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Abstract

Small ubiquitin modifier (SUMO) is a ubiquitin-like modification that regulates many
fundamental processes in eukaryotes such as DNA damage and repair, cell cycle, stress
responses and gene expression. Sumoylation is essential for viability in the model organisms
Saccharomyces cerevisiae, Drosophila melanogaster, Caenorhabditis elegans, and is
embryonic lethal in mice. Conversely, sumoylation is dispensable for growth in the fission
yeast Schizosaccharomyces pombe. High throughput proteomic approaches have detected
many sumoylated substrates in a large number of cellular processes, however, the biological
function of sumoylation in many of these processes, as well as the essential processes in S.

cerevisiae and mammals, have not been elucidated.

To gain insight into the biological functions of sumoylation in eukaryotes, we aimed to take
advantage of the viability of sumoylation mutants and large scale deletion collections available
in S. pombe to study the process via a high throughput genetic screening. Although the
sumoylation mutants studied were found unsuitable for genetic screening, characterisation of
the cell cycle defects observed in the mutants revealed that cells lacking sumoylation exhibited
abnormal expression of cell cycle dependant genes. The gene transcripts affected by lack of
sumoylation are normally regulated by a conserved family of forkhead transcription factors,
and this study indicates that sumoylation acts specifically to repress forkhead dependant gene
expression. A conserved forkhead transcription factor homolog in human cells has been
previously identified as a sumoylated substrate, but the effect of sumoylation on the activity of
the transcription factor was unclear. Our data therefore suggests that sumoylation may be a

conserved negative regulator of cell cycle regulated gene transcription in eukaryotes.

To further increase our understanding of sumoylation, a high throughput screening approach
was used in S. cerevisiae. The SUMO encoding gene, SMT3, is essential in S. cerevisiae,
hence a hypomorphic smt3 allele was screened against a genomic library of mutants.
Excitingly, through this approach, we identified that perturbation of highly conserved
cytoskeleton proteins, involved in filamentous actin (F actin) dynamics and tubulin, suppressed
the slow growth defect associated with misregulated sumoylation. This novel observation

suggests that a major role of sumoylation in eukaryotes is in cytoskeleton regulation.

Aberrant sumoylation is implicated in many disease states, such as cancer, pathogenic
infection, and neurodegenerative disease. Furthermore, forkhead transcription factors have
been implicated in human cancers, and F actin dynamics are often misregulated in cancer and
viral and bacterial infection. Thus, understanding the mechanism of sumoylation underpinning

these processes have potential impacts for human health.
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Chapter One: Introduction
1.1 Protein Modification by the Small Ubiquitin like Modifier SUMO

Post translational modification of proteins, such as phosphorylation, acylation, glycosylation,
or acetylation allows cells to modify the activity of protein targets. Addition or removal of a
chemical moiety can alter the activity, stability, or subcellular location of a protein substrate,
allowing broadening of the range of functionality beyond the initial amino acid sequence.
Further to the smaller chemical post translational modifications that a cell may utilise, there is
also a subset of post translational modifiers which are themselves small proteins. This family
of proteins are the Ubiquitin-like modifiers (Ubls), which share similarity to the founding
member ubiquitin. Addition of these small protein moieties to target proteins leads to the
formation of branched proteins. Due to the increased interaction surface provided by a small
protein versus a small chemical moiety such as phosphorylation, these branched proteins
provide a large scope of potential changes in functionality. One such protein modifier is the
Small Ubiquitin like Modifier (SUMO). Since the initial discovery of SUMO, it has been found
to have many roles in protein localisation and activation, and is linked to the regulation of key
cellular processes including gene transcription, cell cycle regulation, DNA damage and repair

and stress responses (Singh et al., 2012).

1.1.1 SUMO - Part of the Ubiquitin-like Modifier Family

After the discovery of the founding member ubiquitin, many other Ubl protein modifiers, like
SUMO, have been identified in eukaryotes (Table 1.1). Members of the Ubl family share a
number of common characteristics. Firstly, Ubls are generally conjugated to their target
substrates via a conserved E1 activation, E2 conjugation and E3 ligase enzyme pathway
(Figure 1.1) (Jentsch and Pyrowolakis, 2000). Secondly, while the amino acid sequence
conservation between Ubl members is surprisingly low, they share a similar 3D globular (-
grasp structure, termed a “ubiquitin fold” (Figure 1.2) (Jentsch and Pyrowolakis, 2000). Thirdly,
most Ubls are translated as an immature precursor that requires processing at a conserved C-
terminal diglycine motif before they can be conjugated to targets (Figure 1.2). Despite the
similarities described above, individual Ubl members have unique characteristics, highlighting
the diversity of the family. For instance, the ubiquitin system encodes a large number of E1,
E2 and E3 enzymes in comparison to the other Ubl proteins (Table 1.1). In contrast, the Ubl
Urml is conjugated to its targets without an E2 or E3 enzyme (Table 1.1). Furthermore, Urm1l
is translated with the C-terminal diglycine motif already exposed, meaning it does not undergo
proteolytic cleavage before conjugation (Figure 1.2). The autophagy proteins (Atg3, 5, 7, 8,
10 and 12 in yeast) form two interconnected Ubl signalling pathways, where the conjugation
of the Ubl Atg12 to Atg5 creates a new E3 ligase (Otomo et al., 2013).



ubl El E2 E3 Targets Cellular Roles
Ubiquitin Ubal Ubcl-13 ~80 in yeast Many Mono ubiquitination —
chromatin remodelling,
_ _ (~40 in mammalian (~600 in endocytosis
(=16 in mammalian | cejis) (Metzger et mammalian cells) K48 linkages — target for
cells) (Kouranti et al., 2012) (Metzger et al., protein degradation
al., 2010) 2012) K63 linkages —
postreplicative repair
(Komander, 2009)
Smt3 Aosl/Uba2 Ubc9 Sizl, Siz2, Mms21, | Many DNA damage and repair,
(SUMO-1, (SAE1/UBA2) Zip3 cell cycle progression,
SUMO-2/3) (15 identified in transcriptional regulation,
mammalian cells) stress responses
(Watts, 2013)
Rubl Uba3/Ulal Ubcl2 Many Cullin subunits of ubiquitin Meiosis to mitosis
(NEDDS) (UBA3/AppBpl) (UBE2M) E3 ligases transition
Urm1l Uba4 - - Many Nutrient sensing, stress
(MOCS3) responses, sulphur
donation (Goehring et al.,
2003)
Atg12 Atg7 Atg10 - Atg5 Autophagy (Otomo et al.,
2013)
Atg8 (LC3 Atg7 Atg3 Atgl12~Atg5 Phosphatydylethylamine Autophagy (Otomo et al.,
family) 2013)

Table 1.1: The Ubl family members share common conjugation pathway, but have diverse cellular roles and targets. The conjugation pathways
and target substrates of ubiquitin and the Ubl members SUMO (Smt3 in S. cerevisiae), NEDD8 (Rubl in S. cerevisiae), Urml, Atg8 and Atgl2.
Examples of the known cellular roles of the Ubl are indicated. S. cerevisiae enzymes are shown, and mammalian homologs included in brackets.

Modified from figure in (Jentsch and Pyrowolakis, 2000).
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Figure 1.1: Ubiquitin and the Ubl proteins are conjugated to protein substrates via a
conserved enzymatic pathway. Ubl proteins are commonly processed at a diglycine motif
before activation by an E1 activating enzyme. The activated Ubl is then transferred to the E2
conjugating enzyme, and the Ubl finally conjugated via an E3 ligase.



Smt3 HINLKVS-DGSSEIFFKIKKT-—————————-——~ T

SUMO-1 YIKLKVIGQDSSEIHFKVKMT - -———===———==— T
SUMO-2 HINLKVAGQDGSVVQFKIKRH-—-———===———=— T
SUMO-3 HINLKVAGQDGSVVQFKIKRH---———==———=-— T
Ubiquitin =~ ——————mmmmm oo MQOIFVKTLTGKTITLEVESS-———--———---—= D
Urml ~ mmmmmmmm oo MVNVKVEFLGGLDAI FGKOQRVHKIKMDKEDPVTVGD
Rubl ~ —mmmmmmmmmmmmmmmm o MIVKVKTLTGKEISVELKES-———---———-=-—- D
* .

Smt3 PLRRLM---——===-— EAFAKRQGKEMDSLRFLYDGIRIQADQTPEDLDMEDNDI IEAHR
SUMO-1 HLKKLK-—----—--- ESYCQRQGVPMNSLRFLFEGQRIADNHT PKELGMEEEDVIEVYQ
SUMO-2 PLSKLM---——=-=--- KAYCERQGLSMRQIRFRFDGQPINETDT PAQLEMEDEDTIDVEFQ
SUMO-3 PLSKLM---——=-=--- KAYCERQGLSMRQIRFRFDGQPINETDT PAQLEMEDEDTIDVEFQ
Ubiquitin TIDNVK--——---—-- SKIQDKEGIPPDQQRLIFAGKQLEDGRTLSDYNIQKESTLHLVL
Urml LIDHIVSTMINNPNDVSIFIEDDSIRPGI ITLINDTDW--ELEGEKDY ILEDGDIISFTS
Rubl LVYHIK--———--——- ELLEEKEGIPPSQQRLIFQGKQIDDKLTVTDAHLVEGMOLHLVL
Smt3 EQIGGATY*---———--

SUMO-1 EQTGGHST*-—-———-—

SUMO-2 QOTEGVY*——————--—

SUMO-3 QQTGGVPESSLAGHSF *

Ubi RLRGGN*—-—-———--—

Urml TLHEG* --——---———-

Rubl TLRGGN*——————————

Figure 1.2: Sequence homology of ubiquitin and Ubl proteins. Protein sequence
alignment of Smt3, human SUMO-1/2/3, ubiquitin, Urm1. Atgl2 amino acid sequence is
unrelated to ubiquitin, so it not included here. The N-terminal extension conserved across
SUMO proteins is indicated in orange. The conserved diglycine motif found in Ubls is indicated
in green. Madified from (Jentsch and Pyrowolakis, 2000).



While most Ubls are conjugated to other proteins, the action of the Atgl2~Atg5 E3 ligase
targets the autophagy Ubl Atg8 (member of the LC3 family in mammals) to the phospholipid
phosphatydylethylamine (Otomo et al., 2013) (Table 1.1).

