription of target genes [5, 44]. For example, upon sumoylation,
NFAT, Elk-1 and MafG interact with histone deacetylases (HDACSs) to condense DNA and restrict
access of the transcription machinery, whereas sumoylation of the Forkhead Box TF FoxM1b
promdes its cytoplasmic retention and ubiquithediated degradation, thereby limiting its access

to target genes [225]. Why a transcriptionally repressive mark like SUMO is enriched at

promoter regions of transcriptionally active genes remains unknown.

Prouding a possible explanation, studies on two basic leucine zipper (bZIP)aoot#ining TFs,

yeast Gen4 and human FOSKgs), showed that promotassociated sumoylation is important

for regulating their occupancy levels [28]. DNA-bound Gcn4 and FO&e sumoylated during

active transcription, and the modification promotes their clearance from DNA. This limits the
association of these TFs with their target genes once they are activated, which likely serves to
prevent excessive gene expression. Congigtith this, ChlP studies have shown that sumoylation
modulates the chromatin occupancy of multiple other TFs, including human TFs FOXAL, MITF,
c-Maf, and the androgen and glucocorticoid nuclear receptor83RHow sumoylation affects

TF occupancy isat always known, but in some cases SUMO modifications directly affect DNA
binding. For example, modification of SP1, specifically by the SUMO2 isoform, reduces its DNA
binding activity in an in vitro assay [34]. These studies have led to speculationrti@tlation

has a general role in controlling the interaction of TFs with their target sites on chromatin [19].
This can serve to regulate the expression levels of target genes, but another possible function for
SUMO-mediated modulation of FEhromatin inteactions is in binding site selection. Multiple

factors, in addition to DNA sequence, play a role in determining what genomic sites are recognized
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and bound by TFs, including genomic context, DNA modifications, the nature of flanking DNA
sequences, and araction with cofactors [35, 36]. However, it is not known whether sumoylation

plays a role in regulating binding site selection for TFs across eukaryotes.

To address this, we examined how sumoylation regulates the bZIP TFSBbptgssor oKinase
Overexpressionl) from the budding yeasaccharomyces cerevisia8kol was identified as a
putative SUMO target in multiple proteomics screens, suggesting that its activity or association
with chromatin is regulated by sumoylation {39]. It was first charaetized as a repressor of
CAMP response element (CREQntaining genes, such H$S3andENAY, that are induced after
exposure to osmotic stress {48]. Repression by Skol involves recruitment of the Tup1/Cyc8
corepressor complex, and relief of repressamcurs during osmotic stress as a result of
phosphorylation by the activated MAP kinase Hogl [40, 444A441n addition to functioning as

a repressor, Skol was subsequently shown to be involved in the induction of some stress response
genes, through thédogl-dependent recruitment of the SAGA and SWI/SNF nucleosome
remodelers to promoter regions bound by Sko1/Tup1/Cyc8 complexes [45, 47, 48]. Gademe
analyses showed that Skol is constitutively associated with >250 gene promoters and that osmotic
stressresults in a general redistribution of Skol, with some genomic sites showing stress
dependent gain or loss of Skol, while occupancy at other sites remains unchang&fl [49
Nonetheless, many Skol binding sites are not associated with genes speaificdgd in the

osmotic stress response, ank o0 dellp show no growth defect in high osmolarity medium,

suggesting that the TF plays a wider role in gene regulation [45, 49].

Here, we demonstrate that Skol is indeed a SUMO target and that the modificatibons

primarily in preventing Skol from associating with nonspecific sites on the genome. We identify
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Lys 567 as the major SUMO modification site on the TF and show that Skol sumoylation is a
constitutive modification whose levels do not significantlyange under different growth
conditions, including osmotic stress. DNA binding activity is necessary for Skol sumoylation in
vivo, implying that the modification takes place after Skol associates with chromatin.
Significantly, our genom&vide analysis sbws that a sumoylatiedeficient form of Skol shows
increased occupancy levels at its binding sites and is found at numerous additional promoter
regions across the genome, when compared with sumoylatable Skol. Intriguingly, although the
consensus Skol bimgy motif is largely absent from these additional sites, most contain sequences
that resemble the motif. Taken together, our results imply that a key function for sumoylation is in
controlling the association of a DNBound TF with chromatin to increases ibinding site

specificity.
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2.3MATERIALS AND METHODS

Yeast strains and plasmid

Yeast strains used in this study are listed in S1 Table.-@kallHogltagged strains were epitope
tagged using homologous recombination as previously described [69]. Strains &K©Oh
deletion were generated using a KanMX deletion cassette by homslgambination. Plasmid
Gal4DB-K450E was generated by P&Rsed sulloning of thesko:K450E coding sequence

into vector pGBT9 at the Smal restriction site. It was then transformed into the HF7c yeast strain,

which contains two genomic reporter genehw@tl4 binding sites.

Yeast growth assay (fispot assayo)

Yeast cultures were grown overnight in appropriate liquid medium and diluted to an optical density
(OD at 595 nm) of 0.2. Then, cells of each strain were spotteebgidiele in fivefold serial
dilutions on solidmedia plates with or without indicated osmotic stress conditions. Plates were

incubated at 30eC and images were taken after

Preparation of yeast lysates and immunoprecipitation (IP)

Yeast cultures (460 mL) weregrown in appropriate liquid medium to miidg phase (OD595

nm of 0.5 to 0.7). Osmotic stress was induced by adding NaCl to a final concentration of 0.4M for
the indicated time points. Cells were then harvested by centrifugation at 3000 g for 5 mirgdollow
by a wash with IP buffer (50 mM Tr4CI, pH 8, 150 mM NacCl, 0.1% Nonidet4®d (NP40), 1X

yeast protease inhibitor cocktail (BioShop), 1 mM phenylmethylsulfonyl fluoride (PMSF), and 2.5
mg/mL N-ethylmaleimide (NEM)). Cells were lysed with glass bead®ibuffer containing 0.1

mM dithiothreitol for 30 min at 4¢C. The |y
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centrifuged twice to remove insoluble materials. Samples were either analyzed by immunoblot or
used for IP. For IP experiments, an aliquoyeést lysate was retained as input sample, and the
remainder was incubated overnight with ddfi agarose beads or Protein G agarose with HA
anti body at 4eC. | Ps w-eolddP buffarplbse0d % NRYO, anel twice me s
with IP buffer aloneBeads were then resuspended and boiled with SDS loading buffer for 3 min,

prior to analysis by the indicated immunoblots.

Denatured immunoprecipitation (IP)

Yeast cultures (50 mL) were grown in YPD medium to an OD595 nm of ~0.65. Cells were
harvested bgentrifugation at 3000 g for 5 min and washed with 20% trichloroacetic acid (TCA).
Washed cells were then lysed with glass beads in 20% TCA. Lysates were precipitated and washed
with 5% TCA and resuspended with modified SDS buffer (60 mM Tris pH 6.7, 5% 2
mercaptoethanol, 1% SDS, few drops of a bromophenol blue solution) prior to boiling for 5 min.
Boiled samples were centrifuged at room temp
supernatant was retained as input sample and the remainder waswdtlutéenaturing IP buffer

(50 mM Tris pH 7.4, 150 mM NacCl, 0.5% NP40) containing 0.5 mg/mL of bovine serum albumin.
Diluted samples were then incubated overnight with-llmi agar ose beads at
washed three times with imld denaturing IP bigr. Beads were then resuspended and boiled

with SDS loading buffer for 3 min prior to analysis by the indicated immunoblots.
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Chromatin immunoprecipitation (ChlP)

Yeast cultures (50 mL) were grown in YPD medium and induced by osmotic stress as indicated

for IP procedure. Cells were then crdisked with 1% formaldehyde for 20 min, followed by 5

min of quenching with 282 mM of glycine. Cells were pelleted by centrifugation and washed twice

with ice-cold TBS (20 mM TrisHCI, pH 7.5 and 150 mM NacCl), then ChIP buffer (50 mM
HEPESKOH, pH 7.5, 150 mM NaCl, 1 mM EDTA, 1% Triton-X00, 0.1% sodium deoxycholate

and 0.1% SDS). Washed samples were resuspended in ChIP buffer and lysed with glass beads
using a mini bead beater. The lysed materials were isdtatadylass beads and sonicated to yield

an average DNA fragment size of 300 to 500 bp in length. Samples were then centrifuged at 14,000

g for 5 min. To the isolated supernatants, additional NaCl was added to a final concentration of
225mM. ForIP,saled ] ust ed supernatants were incubated
(Dynabeads, Thermo Fi sher SciHA({@ovus)armousepatie b o un
MYC (NEB) antibodies. IPs were washed with four different buffers for 4 min in the foitpwi

order: (1) ChIP buffer with 275 mM NacCl; (2) ChIP buffer with 400 mM NaCl; (3) A buffer
containing 10 mM TriHCI, pH 8, 0.25MLIiCIl, 1mM EDTA, 0.5% N0 and 0.5% sodium
deoxycholate; (4) Tri€DTA buffer (10 mM TrisHCI, pH 8 and 1 mM EDTA). Washed bead

were then incubated in ChlIP elution buffer (50 mM -HiSI, pH 7.5, 10 mM EDTA and 1% SDS)

for 10 min at 65e¢eC. Bound material was 1isol at
37e¢eC, then with proteinase K, sampled ®egeGncubadted 1 h.
overnight at 65eC. DNA was purified and recov
Fisher) followed by a quantitative PCR using primers listed in S2 Table. Results from qPCR were
normalized to an untranscribed region of @hosome V for Figure 2.2C, then an internal control

gene PMAL, for other ChIP analyses. ChIP experiments were repeated at least three times and the
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averages were plotted with the standard deviations shown as error bawisBastatistical
analyses wer@ er f or me d btgst (Hdguned222Q,t26BA, 2.6D, 2.6E, 2.6F 28),
whereas statistical comparison of sets of dat23B and235 Figures were performed by
ANOVA. Asterisks indicate a significant difference wiRkvalues less than 0.05 for Chdiad RT
gPCR analyses, whereas pairs and setsRwithlues greater than 0.05 are unmarked or marked as

An/ s. o

Isolation of RNA and reverse transcription (RT)

RNA was isolated as previously reported from 10 mL yeast culture and subjected to DNase
treatmentf 7 0] . Reverse transcri pt i-beeRNAagng Saiptf or me
cDNA synthesis (BieRad) followed by qPCR. mRNA levels were normalized to an internal

loading control, 25S rRNA. Primer sequences used for these experiments are listechbieS2 T

Error bar represents the standard deviation of three replicates.

ChIP-seq and analysis

For ChIRseq analysis, ChIP was performed as described above, but scaled up as appropriate.
Namely, culture volumes were 20Aantibbdywaspre i ch (
bound to 40 €L of Dynab esgexperimewdescribedbabavecweree s o
performed, with sequencing libraries generated for both IP and input samples for Replicate 1, but
only IP samples were sequenced for Replicat@?aries were prepared using the NEBNext Ultra

[l DNA library prep kit (New England Biolabs), and pairedd sequencing (two times 126 bases)

was performed using an lllumina HiSeq 2500 instrument at The Centre for Applied Genomics

(TCAG) at the Hospitafor Sick Children (Toronto). Raw and processed sequencing data files
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have been uploaded to the NCBI Gene Expression Omnibus (GEO) with accession number

GSE118655.

For differential binding analysis, which was performed at TCAG, sequencing reads were, aligned
and peaks assigned as follows. Sequencing adaptors were trimmed using Trim Galore! (version
0.0.4) running Cutadapt (version 1.10) with the following parameters: quality scesff oti25,

six nucleotides were removed from 50 ends, lllumina univedsgitar sequences were removed,
stringency setting of 5, sequences shorter than 40 nt after trimming were discarded, and only pairs
of reads were retained. Trimmed forward and reverse reads were then aligned to the sacCer3
reference genome using Bowtie2 sien 2.3.2) [71]. Peak calling was performed using the
MACS2 peak assignment tool (version 2.1.1) [72] in paged mode, with a genome size of
1.2e7, and using corresponding input samples derived from Replicate 1 as controls for peak calling
for both Relicates 1 and 2. The default statistical significance cutoff was applied: 0.05 tpr the
value, which is the falsdiscovery rate (FDRadjustedp-value, calculated using the Benjamini
Hochberg correction. Fold enrichment (FE) is calculated as the foicherent for each peak
summit against a random Poisson distribution with local lambda. A set of consensus peaks was
assembled using DiffBind (version 2.2.12), such that each peak was identified in at least two
independent samples from both replicates, srotéherwise noted. Binding affinities were
determined and compared using DiffBind based on the number of ChIP read counts (log2 of
normalized ChIP read counts with input read counts subtracted) (S5 Table). Because input samples
were derived only for Replate 1, and Replicate 2 had consistently lower read counts, the replicate
number was used as a blocking factor for batch correction in the statistical model used by DiffBind
when calculating the affinity scores. Peaks were annotated with all genomic Seattinia 5 kb

of consensus peaks using ChiPpeakAnno (version 3.12.7; Bioconductor Package) [73], with the
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reference genome annotation package TxDb.Scerevisiae.UCSC.sacCer3.sgdGene. Differential
binding data provided by TACG was then used to generate hestimalisplay paiwise fold

changes in binding occupancy levels (Figure 2.6B) using the Heatmapper web tool [74].

For peak number analysis (Figures 2.3, 2.4, 2.528%), sequence read alignments and peak
calling were performed as described above, wité following notes and exceptions. Peak
assignment normalization for Replicate 2 was performed using either the input controls from
Replicate 1, or using local genomic bias from the ChIP samples, themselves (i.e. without a control)
[72]. Both methods proded similar results, with the latter used to produce the data shown in
Figures 2.4, 2.5 an?2lS2. Some computations were performed using the Niagara supercomputer at
the Sct Net HPC Consortium. Lists of identified peaks, excluding peaks found with the
mitochondrial genome, are presented 283 Table. Peak analysis, including identifying
overlapping peaks among data sets (findOverlapsOfPeaks fur$bmable) and the distribution

of peaks across gene features (assignChromosomeRegion function) were quericimg
ChiPpeakAnno. Frequency of motif occurrences within peak sets (Figures 2.4D and 2.5C) was
determined using the summarizePatterninPeaks function within the ChiPpeakAnno toolset. De
novo motif discovery was performed using the MEME analysis toohtbcated peak sets using

41 nt surrounding peak summits and restricted to motifs of 6 to 12 nt in length [75]. An analysis
with 81 nt surrounding peak summits was also performed, which resulted in similar results.
Visualization of peak alignments (FiguPe6C) was performed using the Integrative Genomics

Viewer (Broad Institute) [76].
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2.4RESULTS

Skol is sumoylated at Lys 567 in yeast grown in hormal conditions

Previous studies demonstrated that for two different bZIP TFs, Gen4 in budding yeast and human
FOS, sumoylation acts to restrict their association with DNA thereby preventing excessive
expression of target genes {28]. We examined published lists of swtated proteins that were
generated through proteomics analyses and identified 28 additional bZIPcordtifning TFs

that are probable SUMO targets, foulSncerevisia@and 24 human proteins (Figure 2.1A) [4,8].

This represents almost half of known BZTFs in these species and suggests that sumoylation is

a common mechanism of regulating their functions. To explore this, we selected for further study
the yeast bZIP TF Skol which was identified as a SUMO target in-$&aje studies, but the

effects ofits sumoylation have not yet been reported 39F.