Sumoylation has been found to be an essential process in most eukaryotic model organisms.
Loss of sumoylation in the nematode worm Caenorhabditis elegans, fruit fly Drosophila
melanogaster and mice is embryonic lethal due to errors in chromosomal segregation (Jones
et al.,, 2002; Nacerddine et al., 2005; Talamillo et al., 2008). Furthermore, in budding yeast
Saccharomyces cerevisiae, most genes involved in the SUMO pathway are essential for cell
viability (Dieckhoff et al., 2004). This is similar to ubiquitin, where the gene encoding the sole
E1 activation enzyme UBAL is essential (Giaever et al., 2002). In contrast, the other Ubl genes
URM1, RUB1, ATG8 and ATG12 are non-essential in S. cerevisiae (Giaever et al., 2002).
Interestingly, however, sumoylation is not essential for viability in the fission yeast
Schizosaccharomyces pombe and the opportunistic fungal pathogen Candida albicans
(Tanaka et al., 1999; Leach et al., 2011). However, both S. pombe and C. albicans cells

deficient in sumoylation exhibit poor growth and cell morphology defects.

Although SUMO is conserved across eukaryotes, organisms contain variable numbers of
SUMO encoding genes. For example, C. elegans (smo-1), D. melanogaster (smt3), S.
cerevisiae, (SMT3) and S. pombe (pmt3*) all contain one copy of a SUMO encoding gene.
There are many more SUMO encoding genes in the plant model system Arabidopsis thalania,
which encodes 8 copies of the SUMO gene (AtSUM1-7, 9) (Kurepa et al., 2003). Furthermore,
humans express 4 SUMO homologs, SUMO-1, -2, -3 and -4. SUMO-1 protein is most similar
to the yeast proteins (Tanaka et al., 1999; Takahashi et al., 1999). SUMO-2 and SUMO-3
have 96% amino acid identity to each other (and are often referred to as SUMO-2/3 in
literature), but only have 46% identity with SUMO-1 (Watts, 2013). Additionally, differing
conjugation dynamics and cellular targets of SUMO-1 and SUMO-2/3 suggests that the two
proteins are from distinct families (Saitoh and Hinchey, 2000). SUMO-4 does not appear to
be able to be covalently conjugated to targets, as it cannot be processed from the immature
precursor (Owerbach et al., 2005). Like most other Ubl proteins, SUMO is produced as an
immature precursor, that requires processing at a diglycine motif before it can be conjugated
(Figure 1.2) (see section 1.1.3). Comparison of SUMO amino acid sequences to the other Ubl
family members also reveals a unique N-terminal tail conserved in SUMO proteins (Bayer et
al., 1998) (Figure 1.2).



1.1.2 SUMO Conjugation

Like many members of the Ubl family, the pathway to SUMO conjugation follows the E1, E2
E3 ligation pathway. The conjugation (and subsequent removal) of SUMO from cellular targets
in budding yeast is shown in Figure 1.3. For the S. cerevisiae, S. pombe and mammalian

homologs of conjugation enzymes, see Table 1.2.

1.1.2.1 The Sumoylation Consensus Motif

Alignment of acceptor lysine residues of known SUMO-1 targets in mammalian cells revealed
the presence of a simple consensus sequence for sumoylation, y-K-x-D/E, where y is a large
hydrophobic residue, K is the acceptor lysine, x is any amino acid, and D/E is aspartic or
glutamic acid. (Rodriguez et al., 2001; Sampson et al., 2001). However, it is estimated that
~75% of SUMO substrates occur within consensus motifs, thus sumoylation of a non-
consensus motif is not an uncommon event (Xu et al., 2008a). Furthermore, due to the very
simple nature of the consensus motif, not all consensus motifs found within the proteome are

sumoylated.

Interestingly, variants of the simple consensus sequence have been identified in mammalian
cells. One example is the phosphorylation dependant motif (PDSM) W-K-x-E-x-x-S-P, where
the phosphorylation of the serine residue downstream of the consensus motif increases the
sumoylation of the substrate (Hietakangas et al., 2006). A further extended variant of the
consensus motif is the negatively charged amino acid-dependant sumoylation motif (NDSM),
where acidic amino acids within the 10 residues downstream of the consensus motif of a
substrate increases the efficiency of sumoylation (Yang et al., 2006). Increased sumoylation
of NDSM containing substrates is dependent upon a corresponding positively charged region
of Ubc9, suggesting that the basic patch on Ubc9 electrostatically binds the negatively charged
NDSM region (Yang et al., 2006). As both the PDSM and NDSM introduce a negative charge
to the region immediately downstream to the target lysine, it would suggest that the PDSM

consensus motif also recruits Ubc9 in this manner.

Most recently, due to improvement in mass spectrometry protocols, two new variants of the
sumoylation consensus motif were identified. Firstly, the inverted sumoylation motif, E/D-x-K-
W, where the consensus is reversed. Secondly, the hydrophobic cluster motif (HCSM) y-yp-y-
K-x-D/E, in which the hydrophobic amino acid found in the original consensus is extended by
a further two residues (Matic et al., 2010; Impens et al., 2014). These consensus sequences

have been less well characterised in how they affect the efficiency of sumoylation.
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Figure 1.3: Pathway of SUMO conjugation in S. cerevisiae. SUMO is processed by the
Ulpl protease at a conserved C terminal diglycine motif to expose the carboxyl group of the
terminal glycine. The SUMO then forms a thioester bond between the catalytic cysteine of the
Uba2 subunit of the E1 activating heterodimer Aos1/Uba2 via an ATP dependant reaction.
SUMO is then transferred to a cysteine residue in the E2 conjugating enzyme Ubc9. Ubc9
alone can modify identified targets, but most sumoylation requires the action of an E3 ligase
of which there are 3 known in S. cerevisiae: Sizl, Siz2, Mms21 and Zip3. SUMO can be
removed from its substrates by the deconjugases Ulpl and Ulp2, which are specific to
individual targets. Adapted from (Geiss-Friedlander, 2007).



Protein

S. cerevisiae

S. pombe

Mammalian

SUMO

Smt3

Pmt3

SUMO-1
SUMO-2
SUMO-3
SUMO-4

SUMO deconjugases

Ulpl

Ulpl

SENP-1
SENP-2
SENP-3
SENP-5

Ulp2

Ulp2

SENP-6
SENP-7

DeSI-1
USPL1

SUMO activating enzyme
(E1)

Aosl
Uba2

Rad31/Uba4
Fub2/Uba2

SAE1l
SAE2

SUMO conjugating
enzyme (E2)

Ubc9

Ubc9/Husb

Ubc9

SUMO ligase (E3)

Sizl
Siz2

Pli1

PIAS1

PIAS3 (PIAS3,
PIAS3L)

PIAS2 (PIASXa, PIASX
B)

PIAS4 (PIASY,
PIASYE6-)

Mms21

Pli2/Nse2

MMS21/NSE2

Zip3

RanBP2

HDAC4

HDAC7

Pc2

Topors

KAP1 co-repressor
Fus

Table 1.2: SUMO conjugation pathway enzymes and their homologs in S. cerevisiae, S.

pombe and mammalian cells.
Adapted from (Watts, 2013).

Isomers from alternate splicing are shown in brackets.




1.1.2.2 E1 Activation

Once processed, SUMO is then activated by an E1 activating enzyme. In most other Ubl
conjugation pathways this is normally a monomer (Hochstrasser, 2000), however in the
sumoylation pathway this activation is completed by a heterodimer of two essential subunits,
Aosl and Uba2 (Johnson et al., 1997). Alignment of the domain structures of S. cerevisiae
Aosl and Uba2 with the monomeric ubiquitin E1 Ubal suggested that Aos1 and Uba2 would
function together as a heterodimer to activate Smt3 (Johnson et al., 1997). Indeed, similarly
to ubiquitin activation, Aos1/Uba2 uses ATP to adenylate the processed C-terminal diglycine
of Smt3, which is then used to form a high energy thioester intermediate between Smt3 and
the catalytic cysteine (Cys177 in S. cerevisiae) within the E1 domain of Uba2 (Johnson et al.,
1997). The E1 then catalyses the transfer of the activated Smt3 thioester onto the E2
conjugating enzyme, Ubc9. The interaction of the E1 and E2 is mediated by a ubiquitin fold
domain within the C terminus of Uba2, and the N terminus of Ubc9 (Wang et al., 2010). The
loss of the ubiquitin fold domain of Ubaz2 is lethal in S. cerevisiae, potentially due to the loss of
this interaction and the subsequent failure of Smt3 being passed to Ubc9 (Lois and Lima,
2005). Interestingly, sumoylation of Uba2 has been detected in mammalian cells, which
inhibits the ability of the SUMO thioester to be transferred from the E1 enzyme to the E2
(Truong et al., 2012).

1.1.2.3 E2 Conjugation

Unlike ubiquitination, which has many E2 conjugation enzymes, Ubc9 is the only E2 of the
SUMO modification pathway identified to date in eukaryotes (Table 1.2) (Figure 1.3).
Furthermore, like many sumoylation components, UBC9 essential in S. cerevisiae (Seufert et
al., 1995; Johnson and Blobel, 1997; Dieckhoff et al.,, 2004). Interestingly, the strain
background appears to be linked to Ubc9 function, encoded by hus5*, in S. pombe (for ease |
will refer to hus5™ as its alias ubc9* for the remainder of this study). In particular, two studies
found ubc9* to be essential (al-Khodairy et al., 1995; Kim et al., 2010), whereas other
publications indicated the ubc9* gene to be non-essential (Hayles et al., 2013). If pmt3* and
ubc9* do indeed have differing phenotypes, this could suggest a sumoylation-independent role
for Ubc9 in S. pombe. In both S. pombe and S. cerevisiae, Ubc9 was found to localise
predominantly in the nucleus (Griffiths et al., 1995; Srikumar et al., 2013). In mammalian cells,
there are two cellular pools of Ubc9; one Ubc9 pool is bound to the cytosolic face of the nuclear
pore complex by RanBP2 (Saitoh et al., 2002), and another Ubc9 pool is located in the
cytoplasm, which can shuttle to the nucleus via the RanGTP-regulated nuclear import protein
Importin13 (Grunwald and Bono, 2011).



As described above (see section 1.1.2.2), the ubiquitin fold domain of the E1 Aosl/Uba2
complex interacts with the N terminus of the E2 Ubc9 (Wang et al., 2010). This interaction
allows the SUMO thioester to be transferred from the E1 enzyme to the catalytic cysteine of
Ubc9 (Cys93in S. cerevisiae). Indeed, further support for the importance of the N-terminal of
Ubc9 for E1-E2 interaction is indicated by studies of site mutants within the N terminus of S.
cerevisiae Ubc9, which were found to reduce Ubc9~Smt3 thioester formation by weakening
the interaction of the E1 and E2 in vitro (Bencsath et al., 2002).

For ubiquitination to occur, many combinations of E2 and E3 ligases can be employed to gain
target specificity (Table 1.1). Although most sumoylation events require an E3 ligase in vivo
(see section 1.1.2.4), sumoylation is unusual among ubiquitin and the Ubls in that the E2 can
sumoylate target proteins directly. Studies suggest that this is in part due to direct Ubc9
interaction with the consensus motif. For example, mutation of residues of the surface
surrounding Cys93 in Ubc9, that are in direct contact with the sumoylation consensus motif,
reduces the sumoylation of a wide array of sumoylation targets in mammalian cells, including
RanGAP1, p53, IkBa, c-Jun and E2-25K (Bernier-Villamor et al., 2002; Lin et al., 2002; Pichler
et al., 2005). Furthermore, the modification of Ubc9 can influence target specificity. For
instance, autosumoylated Ubc9 has been detected in a variety of proteomic studies in both S.
cerevisiae and mammalian cells (Wohlschlegel et al., 2004; Zhou et al., 2004; Denison et al.,
2005; Knipscheer et al., 2008). One study into the role of Ubc9 autosumoylation in mammalian
cells identified Lys14 as a site for sumoylation (Knipscheer et al., 2004). This study showed
that autosumoylation of Ubc9 changed subsequent sumoylation of sumoylation targets,
depending if these targets contained sumo interaction motifs, or SIMs (see section 1.1.5).
Although Ubc9 autosumoylation is also detected in S. cerevisiae, the site of sumoylation does
not appear to be conserved. Systematic mutational analysis of lysine residues within S.
cerevisiae Ubc9 demonstrated that Lys153 is the major sumoylation site of Ubc9 (Ho et al.,
2011). Sumoylation of Lys157 was also detected, but it was found to modified at a relatively
lower level than Lys 153 (Ho et al., 2011). Interestingly, loss of the K153R/K157R modification
sites of Ubc9 increased the in vivo sumoylation of septins, well characterised sumoylation
targets in S. cerevisiae (see section 1.2.2.3) (Ho et al., 2011). The authors proposed that
sumoylation of Ubc9 inhibited the interaction between Ubc9 and cellular targets, and this was
a negative feedback mechanism to prevent excessive sumoylation (Ho et al., 2011). Further
study into Ubc9 sumoylation in S. cerevisiae revealed that sumoylated Ubc9 was defective in
formation of the Ubc9~Smt3 thioester in vitro (Klug et al., 2013).

1.1.2.4 E3 Ligases

In ubiquitination, more E2 enzymes are available than E1 enzymes, and more E3 ligases than
E2 enzymes, allowing increasing specificity through the conjugation pathway (Table 1.1). Itis
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therefore striking how the SUMO pathway has far fewer identified E3 ligases in comparison.
To date, only 4 have been identified in S. cerevisiae; Sizl, Siz2, Mms21 and Zip3; and 2 in S.
pombe; Plil and Nse2; all of which are Siz-PIAS-RING (SP-RING) domain ligases (Table 1.2).
Humans encode 4 SP-RING ligase genes, PIAS-1,2,3 and 4, which also undergo alternate
splicing (Table 1.2). Human cells also express other SUMO E3 ligases which lack the canonical
SP-RING domain, such as the nucleoporin Nup358/RanBP2 (Pichler et al., 2002), the histone
deacetylases HDAC4 (Gregoire and Yang, 2005) and HDAC7 (Gao et al., 2008), the
polycomb-group protein Pc2 (Kagey et al., 2003), and the topoisomerase I-binding protein
Topors (Table 1.1) (Weger et al., 2005). These highlight the higher complexity of the
sumoylation system in mammalian systems. However, as there are no apparent homologs in

yeast, these will not be discussed at length here.

The SUMO ligases Siz1 and Siz were identified in S. cerevisiae in screens for suppressors of
an ulp2 mutant (Strunnikov et al., 2001). The Siz proteins were successfully identified as
SUMO ES3 ligases, as sequence alignment revealed RING-like domains found in ubiquitin E3
ligases (Johnson and Gupta, 2001; Takahashi et al., 2001b). Indeed, like the RING domain
ubiquitin E3 ligases, Siz/PIAS-RING (SP-RING) ligases act as a scaffold to bind the target and
Ubc9 in position for optimal conjugation of SUMO to target substrates (Yunus and Lima, 2009).
Similarity between Siz1 and Siz2 is mostly found at the N terminus over the SAP domains and
the SP-RING domain (42% amino acid sequence identify over ~470 amino acids of the N-
terminus), but the C-terminals convey very little sequence similarity (Johnson and Gupta,
2001). Interestingly, in contrast to the other genes within the sumoylation pathway, both SIZ1
and SIZ2 are not essential in S. cerevisiae (Johnson and Gupta, 2001). Furthermore, siz1A
and siz2A single mutants have no obvious phenotypes or growth defects. (Johnson and
Gupta, 2001). However, the siz1A siz2A double mutant displays a mass reduction in global
sumoylation along with an apparent G»/M delay, and slower growth, particularly at cold
temperatures (Johnson and Gupta, 2001; Chen et al., 2005). The molecular basis of these
defects in not well understood, although it has been shown that some of the siz1A siz2A
associated growth defects are due to the increased copy number of the endogenous 2um
plasmid (Chen et al., 2005). Global analysis of Smt3 conjugation revealed that Siz1 and Siz2
mostly sumoylate separate substrates, with ~25% overlap between targets (Makhnevych et
al., 2009; Srikumar et al., 2013). However, most likely due to the ability of Ubc9 to bind to
consensus motifs without an E3 ligase, both Siz1 and Siz2 both recognise and sumoylate the
same targets in in vitro reconstitution experiments (Takahashi et al., 2003), raising the question
of how these proteins discriminate targets in vivo. Studies of the domains within the SP-RING

ligases have provided insight into this.
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The Siz-PIAS ES3 ligases contain four domains, which are conserved from the S. cerevisiae E3
ligases Siz1 and Siz2, the S. pombe E3 ligase Pli1 and the human PIAS proteins (the example
PIAS1 is shown) (Figure 1.4). An N-terminal SAP domain has been shown to bind DNA in the
human E3 PIAS1 (Okubo et al., 2004). The PINIT domain was identified in PIAS E3 ligases
in higher eukaryotes by a proline, isoleucine, asparagine, isoleucine, threonine motif (hence
“PINIT” domain), and this conserved region in the Siz-PIAS E3 ligases confers a degree of
substrate specificity (Yunus and Lima, 2009; Mautsa et al., 2011; Duval et al., 2003; Mautsa
etal., 2011). The SP-RING domain is required for SUMO ligase activity in all SUMO E3 ligases
discovered in S. cerevisiae, including the E3 ligases Mms21 and Zip3 (Zhao and Blobel, 2005;
Cheng et al., 2006). Most SP-RING E3 ligases contain a SIM motif (see section 1.1.4),
positioned downstream of the SP-RING domain. Sizl contains a unique C-terminal, which is
important for bud neck localisation. It is of note that Mms21 and Zip3 do not contain SAP or
PINIT domains. This is most likely because these E3 ligases are part of a protein complex, and

as such the protein complex helps target the E3 ligases to targets.

In S. cerevisiae, much of sumoylation target specificity is dictated by the differing intracellular
localisation of Siz1 and Siz2. Siz1 resides in the nucleus, but upon completion of mitosis is
exported from the nucleus to sumoylate cytoplasmic targets, such as the septins at the bud
neck (Makhnevych et al., 2007) (see section 1.2.2.3). The cell cycle nuclear export requires
the C-terminal domain unique to this ligase (Reindle et al., 2006). However, mutations in the
SAP, PINIT or SP-RING domain mutants of mammalian PIAS3L cause the E3 to lose nuclear
localisation (Duval et al., 2003). This suggests it is not the direct DNA binding of the ligase, but
correct target sumoylation provided by targeting through the SAP domain, that promotes
nuclear accumulation of the SP-RING ligases (Duval et al., 2003). Conversely, Siz2 is only
detected within the nucleolus, a site within the nucleus for ribosome biogenesis and assembly
(Srikumar et al., 2013). Furthermore, the highly variable PINIT domain also is important in
substrate specificity. For example, the helicase PCNA is sumoylated by both Siz1l and Siz2,
but at differing sites (Pfander et al., 2005; Parker et al., 2008). Indeed, the Siz1 PINIT domain
increased the sumoylation of PCNA, and structural studies revealed that the PINIT domain
bound to PCNA (Reindle et al., 2006; Yunus and Lima, 2009).
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Figure 1.4: Domain structure of the SP-RING containing SUMO E3 ligases. Domain
structures of the E3 ligases Sizl, Siz2, Mms21 and Zip3 from S. cerevisiae, Plil from S.
pombe, and the human PIAS1. SAP DNA binding domains are indicated in red. The PINIT
domains, required for substrate specificity, are indicated in green. The SP-RING domains,
required for Ubc9 binding and target sumoylation, are indicated in blue. SIM domains, which
bind to SUMO moieties, are indicated in yellow. The bud neck localisation domain unique to
Sizl is indicated in purple.
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The other E3 ligases, Mms21 and Zip3, were identified more recently. Mms21 functions as
part of the Smc5/6 (Structural Maintenance of Chromosomes) complex in S. cerevisiae, which
is essential for the correction of toxic recombination intermediates (Zhao and Blobel, 2005).
Interestingly, while complete deletion of this gene is required for viability, mutant Mms21
lacking a SP-RING domain can support growth, suggesting the sumoylation it performs is not
essential (Zhao and Blobel, 2005). Furthermore, while sumoylation is non-essential in S.
pombe, the Mms21 homolog Nse2 is required for growth, further suggesting that sumoylation
is not the essential role. It is therefore likely that the essential cellular role of Mms21 is in
supporting the structure of the Smc5/6 complex. Following the discovery of Mms21 as an E3
ligase, Zip3 was uncovered as another Smt3 E3 ligase in S. cerevisiae. During meiosis a large
protein complex, named the synaptonemal complex, forms along the length of homologous
sister chromatids (Cheng et al., 2006). This complex is thought to aid in DNA recombination
and chiasma formation by scaffolding the chromatids together and by recruitment of necessary
factors. Zip3 was found to globally sumoylate proteins along the length of the synaptonemal
complex (Cheng et al., 2006). Moreover, these Smt3-modified proteins are likely to interact
with the major synaptonemal complex protein Zip1, aiding the formation of this complex during
meiosis (Cheng et al., 2006). As both Mms21 and Zip3 form part of a protein complexes, the
surrounding proteins within the complexes could aid in recruiting the E3 ligases to the target

substrates, negating the need for the SAP or PINIT domains of the other ligases (Figure 1.4).