A yeast strain was generated that expressesean@inal 6xHAtagged form of Skol (Skol.HA)

from its natural locus and we confirmed that the presence of the tag does not affect cell growth
under normal md osmotic stress conditions (& Figure). Cell lysates were analyzed using the
same procedures that were previously used for examining sumoylated proteins in yeast, i.e. HA
immunoprecipitation (IP) followed by HA and SUMO immunoblotting (ddaterials ard

Method$ [27, 28, 52]. Protein bands of the molecular weights expected for sumoylated Skol were
detected in the SUMO i mmunobl ot , including a
are multt or poly-sumoylated, confirming that Skol is sunetgld (Figure 2.1B). Supporting that

the sumoylated species detected in the immunoblots correspond to modified Skol specifically, we
repeated the analysis using protein samples that were prepared under denaturing conditions (i.e.

precipitation with trichlooacetic acid, TCA), which again showed bands of the expected size in
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the SUMO immunoblot (28 Figure). These results confirm the observation made in multiple

proteomics studies that Skol is sumoylated in yeast grown in normal conditie3®][37

We analyed the polypeptide sequence of Skol using a St#iOprediction tool, GRSUMO

[53], and identified Lys 567, which is within a SUMO consensus motif, as the most likely site of
SUMO modification. To test this, we generated a yeast strain expressing IK&67&-mutant

form of Skol.HA from theSKO1llocus (hereafter referred to as SKdTI), and examined its
sumoylation by IHmmunoblot. As shown in Figure 2.1C, Sk is expressed at normal levels,

but the mutation virtually abolishes its sumoylation, intingathat Lys 567 is the major site of
sumoylation on the protein. This residue lies in thee@ninal part of the protein, significantly
downstream of the bZIP DNA binding motif, the Hogl and PKA phosphorylation sites, and the
region of the protein requad for nuclear entry, and therefore defines a novel regulatory region on
Skol (Figure 2.1D) [54]. A higher molecular weight form of Skol that is detectable in HA
immunoblots of SKoWT (asterisks irFigures 2.1B, 2.1C, 2.1E and %), but is not present in

the SkoIMT IP lane in Figure 2.1C, corresponds in size to monosumoylated Skol, implying that
both unmodified Skol and its major sumoylated form can be detected on the same HA
immunoblot. Taking advantage of this, we used densitometry to measure trsgyndémands
corresponding to unmodified and monosumoylated Skol and determined that at least 13% of Skol
is sumoylated in normally growing yeast. Nonetheless, sumoylation of Skol is not required for
cell viability as theskoEMT strain grew as well asrains expressing Sked/T on rich (YPD) or
synthetic complete (SC) media (BS Figure). This result is not surprising sirf@k€Olitself is not
required for normal yeast growth (esgk oid 281C Figure and [44]), but our data indicates that,

at any giveniime, a significant fraction of Skol polypeptides are modified by sumoylation.
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Figure 2.1: Skol is constitutively sumoylated at Lys 567(A) List of yeast and human bZIP
motif-containing proteins that have been identified as putative SUMO targets in published
proteomics studies(B) Lysates from yeast strains expressing 6xtdgged Skol from its
chromosomal locus, or a strain with no Haggedproteins No tag, were examined by HA IP

and immunoblot analysis with HA and SUMO antibodies. Inputs represent approximéi@dp 5

of the IPed materia(C) A yeast strain was generated with a chromos@kalK567R mutation
(Sko:MT.HA) and used for IRmmunoblot analysis, as i(B), alongside No tag and Skol
WT.HA controls. (D) Schematic of the Skol protein indicating bZIP DNA binding domain,
regions targeted by Hogl and PKA kinases, region required for nuclear entry [54], and the primary
site of sumoytion, Lys 567, which is found within a SUMO consensus motif, VK&.IP-

immunoblot analysis of lysates from tSBKOXWT.HAst r ai n grown i n SC medi

or SC medium treated for 20 min with 0.5
starvdion), 0.4M NaCl (osmotic stress), 1 mMM2 O2 (oxi dative stress)
(temperature stress), as (). (F) Spot assay comparing growth of indicated strains in various
types of osmotic stress. Approximately 10,000 cells were spotted oaftmeolst position and

serial fivefold dilutions were spotted on adjacent spots to the right in each panel. Media plates
were imaged after two days. Asterisks (*) indicate position of the major @nsunmoylated form

of Skol in each immunoblot.
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Skol sumoylation is not affected by osmotic stress

To examine whether sumoylation might regulate Skol in response to high osmolarity or other
types of stress, thEKOXWT strain was grown in different conditions, and the level of Skol
sumoylation was detmined in each condition by {fhmunoblot analysisAs shown in Figures

2.1E and 2% D, compared to growth in nor mal medi um
were essentially unchanged after exposure to osmotic, oxidative, or temperature stressg or dur
amino acid starvation (through addition of sulfometuron methyl, SM, to growth medium) [55].

This indicates that sumoylation of Skol does not occur as part of a stress response but that the
modification regulates Skol constitutively. Cellular levelsS&bl in SKOXWT and sko:tMT

strains were approximately the same under normal growth conditions, and remained constant
during osmotic stress, implying that sumoylation does not act to regbkate stability or
abundance (28 Figure). Moreover, thekoEMT strain grew as well as the strain expressing
SkoX:WT on a variety of osmotic stress media, indicating that Skol sumoylation is not required

for cell survival during osmotic stress (Figure 2.1F). However, Skol itself is not required for
survival during osmatic stressg k oild Fjgure 2.1F and [45]), reflecting that its role in regulating

the transcription of target stress response genes has more subtle consequences, and that the effects

of sumoylation on Sko1l function are likely intricate (see below) [48].

Skol sumoylation does not depend on or influence its phosphorylation

Many SUMO modifications show codependence or interference with other types of
posttranslational modifications, including phosphorylation, on the same protein [19, 56]. To
determine whethreprior phosphorylation by Hogl or PKA is required for Skol sumoylation, we

generated yeast strains expressing mutant forms of Skol.HA, including Skol (pMT.Hog1l), which
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contains Ala substitutions at the three Hog1l target residues (Ser 108, Ser 126, Ah8),Taind

Skol (pMT.PKA), which has Ala substitutions at the three PKA target Ser residues (380, 393, and
399) [44]. The strains were then grown untreated or treated with NaCl for 10 min prior to the
preparation of lysates and subsequent examination-byifRinoblot. As shown in Figure 2.2A,
normal levels and patterns of Skol sumoylation were observed in the SUMO immunoblot analysis
of both the Skol (pMT.Hogl) and Skol (pMT.PKA) forms of Skol.HA. This indicates that

sumoylation of Skol occurs independemtyts prior phosphorylation by Hogl or PKA.

Next we examined whether sumoylation can influence subsequent phosphorylation of Skol by
Hogl, which occurs in response to osmotic stress [44]. HA immunoblot analysis eé\Skixdm

cells grown in osmotic stss showed a mobility shift that is consistent with its phosphorylation

and similar to a mobility shift that was previously reported (Figure 2.2B) [44]. The-NaCl
dependent shift occurred for both the prominent band in the immunoblot, which corresponds to
unsumoylated Skol, as well as for the monosumoylated form of-Bkb{compare lanes 1 and

2 in upper and lower panels of Figure 2.2B). SKOL also showed a Na&lependent shift in
migration during osmotic stress (compare lanes 3 and 4). To examine thés,fure repeated the

HA immunoblot analysis using a phosphateding compound present in the acrylamide mix that
enhances detection of phosphorylated protein isoforms duringPSR& EPhgsfiago) [ 57 ] .
shown in 23F Figure, prominent highenolecular veight bands appeared after treatment of either
SKOXWT or skotMT st r ai ns wi t-Ro0)NaCwhi(dilSkwéd -metidtedi but e
phosphorylation since this shift was not observed m @ g &trgan. Together, these analyses
indicate that sumoylation is not a gexuisite for Skol phosphorylation during osmotic stress but

suggests that both unsumoylated and sumoylated Skol can be phosphorylated by Hogl.
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Figure 2.2: Skol sumoylation shows no interdependence with phosphorylation but requires

DNA binding. (A) Yeast strains expressing WT, MT, Hogl Kkinase -sitdant
(ASkol(pMT. Hogl) o; S108, 126-Aut amltl 3ANRN Sk ol ( pAKTA
S380,393,399A) forms of Skol.HA were grown in untreated medium or with 0.4MNaCl for 10

min. Lysates were then prepared and subjected-bmifunoblot analysis as in Figure 2.1(B)

HA immunoblot analysis of lysates froBKOXWT.HAandsko:MT.HA strains tlat were grown

in untreated medium, or with 0.4MaCl for 10 min. A longer exposure is shown to highlight the
differential migration of the sumoylated (higher molecular weight) form of Sko1l.HA in the first

two lanes.(C) Yeast strains expressing no Ha&ggel pr ot eins or WA56) K450E
forms of Skol.HA, were grown in normal conditions or treated with 0.4M NaCl for 5 min, then
crosslinked for HA ChIP analysis. gPCR was performed on promoter regions of two Skol target
genes,RTC3 and ENA], and a nofBkol target gene, PMAL. Error bars represent standard
deviation of three independent experiments. Asterisks (*) indicate that the compared data pairs are
statistically different (P < 0.05; sééaterials and Methods(D) IP-immunoblot analysis of lysates

from yeast strains expressing indicated forms of Skol.HA, performed as in FiguréE).1B.

immunoblot analysis of lysates from strains expressing WT, K450E, or-[Bé binding
domainfused SkoiK450E (GalDBK450E) foms of Skol.HA.
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DNA binding is necessary and sufficient for Skol sumoylation

To investigate whether Skol becomes sumoylated prior to, or after binding target DNA sequences,
we tested if its DNA binding activity is necessary for the modification to take place. Lys 450 of
Skol is at a conserved position in the bZIP motif, and ad&¥3lu mutation of the corresponding

Lys in the human bZIP TF CREB1 abolished its ability to bind DNA [43, 58]. We constructed
yeast strains that expresses an analogous K450E mutant form of Skol.HA, or Skol.HA with a 12
amino acid residue deletion surroumdy L y s 4 856), To cphfidnmitiat these mutant forms

of Skol are indeed defective in DNA binding, we performed ChIP analysis at the promoter regions
of the RTC3andENAlgenes, both of which are bound by Skol during osmotic stress [49, 50],
andPMAY, which is not targeted by Skol [48]. As expected, treatment &KI@LEWT strain with

NacCl led to rapid recruitment of Skol to the RTC3 and ENAL promoters, but not to the promoter
of PMAL (Figure 2.2C). For both SkeH 4 5 0 E an d 1836) Howegef, Aokcsuitment

was detected, indicating that both forms of Skol are indeed defective in DNA binding. WT, MT,
and the DNAbinding-deficient forms of Skol.HA were then examined byirtfnunoblot, and,

as shown in Figure 2. 2D, i4566)ferms were expresded anthilPedK 4 5 0 |
at levels comparable to Sk&¥T, neither showed a signal on the SUMO immunoblot. This
indicates that Skol that is not able to bind DNA is not sumoylated and suggests that the

modification takes place only after the TF binolsts target DNA sites.

To determine whether DNA binding itself can trigger Skol sumoylation, we constructed an
expression plasmid that generates the DNA bindieficient form of Skol.HA (K450E) fused to
the DNA binding domain of the transcription activa Gal4 (construct Gal4DBA450E).

Strikingly, when introduced into a yeast strain that contains multiple Gal4 binding sites, the fusion
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protein showed high levels of sumoylation (Figure 2.2E). This indicates that DNA binding itself
can restore SUMO moddation to the SkoK450E mutant, and strongly implies that DNA

binding is a major determinant for Skol sumoylation.

Genomewide identification of Skol-WT and Skol-MT binding sites

To explore whether sumoylation regulates the association of Skol with ¢hr@nas binding

sites genomavide, we performed HA ChIP followed by neg¢neration sequencing (Ch#eq)

for bothSKO1XWTandsko:MT strains, under normal growth and after exposure to osmotic stress
(0.4M NaCl for 5 min). Skol binding sites (peaks)revédentified, using the MACS2 software
tool, through detection of genomic regions with statistically significant Skol occupancy in IPed
samples relative to background levels from input samples (statistical significarafé alig <
0.05). Numerous peaksere identified for both SkeWT and SkoiMT in both untreated and
osmotic stressreated (+NaCl) sames (Figure 2.3A and 2.3B and 23able), including peaks
near many known Sketegulated genes (gure 2.3C and see 8 able). NaCl treated samples
hadsomewhat fewer identified peaks than untreated samples for bothV&kaihd SkoiIMT,

which likely reflects the osmotic streassociated binding dynamics of Skol in which its levels
are reduced on some targets-pld. Consistent with previous geno+sealebinding studies,
occupancy levels of Ske&VT range widely among its binding sites, with about half showing
relatively high occupancy levels (at least a4l enrichment in read density compared to input,
FE > 2; Figure 2.3A and 2.3C), including bindisiges for some known Skol target genes, as
indicated in Figure 2.3C [4B1]. Supporting the effectiveness of this Cisi&yy experiment, we
compared it with a previous Skol CkhBq study using the ChIPPeakAnno analysis toolkit and

found that 80% of the pka in our SkoIWT set were also identified in that study [50].
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Furthermore, a search for recurring sequences in the\BKofieak set from our analysis produced
the previously reported Skol binding motif, ATGACGT, with very high confidence (Figure 2.3D)

[50,59].

Skol-MT binds more promoter regions than SkotwWT

Intriguingly, the ChlIPseq analysis showed that Skietll binds dramatically more sites than Skol

WT, in both untreated and +NaCl samples (66% and 47% more peaks, respedtiinege 2.3A

and 2.3B, an®@S3 Table). To confirm this observation, we performed an independent ChiPseq
replicate experiment (Replicate 2), which again showed more binding sites foiM3ktiian
SKoXWT in untreated and +NaQlonditions (2S2A and 2B Figures). Overall, Replicate 2
showed consistently lower normalized read counts (i.e. occupancy levels) than Replicate 1 and it
consisted of many peaks of low fold enrichment that werehaapbsent from Replicate 1 (28
and2X2C Figures). As we did not produce an input control seR&plicate 2, this might reflect

that peak assignment normalization was performed by other methods for this replicate (see
Materials and MethodsNonetheless, a large number of overlapping peaks were identified in each
analysis between the two replica{@s2C Figure, left and S3 Table), and, when only peaks from
Replicate 2 that have high fold enrichment (FE > 2) were considered, 75% to 91% were found to
overlap with peaks from Replicate 2C Figure, right). Importantly, each replicate identified
morepeaks bound by SkelT compared with SkoIVT, regardless of whether yeast were grown

in normal or osmotic conditions (compare Figure 2.3A ®BAA Figure). To increase confidence

in our results, the peak analyses described below were performed usirgnaintg sites that
were identified in both replicates for each

overlapping peak sets also showed dramatically higher numbers of peaks favi'Skban for
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SkoXWT in untreated and +NaCl conditiorBD and2S2E Figures). Lists of peaks identified
in each replicate and in the overlapping peak sets are presen@sB iand 234 Tables,

respectively.

We next performed a detailed analysis of the Skolland SkoIMT peaks derived from normally

growing yeast (untreated) from the overlapping peak sets. Nearly all the 20f%\gkbinding

sites were also bound by SkMIT, but SkotMT was found at an additiah 277 sites (Figure

2.4A). This is not the result of random binding of SR4T at positions across the genome because

~90% of the peaks that are unique to ST ( AMT onl yo) are found ne
which is only slightly higher than the ratio pfomoterassociated peaks in the SKaAT set

(Figure 2.4B). Promoter regions include 2000 nt upstream, and 200 nt downstream, of
transcriptional start sites (TSSs), which encompasses the upstream activation sequences (UASS)

to which TFs typically bind [600 Peaks that are unique to SK8AT ( AWT onl y o) s h
somewhat different distribution, with about one third appearing in regions immediately
downstream of gene ends, but this might be skewed by the small number of peaks (20), and its
significance is noknown (Figure 2.4B). For a more detailed analysis of the position of peaks, we
plotted their distribution around TSSs (Figures 2.4C 2881). MT-only peaks show a slightly

more focused distribution than peaks that are common to both the/fkehd MTsé s ( i WT &
MTO0), but they are predominantly situated arolt
to the distribution of WT & MT peaks. These results indicate that Skol that cannot be sumoylated
binds to numerous additional promoter regions immadly growing yeast, thereby implicating

sumoylation in binding site specificity.
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throughout this study, if two peaks ame sample both overlap with the same peak in another
sample they are counted as a single overlapping peak. This results in slightly fewer total peaks for
each sample in the Venn diagram compared with the number of identified peaks |&$&daind

2 Tables and in panéh). (C) Distribution of fold enrichment values for the peaks identified in

the untreated Ske?®vVT sample, with peaks of select known Skol target genes indicated with FE
values shown in bracketfD) Motif discovery analysis, using MEMEool, of the sequences
surrounding the summit of the peaks from the untreated-Bkb%ample, identified the indicated

consensus sequence.
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We then examined the nature of the SK@T and SkoIMT peaks to determine whether binding

sites unique to Ske T havecommon or distinguishing features. Genes situated nearest the Skol

WT peaks are involved in diverse pathways, but Gene Ontology (GO) term analysis indicates that
glucose, hexose, and ethanol metabolic processes are significantly enriched among thie@e (P <

x 1014), which matches the results of a previ
analysis for peaks unique to SkMIT, however, showed no GO term enrichment, indicating that

there is no apparent bias in the distribution of-blly bindingsites with respect to target gene

function.