1.1.3 SUMO Deconjugation

SUMO is a mostly transient modification that is rapidly removed from its targets by
deconjugase enzymes. In S. cerevisiae, there are 2 known deconjugases, Ulpl and Ulp2.
Alignment of the 621 residue Ulpl and 1,034 reside of Ulp2 protein sequence revealed
sequence similarity within a 200 amino acid region containing the catalytic triad of histidine,
aspartate and cysteine, termed the Ulp domain (Li and Hochstrasser, 1999). However,
sequence similarity is rather low between these two deconjugases, with only 27% identity
between the Ulp domain and virtually none throughout the rest of the proteins (Kroetz et al.,
2009). Ulpl was identified in S. cerevisiae by a biochemical screen for proteins with Smt3
cleaving activity (Li and Hochstrasser, 1999). Ulpl is essential for the processing of immature
Smt3, as it was identified that Ulp2 lacks the C-terminal hydrolase activity required to remove
the amino acids following the diglycine motif of Smt3 (Li and Hochstrasser, 2000).
Interestingly, like Smt3, Ulpl was also found to be essential for passing the G»-M boundary
unless large amounts of mature Smt3-GG were expressed in the cells (Li and Hochstrasser,
1999). However, ulplA mutant cells expressing mature Smt3 still grew extremely poorly,
suggesting that deconjugation as well as conjugation of Smt3 is essential for cell cycle
progression in S. cerevisiae (Li and Hochstrasser, 1999). Furthermore, deletion of both Siz1

and Siz2 (but not Mms21) rescued the poor growth phenotype of ulplA mutant cells,
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suggesting that the removal of the bulk of Smt3 conjugates, rather than a specific subset of
targets, is the main function of Ulp1 within cells (de Albuquerque et al., 2016). The ULP2 gene
was identified in S. cerevisiae as a high copy suppressor of a temperature sensitive allele of
the E1 activating enzyme ubal (Schwienhorst et al., 2000). Unlike Ulp1, Ulp2 is dispensable
for growth, but is temperature sensitive and thus cannot grow at 37°C in S. cerevisiae
(Schwienhorst et al., 2000). In mammalian cells there are 6 identified SUMO deconjugase
enzymes, SENP-1-4, 6-7 (Hay, 2007). The small number of SUMO deconjugation enzymes is
in contrast to the ubiquitin system, where there are ~100 deubiquitinases identified in human
cells (Hickey et al., 2012). The SENP proteins can be classified into 3 main families (Yeh,
2009). The first family containing SENP-1 and SENP-2, are efficient at removing all the
mammalian SUMO isoforms (SUMO-1-3). The second family contains SENP-3 and SENP-5
which preferentially remove SUMO-2/3 from substrates. The final family, SENP-6 and SENP-
7, also preferentially remove SUMO-2/3 from substrates. SENP-1 appears to be the main C-
terminal hydrolase for SUMO-1, as mice embryos with non-functional SENP-1 also show a
reduction in processed SUMO-1 (Cheng et al., 2007). However, SENP-2 can also process
SUMQOs, but it has a preference for SUMO-2 in biochemical assays (Reverter and Lima, 2004).
This suggests further complexity in SUMO processing in high eukaryotes compared to yeast.
To this end, new SUMO deconjugase enzymes have been recently identified with low
sequence similarity to the SENPs in mammalian cells, which have no obvious homologs in
yeast (Hickey et al., 2012). These novel SUMO deconjugases, DE-SI1/2 and USPL1, could
specifically cleave SUMO from substrates in vitro, but their function in vivo is not well

characterised (Hickey et al., 2012).

Like the Siz ligases, the two Ulps in S. cerevisiae have almost completely different intracellular
targets, with less than 10% substrate overlap (Srikumar et al.,, 2013). Furthermore, the
subcellular localisation of Ulp1 and Ulp2 appear to give rise to specificity. Ulpl localises to the
nuclear pore via an interaction of the N-terminal domain of Ulp1 with the karyopherins Kap121
and Kap95-Kap60 and the nuclear pore complex (NPC) (Takahashi et al., 2000; Makhnevych
et al., 2007; Srikumar et al., 2013). This interaction is then transiently lost during mitosis, when
Ulpl relocates to desumoylate the septins at the bud neck (Makhnevych et al., 2007) (see
section 1.2.2.3). In contrast, Ulp2 is constitutively located within the nucleus and nucleolus
(Srikumar et al., 2013). Furthermore, the nuclear localisation sequences in the N-terminal
domain of Ulp2 are essential for its function (Kroetz et al., 2009), suggesting Ulp2 only targets
proteins in the nucleus. As such, overexpression of full length Ulpl which localised to the
nuclear pore does not improve the increased benomyl and temperature sensitivity associated
with ulp2A mutant cells (Li and Hochstrasser, 2003). However, expression of Ulpl lacking the
signal for the NPC rescues the ulp2A phenotypes, also leading to an apparent global reduction

of the high molecular weight Smt3 conjugates observed in ulp2A mutant cells (Li and
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Hochstrasser, 2003). These initial observations suggest that Ulpl tethering to the NPC
prevents excessive desumoylation throughout the nucleoplasm. Interestingly however, recent
studies in S. cerevisiae expressing the same NPC Ulp1l localisation mutant found that while
indeed the sumoylation of many nuclear Ulp2 substrates decreased, the sumoylation levels of
some Ulp2 targets actually increased (de Albuquerque et al., 2016). The reason for this was
unclear, however this result indicates that feedback mechanisms exist to detect aberrant
sumoylation, and thus shift the homeostasis of SUMO conjugation. A key role of Ulp2 appears
to be in the disassembly of SUMO chains. This was first indicated as expression of a mutant
form of SUMO which cannot form chains (Smt3¥®) in ulp2A mutant cells supresses the
temperature and hydroxyurea (HU) sensitivity of the mutant strain, showing the growth defects
of the strain are most likely due to the accumulation of SUMO chains (Bylebyl et al., 2003).
Furthermore, biochemical studies have shown that Ulp2 binds chains of 3 or more Smt3
molecules in vivo, then sequentially trims the last Smt3 from the chain, further cementing a

role in Smt3 chain processing (Eckhoff and Dohmen, 2015).

1.1.4 SUMO Interaction Motifs

As SUMO provides a complex interaction surface, proteins can bind to sumoylated substrates
non-covalently via SUMO interacting motifs (SIMs) (Minty et al., 2000; Song et al., 2004,
Hecker et al., 2006). The first identified SIM was discovered in a yeast 2 hybrid screen for
SUMO-1 interacting proteins (Minty et al., 2000). Of the SUMO-1 interacting proteins isolated,
a subset contained a conserved sequence of y-y-x-S-x-S-D/E-D/E-D/E, where y is a large
hydrophobic amino acid, and x is any amino acid (Minty et al., 2000). Interestingly, the S-x-S-
D/E-D/E motif in the centre of the SIM is also a repeated casein kinase Il site (S-x-x-E/D)
suggesting phosphorylation could regulate these interactions (Minty et al., 2000). Indeed, a
study has shown that the phosphorylation of the serine residues in the SIM increases the
binding of SUMO to the SIM (Stehmeier and Muller, 2009). Subsequent studies of SIM motifs
also highlighted a requirement for a hydrophobic core of amino acids in the pattern (V/I/L)-
(VI/L)-x-(V/IIL) or (VIIL)-x-(V/I/L)-(V/IIL), forming a B-strand which can position between the
hydrophobic cleft formed by an a-helix and a p-strand in SUMO (Gao et al., 2005). Most
recently, a study into the strings of SIM motifs in the SUMO targeted ubiquitin ligase (STUbL)
RNF4 used to bind SUMO chains (see section 1.1.5) identified a novel SIM (V/I/L/IF/Y)-(V)-D-
L-T, which is often the first SIM within a string of hydrophobic type SIMs (Sun and Hunter,
2012). Interestingly, this novel SIM was found to be the most crucial in binding the chain of
SUMOs, suggesting it drives the recognition of the entire SUMO chain (Sun and Hunter, 2012).
These data together suggest the emerging picture that proteins could have tailored SIM
components to elicit the type of SUMO interaction required. Interestingly, all SIMs thus far only
recognise one face of SUMO, while ubiquitin is recognised by many surfaces (Seet et al.,

2006).
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1.1.5 Polysumoylation

Although most studies of sumoylation are of the conjugation of its monomeric form, SUMO,
like ubiquitin, can form polymeric chains. As discussed previously, SUMO has an extended N-
terminal “tail” compared to ubiquitin and other Ubls (Bayer et al., 1998). Within the N-terminal
tail are sumoylation consensus motifs, which can accept other SUMO monomers to form
polymeric structures. In S. cerevisiae, the main linkage is through Lys15 (Bencsath et al.,
2002; Bylebyl et al., 2003). In mammalian cells only the SUMO-2/3 isoform can form polymeric
chains, through Lys11 (Tatham et al., 2001). In S. cerevisiae, expression of a mutant form of
Smt3 which contained no lysine residues for conjugation (Smt3?'®) was acutely sensitive to HU
and MMS, and was defective in many processes such as chromatin organisation and stress
induced gene transcription (Srikumar et al., 2013). Similarly, Pmt3 chains are required for
replication arrest in S. pombe, demonstrated by the HU sensitivity of mutants lacking the chain

forming N-terminal lysine residues (pmt3¥#3°R) (Skilton et al., 2009).

One particular function of poly-SUMO chains is to allow cross-talk between ubiquitin and
sumoylation. The SUMO targeted ubiquitin ligases (STUbLS) are ubiquitin E3s which contain
many SIMs. The multiple SIMs within STUbLs bind poly-SUMO chains (Sun and Hunter,
2012), and subsiquently ubiquitinate them, often leading to proteasomal degradation of the
ubiquitinated target. In S. cerevisiae there are two major STUbLS, the heterodimer SIx5/8, and
the Uls1l(Uzunova et al., 2007). In S. pombe, there are proteins functionally similar to SIx5,
Rfpl and Rfp2, and one SIx8 subunit (Prudden et al., 2007). In mammalian cells, the only
STUDbl idnetified to date is RNF4, which functions like the SIx5/8 dimer (Galanty et al., 2012).