To explore whether the SUM&Ite mutation might alter the Skol binding sequence specificity,
we determined the frequency at which the consensus Skol binding motif appearsWiSaod
SkoL:MT peak sets. Aboui0% of SkoIWT peaks contain the sequence ATGACGT, whereas it
is found in only ~12% of MIonly peaks (Figure 2.4D), strongly suggesting that blocking
sumoylation alters Skol binding specificity. When we repeated this analysis withspéestc
version @ the Skol binding site, TKACG (where K is G or T; based on the logo in Figure 2.3D),
we found that this sequence is present in >80% of both-Bkbland MT-only peaks (Figure
2.4D). This implies that SkeMT recognizes Skol binding molike sequences, bwith less
stringency than SkeWT. In support of this, in a de novo motif discovery analysis, the only
significant recurring motif identified in the Mdnly peak set is a slightly weaker match to the
consensus Skol motif, and it is found in a smallestiiva of peaks, when compared to the most
recurring motif in the WT & MT setAS3B Figure). Taken together, our analysis suggests that
sumoylation functions in preventing the association of Skol withspeuwific binding sites that

show some sequence siarity to its consensus binding motif.
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Figure 2.4: Skol-MT binds dramatically more promoter regions than Sko*WT. (A) Venn
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MT ChlP-seq analyses. Peaks identified in both C¥8g replicates (i.e. overlapping peak sets)

were examined(B) Distribution of ChiRseq peaks from untreated 3K&/T and SkoiMT
samples across indicated gene features. Al mm.
downstream ofthe 3’ UM ncodi ng sequence. AWT & MToOo refer
Sko:WT and SkoIMT set s, wher eas A \\fertopedkytat arerumiquéitdI T o n
the respective peak setfC) Distribution of aggregate peak numbers around the nearest
transcriptional start site (TS Perckntage ofp®dks, & MT (
within indicated peak sets, that camt the major Skol consensus motif, ATGACGT, or a-less

specific motif, TKACG, where Kis G or T.
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Skol-MT binds more promoter regions than Sko*WT during osmotic stress

In bothSKOEWT andskoXMT strains, osmotic stress resulted in a partial redistribution of Skol
with many binding sites gained and several lost, which demonstrates that high osmolarity
influences Skol binding site selection (Figures 2.28B2B and 22E). We analyzed the
overlappingoeak sets obtained by Ch#eq after treatment with NaCl, which again indicated that
SkoXMT binds significantly more sites than Sk@MT (240 peaks for MT versus 122 for WT;
Figure 2.5A). Approximately 80% of all +NaCl Skdbund sites, including the 12®und only

by SkotMT and the 111 bound by both WT and MT, are near promoters (Figure 2.5B). De novo
motif discovery indicates that the consensus Skol binding site is the most significantly recurring
motif for both the WT & MT and MJonly +NaCl peak set2E3B Fig), with the consensus motif
appearing in ~45% of Mbnly peaks and in ~60% of WT & MT peaks (Figure 2.5C). This is a
greater fraction of MJonly peaks that contain the Skol binding site than in the untreated set
(~45% vs ~12%; compare Figures 2ith 2.5C), which suggests that the effect of osmotic stress
on Skol binding site selection outweighs the tendency for-8kbio interact with degenerate
binding sites. Consistent with this, high osmolarity likely influences Sko1l redistribution through
phosphorylation of Skol by Hogl [50], which we have shown occurs independently of its
sumoylation (see above). Our results indicate that 8k6binds many more sites than SkéaT

in both untreated and +NaCl conditions, but binding appears to be more rdtfimg&kotMT

under osmotic conditions, as more of the additional sites match the Skol consensus motif than

under normal conditions.
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Figure 2.5. Skol-MT binds more promoter regions than SkotWT after treatment with

NacCl. (A) Venn diagram showing number of common and unique peaks from thetidat@d

Sko:WT and SkoiIMT ChiIP-seq analysis. Peaks identified in both Chk#&¢ replicates
(overlapping peak sets) were examin@l). Distribution of ChiRseq peks from NaGClreated

SkoXWT and SkoiIMT samples across indicated gene features, as in Figure(€YBercentage

of peaks, within indicated peak sets, that contain the major Skol consensus motif, ATGACGT, or

a lessspecific motif, TKACG, where KisGar.(D)St at us of AWT & MTO0O and

binding sites from Chif3eq analysis of untreated samples in the Negited set.
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To explore the effects of osmotic stress on Skol binding site redistribution, we examined the status
of peaks from the untreed WT & MT and MTFonly samples in the +NaCl peak sets (Figure 2.5D).
About 75% of sites that were common to both SKST and SkoiIMT sets during normal growth
remained bound during osmotic stress (Figure 2.5D). Strikingly, however, 83% of sites bound only
by SkoXMT during normal growth were unbound after treatment with NaCl. This indicates that
SkoXMT is dissociated from most of its nonspecific binding sites after exposure to NaCl, which
suggests that binding to these sites can be less stable tharat&G&otl binding sites. Altogether,

our analysis supports the notion that sumoylation acts to restrict Skol to appropriate stable binding

sites, even during osmotic stress.

Sumoylation-deficient Skol shows higher occupancy levels at its binding sites

To investigate whether sumoylation can influence the occupancy level of Skol, we next compared
SkoXWT and SkoiIMT occupancy levels at common binding sites across the genome. For this
analysis, the DiffBind analysis tool was applied, which used a normalizedenwhkequence

reads as a measure of occupancy across a consensus set of 630 peaks. The consensus peak set
consists of peaks that were found in at least two of the four independenrsé&chéfnalyses from

both replicates, as listed 285 Table. Significarly, as shown in the boxplots in Figure 2.6A and

in 2S5 Table, SkoAMT had overall higher occupancy levels than SK@T in both untreated and

+NacCl sets. To be sure that the effect is not only a result of the high numberailipeaks in

the consensus pk set, two additional peak sets were also examined: (i) the set of 52 peaks that

are present in both replicates of all four GsH?) analyses and, (ii) the 212 peaks that are present

in both replicates of the SkéA/T analyses in either the untreated ora€N sets, which can be
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considered normal Skol binding sites. In all cases, -8Kblshowed significantly higher

occupancy levels than SkKOWT (2H4A Figure).

To visualize the differences in occupancy levels at each of the 630 consensus peaks, heatmaps
were ¢nerated (Figure 2.6B). For both SK8II and SkoIMT, osmotic stress resulted in an
overall similar redistribution, with some sites showing increased binding (shown in yellow), but
slightly more sites showing reduced binding (blue; Figure 2.6B; left paweatmaps). When
comparing occupancy levels of SkolSKOXWT versussko:MT strains, however, most sites
showed higher levels of Skéd T, and the effect was similar but more pronounced after treatment
with NaCl (yellow; Figure 2.6B; right pair of heatps). Increased occupancy levels can also be
seen in the unnormalized peak alignments shown in Figure 2.6C near eight selected representative
Skol target genes, including those that show Skol recruit@®mX STL1 MPC3 andALD3),

release of SkoIGREZ FSHI), or no observable change in Skol occupancy in response to NaCl
treatment PRR2 SEDJ). To validate these results, we performed independent ChIP experiments
followed by gPCR analysis of the promoter regions of the eight representative Skol target gene
Indeed, most genes showed statistically significantly higher levels ofl8Kodompared with
SkoLWT in untreated and Na@teated sample2&4B Fig). When averagkeacross all eight

genes, SKOMT occupancy wai~1.4 times greater than SK@4T for untreated samples, and ~2.6

times greater in the +NaCl samples (Figure 2.6D). Taken together, both ous€ch#nd ChiP

gPCR experiments strongly indicate that sumoylatieficient Skol shows increased occupancy

at the majority of its binding sites andggest that sumoylation decreases the binding affinity of

Skol.
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Figure 2.6: Differential binding analysis indicates that SkotMT has higher occupancy levels

than Skol-WT. (A) Boxplots comparing mean readncentrations (log2 normalized ChIP read
counts) for the 630 consensus peaks in each of the four indicatesgs€hthalyse¢B) At left,

heatmap of differential binding analysis showing changes in occupancy levels (fold change; log2)
in SKOEWT or SkoXMT after treatment with NaCl, for the 630 consensus peaks. Yellow indicates
increased binding after NaCl, whereas blue indicates reduced binding. At right, heatmap of
differential binding analysis comparing occupancy levels in Sk@lwith Sko:MT in untredaed

or NaClreated samples, at the 630 consensus peaks. Yellow indicates higher occupancy levels
for SkoEMT, whereas blue indicates higher occupancy for SKaL In all cases, black indicates

no significant difference in occupancy level. Each heatmaplependently sorted by magnitude

of occupancy level differencéC) Skol occupancy peaks were aligned to the yeast genome and
eight representative peak alignments are shown for the four samples analyzed from Replicate 1, as
plotted using the Integrative gBomics Viewer (IGV). Numbers in square brackets refer to
maximum data range (of sequence reads) for the tracks in each column. (D) Validation-of ChIP
seq was performed at eight genes by gPCR analysis of five independent Célilerfs (as
summarized ir2SAB Fig). The average occupancy of SKdT, relative to SkoAWT occupancy,

across all tested genes and replicates, is shown, in untreated samples (top), and in samples treated
with 0.4MNacCl for 5 min (bottom). Error bars represent standard devigiyiRecruitment level

of Hogl.Myc, as dermined by ChIP analysis (see&®Bigure), at indicated promoter regions in
SKO1IWT andskoXMT strains. Recruitment level was calculated as the ratio of occupancy at 5
min to occupancy at 0 min after treatment with NaCl. Error bars represent standard deviation of
three independent replicatéb) Average Hogl.Myc recruitment level §ko:MT relative to its

level in SKOEWT. The level of Hogl.Myc recruitment isko:MT, calculated relative to
recruitment iNSKOXWT, was averaged across all seven Hogl target genes tested byRIRP
(panel(E) and 2% Fig). Error bars represent standard deviatiothieee replicates across all seven
genes. R al ues f r ot#est Snalysid ene tindicated. Asterisks (*) indicate that the

compared data pairs are statistically differéh& (0.05; see Materials and Methods).
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Blocking Skol sumoylation reduces Haof recruitment to target promoters

To explore the consequences of increased occupancy ofNpkadompared to SkeWT, we
examined expression levels of some Skol target ger@K@EtWT andsko:MT cells, in both
normal growth conditions and at various tipants after treatment with NaCl. Blocking Skol
sumoylation §koEMT) resulted in reduced RNA levels of one gdf®H1, both prior to and after
NaCl treatment, but had no significant effect on expression of the inducibleJEne$RR2 or
MPC3 (2S5A Figure), suggesting that the consequences of Skol sumoylation on target gene
expression are gerspecific. We also determined the mRNA levels of a selection of genes that
were not bound by SkeWVT but were bound by SkelT in our ChiRseq analyses. For allgtit

of these genes, there was no significant difference in expression leveSK@ENT andskot

MT strains, both under normal conditions and 10 min after treatment with R8&B Figure).

This indicates that binding of SkédT alone is not sufficiento significantly alter the expression

of genes that it does not normally regulate.

We then examined whether Skol sumoylation can influence the recruitment of Hogl, which
associates with many Skol target genes during osmotic stress [47, 50]. Strainsngxjress
3xMyc-tagged version of Hogl were generated inrSKOTWTor sko:MT backgrounds, and we
performed Myc ChIP analysis over a Na€datment timecourse. The analysis showed robust but
transient recruitment of Hogl to seven of its known target gar®iK@XWT cells after addition

of NaCl, but not td=SH1, which is not regulated by Hog2%6 Figure). Two genesSTL1and

PRR2 showed significantly reduced levels of Hogl occupancy iskb&MT strain at 5 min after
addition of NaCl. More significantly, however, in thleoXMT strain, recruitment of Hogl, which

we calculated as the ratio of occupancy at 5 min to 0 min post NaCl treatment, showed a
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statistically significant reduction at four d¢fe seven genes (Figures 2.6E a68). Indeed, when

the average recruitment level was calculated across all seven gjenESIT cells showed only

50% as much Hogl recruitment asSKOXWT cells (Figure 2.6F). These observations suggest
that sumoylation igvents excessive binding of Skol at target sites, and that elevated Skol binding

affects expression of some genes and can significantly impair the recruitment of Hog1.

2.5DISCUSSION

SUMO is a predominantly nuclear modifier that targets a large humhsra@matinassociated
proteins, including chromatin remodelers, general and seqgeecdic transcription factors, and
proteins involved in mMRNA transport and processing [3, 4, 19, 61]. Potentially then, the expression
of numerous genes can be controlleg the cumulative effects of sumoylation of multiple
substrates. Unlike ubiquitination, sumoylation in yeast and mammals involves a single E2
conjugating enzyme and a small number of E3 ligases and proteases [1]. This suggests that
regulating the activityof only one enzyme in the SUMO pathway, such as Ubc9, can have
widespread consequences for the cell since so many substrates may be coordinately affected. This
scale of vast protein regulation, particularly on chromatin, might be necessary for achieving a
specific goal, such as the dramatic refocusing of the transcription machinery to specific genes after
exposure to heat stress [62]. However, unstressed cells show substantial levels of sumoylation and
SUMO modification of numerous chromatissociated pretns is constitutive, implying that this
modification functions primarily in the mechanisms of gene expression under normal growth
conditions [3, 8]. Our analysis of Skol sumoylation supports this. Although osmotic stress resulted
in the redistribution o§ko1l across the genome, its sumoylation level did not change, and blocking
its sumoylation increased the number of its binding sites both in the presence or absence of NaCl

stress.
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Altogether, our data point to a role for SUMO maodification in preventinglSkom binding to
nontarget sites, genorvé@de, which supports a novel function for the modification. Intriguingly,
nonspecific sites bound by sumoylatideficient Skol are not randomly distributed across the
genome but are mostly situated near gene ptersa that contain Skol binding sitke sequences.

This might reflect the intrinsic accessibility of chromatin around promoters and the frequent
occurrence of such sequences in many promoter regions [63]. Indeed, binding motifs for Skol and
the related Fs Acal and Cst6 are highly similar, and it has been proposed that these TFs compete
with each other for binding to promoter elements [40, 45, 64]. Based on the results of our study,
we propose a model in which unbound Skol has high affinity for sequbeatcgenerally resemble

the Skol motif. This might be necessary to ensure that all functional Skol target sites become
occupied by the TF, even though nonspecific sites are initially bound, as well. Our model then
posits that subsequent sumoylation of Skalaxes its interaction with bound DNA, resulting in
release from inoptimally bound nonspecific sites but allows sustained association with actual
Skolregulated genes. Key to this model is that sumoylation takes place only after Skol has bound
DNA, whichis supported by our finding that DNA binding mutations eliminate Skol sumoylation.
Similarly, DNA binding mutations have been shown to prevent sumoylation of other TFs such as
Gcen4 and Ikaros, as well as RdR DNA-binding proteins, including yeast Yku7@yman TDG

and viral ULFF, which are involved in DNA damage repair [28, 65, 66]. This suggests that the
sumoylation apparatus can distinguish between BigAnd and unbound forms of many
chromatinassociated proteins, possibly as a result of conformatibaalges that may occur after
binding DNA, or due to the proximity of the sumoylation machinery with chromatin. Supporting

this, ChIP analyses have shown that Ubc9 is associated with chromatin, including promoter regions
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of transcriptionally activated gengs4, 15]. Further studies are necessary to test our model and

explore the consequences of Skol sumoylation on its structure and DNA binding affinity.

Consistent with the idea that sumoylation reduces Skol DNA binding affinity, blocking Skol
sumoylation ao resulted in increased occupancy levels at most of its target genes. However, not
all target genes showed altered expression irskkb&MT strain. The increase in Skol levels at
these sites might not have been sufficiently dramatic to noticeably ladtiergene expression
levels, but this supports the previous finding that Skol occupancy levels on target genes generally
do not correlate with their expression levels [49]. Instead, its context dependent roles involve
regulating the recruitment or releaserepressors, such as Tupl/Ssn6, chromatin remodelers
SAGA and SWI/SNF, and the kinase Hog1 [44, 47, 50]. Hog1l is activated in response to osmotic
stress which triggers its nuclear localization and association with promoters ofreguteted

genes wherd@ phosphorylates a number of transcripti@tated substrates, including Skol and
RNAP I, resulting in efficient induction of the genes [67, 68]. Whereas Skol itself is required for
the recruitment of Hogl to at least some target genes during osmesis g7, 50], our results
suggest that increased binding of Sko$koXMT cells generally hinders the recruitment of Hogl

to its targets. Increased Skol binding in these cells might inhibit proasgeciated
rearrangements that are necessary for inolucif osmoregulated genes [47], or Skol sumoylation
itself might stimulate the recruitment of Hogl through unknown mechanisms. In any case, our
results point to a role for Skol sumoylation in controlling its association with chromatin not only

to ensure imding site specificity, but also to prevent excessive binding at its authentic target sites.

Few studies to date have examined the role of sumoylation on the gendeneccupancy TFs,

and, when considered with our results, the conclusions of these studies strongly point to a
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conserved role for sumoylation in regulating TF binding specificityhénfirst such study, it was
reported that a germline mutation in the human TF MITF that is associated with increased
coincidence of melanoma and renal cancer also significantly reduces sumoylation of the protein
[30]. ChiRseq analysis was performed imman melanoma cell lines expressing either WT MITF

or the sumoylatiomleficient form, MITFE318K. As in our analysis with Sko1, dramatically more
sites across the genome were bound by the sumoyldiicient form of MITF, and occupancy
levels were highecompared with WT MITF at sites that were bound by both the mutant and WT
proteins. Recent ChiBeq studies of the glucocorticoid and androgen nuclear receptors again
showed that SUM&ite mutation led to altered genome occupancy patterns for both TF#hevith
mutant proteins binding to significantly more sites than the-type@ counterparts [32,33]. The
parallel observations of these analyses of different TFs in evolutionarily distant organisms strongly
suggests a common function for sumoylation acrokargotes. Considering the vast number of
eukaryotic TFs that have been reported as SUMO targets and the close association of the
modification with chromatin, we anticipate that future additional gerarde studies will reveal

that, indeed, a major rolerffesumoylation is in regulating the association of DN@und TFs with

chromatin in order to restrict their activity to appropriate target genes.
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Figure 2 S1: (A) C-terminal 6xHA tag on Skol does not affect cell growth in normal or
osmotic conditions.Spot assays (as in Figure 2.1F) in which indicated yeast strains were grown
in triplicate on rich (YPD) or synthetic complete (SC) medium, or supplemented with indicated
levels of NaCl or sorbitol. Plates were photographed after two or three days, cadeiddB)
Detection of Skol sumoylation in lysates prepared under denaturing conditiondP-
immunoblot analysis was performed with protein samples prepared under denaturing conditions
(TCA precipitation). Asterisks (*) indicate position of the major (mysamoylated form of Skol

in each immunoblot. Open circleg (ndicate position of putative Skol degradation products,
detectable in both HA and SUMO immunoblot€) A yeast strain expressing sumoylation
deficient Skol shows no growth defecGpot assayin which growth of indicated yeast strains
were compared on rich (YPD) or synthetic complete (SC) medium, as in Figure 2.1F. Growth was
for two days (2d).(D) Skol sumoylation levels are unaffected by stres®elative Skol
sumoylation levels were quanétl after IRimmunoblot analyses as in Figure 2.1E by dividing
Skol SUMO signals by the Ska1A signals in the respective blots. Data is presented relative to
the untreated sample, with error bars indicating standard deviation of three experiments. By
Stuce n t-téss, there is no significant statistical difference among the sar(p)&ocking Skol
sumoylation does not affect its abundancedA and GAPDH immunoblot analysis of lysates
from SKOXWT.HA or sko:MT.HA strains grown in SC medium treated witi# NaCl for
indicated times. Sumoylated forms of Skol.WT cannot be seen in this short exgé3ure.
Blocking Skol sumoylation does not prevent its Hogfediated phosphorylation. HA
immunoblot analysis, as in Figure 2.2B, using Phag acrylamide to enhaa detection of
phosphorylated forms o#. 86k Al s HANAGland éxpreséiigead a s
Skol.HA was included as a control. Analysis using standardFR&E analysis is shown at
bottom.
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Figure 2 S2: Binding site analysis of SkodWT and Skol-MT ChIP -seq experiment for
Replicate 2 and for peaks overlapping in both replicates. (ANumber of binding sites (peaks)
identified from Replicate 2 ChiBeq analysis 06KOXWT.HAandskoEMT.HA strains, either
untreated or treated with 0.4M NaCl for 5 min, with-aadue less than 0.05 (blue bars). Subset of
peaks having g-value less than 0.05 and a fold enrichment (FE) value greater than 2 are also
indicated (red bars)B) Venn diagram, as in Figure 2.3B, s¥ing number of peakgy(< 0.05)

shared among the four samples in ReplicatgC? Venn diagrams indicating numbers of peaks
identified in both Replicate 1 and 2, for each of the four samples. Peaks found in both replicates
(i.e. intersects) foreachsamgleo nst i t ut e the fAOverl|l apping Peak
comparing peaks from Replicate 1 and the subset of peaks from Replicate 2 that have an FE greater
than 2. All analyzed peaks hageralues less than 0.080) Number of binding sites foraeh of

four samples in the overlapping peak sets, which includes only peaks identified in both replicates
(as indicated iffC) left). (E) Venn diagram showing number of common and unique peaks in the

overlapping peak sets from the four samples.
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Figure 2 S 3: Distribution and motif analysis of ChlP-seq peak sets. (ADistribution of

aggregate ChHBeq peak numbers (for overlapping peak sets) around the nearest transcriptional
start site (TSS) for indicated peak sets in untreated and-iNzeiéd sample¢B) De novo motif

discovery was performed, using the MEME analgs t ool , for AWT & MTO al
sets, in untreated and Natt¢ated samples. Only one significant motif was identified for each of

the untreated and +NaCl Mdnly peak sets (with ak-value less than 1@05), and the most

significant motifs forthe WT & MT peak sets are shown (additional motifs discovered for the WT

& MT set haveE-values greater than 132 and are present in fewer than 40 peaks). Number of

peaks contributing to the motif (ASiteso) 1is
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Peaks analyzed: Peaks analyzed:
52 peaks common to both replicates of all 212 peaks found in both replicates of Sko1-WT
four ChlP-seq sets. in either the untreated or +NaCl sets.
* * * *
P<10® P <107 P =0.004 pP<10%
I | ey e c | | i
g 2 : — é : E ol :
< T e —— | i :
2 T
ol . g J g "
WT IV;T V\;’T MT . . : :
No +NaCl WT MT WT MT
treatment —— —
Nao +NaCl
treatment
n/s
(0.057)
Sko1.HA ChIP
m SKO1-WT
W sko1-MT
* * n/s * * * n/s
(0.0098) (0.011) (0.187) (0.0048) (0.0114) (0.0038) (0.14086)
-+ - 4+ - 4+ -+ -+ -+ -+ - + NaCl
GPD1 STL1 PRR2 GREZ2 MPC3 SED1 ALD3 FSH1

87



Figure 2 S 4. (A) Differential binding analysis of different groups of peaks.Boxplots
comparing mean read concentrations (log2 normalized ChIP read counts) in each of the four
indicated ChlRseq analyses for the 52 pedhkat are found in both replicates of all four Clsi&y

sets (left) or the 212 peaks that are found in both replicates of theV®kakts in both untreated

and +NaCl conditions (rightYB) Validation of ChlP-seq analysisFive independent standard

ChIP eperiments were performed witBKOXWT and sko:MT strains. Skol.HA occupancy
levels at promoter regions of eight representative genes were determined by gPCR, at 0 or 5 min
after the addition of 0.4MNaCl. For each gene, occupancy is shown relative toASkad
untreated samples. Error bars represent standard devidioatues from twofactor ANOVA
analysis of WT vs MT sets for each gene are shown. Asterisks (*) indicate that the two data sets
(WT and MT) are statistically differenP(< 0.05; seéaterials and Methods
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Figure 2 S5: Effects of elevated Skol binding on steadstate expression levels of target genes

in the sko:MT strain. (A) Quantitative RTPCR analysis of mMRNA levels of indicated
representative Skethrget genes at 0, 10, 20 and 30 min after treatmeBiKLWT or skoEMT

cultures with 0.4M NaCl. Error bars represent standard deviations of three independent replicates.
P-values from twefactor ANOVA analysis of WT vs MT sets for each gene are shown. Asterisks

(*) indicate that the two data sets (WT and MT) are statistically diffeReqitq.05; sedMaterials

and Methodp (B) Quantitative RTPCR analysis of mRNA levels of a selection of genes that are
bound by SkoIMT, but not SkoiWT, at 0 and 10 min after treatmentKOEWT or skotMT

strains with 0.4MNacCl. Statistical analysis indicates no significant difference betw&emuV

MT sets. Error bars represent standard deviations of four independent replicates.
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Figure 2 S6: Effects of blocking Skol sumoylation on recruitment of Hogl to target genes

during osmotic stressChlIP-gPCR analysis of Hog1l.Myc occupancy at indicated gengek @t
WTandsko:MT strains at 0, 5, or 15 min after treatment with NaCl. Data are represented as fold
occupancy (relative to occupancy at BddAllocus which is not targeted by Hogl or Sko1l). Error

bars represent standard deviations of three independent replicates. Asterisks (*) indicate that the
compared data pairs are statistically differdhk(0.05; seéMaterials and Methogds Statistical

comparison of Hogl.Myc recruitment is shown in Figure 2.6E.
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Table 2 S1: Yeast strains used in this study

Strain

Parental

Genotype

Background Strain

MAT aura35 2 t r p 3gd22 his3tluade2l

W303a canl100
MAT a ura352, his3200, lys2801, ade2101, trpt
HE7c 901, leu23, 112,

gald-542, LYS2::GALIUASALLITATAHISS,
URA3::(GAL 17mers)-&yclTATAlacZ

Derived Strains

YVS003C W303a SKO16HA::kl TRP1

YVS007K W303a skotK567R6HA::KITRP1

YVSO008A W303a skolam: : kanMX

YVS035B W303a skotK450E6HA:: KITRP

YVS036B W303a skoin(445456)6HA:: KITRP

YVS052A HF7c [PGAL4DBD-Sko1K450E6HA]

YVS047B W303a sko:S108,126A,T113A8HA:: KITRP
YVSO051E W303a sko1S380,393,399&8HA:: KITRP
YVS041A YVS003C SKO16HA::KITRPhoglg: KanMX
YVSO011A YVS003C SKO16HAKITRP1 HOG13MYC::KanMX6
YVS021A YVS007K sko1K567R6HA::KITRP1 TUP13MYC::KanMX6
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Table 2 S2: Oligonucleotide primers used in this study.

Gene \ Oligonucleotide sequence(s)

Primers for quantitative PCR analysis of ChIP samples

RTC3promoter Forw a-rAAlGATTSl’(Bﬁ_:CGTTGCGCTATG Nj _

Re v e r- SBAGAAGNGACACGGAGTAGGA-3 Nj
ENALpromoter F o r waGBTCTEANACATCGCCGTGC3 Nj

Re v e r- C@CTGECRTTAACAAACGTCAS Nj
PMAL promoter For wa-CAATTAT GACCGGTGACGAAAC -3 N|

Re v e r- SATCGARALTAATGGAGGGGAG -3 N|
GPDLpromoter F o r wa-CQCACGNCACCACCAATAC3 Nj

Re v e I-GGCATTETUATACTTGTTGTGC3 Nj
STLipromoter For wafTGTCCEAGTATTCCACCGGC3 Nj

Re v e I-GRACAABG]CGGACCCTTCA3 N|
PRRZoromoter For wa-AKCGGAETACTTTTCCGCA3 N|

Re v e I-GGCCAABAN[GCTAACAGCCG-3 N

F o r wa-AACAATEGGCCCTCACCTCT-3 N|
GRE2promoter Re v e r-AG3 TCCBOGAGAAAATTCCGTA-3 N|
MPC3promoter F 0 r wa-CACGCHNMATTTCTCCCGGS Nj

Re v e I-GAGCCTITGGGTTTTGCGTG3 Nj
SEDIpromoter F 0 r waAGCACTSAJTGCTCCACGTCS Nj

Re v e r-AAGGACEQIGTGTGCTCTGG3 Nj
ALD3promoter For wa-CiGCATRTGACGTCTGTTCTTCS Nj

Re v e r-AAATGCAMNJAAAGGGCGTGG-3 N|
FSHLpromoter F o r wa CA@CCGEARBCATGGGATGATS Nj

Re v e -BCATTGBAUTATGCGTGTTGS Nj

Primers for quantitative RTPCR analysis

- F 01 wa-TGAAACEGECGGAAGAAGTT-3 Nj
Re v e r-GGATGGI NGAGTGCCATCCT-3 Nj
PRR2 For wa-CACCAGGNAAGCACAGTTGC-3 Nj
Re v e r-EGATCCBGITGAGACTGGCG3 Nj
MPCa F o r wa-CGAACTI TGAAGTGGGGGCT-3 Nj
Re v e r-EGATGAGAHACGACCAACGC-3 Nj
S For wa-G@TGCEGATTGTCCTCTAT3 Nj
Re v e r-GGAGGAT B[ TCTGGGTCTGG3 Nj
ACOL For waTGGTGTIGACACCTTCTCCG3 Nj
Re v e r-BAECAC6AGCAGTTGCTTCGC3 Nj
WML For waTGAAGCT G CACCACTGATT-3 Nj
Re v e r-GTEGACBAJAGAATCACCGC-3 N;]
SAHL For waC@GTGATGTCGGTAAGGGTT-3 N;j
Re v e r-EC&GTABOGAAGACACGAGC-3 Nj
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PEK2 For wa-CAGGCTT&E NfCAACCAGAGGT-3 N;j
Re v e r-BCGAGCAECHACAGCCAAAGA -3 Nj
TDAG For wa-CEGAAACEICATATCCCCAGT-3 Nj
Re v e r-GGGCCTIABAGTTGTAGCCT-3 Nj
GIT1 For wa-AGCAACEGLCTGTTAGAGGTG-3 N;j
Re v e r-GEGGTTGEAPACATTCGACGC-3 Nj
BSC1 For wa-CldSACESNJGCACAGTTTGG3 Nj
Re v e r-AACGABAGTGGTTGTCCCC-3 Nj
CDC6 For wa-ATGGCCANLAAATTCGCAGC-3 Nj
Re v e r-AGGTCABGEGTATTTCCAGGC-3 Nj
255 For wa-mTATAGGANJCAAGGTCCCATTC-3 Nj
Rever-€eCTTASGACATCTGCGTTATC-3 Nj

Table 2 S3: List of peaks identified in ChlP-seq peak analysis for each of the four samples
over two replicates (Replicates 1 and 2JXLSX file)
https://doi.org/10.1371/journal.pgen.1007991.s009

Table 2 S4: Annotated list of peaks that ae present in both replicates for each
sampl e/ anal ysi s
https://doi.org/10.1371/journal.pgen.1007991.s010

(A OXlesKflgppi ng Peak

Set so) .