1.2 Roles and Regulation of Sumoylation

1.2.1 Regulation of Transcription

Transcription factors can either promote or repress transcription of a gene, as transcriptional
activators or repressors, respectively. For transcription factors to exert an effect on
transcription, they need to be localised in the nucleus to effectively bind to the target DNA and
stabilise or block the recruitment of other factors such as transcriptional machinery, chromatin
remodelling complexes or other transcriptional regulators. Thus, effecting any of these
processes, or indeed the stability of a transcription factor itself, will influence the functionality
of the transcription factor. The studies outlined here, as well as others, established the
consensus that sumoylation acts as a general inhibitor of transcription. The mechanisms

described below are outlined in Figure 1.5.

One of the first understood roles of SUMO was in the regulation of IkBa (inhibitor of nuclear
factor kB alpha), an inhibitor of the stress regulated transcription factor NFkB. Sumoylation of

Lys21 prevented the ubiquitination of the same residue, preventing ubiquitin mediated
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proteaosomal degradation (Desterro et al., 1998). Thus, IkBa can still inhibit the transcription
factor NFkB, reducing transcription. Another transcription factor, Atf7, was found to be
sumoylated at Lys118, and mutation of this sumoylation site increased association of the Atf7
with its target gene promoter (Hamard et al., 2007). Atf7 provides an example of sumoylation
effecting dynamics of nuclear localisation of a transcription factor. Although the final nuclear
localisation of a SUMO-ALtf7 fusion protein was similar to wild type Atf7, this reduced the rate
of Atf7 uptake into the nucleus in time lapse experiments (Hamard et al., 2007). Although the
fusion protein is not equivalent to the in vivo sumoylated form, this data suggested that the
SUMO moiety was increasing the rate of nuclear uptake. Another mechanism by which
sumoylation can regulate the function of transcription factors is by the recruitment of other
factors. Sumoylation of a transcription factor, EIk-1 recruits the histone-deacetylase HDAC-2,
thus reducing histone acetylation levels, which are a marker of transcriptionally active
chromatin (Yang and Sharrocks, 2004). Interestingly, phosphorylation of EIk-1 by MAP kinase,
activated by a variety of cell stresses, also specifically reduced the sumoylation of Elk-1.1
compared to other known sumoylation targets (Yang et al., 2003), via action of the
desumoylase SENP-1 (Witty et al., 2010), providing evidence of cross talk between various

stress response pathways leading to a sumoylation dependant change in transcription.
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Figure 1.5: Mechanisms in which sumoylation can regulate transcriptional regulation.
A) Stabilisation: sumoylation of the inhibitor of the transcription factor NFkB, IkBa, stabilises
the inhibitor by preventing ubiquitin mediated degradation (Desterro et al., 1998). B)
Localisation: sumoylation of the transcription factor Atf7 inhibits the import of Atf7 into the
nucleus (Hamard et al., 2007). C) Factor recruitment: sumoylation of the transcription factor
Elk-1, recruits the histone deacetylase HDAC-2, decreasing transcription via histone
modification (Yang and Harrocks, 2004).
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The forkhead transcription factor, FoxM1, is highly expressed in many tumours (Wierstra,
2013), and a target of sumoylation (Myatt et al., 2014; Schimmel et al., 2014). In a normal cell
cycle, FoxM1 is important for the expression of cell cycle-regulated genes during G,-M-phases
of the cell cycle, and for the expression of various homologous recombination and DNA double
strand break repair genes, such as RAD51 (Zhang et al., 2012). Interestingly, the current data
investigating the function of SUMO modified FoxM1 are conflicting. One study demonstrated
that the sumoylation of FoxM1 occurs at mitosis, and is induced by treatment of cells with the
spindle poisons nocodozole and cancer drug paclitaxel, which both slow growth at the G,-M
boundary (Myatt et al., 2014). Furthermore, using FoxM1-Ubc9 fusion constructs, it was
revealed that expression of an otherwise wild type form of FoxM1, fused to Ubc9 to induce
sumoylation of FoxM1 by proximity, passed through mitosis slowly, suggesting the sumoylated
form of FoxML1 slows mitotic progression (Myatt et al., 2014). Consistent with this hypothesis,
expression of a FoxM1-Ubc9 fusion construct lacking identified sumoylation residues on
FoxM1 (K201R, K218R, K460R, K478R and K495R) appeared to have no effect on the time
to proceed through mitosis (Myatt et al., 2014). Furthermore, they found that the FoxM1-Ubc9
fusion localised to the cytoplasm, and accelerated the anaphase promoting
complex/cyclosome (APC/C) mediated degradation of the transcription factor, thus delaying
mitotic progression (Myatt et al., 2014) (see section 1.2.2). Conversely, the unsumoylated
form was nuclear and had increased resistance to degradation (Myatt et al., 2014).
Paradoxically, another study showed that the sumoylation of FoxM1 increased its
transcriptional activity, by reducing the interaction of the repressor domain with the activator
domain of FoxM1 (Schimmel et al., 2014). It is interesting that sumoylation is generally
considered a negative inhibitor of The paper finding an inhibitory role for FoxM1 sumoylation
found it to be modified by SUMO-1 and not SUMO-2/3 (Myatt et al., 2014), in contrast to the
other which looked at SUMO-2 (Schimmel et al., 2014), which could suggest that SUMO-1 and

SUMO-2/3 modification of FoxM1 at different lysine residues have different cellular outcomes.

1.2.2 Sumoylation in Cell Cycle

The cell division cycle is a highly regulated, consecutive process. Controlled cell division
ensures that genetic material is accurately replicated and inherited to the new daughter cell.
Genetic instability that can arise upon aberrant cell division is often identified in cancers. Due
to the importance of this cellular process, many of the regulatory mechanisms are conserved
from yeast to man. In eukaryotes, the cell division cycle proceeds through 4 steps: gap phase
1 (G1), S-phase, gap phase 2 (G2), and mitosis (M-phase). During the gap phases, the cell
reads environmental and internal cues prior to commitment to the next stages. In S. cerevisiae
the major cell cycle commitment step occurs at G1, where the cell must be above a critical
size, and have enough cellular resources to proceed with the initiation of DNA synthesis in S-

phase (Forsburg and Nurse, 1991). Subsequently, at G2, complete DNA synthesis must have
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occurred before the cell can proceed with mitosis and the division of the genetic material, and
in S. pombe, G2 is the main step for critical size determination (Forsburg and Nurse, 1991).
The chromosomes condense at the beginning of mitosis (prophase), followed by the aligning
of the chromatids to the metaphase plate (metaphase) via mitotic spindles binding to the
chromatids and to the spindle bodies found at the cell ends. Paired chromatids are then pulled
to the opposite cell ends during anaphase. This event is then followed by cytokinesis, where
the constriction of the cell membrane and cell wall at the division site completes cell division,

resulting in two cells.

1.2.2.1 Sumoylation in Anaphase

During the many regulatory processes of the cell cycle, protein modifications are utilised to
alter protein stability and regulate transcriptional cues to allow cell cycle progression. A highly
conserved mechanism to regulate the cell cycle is by the levels of cyclins (Mendenhall and
Hodge, 1998). The master regulator of cell cycle progression in S. cerevisiae, the cyclin
dependant kinase (CDK) Cdc28 (Cdc2 in S. pombe), is an essential serine/threonine kinase,
which phosphorylates key targets throughout the cell cycle allowing cell cycle progression
(Mendenhall and Hodge, 1998). Cdc28 is present during all stages of the cell cycle in S.
cerevisiae. Therefore, the cell cycle-regulated activation of Cdc28 is achieved in part by the
binding of a cell cycle-regulated cyclin protein (Mendenhall and Hodge, 1998; Vermeulen et
al., 2003). Each cyclin is maintained at low levels by transcriptional regulation, localisation, or
by targeted ubiquitination and degradation, until the levels of cyclins are allowed to rise,
activating Cdc28 and allowing cell cycle progression. In S. cerevisiae there are 3 cyclins which
regulate early cell cycle progression through G;-S-phase (CIn1-3), and 6 B-type cyclins which
regulate cell cycle progression through S-phase to mitosis (Clb1-6). Within the cell cycle there
are ‘checkpoints’, which regulate the cyclins and other targets, to arrest the cell cycle if
conditions are not correct to proceed. The regulation of cyclins ensures that the cell cycle
proceeds in a forward manner, and furthermore, the regulation of cyclin levels by ‘checkpoints’
prevents the cell cycle progressing until such a time to do so. In particular, sumoylation
mutants in S. cerevisiae appear to have defects in the regulation of the checkpoint from
metaphase to anaphase, termed the spindle assembly checkpoint (SAC), which | will discuss
here. For further information of cell cycle regulation, I direct the reader to the following reviews:
(Mendenhall and Hodge, 1998; Flynn and Zou, 2011; Johnson and Skotheim, 2013).

The SAC is one of the regulatory checkpoints throughout the cell cycle, which prevents the

missegregation of chromatids at anaphase. Chromatids have two kinetochores at the

centromere, which bind to the mitotic spindles. The SAC ensures that, prior to anaphase, both

kinetochores of paired chromatids have bipolar attachment to spindles from opposite sides of

the cell. Unattached kinetochores, or a lack tension between the two chromatids, produces a
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signal which prevents anaphase. Many of the SAC proteins, Mpsl, Madl, Mad2, Mad3
(BubR1), Bubl and Bub3 were identified in genetic screens in S. cerevisiae as mutants which
did not arrest after treatment with microtubule depolymerisation drugs benomyl or
benzimidazole (Hoyt et al., 1991; Li and Murray, 1991). The SAC genes are highly conserved
in eukaryotes, however only Mpsl1 is essential for cell viability in S. cerevisiae (Li and Murray,
1991). This could suggest that during normal circumstances, chromatids in wild type cells
generally achieve biorientation without requirement of the checkpoint. The proteins Madl1 and
Mad?2 only bind to unattached kinetochores. Madl remains bound, but Mad2 is found in two
cellular pools (De Antoni et al., 2005). One pool is bound to the kinetochore, while another
pool cycles between bound and unbound. The binding of Madl to Mad2 induces a
conformational change in Mad2 from an ‘open’ to ‘closed’ state. The ‘closed’ state Mad2 is
able to change the confirmation of ‘open’ soluble Mad2 to ‘closed’ state, thus allowing the
signal of unattached kinetochores to be propagated (De Antoni et al., 2005). ‘Closed’ Mad2,
as well as Mad3, Bub3 and Cdc20 form the mitotic checkpoint complex (MCC), a protein
complex which inhibits anaphase. The MCC causes inhibition of ubiquitin E3 ligase activity of
the APC/C, thus preventing the APC/C ubiquitination targeted degradation of B-type cyclins
CIb2 and Clb5 (Shirayama et al., 1999; Wasch and Cross, 2002; Peters, 2006). Another
important target of the APC/C is the securin Pdsl1 (Cut2 in S. pombe) (Nasmyth and Haering,
2005; Peters, 2006). To ensure sister chromatids remain paired until anaphase, the
chromatids are held together by a protein structure called cohesin. Cohesin is a ring like
structure formed by Smcl, Smc3, Sccl, and Scc3 in S. cerevisiae (Nasmyth and Haering,
2005). Seperase, Espl, is a protease which degrades the Sccl subunit of cohesin, thus
allowing sister chromatids to separate in anaphase (Shirayama et al., 1999; Nasmyth and
Haering, 2005; Peters, 2006). Pdsl inhibits Espl, preventing Sccl degradation and sister
chromatid separation, until the APC/C is activated and degrades Pds1 (Peters, 2006).