Table 2 S5: Differential binding analysis (performed with DiffBind) at consensus pelas for
pair-wise comparisons of ChiPseq data sets. Data relates to Figure 2.@LSX file)
https://doi.org/10.1371/journal.pgen.1007991.s011

Table 2 S6: Numerical values for graphical data presented throughout, listed by figue
number as separate sheets/tab6XLSX file)
https://doi.org/10.1371/journal.pgen.1007991.s012
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3.1 ABSTRACT

Sumoylation is aressential postranslational modification that functions in multiple cellular
processes, including transcriptional regulation. Indeed, transcription factors represent one of the
largest groups of proteins that are modified by the SUMO peptide. Multipde have been
identified for sumoylation of transcription factors, including regulation of their activity, interaction
with chromatin, and binding site selection. Here, we examine how @sbZIPcontaining
sequencespecific transcription factan Sacchaomyces cerevisiags regulated by sumoylation.

Cst6 is required for survival during ethanol stress and has roles in the utilization of carbon sources
other than glucose. We find that Cst6 is sumoylated to appreciable levels in normally growing
yeast atLys residues 139, 461 and 547, and that its sumoylation level increases in ethanol and
oxidative stress conditions, but decreases if ethanol is used as the sole carbon source. To
understand the role of Cst6 sumoylation during ethanol stress, we geneyat&st atrain that
expresses a nesumoylatable mutant form of Cst&ellular levels of the mutant protein are
moderately reduced compared to the wilde form, implying that sumoylation promotes Cst6
stability. Although the mutant can bind DNA, chromatimmunoprecipitation (ChIP) analysis
shows that its occupancy level is significantly reduced on promoters of some ethanel stress
regulated genes, suggesting that Cst6 recruitment is attenuated or delayed if it can not be
sumoylated. Furthermore, impairedt€ sumoylation in the mutant strain correlates with elevated
expression of some target genes, either constitutively or during induction by ethanol stress. This
is most striking forRPS3 which shows dramatically increased expression in the mutant strain.
Together, our results suggest that sumoylation controls multiple properties of Cst6 to limit the

expression of its target genes.

96



3.2 INTRODUCTION

Transcription factor§TFs) maintain cellular functions bipntegrating external signal information

into geneexpression programs that are transmitted through signalling pathways. Often, these
signalling pathways orchestrate the functionTdfs through postranslational modifications

(PTMs) including acetylation, phosphorylation, and ubiquitination [1lietentyears regulation

of TFsby sumoylation has gained increased attenamoylation areversible postranslational
modification that plays an esgs&h role in many cellular processemyvolves the covalent
attachment of a12 kDa SUMQ(Small Ubiquitin-like Modifier) peptide taspecificlysine residues

of substrate protein2, 3]. Similar to ubiquitination, sumoylation is a dynamic proctsst

requires catalysis by three classes of enzymes: activation of SUMGHiyenzymeconjugation

to target prazinsby an E2 enzyme (Ubc9), and facilitation of transfer by E3 lig@$ek contrast

to ubiquitination, in which E3 ubiquitin ligases are the primary determinants of substrate
specificity, Ubc9 can directly specify its targeta theSUMO siteconsene s s equence (JQKx
where Q@ is a hydrophobi c r exsisahpanino a€idandD/Et he | vy
represents an acidic residue.[Spmoylation is a reversible modificatian,which SUMO can be

removed from substrate proteiny SUMO-spedfic isopeptidases (SUMO proteasencludinga

family of sentrin/SUMGspecific proteases (SENHs)mammals anthe Ubl- specific protease

(Ulpl and Ulp2 in buddingyeast{4, 6].

Proteomics tidies in which SUMGQGconjugated proteins were isolated and identified through
mass spectrometryravedetermined that within the sumoylome of yeast and mammalian cells,
proteins involved in transcription aemongthe largest classes of SUMO targgtsl0]. This
includes TFs RNA polymerasell, transcriptionalco-regulators and a variety of chromatin

regulatory factorsAmong these, sequence specific Diiding TFsrepresent the largest group
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of SUMO conjugates [11]n most cases, sumoylatiai theseTFs has ben found to associate

with transcriptional repressioor deactivation. This can be achieved by recruitiagious
repressor complexes to chromat@s forTFs NFAT, Elk-1 and MafG[12-14], or by facilitating
theirclearancérom promoters of induced geneghich is the case farFsGcn4 and €os [15,16]
Genomewide chromatin immunoprecipitation (ChIP) analyses showed that sumoytiment

forms of three humaiiFs MITF, glucocorticoid receptor, and androgen receptor, occupied far
more genomic sitesian their wildtype counterparts [2T9]. Similarly, we recently demonstrated

that the sumoylation of the budding yeast bZFPSkol is required to prevent it from binding to
numerous noitarget promoters [20]. Together, these observation have led to @ maoashich
controlling bindingsite specificity has been proposed as a conserved and general role for

sumoylation in regulatingFs[21].

Whereas the studies mentioned above demonstrate that sumoylation can promote the dissociation
of TFs from DNA at inapropriate genomic sites or during deactivation, for Sohfie
sumoylation has been shown to facilitate their association with IldAexample, sumoylation
enhances the DNAinding ability of Pax6 and CREB] thereby positively regulating
transcription oftheir target gene$22, 23]. Furthermore, sumoylated proteins are deteated
promoters of transcriptionally active gengsluding constiutive and activated inducible genes,
indicating thafl F sumoylation can function during active transcription [d4je individual effects

of TF sumoylation, therefore, can vary with substrate and context, as sumoylation can function
during the initial stages of transcription activation, during active transcription, during the

deactivation process, or to promote tranganal silencing.
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To extendour understanding ofF sumoylationwe focused orthe budding yeadiZIP TF, Cst6
(ChromosomeSability-6), which was identified as a potential SUMO targat largescale
proteomics studies [10, 25]. Csts@known as Acals essential during ethanol stress and in the
presence of neonptimal carbon sources [26, 27]. It contains a bZIP DNA binding dorbaids

to DNA as a homodimer or a heterodimer with Acarother yeast bZIFF, and itrecognises

CAMP response element (ElRlike promoter sequensg27]. A recent study showed thidie Cst6

binding site( EGIGACGT-3 dhas & additionalguanine nucleotidat t he 5qg end of t
CRE mo{TGACGTE3sanplying that it has a somewhdifferent binding sitepreferene
thanotherbZIP TFs[28]. Through genom&vide binding site analysis, the stualgo identified 59
proteincoding genes as putative targets for Cst6 regulation. Gene onf(@@gwnalysis of these

genes revealed that Cst®ntrols different cellular processes including transcription, cellular
respiration, gluconeogenesis, stress response, and pseudohyphal growth, signifying the importance

of its functon in budding yeast [28].

In the present study, we demonstrated that @st®uki-sumoylatedon three lysine residues
(K139, K461, and K547), and that the level of its SUMO modification increases during ethanol
and oxidative stress. Whereag Cst6 sumoylatiomncreases with increased duration and dose of
ethanol stresst is signficantly reduced if ethanol is used as the sole carbon source in the medium.
We further demonstrate that a mutant, 1somoylatable form of Cst6 shows reduced or delayed
association with it¢arget promotersluring ethanol stress. This might be partly exptd by a
moderate decrease in the abundance of Cst6 in the absence of its sumoylation. Finally, we find that
the Cst6 mutant strain shows elevated expression of Cst6 target genes either constitutively, or
during exposure to ethanol stre€sllectively, these resultsuggesthat sumoylation enhances

Cst6 binding to ethanehduced target promoters limit the transcription ofts target genes.
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3.3MATERIALS AND METHODS

Yeast strains

All Saccharomyces cerevisiagainsused in this study are listed Trable S1. Cst6wasepitope
taggedwith a 6xHA tag (along with &. lactis TRPL marker gene)using homologous
recombinationas previously described b$nop et al.,[29]. PCRbased point mutagenesis was
used to generate strains expressing mutant forms ofH¥st6The Cstédeletedstrain was
constructed using &anMX deletion cassette, and all strains are derived from the W303a

background strain.

Media and cultivation

Y east culturesvere growrovernightin either rich( 1% yeast extracB% pepton@and2% glucose)

or Synthetic Complete (S@.17% YNB,and0.5% ammonium sulfajenedium(containing either

2% glucose or 1% ethanol as carbon source, or as otherwiseatd@88Cand diluted to an optical
density (OBosnm of 0.2. Srains werghencultivated on a rotary shaker at 200 rpm until the OD
reached 0.8.7 at which point, where appropriate, stressors were added directly to the culture as
indicated in the figureaptions or legends.glls were then harvested by centrifugation at 3900

for 5 min, followed by a wash witlin experimenspecific buffer. For growth assays on agar plates
(Aspot assayso), a pf pacho strainnneerepetted siddyosideDidtide firste | | s
position, andive-fold serial dilutiors were spotted on adjacent positions, on plates with or without
indicated stress conditions. Plates wieibated aB0°C and imagesvere recorded daily for up

to three days
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Preparation of yeast lysate and mmunoprecipitation (IP)

Yeast cultures (3@0 mL) were grownn appropriate liquid medium tan ODsgsnmOf 0.5

0.7. Cultures were then treated with stress conditions, if appropriate, and harvested by
centrifugationfollowed by a washwith IP buffer (50 mMTris-HCI, pH 8, 150 mM NacCl,
2.5mg/mL N-ethylmaleimide, 0.1%NonidetP-40 (NP40) 1X yeast protease inhibitor cocktall
(BioShop), and InM pherylmethylsulfonyl fluoride (PMSF))Cells werethen broken upvith

glass beads in IP buffer containing 0.1 rdihiothreitolfor 30 minat 4°Cwith a 5 min ice
incubation halfway through. The lysathterialsvereisolated from the beadsidseparated from

cell debris bycentrifugationthree times at 14,00 for 5 min. The soluble ampleswere either
analyzed bymmunoblot or used for IP. If proceeding with immunoblot experiments, the samples
werediluted with an equal volume of 2X SEFFAGE sample buffer (4% sodium dodecyl sulfate
SDS 20% glycerol Bromophenol Blug10% 2Mercaptoethangland 140 mMTris-HCI pH 8)

and boiled for 4min prior to analysis by the indicat@munoblots For IP experiments, 50L

yeast lysate was retained as input sample, and the remainderculaated for 2 h witlantFHA
agarose beadst  #Pgwere then washeithree timeswith ice-cold IP buffer containing 0.1%
NP40, and twice with IP buffer alone. Beads were then resuspende2ddEBBSPAGE sample
bufferand boiled for 4 minprior to analysis by the indicat@mmunoblots Quantification of Cst6
sumoylation levelsvere obtained using ImageJ prograRirst, c the SUMO immunobilot,
intensity ofsignals below the nespecific bandvere quantifiedthen these weraeormalized to
theintensity of correspondingA IP signals Finally the nomalized valueplotted relative to the
control (firstysampleSt at i sti cally significant ttestPkKer ence

0.0H, are denoted with an asterisk on graphs.
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Denatured immunoprecipitation (IP)

Denatured IP samples were prepared using a meth@biously described bySri
Theivakadadchanet al.[20]. Briefly, 50 mL of yeast cultures were grownrich medium,
harvested bgentrifugation and washed with 20%richloroacetic acigTCA). Lysed, preqitated

and washed materials were resuspended with modified SDS buffer (60risMH6.7 5% 2-
mercaptoethanpll% SDS andfew dropsof bromophenol blueprior to boiling for 5 min. These
samples were then centrifuged to remove insoluble material. Teensti@nt was separated into a
new tube and an aliquot (400 of this supernatant wastained as input sample and the remainder
was diluted with denaturing IP buffebd mM Tris pH 7.4 150 mM NaCl, and.5% NP40)
containing0.5 mg/nm. of bovine serumalbumin Diluted samples were then incubated overnight
with anttHA agar ose beads at 4¢eC. T h e wiithe iget day,
cold denaturing IPbuffer. Beads were then resuspended @XhSDSPAGE sample buffeand

boiled for 3 minprior to anaysis by the indicatetnmunoblots.

Chromatin immunoprecipitation (ChlP)

ChIP samples were prepared using a meghediously described b$ri Theivakadadchart al.,
[20]. 50 mL yeast cultures were grownrich medium and ethanol stress was induced biynad
absolute ethanol to a final concentration of 5% for the indicated time points. Cells wersggen
linked with 1.1% of formaldehyde for 20 min, followed by 5 min of quenching 28t mM of
glycine and occasional mixin@.ells wereharvested by centugation at 3000y for 5 min and
washed twice with iceold TBS (20 mM Tris-HCI, pH 7.5 and 15nM NaCl). Washed samples
wereresuspended in cold ChIP buffer (50 mM HEPESH, pH 7.5, 150 mM NaCl, inM

EDTA, 1% Triton %100, and 0.1% sodiunteoxycholateand 0.1% SDS) containiignM PMSF
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and1X yeast protease inhibitor cocktallells were disrupted and lysed with glass beads using a

mini bead beater. The homogenized sample was isolated from glass beads and sonicated to obtain
an average DNA fragment siof ~500 bpn length. Samples were then centrifuged for 5 min at

14, 000g, and the supernatant was transferred to a new tube. Then, NaCl was added to the
supernatant to a final concentration of 225 mM prior to overnightc ubat i on wi t h 1
magnetidProtein G beads (Dynabeads, fthe Fisher Scientific) preoundwi t h 2 g r abbi
HA (Novus) On the next day, IPs were washed with four different buffers for 4 min each in the
following order: (1) ChIP buffer with 2781M NaCl; (2) ChIP buffer wittbOOmM NaCl; (3)

10mM Tris-HCI, pH 8, 0.25M LiCl, 1 mM EDTA, 0.5% NP40 and 0.5% sodiumeoxycholate;

(4) TriseDTA buffer (10mM Tris-HCI, pH 8 and InM EDTA).Washed beads
werethenincubatedn ChlPelution buffer (50mM Tris-HCI, pH 7.5, 10nM EDTA ard 1%

SDS) for 20min at 65°C. HA bound materials were isolated on a magnet stand and were then
treated first withRNa% for 30 min at 37°C and then again wpttoteinase Kor 1 hour at 42°C.

To reverse crosslinking, samples were incubated overnight @t 6%t day, DNA was purified

and recovered using tli@eneJet Gel Extraction Ki{Thermo Fisher). Purified DNA was used for
guantitative PCR using primers listed in TaB®2 Results from qPCR were normalized to an

internal control gene, an untranscrilvedion ofChromosome VError basrepresenthestandad

deviation of three replicatemd the aterisks indicate a significant difference wiRtvaluesless

than O. 05 obtaittestd from a Student 6s
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Isolation of RNA and reverse transcription(RT)

Yeast cultures (10 mL) wergrown in rich medium and ethanol stress was induced by adding
absolute ethanol to a final concentration of 5% for the indicated time points. RNA was isolated as
previously reported [30]. Briefly,asnples were harvested by centgation at 300@ for 3 min

and washed twice with chilled AE buffer (50 mM sodium acetate, pH 5.2 & 10 mM EDT A, pH
8.0) made with DEP@reated RNasé&ee water. The pellet was resuspended with ice cold AE
buffer and mixed with SDS, and phenol, pH Samples were lysed using a freeze/thaw/vortex
cycle twice.First the samples were chilled in a dry ice/ethanol bath slurry miXteez(ng step)

for 5 min and then transferred to a 65°C water bath (thawing step) for 5 min, followed by vortex
for 30 s. Smples were keph thedry ice/ethanol bath for a final 5 min before centrifuging at 14,
000g for 7 min at room temperature. RNA was precipitated using the aqueous layer. The isolated
RNA was subjected to DNAse treatment followed by cDNA synthesis usengStript reverse
transcriptasgBio-Rad). Quantitative PCR was performed using primers listed in T38ie
MRNA levels were normalized sminternal loading controR5SrRNA. Error bar representbe
standad deviation of three replicatesd the atgisks indicate a significant difference wita

values ess than O0. 05 obtedi ned from a Student 6s
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3.4 RESULTS

Cst6 is simoylated during normal growth

In largescale proteomics stigh, Cst6 was identified asputativeSUMO targe{10, 25] In order

to confirm Cst6 sumoylation, we epitope taggCST6with a 6xHA tag using homologous
recombinatiorin the common lab yeast strain W303&e presence of the HA talgad no effect

on cell growth agonfirmedby a spot assaperformedunder severajrowth conditions Kigure
3S1A and B. Cst66HA was then immunoprecipitated (IPed) using an HA antibody freth
lysate prepared in the presence fethylmaleimide NEM), aninhibitor of SUMO proteases,
whichwas then analyzed by SUM&hd HA immunobloihg. Supporting that Cst6 is sumoylated,
bands were detected on the SUMO immunoblot for the-614# IP (Figure 3.1A). As a positive
control, Cst66HA sumoylation levels were comparalkdngsideanother bZIPTF, Skol,which is
known to be polysumoylated dog nonstress conditions [20]n addition to Skod6HA or Cst6
6HA-specific bands, a band of variable intensity was detected?%® kDa in the SUMO
immunoblots of HA IPs (arrow in Figure 3.1A and throughout). Because it is also detected in
control HA IPsfrom lysates lacking HAused proteins (Figure 3.1A and see Figure 3.4B), we
believe that this band corresponds to a sumoylated protein thapeoiiically cepurifies during
native IPs. Like for Skol, multiple SUME&pecific bands were detected for Gatgluding a major
band and multiple fainter higher molecular weight bands, which is likely the result of orulti
polysumoylation (Figure 3.1A)To further validate that tise band are due to conjugation of
SUMOwith Cst6,lysates were prepared in thlbsence of NEM, in whicthe level of sumoylation

is expected to be reduced significardlye to thauninhibited activityof SUMO proteasesndeed,

in the absence of NEM, Cst6 sumoylationmsletectabl¢Figure3S1C, compare lanes 1 and 2).

In Cst66HA IPs, two bandsare observed orong-exposedHA immundlots: an intenseband
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slightly below 100 kDawhich corresponds to unmodifiedst66HA, and afainter higher band

that comigrates with the major sumoylated form of Cst6 (~125 kDs@en on the SUMO
immundlot (indicated by an asterisk on FigurgdA and 3S1C). Supporting that this band
corresponds teumoylated Cst6it is not detected whetine IP experimenis performed in the

absence of NEM (FigurgS1C).

Additional experiments were performed tordirm Cst6 sumoylation. d eliminate the possibility
that bandsobserved in the SUMO blatre derived from sumoylated proteins trak1Ped with

Cstg lysates were prepared under denaturing conditions prior.t@dRular proteinswere
extracted withtrichloroacetic acid (TCA), treated witsodium dodecyl sulfate (SDS), and boiled
before IPing with HAconjugated beaddJnder these condition€;st6 sumoylation wastill
detected, as observed in the SUMO and HA blots in Figure 8tiBh indicatesthatthe signal
observed in the SUMAmmundlot is due toSUMO-conjugatedCst6 As a final method to
confirm Cst6 sumoylation, we used a strain in which Ubo® sole SUMO conjugating enzyme
is fused to an fAanchor awayo0 nudegs tdthe&yoplasmus e s
when cells are exposed to rapamycin [31], theratyditionally blockng nuclear sumoylation
events.In the presence of rapamycin, tleeel of global sumoylations dramaticallyreduced as

seen in the SUMO blot of denatured lgsanputs(Figure 3.1C)Cst66HA was IPed using an HA
antibody from lysate of culturestreated withor without rapamycin and analyzed by HA and
SUMO immundlots. Sumoylation of Cst6 was abolished after rapamycin treatment, further

confirmingthatthe TF Cst6 is a target for sumoylatiam normally growing yeast (Figure 3.1C).

106



Input IP: HA B Input IP: HA
<< <<« <<« <<«
I I T T
2% g8 988 288
258 268 238 2538
150 - % 150 -
100 - _ 100 -
. 1B 1A 75- IB: HA
250 - 50
e IB: SUMO 100 - IB: SUMO
C Input IP: HA

Rapamycin: - + - +

-
IB: SUMO

100 -
75-

250 -
150 -
100 -

107



Figure 3.1: bZIP transcription factor Cst6 is sumoylated. (A) Detection of Cst6 sumoylation

using immunoprecipitation (IP) with lysates prepared in-denaturing conditions. 6H£agged

Skol and Cst6 were IPed using #Anjugated beads from cell lysates prepared in the presence

of N-ethylmaleimide (NEM) and analyzday immunoblot with HA or SUMO antibodies, as
indicated. ONo tagd ref er aN3@3pexmesssng mplhagged r om t
proteins, used as a negative control. Skol is a known SUMO target [20] and was used as a positive
control. (B) Sumoylation of Cst6 detected by IP from protein extracts prepared under denaturing
conditions. Extracts were generated by TCA precipitation, treated with SDS, and boiled before
IPing with HA conjugated beads. Extracts were analyzed by immunoblot witmtiedies
indicated.(C) Cst6 sumoylation is abolished when Ubc9 is conditionally removed from the
nucleus. Cst®HA was IPed from a Ubc9 anchor away strain using an HA antibody from lysates
prepared from cells treated with or without rapamycin for 30 r8umoylation levels were
determined by IRmmunoblot analysis, as . Red asterisk (*) indicates the position of SUMO
modified Csté6HA on HA blots. Arrow indicates the position a repecific, cepurifying protein

detected on SUMO blots.
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Cst6 sumoylation increasesduring oxidative and ethanol stress conditions

Numerous studies have reported the importance of sumoylation in maintaining cell homeostasis
during environmental stress (e.g. [32, 33]st6 is part of the stresssponsive transcriptiah
regulatory network and it was previouslyownto be involved irregulating transcriptioduring
ethanol, oxidative and heat shock strgss 28, 34, 35] To explore the effect of streea Cst6
sumoylation, weexaminedts sumoylation levelby IP-immunoblot in lysates derived from cells
grown under different stress conditions (Figu2A and B. Cst6 sumoylation is significantly
increased during ethanol and oxidative stress conditions and reduced during osmatwlsiteess
no changewas observed dring amino acid starvatioar heat shock. Cst6 sumoylation during
ethanolstresswvas further confirmed with additional IP experimeintsvhich NEM was included

or excludedAs shown in Figur&S1C, Cst6 sumoylation increases with ethanol stress in samples
prepared in the presenceMiEM and it is abolished iits absence (compare lanks3 and 4) Our

data demonstrates thatimoylation of Cst6 increases during ethanol and oxidative sapds
further experiments were performed to investigaterthetha sumoylation plagin regulating

Cst6 functionn these conditions.

Previous studies on Cst6 highlightéslimportancefor cell growth in the presence of alternative
carbon sourceR7, 28] Typically, lab yeaststrainsare grown in media containirgjucose, but
other carbon sourcesuch as glycerol, ethanol, and raffinosen be used as alternativEthanol|
thereforecanserve as carbon sourc®r as astress condiin when usedat high concentrations
in the presence oflucoseas a carbon soce In the absence of Cst6, cells grow pgari
alternative carbon sources, including ethanol [27,\2&] wished to investigate whethbe level

of Cst6 sumoylatiorthanges with different types afeda and carbon soursaisedfor growth
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To test thiswe grewthe Cst66HA strain in SC (Synthetic Complete) nch medium that was
supplemented with either 2% glucose or 1% ethanol as a carbon, smd@dls were then treated
with or without a stress conditigms indicated on Figurg.2C. Cells were lged and Cst6HA

was then IPed and analyzed by HA and SUM®@nundlots. Strikingly, the level of Cst6
sumoylation was significantly lowevhen grown in ethanol versgtucose (Figure8.2C andD),
which might reflect thdower levels of global sumoylatioabservedwhen ethanolis the sole
carbon sourcé32A). As expected, Cst6 sumoylation levels were significantly increased when
cells grown in rich, glucoseontaining medium were exposed to ethanol stress, but oxidative stress
did not show a statisticallgignificant effect on yeast grown in ethamointaining medium
(Figures 3.2C and D).In summary, normally growing yeast display a basal level of Cst6
sumoylation that can be increased by ethanokatativestress, or decreased if ethanol is used as
thesole carbon sourc8ased on these results, poceededo investigate what role sumoylation
plays in regulating Cst6 function during natress and ethanol stress conditiassng rich,

glucosecontaining medium.
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Figure 3.2: Sumoylation level of Cst6 is elevated during oxidative and ethanol stress. (A)

Cells expressing CstbHA were treated with the indicated stressors for 20 min and Cst6
sumoylation levels were determined byifmunoblot as in Figure 3.1A. The following stress
conditions were wused: 0.5 e€g/ mL of sul fometu
starvation; 0.4 M NaCl for osmotic stress; 100 mbOkifor oxidative stress; 37°C for heat shock;

and 5% ethanol (EtOH) for ethal stress(B) Quantification of Cst6 sumoylation levels for
analysis shown i\. On the SUMO immunoblot, the intensity of signals below the spmEtific

bands were quantified using ImageJ, normalized to the HA IP signal intensities, then plotted
relativeto the first samplg/C) Cells were grown in SC or rich media containing either 2% glucose
(Glu) or 1% ethanol as a carbon source, then treated with or without stress (100 mM H202 for
cells grown in ethanatontaining medium or 5% ethanol for cells groimnglucosecontaining
medium) for 20 min. Sumoylation levels were determined bynliunoblot as in Figure 3.1A.

(D) Quantification of Cst6 sumoylation levels for analysis show@.iRed asterisk (*) indicates

the position of SUM@nodified Cst6 on HA immioblot. Arrows refer to a nespecific band on

the SUMO blots. Error bars represent standard deviation of three independent experiments.
Significant differences between the remess and the stress samples under each media conditions

were calculated usin§t u d etast (§Ps< 0105; n/s, not significant).
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To determine whether the effect of ethanol stress on Cst6 sumoylation levels-tdegesdent,

we treatedthe Cst66HA strainwith differentconcentration®f ethanol for 20 minsCells were

then lysedIPed and analyzed by HA and SUM@mundolots. Indeed Cst6é sumoylation was
elevated with increasambncentrationsf ethanol (Figure8.3A and B. This mightat least partly

be due to an increase in global sumoylatibyat occurs with exposur® up to 7.5% ethanol
(Figures3s2B and Q. Next,we examinedvhether Cst6 sumoylation is dependentteexposure

time for treatmentvith ethanol.Sumoylation levels werdeterminedrom Cst6-6HA-expressing

cells treated with 5% ethanol f@r range oftimes. As shown in Figure8.3C and D Cst6
sumoylation levels increased with prolonged exposure to ethanol. &eess=d on these results,

and conditions commonly used by others, further ethanol stress treatments were performed at 5%

for 20 min.
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Figure 3.3: Cst6 sumoylation level during ethanol stress is dependent on the dose and
duration of stress exposure(A) Cst6 sumoylation is elevated with increasing concentrations of
ethanol exposer. Cells expressing Cst6HA were treated with the indicated concentrations of
ethanol for 20 mins and then sumoylation levels were determined as in Figure(B)1A.
Quantification analysis of Csté sumoylation levelsAas in Figure 3.2B(C) Cst6 sumolation

is increased with prolonged ethanol stré&d#3A-tagged cells were treated with 5% ethanol for
indicated time points and then the sumoylation levels were characterized as in Figur@®3.1A.
Quantification analysis of Cst6 sumoylation levels @mas in Figure 3.2B. Red asterisk (*)
indicates SUMO modified Cst6 on HA immunoblot. Arrows indicate -gpecific bands on
SUMO blots. Error bars represent standard deviation of three independent experiments. Significant
differences between the nsitress ample and with each stress conditions were calculated using
St u d etest (< 0.05; n/s, not significant).
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Cst6 is sumoylated onysine residuesl39, 461 and 547

Using SUMO site prediction software (GRBR®MO, SUMOplot, and JASSA), wdentified three
putative SUMO sites for Cst&K139, K461, and K547, all of which fall within SUMO site
consensus motifs (Figure 3.486, 37). K139 is situated just upstreamtbe Acaspecific region
(aregion identical in Acal and Aca2/Cst6 [2 361 is found within the bZIP domaiand K547
is atthe Gterminus of Cst6To determine whether these are actual sumoylation sieggenrerated
yeast strains expressing L& Arg substitutionmutans of all three putative SUMO sitesince
Arg cannot bewmoylated(strainsCst6K139R-6HA, Cst6K461R-6HA andCst6K547R-6HA).
We used IHmmunoblot to determinsumoylation levelsind found that the individu&139R or
K547R mutations decreased Cst6 sumoylation more tthek461R mutation, but they did not
completely abolish Cst6 sumoylation (FigurdglB and C). Thereforeye generated double
(AD.MTO Cst6K461,547R6HA) and triplemutant iT.MT0 Cst6K139,461,547R6HA) strains
to assess their effects on Cst6 sumoylatidhe D.MT mutations partially reduced Cst6
sumoylation whereasthe T.MT mutationsabolished sumoylation of Cst6 undeormal and
ethanolstressconditions (Figure8.4B, C, and3S1C, lanes 58). These results strongly suggest
that Cst6 is sumoylated at all thrigsinesand therefore Cst6 is multisumoylatedThe T.MT
strain (hereaftereferred to as Cst6 MTalongside th€ ST66HA strain pereaftereferred to as

Cst6 WT) werethen used to explom®les for Cst6 sumoylation.
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Figure 3.4: Cst6 is multi-sumoylated at K139, K461 and K547 during nosstress andethanol

stress conditions.(A) Schematic diagram of Cst6 indicating the Ageecific region and basic
leucine Zipper (bZIP) domain. Putative SUMO sites@st6 were identified as lysine residues
139, 461 and 547 using SUMO site prediction software and are indicated with the encompassing
SUMO consensus motif$B) Cst6 is sumoylated on all three putative SUMO sites during non
stress and ethanol stress coiodis. Using sitadirected Lysto-Arg mutagenesis, SUMGIte

mutant strains of Cst6Cst6K139R, Cst&K461R, Cst&K547R, CstéK461,547R (D.MT), and
Cst6K139,461,547R (T.MT) wer e generated. Sumo yaHA (WTo n | e v ¢
and the mutants we characterized as in Figure 3.1(&) Quantification of Cst6é sumoylation
levels forB as in Figure 3.2B. Red asterisk (*) indicates the SUMO modified Cst6 on HA blot.
Arrows indicate norspecific bands on SUMO blots. Error bars represent standard devudti

two independent experiments.
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Sumoylation of Cst6 is not essential for cell viability but plays a minor role iits stability

To study whether sumoylation of Csté has a roleah fitness a spot assay was conducted.
Supporting previous studies, cells lacking Gdtéweda growth defect during ethanol stresben
glucose was the carbon sou(Eegure3.5A; [27, 28]) However, ndereithernonstressonditions

or when exposed tdifferentconcentration®f ethanol, narowth defectwas observed for Cst6
MT, implying that sumoylation of Cst6 is not essential for cell viabditgurvival during ethanol
stresqFigure3.5A). In addition, we compared growth levels mediumin which ethanol(either
1% or 3%)wasthecarbon source. Deletion &fST6led to severe growth defects, bla¢ Cst6MT
strainonce agaimgrewas well as the Cstd/T strain, andaddition of hydrogen peroxid& induce
oxidative stresshad no effectKigure3.5B). Theseresults togetheindicatethat sumoylation of

Cst6 is not essential for cell viability fithess under any of the tested growth conditions.