Studies in yeast have highlighted the role of SMT3 in cell cycle regulation at this cell cycle
point. The SUMO gene was identified in S. cerevisiae as a high-copy suppressor of mif2, a
gene encoding a centromere protein important for kinetochore formation (SMT3, Suppressor
of Mif-Two) (Meluh and Koshland, 1995). The SUMO E2 Ubc9 was found to be required for
the degradation of the APC/C target cyclins Clb2 and CIb5, and depletion of Ubc9 led to an
arrest as large budded cells with a short metaphase spindle (Seufert et al., 1995). This led to
the proposal that Ubc9 was a ubiquitin E2 enzyme that acted with the APC/C ubiquitin ligase
(Seufert et al., 1995). However, later Ubc9 was actually identified as the E2 enzyme for SUMO
in S. cerevisiae (Tatham et al., 2001; Bencsath et al., 2002). Analysis of a temperature
sensitive allele of SMT3, smt3-331, found that Smt3 function was essential for chromosome
segregation (Biggins et al., 2001). In this study, Smt3 was found to localise to the

chromosomes, and incubation of smt3-331 expressing cells at the non-permissive temperature
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caused a G,/M arrest with short spindles (Biggins et al., 2001). The arrest was not due to the
activation of the SAC, as deletion of Mad2 in the smt3-331 mutant cells did not allow spindle
elongation (Biggins et al., 2001). Further study confirmed that UBC9 and SMT3 were required
for the rapid degradation of the APC/C targets securin Pdsl and Clb2, again even in the
absence of the SAC (Dieckhoff et al., 2004). Interestingly, this study found that deletion of
Pds1 allowed spindle elongation in a subset of Ubc9 depleted cells, suggesting part of the
metaphase block defect was due to the inability to degrade Pdsl (Dieckhoff et al., 2004).
However, many cells which were able to elongate the microtubule spindles in the absence of
Pdsl1 had poorly segregating DNA masses; additionally, a fraction of pds1A ubc9A cells were
still unable to elongate their microtubules (Dieckhoff et al., 2004), suggesting that sumoylation
still plays other important roles in anaphase. Furthermore, to investigate if Smt3 is required to
remove cohesive structures between sister chromatids, or to segregate the sister chromatids
to the opposite spindle poles, the smt3-331 mutant strain was incubated at the non-permissive
temperature in the presence of the microtubule depolymerising drug nocodazole (Biggins et
al., 2001). In the absence of the spindle assembly checkpoint, the chromatids drifted apart.
This suggests that the chromatids are not cohesively bound together, and that the defect could
be due to the inability for the spindles to elongate (Biggins et al., 2001). The deconjugation of
Smt3 is also critical for cell cycle progression in S. cerevisiae, as Ulp1 deficient cells also stall
in G»/M even when provided with mature Smt3 protein (Li and Hochstrasser, 1999). Ulpl
localisation is also regulated during mitosis in S. cerevisiae, where Ulp1 transiently relocates
to the bud neck (see section 1.2.2.1). The mechanism of many of these events still requires

elucidating.

In S. pombe, cells lacking Pmt3 and Ubc9 are viable, but they grow at a much slower rate than
wild type, with an elongated cell morphology, indicative of cell cycle delay (Tanaka et al., 1999;
al-Khodairy et al., 1995). pmt3" cells were also found to be extremely sensitive to the spindle
depolymerisation drug tetrabenazine (TBZ), and exhibited a much higher rate of
minichromosome loss than wild type cells (Tanaka et al., 1999). As expected, loss of Ubc9 in
S. pombe also leads to cell cycle defects (al-Khodairy et al., 1995). As well as the long cell
morphology observed in pmt3” mutant cells, ubc9™ mutant cells also showed spindle elongation
defects (al-Khodairy et al., 1995). Furthermore, localisation studies of Pmt3 fused to GFP
revealed Pmt3 localised primarily in the nucleus in S. pombe (Tanaka et al., 1999). In
particular, GFP-Pmt3 signal showed cell cycle regulated co-localisation with the spindle pole
bodies during G1 and after anaphase, which was transiently lost during metaphase (Tanaka et
al., 1999). This co-localisation is similar to the localisation of the centromeres, which associate
with the spindle pole bodies during the majority of the cell cycle, except for metaphase,
suggesting that Pmt3 has roles at the centromere in S. pombe. The deconjugation of Pmt3 in

S. pombe is also important for cell cycle regulation. S. pombe lacking Ulp1 also show nuclear
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defects such as misplaced nuclei, and cell morphology defects such as misshapen or
multiseptate cells (Taylor et al., 2002). Ulp1l localisation is also regulated by cell cycle in S.
pombe, where Ulpl is localised to the nuclear periphery during most of the cell cycle, and is
shuttled into the nucleus at mitosis (Taylor et al., 2002). However, what substrates are targeted

by Pmt3, and subsequently removed by Ulpl in the S. pombe cell cycle is unclear.

1.2.2.2 S. cerevisiae septin sumoylation

The septins Cdc3, Cdcll, and Shsl were the first SUMO targets identified in S. cerevisiae
(Johnson and Blobel, 1999; Takahashi et al., 1999). Septins are conserved cytoskeletal
guanosine-nucleotide binding proteins, which polymerise into filaments, with roles in the
formation of cytokinetic rings (Barral and Kinoshita, 2008). In S. cerevisiae, the septin proteins
Cdc3, Cdcl10, Cdcll, Cdcl2, and Shsl form a collar-like structure at the bud neck, binding to
the membrane via phosphatidylinositide binding domains in the N-terminus (Casamayor and
Snyder, 2003). The most predominately sumoylated septin in S. cerevisiae is Cdc3, which
contains 4 sumoylated lysine residues within its N-terminus, while in contrast Shsl1 contains
two sites and Cdc11 one site, all located within their C-terminal regions (Takahashi et al., 1999;
Johnson and Blobel, 1999). Sumoylation of the S. cerevisiae septins is a cell-cycle regulated
event, as the majority of septin sumoylation occurs during mitosis, appearing to be localised
to the mother side of the septin ring (Johnson and Blobel, 1999).

Studies have elucidated sumoylation of septins during mitosis is achieved by cell cycle-
regulated localisation of the Sizl E3 ligase, and the Ulpl deconjugase (see Figure 1.6)
(Johnson and Blobel, 1999; Takahashi et al., 2001a; Makhnevych et al., 2007). During
interphase, Siz1 is imported into the nucleus via the importin Kap95 (Makhnevych et al., 2007).
In mitosis, Siz1 becomes phosphorylated (Takahashi et al., 2001b), and this modification
coincides with its export from the nucleus via the exportin Kap142/Msn5, which often exports
phosphorylated substrates (Makhnevych et al., 2007). Once in the cytoplasm, Sizl then
localises to the septin ring where it aids the sumoylation of the septins Cdc3, Cdcl11 and Shsl
(Johnson and Blobel, 1999). Interestingly, preventing Siz1 nuclear export in mitosis by loss of
Msn5 causes Sizl protein levels actually drop. This feedback mechanism was shown to be
via targeted degradation following ubiquitination by the STUbL SIx5/8 (Westerbeck et al.,
2014). Septin sumoylation is transient, as the SUMO moieties which are conjugated to the
septins are subsequently removed at the end of mitosis (Johnson and Blobel, 1999). The
desumoylation of the septins is via action of the Ulp1 deconjugase. As previously stated, (see
section 1.1.3), Ulpl is bound to the nuclear pore complex during most of the cell cycle in S.
cerevisiae, via interactions with the karyopherins Kap121 and Kap95-Kap60 (Takahashi et al.,
2000). Ulpl is imported into the nucleus by Kap95-Kap60, and is then sequestered to the
nuclear pore by a non-canonical interaction between Kapl21 and the nuclear pore protein
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Nup53 (Makhnevych et al., 2007). Interestingly, by impeding this interaction in nup53 mutant
cells, the desumoylation of septins is delayed, suggesting the timely release of Ulp1 from the
NPC is crucial for the prompt desumoylation of the septins (Makhnevych et al., 2007).