Next, we examined whether ethanol stress or sumoylation &6t proteinabundanceCell
lysateswere prepared from celtseated with differenconcentrationsf ethanol for bothtWT and
MT strains andve analyzedCst6 levels byHA immundlot. Increasing ethanol concentration
correlated with decreased abundance of Cst6, suggestinGst@is degradd during ethanol
stress (Figure8.5C and D)lInterestingly thereappears to ban inversecorrelation betweethe
level of Cst6 sumoylatioandits abundancésee alsd-igures 3.3A and B. In conditions where
sumoylation of Cst6 increases, protein levdl€st6are reduced, suggesting tlsatmoylationis
involved in Cst6 protein stability. Texplore thiswe comparedCst6 protein levels ithe WTand
MT strainafter exposure to increasing levels of ethanol. As shown in Figures 3.5C &sieD,
MT also becomes less abundawith increasedethanol stress, buhe level of Cst6 MT is

consistently less than the level of Cst6 WT, ranging fr@®%less in the absence of ethanol to
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~49% less in the presence of 10% ethanol. Whereas sumoylation is not neetlesl ddranal
dependent reduction in Cst6 protein levels, our data suggests that Cst6 sumpldggiamole in

enhancingts stabilityin normal and ethanol stress conditions.
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Figure 3.5: Sumoylation of Cst6 is not essential for cell viability but influences its abundance.

(A) Cst6 sumoylation is not essential for cell viability during ethanol stress on medium containing
2% glucoseCell growth fitness was assessed on gluams#aining rit-medium plates, under
non-stress and indicated ethanol stress conditions, using the spot assay tewithiguese-fold

serial dilution series. Plates were then incubated for two dayS@t @) Cst6 sumoylation is not
essential for cell viability when ethanol is the carbon so@e#.growth was assessed on ethanol
containing ricamedium plates under nestress and oxidative stress conditions, by spot assay
Plates were incubated for two daysatC. (C) Cst6 abundance is reduced when its sumoylation
sites are mutated. Lysates (from cells expressing&s# treated with the indicated percentages

of ethanol for 20 min were analyzed by HA and GAPDH immunokibjsQuantification analysis

of Csb levels forC. Intensity of HA signals were normalized to corresponding GAPDH signals,
then plotted relative to the first sample. Red asterisk (*) indicates the SUMO modified form of

Cst6 on the HA blot. Error bars represent standard deviation of tliegeindent experiments.
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Sumoylation enhances Cst6 promoter binding andestricts expression of its target genes

Sumoylation of bZIPTFs can function m both promoter clearance (e@Fos, Gen4 and Skol,

[15, 16, 20] and enhancinddNA binding (eg. CREB1; [23]). Therefore, it is possible that
sumoylation of Cst6 playa role inregulatingits association or dissociation with promoterst®f

target genes. To investigate this, chromatin immunoprecipitation (ChIP) was used to compare the
occupancyevels of Cst6 WT and Cst6 MT on ethamadluced target promoters. The occupancy
levels of CsteWT significantly increased during ethanol stress on all the target genes tested,
except on the control gemMAL, which is not a target of Cs{&igure3.6A). Cst6 MTwas also
recruited to Cst6 target genes during ethanol stresshiowtedsignificantly reduceaccupancy
compared to WTafter 15 min of ethanol stress three of the tested gend3YC1 YAPG and

RPS3. Although efforts were made to match ddrons and timing between replicate experiments,
there were significant deviations in Cst6 occupancy levels among the replicates, which hampered
determination of statistical significance between Cst6 WT and MT occupancy for other genes and
time points. Noetheless, mmparing theoccupancypatterns of WT and MTsuggests that
recruitmentof nonsumoylatable Cst6 igenerallydelayedand/or attenuatedn target genes

which implies that sumoylation is important for the timely association of Cst6 with target

promoters during ethanol stress.

To further study the effect of Cst6 sumoylation on gene expression, we investigated how
sumoylation might regulate transcription of Cst6 target gentes.majority ofinitial studies on

roles for sumoylation in regulatingFs pointed to roles for the modification imanscription
silencing [1216], whereas other studies thdemonstratedoles for SUMO maodification in
transcriptional activation (e.€REB1 and Pax@2, 23]) To determine whether sumoylation of
Cst6 is impotant for repression or activatiaf target genesquantitative RTPCR (QRFPCR)

123



analysis was performed on RNA isolated frilraCst6 WTandCst6 MTstrains As seen irFigure

3.6B, the expressionf variousCst6 target genediffers during ethanol stress. For example,
although transcription diICE103, YAPGandHAP4wasinduced, the transcription &«CCland
RPS3wasreducedandno changes were observed ROX1 In the Cst6 MTstrain, expression
patterns for most genes paralleled thatterns seen f@st6 WT with notable exception§ome
genes showed elevated mRNA levels dutiaigr time points after exposure ébhanol stress
(NCE103, ROXBndACCY), some showed elevated levelsring nonstress conditionsACC1

and RPS3, and sane did not show significant difference¥AP6,and HAP4) (Figure 3.6B).
Strikingly, RPS3showeddramaticallyelevated mRNA levels at all the indicated time pqints
suggesting that Cst6 sumoylation plays a major role in repressing expression of thdvgeaig

these resultsndicate that blocking Cst6 sumoylation affects expression of target genes and
suggest that Cst6 sumoylation has a general repressive effect that is observed differentially at

different targets
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Figure 3.6: Sumoylation enhances Cst6 promoter binding and restricts expression of some
target genes. (A)Quantitative HA ChIP analysis of Cst6 WT and Cst6é MT occupancy levels on

its ethanol streseegulated target gene promoters aftetuction with 5% ethanol for indicated

times. Gene occupancy signals were normalized to an internal control, an untranscribed region of
Chromosome V(B) Quantitative RTPCR analysis was performed on RNA isolated flo81T6
WTandCst6 MTstrains. Cells wre treated with 5% ethanol and harvested after the indicated time
points.mRNA levels were normalized to levels of tB8SrRNA. Error bars represent standard
deviation of three replicates. Significant differences between Cst6 WT and Cst6 MT under each
tested condition wer ¢testi(ER<€OO%i ned by Student és
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3.5 DISCUSSION

Extending our previous work on Gen4 and Skol, we have now shown that anoth&@FpZIR6,

is also regulated by sumoylation in budding yeast [16, 20]. Gen4 expression (and consequently, its
sumoylation) is dependent on amino acid starvation, but like Sko1l, a fraction of Cst6 molecules is
sumoylated during normal growth conditions, su¢jggshat the modification regulates properties

of the TF not related to stress. However, Cst6é sumoylation increases with exposure to stress,
specifically ethanol and oxidative stress, which we did not observe for Skol. Environmental
stressors such as ostiecstress, oxidative stress, heat shock and ethanol stress lead to a dramatic
increase in the level of protein sumoylation in mammalian, yeast and plant cells, but it is not fully
understood how elevated sumoylation of specific target proteins affedtsstressrelated
functions [3841]. As the level of Cst6é sumoylation during ethanol stress was dependent on the
dose and the duration of the stress, this provided us with an opportunity to examine how increased
sumoylation might regulate properties of €sluring stress. Indeed, our analysis indicates that
elevated sumoylation after ethanol stress likely promotes Cst6 recruitment or accumulation at

target gene promoters and ensures that expression of its targets is not excessive.

Controlling the associatioof TFswith chromatin is a frequently reported function for sumoylation
[11]. For someTFs sumoylation was shown to occur specifically after they bind to target
promoters and the modification facilitates their subsequent removal from DNA, thereby enabling
gene deactivatioor restricting expression levels (e.g. Gechdros andSkol; [16, 20, 42]). As
mentioned above, however, in other cases, sumoylation promotes the interatiemwith DNA

(e.g. CREB1 and Pax6 [22, 23]). As our ChIP analyses demonstrate that a somoghtient

form of Cst6 can be recruited to DNA, sumoylation is not required for Cst6 to bind to its target

promoters. However, our results support a role for sumoylation in enhancing the association of
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Cst6 with its binding sites. For one, as Cst6 sylatmn increases during exposure to ethanol
stress, the levels of DNAound Cst6 also increase. Secondly, sumoyldtlonking mutations in

Cst6 result in reduced chromatin occupancy at some target promoters.

As one possible mechanism for promoting tesoagiation of Cst6 with chromatin, sumoylation
might increase its affinity for DNA through conformational changes or by promoting
homodimerization or interactions with other proximal DNA binding transcriptional factors. In
support of this, one of the Cs#imoylation sites that we identified, K461, is predicted to lie
adjacent to the hydrophobic face of the leucine zipper region of its bZIP dommadh, enables
dimerization [43] Phosphorylation of an analogous position of the leucine zipper of @/EEBP
believed to enhance homodimerization, but more analysis is needed to explore how addition of a
SUMO moiety at this residue affects pairing of Cst6 units, or heterodimerization with its paralog,
Acal [27, 44] In an alternative mechanism for promoting insexh Cst6 occupancy on DNA,
sumoylation might enhance Cst6 stability, as has been showhF®DeltaLactoferrin and
NPHP7 [45, 46]. Indeed, our finding that Cst6 protein levels are reduced when its sumoylation
sites are mutated supports this idea. In @ase, whether through an active role in promoting its
interaction with DNA, or through a less direct role in inhibiting its degradation, our study points
to an important function for sumoylation in ensuring that high levels of Cst6 occupy its target gene

promoters rapidly after exposure to ethanol stress.

Although Cst6 binds dozens of gene promoters in the presence of ethanol, the effect of Cst6
binding on their expression is gene dependent. For example, during ethanol stress, compared to
wild-type cells NCE103expression is dramatically reduced wHRBS3expression is elevated in

cells lacking Cst6 [28]. Our analysis demonstrates, however, that impairing Cst6 sumoylation has
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a consistent effect on elevating transcription levels, wherever an effect veagenbsThis might

reflect reduced occupancy levels for the sumoylatieficient Cst6 mutant, suggesting that
appropriate levels of Cst6 are normally needed to prevent excessive expression of targets.
However, in normal conditions (i.e. time zero for thka@ol stress time course), we detected
approximately equal levels of Cst6 WT and MT onRiRS3promoter, but expression of the gene

was dramatically derepressed in a strain in which Cst6 cannot be sumoylated (Figure 3.6A and B).
This points to a more dict role for sumoylation of Cst6 in inhibiting transcription. As with
multiple metazoai Fsthat are sumoylated, SUMO can directly impair transcription by promoting
interactions with transcriptional corepressors, particularly histone deacetylase corfideA&$.

Future studies will be key for understanding how sumoylation affects the molecular properties of
Cst6, including its dimerization and interactions with other proteins and DNA, that lead to its
transcriptionally repressive effects. Taken togetloair, study on Cst6 sumoylation provides
further evidence that the modification controls the associatioiFefwith chromatin and fine

tunes transcription levels of target genes.
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3.7 SUPPLMENTARY DATA

Ri(.:h +2.5% EtOH +5% EtOH +7.5% EtOH +10% EtOH
A Medium —
Parent
Cst6-6HA
B 1% EtOH 1% EtOH 3% EtOH 3% EtOH
+
Non-stress TmM H20:2 Non-stress 1mM H202
Parent
Cst6-6HA
C IP: HA
WT MT
- EtOH - EtOH
NEM: + -+ - + - + -
100 -
75 -
50 - IB: HA
Longer
Exposure 100 -
250 - %
150 - - IB: SUMO
= [==:)
100 -

Lane: 1 2 3 4 567 8
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Figure 3 S1: (A) Presence of HA tag does not affect growth in rich media containing glucose
as the carbon sourceCell growth of Cst66HA and parent strains was assessed on glucose
containing, rich medium plates under rgiress and indicated ethanol stress conditions by spot
assay Plates were incubated two days at@GQB) Presence of HA tag does not affect growth

in rich media containing ethanol as the carbon sourcesrowth fithess was assessed by spot
assay on media containing either 1% or 8#anol as the sole carbon source, in the absence or
presence of oxidative stre€s mM HO.). Pates were incubated for two days atB0(C) Cst6
sumoylation is detected in samples prepared with NEM and with intact lysine residues 139,
461 and 547Cst66HA WT and Cste&6HA MT were IPed using HAonjugated beads from cell
lysates pregred with or without NEM and analyzed by HA and SUMO immunoblots. The
experiment was also performed in the presence and absencestiid&dolstress, where indicated.
Red asterisk (*) indicates the SUMO modified form of Cst6 on the HA blot.
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A INPUT B2 INPUT

SC Rich ——
Glu EtOH Glu EtOH EtOH (%): oW~~~
Stress (20 min):-_+ T+ -+ -+
T - BEHN
150!.%_, S! IB: SUMO 100-1" | IB: SUMO
100 - |[S088 - ol 4
7-[Ce== ====| IB:GAPDH  37-.
wewes | |B: GAPDH

Global Sumoylation

0 2.50% 5.00% 7.50% 10%
Percentage of ethanol stress (20 min)

Figure 3 S2: Global levels of sumoylation are influenced by carbon source and ethanol stress.

(A) Yeast cells show significantly higher levels of sumoylation when grown in media containing
glucose compareid ethanolCells were grown in SC or rich media containing either 2% glucose
(Glu) or 1% ethanol (EtOH) as a carbon source, then treated with or without a stressor (100 mM
H20- for ethanolcontaining medium, or 5% ethanol for glucasmtaining medium)dr 20 min.

Lysates were prepared and analyzed by SUMO and GAPDH immunolRjtsGlobal
sumoylation during ethanol stress is dose dependent. Lysates from cells treated with the indicated
concentrations of ethanol for 20 min were analyzed by SUMO and GARDHinoblots.(C)
Quantification of sumoylation levels fd. SUMO signals were normalized to corresponding
GAPDH signals, and the results were plotted relative to the first sample. Error bars represent

standard deviation of three replicates.
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Table 3 S1: Yeast strains used in this study

Strain

Parental

Genotype

Background Strain

W303a
(YER023)

MAT aura35 2 t r p 3gd22 his3tluade2l
canl100

Derived Strains

YVS003C W303a SKOZ16HA::kl TRP1

YVS004A1 W303a CST6e6HA::kl TRP1

YVS064G W303a cst6K139R-6HA:: kl TRP1
YVS060C W303a cst6K461R-6HA:: kl TRP1
YVS061D W303a cst6K547R-6HA:: kl TRP1
YVS063C W303a cst6K461,54 R-6HA:: kl TRP1
YVS065C W303a cst6K139,461,54R-6HA:: kl TRP1
YVS062A W303a cstap: : kanMX
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Table 3 S2: Oligonucleotide primers used in this study.

Gene

Oligonucleotide sequence(s)

Primers for quantitative PCR

analysis of ChIP samples

For wa-CATTCAHTNCCGTTTCGATGE3 Nj
NCE1@® promoter -
Re v e r-GGGCTTBEATAAGCGTCATGGS3 Nj
For wa-CldarAGAEAMGCGCCAGTTGG3 N;j
PYCL promoter ,
Re v e r-GACTGCBBGPAAAAGGCCAAAA-3 Nj
For wa-CldCCCAEANTCACGATGAGG3 N;j
YAPGpromoter ; :
Re v e r-BAGTCTGANCGGCTGTGCAT3 N;j
For wa-GAAGGGANAAGATGCATAGCGS3 N;j
RPS3promoter : ,
Re v e r-BCAAAAGOHTCATGCGGCG3 Nj
For wa-GAGATGCANLGACGTCACAGT3 N;j
ACC1lpromoter .
Rev e r-GTAGTCEMHAGTCGTGGTGAE3 N;j
For wa-CAATTABGHCCGGTGACGAAAC-3 N
PMA1 promoter
Re v e r-AACGABAGTAATGGAGGGGAG-3 N
CHRVuntranscribed redion For wa-CATTATEGAQGTAACGCCACTTT-3 Nj
g Re v e r-GGATCTBAGTTCCAATGGTGAAA-3 N

Primers for quantitative RTPCR analysis

NCEL03 For wa-AGCCTAETNGTGCAAACTGCT3 Nj
Re Vv e r-GGAGTABAFCGTCCTCTACG3 Nj
ROX1 For wa-GTCCACAAETACCCCTACGGS Nj
Re v e r-FAGCGGTGACCTCAGTGTTG3 Nj
ACCL For waTGCAGARGATGTCGAAGCCG3 Nj
Re v e r-EBCAAGGEAFGCAATGGTACT3 Nj
npSa For waTGTGGTEAACCAGTCAACGAG3 Nj
Re Vv e r-AGCCTTEGGACCAGTTCTGE3 Nj
ARG For wa-G@ACTTEGHAACCAGAGCAT3 Nj
Re v e r-GGTATTGAGAGATGGGAGGG3 Nj
APA For wa-GTATTGBOGGTAGTGCCGGT3 Nj
Re v e r-EGETGGEAGFTTGCATCATTG3 Nj
J5s Forwa r d- TCTBGBFATTCAAGGTCCCATTG3 Nj

Re v e r- CGCTTABEACATCTGCGTTATG3 Nj
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CHAPTER 4

SUMMARY AND FUTURE DIRECTIONS

4.1 SUMMARY

Since the discovery of sumoylation as a gostslational modification, multiple studies have
observed abnor mal |l evel s of sumoyl ation i n ceée
Al zhei mer 6s diseases [ 1]. | mmowation, aesdareherp havet o st
found thafTFsare one the largest classes of SUMO substrates [2]. Recently, multiple studies have
focused on identifying the role sumoylation plays in regulaiiRgin mammals and yeast cells.