Despite the studies of the elegant sumoylation and desumoylation mechanism of septin
sumoylation in S. cerevisiae, the cellular function of septin sumoylation is still unclear. As the
sumoylation of Cdc3 occurs on lysines within the membrane binding N-terminal it was
proposed that the sumoylation of Cdc3 could promote the dissociation of the septin rings from
the membrane, whereas the maodification of Shsl and Cdcll provide a more signalling role
(Takahashi et al., 2008). However, there appears to be little to no phenotype associated with
the lack of sumoylation of septins in S. cerevisiae. This was illustrated by analysis of a triple
septin mutant lacking all sumoylated lysine residues (cdc3%4113063R g1 1K412R ghg]K426437R)
(Johnson and Blobel, 1999). While mutation of these sites appeared to prevent all septin
sumoylation, and removed most of the SUMO visible at the bud neck at mitosis, the cells
behaved like wild type, with no change in growth rate or sensitivities to stresses (Johnson and
Blobel, 1999). One phenotype which was observed was the septin mutant cells appeared
accumulate septin rings after division (Johnson and Blobel, 1999), however uba2 and ubc9
temperature sensitive mutants did not also accumulate extra septin rings at either the

permissive or non-permissive temperature (Johnson and Blobel, 1999).
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Nucleus

Figure 1.6: Cell cycle-regulated septin sumoylation in S. cerevisiae. A) During interphase,
Siz1 stays bound to DNA and maintained in the nucleus. During mitosis, Sizl becomes
phosphorylated and this modification is hypothesised to allow nuclear export via Msn5. B)
Siz1 then becomes localised at the bud neck and sumoylates the septins. Cdc3 is sumoylated
at the N-terminus, which interacts with the membrane, where Cdc11 and Sshl are sumoylated
on the C terminus which are exposed into the bud neck. C) Any Siz1 that does not leave the
nucleus during M-phase is degraded in a SIx5-8 dependant manner. D) Ulpl is maintained at
the nuclear pore by non-canonical interactions with the karyopherin Kap121, which is tethered
to the nuclear pore by Nup53. Upon completion of anaphase, the interaction of Ulp1 with the
nuclear pore is lost, and Ulp1 localises to the bud neck to desumoylate the septins. E) Ulpl is
transported back into the nucleus by Kap60-Kap95. Cdc3 is sumoylated at the N terminus,
which interacts with the membrane, where Cdc11 and Sshl are sumotylated on the C terminus
which are exposed into the bud neck. Figure adapted from (Takashi et al., 2008).
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This is puzzling when it is considered that septins are one of the most abundantly sumoylated
substrates in the cell (Johnson and Blobel, 1999; Takahashi et al., 1999). Significantly, the
sumoylation of septins is also species specific. Septins are also sumoylated in D.
melanogaster (Shih et al., 2002), and interactions between the human septins and SUMO
machinery have been detected (Nakahira et al., 2010). Interestingly, although similar to S.
cerevisiae, Smt3 is found to localise to the mother side of the bud neck and hyphal septa in C.
albicans, the septins themselves are not targeted for sumoylation (Martin and Konopka, 2004).
However, Smt3 modified proteins were found to interact with the C. albicans septin Cdcl1,
suggesting a conserved role for SUMO at the bud neck in these organisms. Thus, the links to
septin and bud neck associated proteins and sumoylation (if indeed there are any) still remains
enigmatic. It remains possible that sumoylation of septins is an off target effect of the dynamic
changes in sumoylation during the cell cycle. Alternatively, the sumoylation of the septins
could provide a localised pool for other targets nearby. Interestingly, the role of SUMO in
regulating the cytoskeleton, other than in the case of septin sumoylation described in these

above studies, is thus far unknown.

1.2.3 The SUMO Stress Response (SSR)

Sumoylation has long been known to respond to many types of stress, commonly producing a
global change in sumoylation (Lewicki et al., 2015). Indeed, global sumoylation changes often
allow the modification of many proteins within one pathway or complex, termed the “SUMO
cloud”, which can be identified in many cellular pathways from DNA damage regulation to
septin sumoylation, described below (Johnson and Blobel, 1999; Psakhye and Jentsch, 2012;
Chen et al., 2016). There are many reasons why a cell would potentially want to sumoylate
many proteins within a pathway. One hypothesis is that many sumoylation events within many
components are required to amplify many weak SUMO-SIM interactions to promote the
assembly of a complex (Psakhye and Jentsch, 2012). Secondly, with logic similar to the
hypothesis above, as the SSR often induces global sumoylation changes, it could be that some
proteins which are not targets of the sumoylation wave will be inappropriately sumoylated.
Perhaps the requirement of sumoylation of many components within target complexes allows
some flexibility in incorrect signal being relayed. Reliance upon a single sumoylation event

during waves of a potentially messy signal could propagate unwanted signals.

1.2.3.1 Sumoylation in DNA Damage

When DNA damage occurs, it must be sensed and appropriate repair mechanisms employed

to ensure genome stability. Indeed, a wide range of DNA repair mechanisms exist to repair

lesions. Many have been identified in yeast by genetic epistasis studies of strains unable to

survive ionising radiation or UV, such nucleotide excision repair (the RAD3 epistasis group),

homologous recombination (the RAD52 epistasis group) and the post replication repair (RAD6)
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pathway, as well as the mismatch and base excision repair pathways (Hanawalt, 2015; Cipolla
et al., 2016; Himmels and Sartori, 2016). Unsurprisingly, given the important roles of DNA
damage repair, these pathways are highly conserved in eukaryotes, often allowing parallels to
be drawn from the yeast studies. Although the roles of the proteins encoded by these genes
on their respective pathways are well understood, less is known about how the cell selects the
appropriate repair mechanism to utilise, and how this links with the timing and location of the
specific lesion. Interestingly, initial studies of sumoylation enzymes revealed many mutants
had increased sensitivity to genotoxic agents. For example, the S. pombe ubc9* gene was
initially identified in a screen for mutants with increased sensitivity to HU (hus5* HydroxyUrea
Sensitive) (al-Khodairy et al., 1995). Similarly, pmt3* mutants display increased sensitivity to
UV and HU (Tanaka et al., 1999). In S. cerevisiae, mutations of the genes encoding SUMO
conjugation and deconjugation enzymes, UBC9 (Hoege et al., 2002), ULP1 (Li and
Hochstrasser, 1999), ULP2 (Li and Hochstrasser, 2000), SIZ1, SIZ2, (Cremona et al., 2012)
and MMS21 (Zhao and Blobel, 2005) display increased sensitivity to UV or drug induced DNA
damage, or replication stress. As outlined in the studies below, sumoylation appears crucial
in the regulation of DNA repair during replication and homologous recombination, during both
normal cellular growth and genotoxic stress. Consistent with these observations, many DNA
damage and repair components are sumoylated, either at steady state or during chronic DNA
damage induced by MMS treatment (Burgess et al., 2007; Cremona et al., 2012; Psakhye and
Jentsch, 2012)

If the replication fork encounters either DNA lesions after damage, endogenous lesions such
as bound proteins or transcriptional machinery, or if dANTPs become depleted, the replication
fork stalls (Zeman and Cimprich, 2014). However, the helicase continues to unwind the DNA
helix at the replication fork, leading to the accumulation of ssDNA, which is susceptible to
unstable homologous recombination (Zeman and Cimprich, 2014). As such, the ssDNA
produced by the replication machinery during normal replication and at stalled replication forks
is covered by the RPA complex, which is composed of 3 subunits Rfal-3 in S. cerevisiae (Brill
and Stillman, 1991). However, persistent stalled replication forks can collapse (Zeman and
Cimprich, 2014). However, repairing a DNA lesion by excising it from the ssDNA produced
during replication poses the risk that a double strand break could occur which could lead to
much more toxic chromosomal rearrangements. Thus the cell has specific repair pathways for
damage encountered during replication, mediated by the ubiquitin enzymes Rad6 (E2) and
Rad18 (E3). The role of SUMO modification of the sliding clamp PCNA Pol30 is well
characterised in S. cerevisiae. PCNA is a processivity factor for DNA polymerase, but also
acts as a molecular signal platform for interacting proteins and modifications during replication.
PCNA is shown to be modified by ubiquitin and SUMO at Lys164, and a minor sumoylation
site at Lys127 (Pfander et al., 2005; Parker et al., 2008). The modifications and outcomes of
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PCNA modification by SUMO, are outlined in Figure 1.7. Lys164 sumoylation of Pol30 is
dependent on Siz1, whereas Lys127 sumoylation was only abolished in a siz1A siz2A mutant
suggesting Siz2 is essential for sumoylation for the minor site (Parker et al., 2008). PCNA is
sumoylated throughout normal S-phase, coinciding with the loading of PCNA onto DNA
(Pfander et al., 2005). Interestingly, sumoylation of PCNA can also recruit the ubiquitin E3
Rad18 via a SIM motif within Rad18, signalling for DNA damage repair (Parker and Ulrich,
2012). This could suggest that the sumoylation of DNA loaded PCNA is prerequisite for DNA
damage induced ubiquitination, thus DNA repair pathways can only be activated by clamps
actively on DNA (Garcia-Rodriguez et al., 2016) (Figure 1.7). Furthermore, during normal S-
phase, mono-sumoylation of PCNA at Lys164 recruits the DNA helicase Srs2 to the replication
fork, via SIM and PCNA interaction domains within Srs2 (Armstrong et al., 2012) (Figure 1.7).
The recruited Srs2 then resolves recombinogenic Rad51 filaments from ssDNA at the
replication fork (Krejci et al., 2003; Veaute et al., 2003) (Figure 1.7). This suggests a role for
SUMO in the prevention of unwanted homologous recombination under unstressed conditions.

In conditions of genotoxic stress, sumoylation of DNA damage proteins increases, suggesting
sumoylation is important for repair of DNA damage as well maintaining steady state conditions.
One example is the RPA subunit Rfal, which is sumoylated after MMS treatment in S.
cerevisiae (Burgess et al., 2007; Cremona et al., 2012). Recent studies have revealed that
upon replication fork stalling, the excess ssDNA and RPA complex formation recruits Siz2 to
the sites of DNA damage (Chung and Zhao, 2015). The recruitment of Siz2 is crucial for DNA
damage-induced sumoylation of other DNA damage proteins, such as Rad52 and of RPA itself
(Chung and Zhao, 2015). Furthermore, PCNA sumoylation increases during treatment with
lethal levels of MMS (Hoege et al., 2002). Recent data in S. cerevisiae has shown that in
response to DNA damage, the helicase Srs2 is targeted for ubiquitination and degradation by
the STUbL SIx5/8 (Urulangodi et al., 2015). Thus reduced Srs2 levels at the replication fork
allows the accumulation of Rad51 filaments, promoting homologous recombination to repair
the lesion (Urulangodi et al., 2015). Interestingly in S. pombe neither the sumoylation of PCNA,
nor the SIM within the Srs2 homolog, is conserved (Frampton et al., 2006). This could suggest
that S. pombe does not use sumoylation of PCNA for DNA damage regulation. However,
Lys164 sumoylation is conserved in higher eukaryotes which could indicate that the S.
cerevisiae mechanisms of PCNA sumoylation are conserved in mammals (Gali et al., 2012).