My investigation focused on fimag the function of sumoylation in regulating two gespecific

bZIP TFsSkol and Cst6, i6. cerevisiae

4.1.1 Yeast transcription factor Sko1l is regulated by sumoylation

Recent studies ofF sumoylation suggested that sumoylation is involved in trgotsanial
repression, partly by reducing the associationfgwith chromatin [2, 3]. To investigate whether
this was a general role of sumoylation in regulafirigs part of my dissertation focused on

identifying roles for sumoylation in regulating Skfhction

Skol is a bZIPTF that binds to promoters containing CiRlee sequences as a homodimei6[4

It plays a unique biunctional role in transcription: during normal growth, it represses the
transcription of some osmotic and oxidative stiagsicible genes and upon stress, it activates the
transcription of stress defense genes. Its transcriptional repressor function is dependent on the
recruitment ofTupl and Cyc8 coepressor complex to its target promoter§]4The switch from

being a repressdo an activator during osmotic stress relies specifically on Hogl MAP kiases
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dependent recruitment of the-aotivator SAGA, SWI/SNF nucleosome remodeling complexes
and RNA polymerase Il (RNAB to induce transcription of target genes6l4 Skol was
identified as a SUMO substrate in large scale proteomic studies, but the relevance of this
modification on Skol has not been reporte®].7Considering the function of Skol during rRon
stress and osmotic stress conditions, we studied the functional inqeogafkol sumoylation

under these growth conditions.

In this study, we discovered that Skol is psiynoylated at Lys 567 and the sumoylation levels
were unchanged when cells were exposed to different stress conditions, including osmotic stress.
This indicates that sumoylation of Skol was involved in functions that are unrelated to stress
response. To investigate whether Skol sumoylation @lagke in cell viability, we performed

growth test under nestress and with different osmotic stressors. Undgtedeconditions, the
SUMO mutant form of Skolsko:MT: skotK567R strain grew similar to the wildtyp&KOZL
WT)strain indicating that sumoylation of Skol is not essential for yeast cell viability. Moreover,
Skol sumoylation is not important for the @iotstability as the protein levels of both SR&/IT

and SkoiIMT were approximately the same, even in the presence of 0.4M NacCl.

Apart from being sumoylated, Skol waseviouslyknown to be phosphorylated by PKA and
Hogl kinases [46]. Numerous studies hashown the codependence or interference between post
translation modifications [2]. Therefore, we next attempted to study the possibletatkoss
between Skol phosphorylation and its sumoylation. Skol, with phesighoutant forms of
either PKA or Hoglwas modified by SUMO under the tested growth conditions, indicating that
sumoylation of Skol occurs independent of its prior phosphorylation. Next, we tested whether

Skol phosphorylation is dependent on its prior sumoylation and to test this, a mdiiitity s
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experiment was conducted. The Skol migration pattern onFSREE gel was slightly higher in
samples collected after the addition of 0.4 M NacCl, due to its phosphorylation by Hog1l [5]. This
shift in migration was compared between SMgT and SkoIMT during nonstress and osmotic
stress conditions. It was noted that the migration patterns of@Rodiere similar to SkoWWT,

even during osmotic stress, suggesting that prior sumoylation of Skol is not important for its
phosphorylation by Hogl. Togethergetie results indicates that paisinslational modifications

on Skol are independent of each other.

To investigate whether sumoylation ptagrole in regulating Skol association with DNA, we first
tested whether DNA binding is a requirement for Skol sumtioyn. To do thiswe generated
DNA-binding mutant forms of Skol and checked their ability to get sumoylated. The DNA
binding mutant forms of Skol were unable to get sumoylateplying that DNA binding is
necessary, anthat Skol sumoylation takes plaafer binding to its target promoters. Next, we
constructed a plasmid that generates Skol BN®ling mutant fused to DNA binding domain of
the transcription activator Gal4 to investigate whether DNA binding is sufficient for Skol
sumoylation. When thisl@smid was introduced into a yeast strain that contains multiple Gal4
binding siteson reporter geneshe fusion protein showed high levels of sumoylation, implying

that DNA binding is sufficient for Skol modification by SUMO.

To further study the roleusnoylation plagin regulating Skol DNA binding, we performed ChIP
experiments followed by nexgeneration sequencing (Ch#q) for bottSKOXWTandsko:MT
strains, during nostress and osmotic stress conditions. There were four main results acquired
from the ChlPseq experiment: (i) SkeMT bound more promoter regions than SR&T during

nonstress and osmotic stress conditions; (ii) During-stpaess growth conditions, SkdAT
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recognized Skol binding mofike sequences, but with less stringency tiskoIWT; (iii)

During osmotic stress, SkeMIT was still able to bind to netarget promoters but binding sites
appeared to be more stringent compared testi@ss; and (iv) the occupancy levels of SKOL

was greater than Sked/T on Skol target gene protees, during tested growth conditions. Taken
together, our analysis suggests that sumoylation functions in preventing the association of Skol
with nonspecific binding sites that show some sequence similarity to its consensus binding motif.
In addition, smoylation alscappears to function in preventing excessieeupancy of Skol on

its target genes.

However, the higher occupancy by SKAT on target genes did not have a general effect on the
expression levels of most of the target genes tested. Althaugidlby SkodMT at nonspecific

sites, it was not able to induce the expression of these genes. These results suggests that Skol
binding alone is not sufficient to alter the expression of these genes. Finally, we investigated the
relationship between Skadumoylation and Hogl recruitment on Skol target promoters, using
ChIP experiments. In the absence of sumoylation, the recruitment of Hogl was significantly
impaired on target genes, implying that sumoylation facilitates the binding of Hogl on target
promoers. Collectively, our results suggest important roles for Skol sumoylation in regulating

target specific binding and in enhanctheg recruitment oHog1l kinase.

4.1.2. Yeast transcription factor Cst6 is regulated by sumoylation

To continue the investagion on TF sumoylation, | next focused on finding roles for Cst6
sumoylation. Cst6 is a gerspecific bZIPTF that is essential for yeast cell viability during ethanol
stress and in neaptimal growth conditions [10]. Similar to Skol, Cst6 recognisesbamds to

CRElike promoter sequences. A recent study showed that the Cst6 binding site has an additional
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guani ne nucl e o tits dirdingantotif,twhea copmarecewitll ttemdensus CRE

motif, implying that it has a somewhat different binding greference than other bZTFs[11].

Cst6 binds to DNA as a homodimer or a heterodimer together with Acal, another yeaBEbZIP
[10, 12]. Cst6 was also identified as a SUMO substrate in large scale proteomic studies, but the
functional importance of th modification was not studig@, 9. In this study we focused on

finding roles for Cst6 sumoylation during netress and ethanol stress conditions.

We demonstrated that Cst6 is msitimoylated on three lysine residues (K139, K461, and K547),
and that the level of its SUMO modification increases during ethanol and oxidative stress. Because
Cstb6 is essential during ethanol stress and in the preseert®aabl as a carbon source, we next
looked at the level of Cst6 sumoylation under these growth conditions. Its sumoylation was
elevated with an increased duration and dose of ethanol stress, but it was significantly reduced

when ethanol was used as thé&esmarbon source in the medium.

Next, we investigated the importance of Cst6 sumoylation in cell viabHityeast strain with
SUMO-deficient Cst6 Cst6MT: Cst6K139,461,547Rwas able to grovas well aghe wild type

strain CSTWT) under the followinggrowth conditions: (i) normal growth condition with glucose

as a sole carbon source; (ii) when exposed to different concentrations of ethanol stress; (iii) growth
condition with different concentrations of ethanol as a sole carbon source; and (iv) wheadex

to oxidative stress along with condition iii. These results suggests that sumoylation of Cst6 is not
important for cell viability under the tested conditions. Following the cell viability test, we then
examined whether sumoylation ptaw role in Cst6 stability. Although Cst6 sumoylation
increased with ethanol stress, the abundance of Cst6 was reduced compareesttesaon

conditions, suggesting a possible correlation between sumoylation and Cst6 stability. Interestingly,
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the CstéMT wasless abundant compared to G8¥ even during ethanol stress. This implies

that Cst6 sumoylation plays a role in enhancing its stability in normal and ethanol stress conditions.

Sumoylation ofTFshas been shown to be involved in the regulation of premagtsociation [2,

3]. To investigate any possible correlation between Cst6 sumoylation and its DNA binding level,
the occupancy levels of both Ca6T and Cst6 MT, on ethangdduced promoters, were
compared during neatress and ethanol stress conditiosisig ChlP experiments. The occupancy

level of Cst6WT significantly increased with ethanol stress. Although ®4t6was also recruited

to the target promoters, there was a reduced or delayed association with these promoters during
ethanol stress. Thesesults suggest that sumoylation of Cst6 is important for the timely

recruitment of Cst6 to its target genes during ethanol stress.

To further study the effect of Cst6 sumoylation on gene expression, we investigated how sumoylation
might regulate transcrifpn of Cst6 target genes. For this, we measured the transcription level of
ethanolinduced genes frol@ STFTWT and cst6MT strains,using RFgPCR In most of the genes
tested, the mutant strain showed elevated levels of MRNA, at least at one point dasicxgption.

The acquired results in the absence of sumoylation was gene specific because some genes showed
elevated mRNA levels during later time points after exposure to ethanol §EEL{3 ROX1

and ACCJ), some showed elevated levels during-stes conditions ACC1and RPS3, and

some did not show significant differenceéAP6§ andHAP4). RPS3showed elevated mRNA

levels at all the indicated time points. Overall, these results suggest that Cst6 sumoylation has a
general repressive effect that isebved differentially at different targets. Taken together, the data
implies that Cst6 sumoylation enhances Cst6 association with eihdnokd target promoters,

partly by increasing Cst6 stability, to limit the transcription of its target genes.
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4.2 FUTURE DIRECTIONS

4.2.1 Further examining the regulation of Skol by sumoylation

One of our main findings was that sumoylation of Skol prevents its association withrgein
promoters. Based on the results, we propose that sumoylation of promoter bodnchi§kb
loosen its interaction with chromatin, to ensure binding specificity. To confirm this model, future
experimentsusing nuclear magnetiesonance (NMR) spectroscqohould focus on finding how
sumoylation changes Skol conformation that will pnevenspecific binding. In fact, a previous
study has already shown that SUMOL interaction with thymidine DNA glycosylase (TDG), which
is involved in base excision repair, changed the structure of TDG that led to its removal from the

damaged DNAZ3).

Although our ChiPseq analysis showed that sumoylation preventsspegific binding of Skol

to DNA, it does not provide us the quantitative analysis of DNA binding affinity. It is still not clear
whether SkodMT binds to DNA with similar affinity to Skd WT or not. Thereforduture studies

using potein binding microarrays (PBMphould focuson finding DNA binding affinity of Skol

in the presence and absence of sumoylation will be an asset in finding the mechanism to explain

how SUMO prevents or limits Skanteraction with promoters.

We also discovered thatSUMO-deficient form of Skol has reduced interaction with Hogl on
target promoters. Hosver, important insights can also be gained by examitagnteraction
between the coepressor amplex (TuptCyc8) and Skolln fact, for some target geneSkol
acts asa repressor during normal growth due to its association with-Oye® complex and this
association is continued even during osmotic stre€§.[#herefore,Tupl ChlIP experiments can

be conducte to investigatéheoccupancy levels dfuplon Skol target genasthepresence and
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absence of sumoylatiohis might alsoassist in findingadditionalroles for Skol sumoylation

during normal growth.

4.2.2Further examining the regulation of Cst6 bysumoylation

In our Cst6 study, we found that sumoylation is important for enhancing the association between
Cst6 and its target promoters. To date, there have only been four gemdengtudies, including

Sko1l, conducted to find the function of sumowatin regulatingl'F association with DNA14-

16]. Contrasting to Cst6, these gencmiele studies have suggested that sumoylation prevents
non-specific binding ofTFs with promoters. Therefore, it will be interesting to do a CéeR
experiment for Cst6 sumoylation to find out what other roles SUMO might plaguiatingCst6

DNA binding. We could also use the genemiele studies to learn whether SUMO differentially
regulates other Cst6 target genes. In addition, future studies focusing on Cst6 conformation and
DNA binding affinity will also shed light on finding the mechanism of how SUMO might regulate

the association of Cst6 with promoters.

In an attempt to find thieinction of Cst6 sumoylation in regulating gene expression, we discovered
that in theCst6MT strain, transcriptional levelsf its target genewere elevated later during
ethanol stress compared to the wildtype strain. Although it suggests a repredsivierr
sumoylation, it is important to note that this repression was observed mostly around the time the
target gene gets shutdown. Therefore, future studies must focus on elucidating the mechanism of
how Cst6 sumoylation functions in deactivating thagaiption of Cst6 target genes. It is possible

that sumoylation of Cst6 might be important for the recruitment @&pcessor complexes to the
promoters. Supporting this prediction, sumoylation of Tupl,-gepoessor protein, is required to

deactivate hie transcription of the amino acid starvation gé&#G1[17]. Sumoylated Tupl
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interacts with sumoylated Gcn4, another yeast @ARo assist in Gen4 removal from promoters
thereby deactivating transcriptigh7]. It is possible that the sumoylation oft€snaintains its
interaction with promoters so that-cepressor proteins, similar to Tupl, can gain access to these
promoters through Cst6, to fitene transcriptional deactivation. Interestingly, both the SUMO
mutants of Tupl and Cst6 show similar ti@mstion level profiles, with significantly higher levels

of transcription specifically during later time points, suggesting a possible correlation. To test this,
ChIP experiments can be conducted to check the occupancy levels of Cst6 and Tupl one€st6 targ

promoters in the presence and absence of sumoylation.

In addition, it is also possible that sumoylation might influence the homodimerization between
Cst6 proteins, or heterodimerization with ACBE. Supporting this, one of the SUMO sites on
Cst6, K461 lies within its leucine zipper region, a basic region in bZH3 used for protein
dimerization. Future investigationgsingelectrophoretic mobility shift assay (EMSA)should

focus onCst6homo or herteradimerization in the presence and absencsuafioylation will be

informative.

4.3 Conclusions

A number ofTFsinteract with each other to regulate gene expression for the proper functioning

of the cell. TheseTFs are also regulated by post translational modifications such as
phosphorylation, ubidtination and sumoylation. Due to thecfahatTFs are one of the largest
classes of SUMO targets, and altered sumoylation levels were observed in diseases, there are a
number of studies being performed to understand the mechanisms of how sumoylatgu cae

them.
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In this study, | found that two yeast gesygecific bZIPTFs Skol and Cst6, are sumoylated to
appreciable levels during natress and stress conditions. Sumoylation is important for preventing
Sko1l from binding to notarget promoters, anto limit the occupancy level of Skol on its target
promoters. In addition, sumoylation is also important to enhance the interaction between Skol and
Hogl kinase during osmotic stress. Alternatively, Cst6 sumoylation enhances the association of
Cst6 withits targets promoters to facilitate the timely deactivation of gene transcription during
ethanol stress. Collectively, both our studies suggests a general role for sumoylation; regulating

the interaction betweenFsand DNA in order to maintain proper geggression.
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