Another role for PCNA sumoylation has been identified in S. cerevisiae, where sumoylation of
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Figure 1.7: Sumoylation modification of PCNA in S. cerevisiae. PCNA is a trimer, so many
combinations of modifications can exist on one PCNA molecule. A) Upon loading of PCNA to
the DNA, PCNA is sumoylated on the major sumoylation site Lys164 and the minor site
Lys127. B) Under normal conditions, sumoylation of Lys164 recruits the helicase Srs2, which
removes recombinogenic Rad51 filaments from the single stranded DNA, allowing
replacement with RPA. C) Following DNA damage, PCNA can be modified by ubiquitin on
Lys64, by the recruitment of the ubiquitin E3 ligase Rad18, by a SIM motif in Rad18. This
signals for DNA damage repair. Image adapted from (Sale, 2012).
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PCNA increases cohesion between sister chromatids during S-phase via the cohesin
establishing protein Ecol (Moldovan et al., 2006). Interestingly, genetic data revealed that
sumoylation at the minor site Lys127 appears to be the most important site for this interaction
(Moldovan et al., 2006). DNA double strand breaks can be introduced following incorrect repair
of a lesion at the replication fork, by replication fork collapse following persistent stalling, or by
endogenous stress such as ionising radiation. DNA double strand breaks are repaired by two
mechanisms; either non-homologous end joining (NHEJ) or by homologous recombination
(HR). NHEJ requires resection of the damaged DNA ends and ligation. However, HR allows
error free repair by use of an identical or similar DNA template, normally a sister chromatid, as
a template to resynthesize damaged DNA from an undamaged template. This is completed
by resection of the damaged end via the Mrel1-Rad50-Xrs2 (MRN complex in mammalian
cells) complex, and the resected strand invades the sister chromatid by Rad51 and Rad52.
Following DNA synthesis from the sister chromatid, the homologous recombination
intermediates from strand invasion are resolved, leading to the repaired strand. Sumoylation
appears to have roles at all steps of HR, from end resection, to Rad51-Rad52 filament
formation, and the resolving of intermediates following HR. Initial end DNA resection of
damaged breaks via the MRX complex is reduced in ubc9-1 mutant cells, suggesting that
sumoylation is important for the initiation of DNA resection (Cremona et al., 2012). Rad52 is
sumoylated after DNA damage by Siz2 in S. cerevisiae (Sacher et al., 2006), and sumoylation
of the Rad52 homologs in S. pombe and mammalian cells is conserved (Ho et al., 2001). It
has been shown that sumoylation of Rad52 aids the recruitment of Rad51 to ssDNA, via a SIM
within Rad51 (Bergink et al., 2013). Interestingly, sumoylation appears to play a role in spatial
separation of different repair mechanisms, by the recruitment of persistent DNA damage and
stalled replication forks to the nuclear pore to SUMO machinery localised there, such as SIx5/8
and Ulpl (Nagai et al., 2008). Indeed, sumoylation of Rad52 was shown to be important for
nuclear pore localisation of stalled replication forks (Su et al., 2015). However, the reason for

the nuclear pore movement is unclear.

Once the damaged DNA has been repaired by the DNA polymerases following strand invasion,
the resulting recombination intermediates, known as Holliday junctions, need to be resolved to
produce the final repaired DNA. The importance of SUMO in the resolving of recombination is
indicated by the accumulation of homologous recombination mediates in ubc9-1 and E3 ligase
mms21 mutants (Branzei et al.,, 2006). One complex of importance in the resolution of
recombination intermediates is the Structural Maintenance of Chromosomes 5 and 6 (Smc5/6)
complex (Murray and Carr, 2008). The Smc5-6 is formed of 8 subunits; Smc5, Smc6 and six
non-Smc element (Nse) subunits, Nsel-6, including the SUMO E3 ligase Nse2/Mms21 in S.
cerevisiae or Nse2 in S. pombe (Murray and Carr, 2008; Andrews et al., 2005; Branzei et al.,

2006). This complex is essential to resolve recombination events caused by endogenous
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replication stress, as the accumulation of toxic recombination in Smc5/6 mutant cells leads to
failure to complete chromatid separation in anaphase (Branzei et al., 2006; Choi et al., 2010).
Interestingly, the Nse2/Mms1 E3 ligase subunit is also essential in both S. cerevisiae and S.
pombe (McDonald et al., 2003; Zhao and Blobel, 2005). However, the E3 ligase activity is only
essential when the cells are treated with DNA damaging agents (Zhao and Blobel, 2005;
Andrews et al., 2005). This suggests that the essentiality of the Nse2/Mms21 subunit is due
to a structural role within the Smc5/6 complex. Nse2/Mms21 sumoylates mostly chromatin
bound targets, which are coupled with the loading of Smc5-6 onto DNA (Bermudez-Lopez et
al., 2015). Thus the DNA binding capacity of the Smc5-6 complex negates the fact that
Nse2/Mms21 does not contain a DNA binding motif like the other E3 ligases (Figure 1.4). A
sumoylation target of Smc5/6 complex is the Sgsl-Top3-Rmil (STR) complex, which is
important for resolving crossovers from recombination, suggesting misregulation of the STR
complex is leading to the toxic recombination intermediates in Smc5/6 complex lacking cells
(Bonner et al., 2016). Indeed, sumoylation appears to regulate the function of the STR, as

sumoylation deficient sgs*©R

mutants accumulate toxic recombination intermediates (Lu et al.,
2010). Interestingly, Sgsl is also a target of the STUbL SIx5-8, whose directed ubiquitination
appears to influence the localisation of Sgs1, highlighting the signalling roles of the STUbLSs.

(Bohm et al., 2015).

DNA damage regulation is the most well studied stress response regulated by SUMO, however

global sumoylation changes occur from many other stresses.

1.2.3.2 Heat Shock

Most organisms have an optimum growth temperature at which cellular proteins function
normally. Above this temperature, in the condition of heat shock, cellular proteins are prone
to misfolding, unfolding, or aggregation, which can prove toxic to cells (Saibil, 2013). Global
sumoylation due to heat shock has been shown to increase in mammalian cells by two
mechanisms (Figure 1.8). Firstly, when mammalian cells are treated with heat stress, the E1
component, SAE2, is desumoylated (Truong et al., 2012). Sumoylation of Uba2 reduces
enzymatic activity of the E1, by preventing transfer of activated SUMO to the E2 Ubc9.
Therefore, the desumoylation of Uba2 upon heat shock leads to a global increase in
sumoylation (Truong et al., 2012) (Figure 1.8 A). As well as an increase of SUMO conjugation
during heat shock, a parallel decrease in desumoylation by SENPs also occurs. It has been
demonstrated in mammalian cells that all the SENPs, with the notable exception of SENP-6,
are denatured by heat stress, leading to increased sumoylation (Pinto et al., 2012) (Figure 1.8
B).
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Figure 1.8: Heat shock leads to an increase in global sumoylation by two mechanisms.
A) The desumoylation of SAE2 after heat shock allows increased transfer of causes an
increase in global sumoylation (Truong et al., 2012). B) Upon heat shock of mammalian cells,
the SUMO deconjugase enzymes become denatured, with the exception of SENP-6. This
leads to an increase in global sumoylation (Pinto et al., 2012).
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This appears to be specific to the SENP proteins, as deubiquitinases appeared to be
insensitive to heat (Pinto et al., 2012). A target candidate during the global sumoylation
changes is the heat shock transcription factors (HSFs). These transcription factors induce the
expression of heat shock proteins, molecular chaperones which aid in the folding of misfolded
proteins following heat shock (Pirkkala et al., 2001). HSF1 and HSF4 were both found to be
sumoylated in mammalian cells and interestingly, HSF1 was found to be sumoylated on
Lys298 following phosphorylation of Ser303 in a heat stress dependant manner (Hietakangas
et al., 2006). Interestingly, this sumoylation event of HSF1 coincided with localisation of HSF1

to stress granules in the nuclei (Hietakangas et al., 2006).

C. albicans lacking the SUMO gene SMT3 have many increased stress sensitivities, one such
stress being growth in high temperatures, suggesting a role for SMT3 in the response to heat
shock (Leach et al., 2011). Interestingly, in contrast to mammalian cells, C. albicans show
reduction of high molecular weight conjugates during heat shock at 42°C (Leach et al., 2011).
Interestingly, upon screening sumoylation targets from cells exposed to heat shock,
sumoylation of many heat shock proteins were increased (Hsp60, Ssbl, Sscl, and Hspl104).
Furthermore, mutation of Lys357 within the SUMO consensus motif within Hsp104 produced
similar heat sensitivities to smt3/smt3 mutant cells, suggesting that the sumoylation of Hsp104

is critical in the C. albicans heat shock response (Leach et al., 2011).

1.2.3.3 Hypoxia

Another stress which has been shown to affect global sumoylation is the metabolic stress of
hypoxia. Interestingly, treatment of mammalian cells in vitro with low oxygen conditions
increases expression levels SUMO-1 (Comerford et al., 2003), and this was also verified in
Vivo in mouse brains (Shao et al., 2004). Indeed, two studies of induced cerebral ischemia in
mice, used as a model for strokes, saw increased global SUMO conjugation of SUMO-2/3
(Yang et al., 2008). Furthermore, sumoylation of both SUMO-1 and SUMO-2/3 is increased in
hibernating ground squirrels, a model of reduced blood flow and energy consumption, due to
increased Ubc9 expression during hibernation (Lee et al., 2007). However, attempts to
elucidate if the sumoylation events were due to the hypothermia or the hypoxia induced by
hibernation was unclear, as indeed a level of global sumoylation was induced by temperature
reduction in human cells (Lee et al., 2007). However, the temperatures used were less
physiologically relevant in human cell lines compared to the ground squirrels (4°C), as survival
mechanisms for hibernation in the ground squirrels will most likely be extremely organism

specific.
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1.2.3.4 Osmotic Stress

Osmotic stress is the condition of a rapid change in the solute concentration of a cells
environment. Osmotic stress results in rapid water flux across membranes and changes in
intracellular ion concentration. In S. cerevisiae, changes in environmental osmolarity are
sensed by two transmembrane sensors Shol and SInl, triggering a signalling cascade which
ultimately leads to the activation of the mitogen-activated protein kinase (MAPK) Hogl (Chen
and Thorner, 2007). A recent study into the response of sumoylation to osmotic stress
revealed that a Siz1 dependant accumulation of poly-Smt3 chains occur upon osmotic stress
conditions (Irgeba et al., 2014). Interestingly, the MAPK Hog1 was revealed to control the level
and persistence of these poly-Smt3 chains, thus preventing the accumulation of poly-SUMO
chains after osmotic stress (Irgeba et al., 2014). However, the Hogl dependant limitation of
poly-Smt3 chains was not dependent on new protein synthesis, suggesting that Hogl was
acting independently of transcriptional activation (Irqeba et al., 2014). Another study identified
global increases in sumoylation after cationic and osmotic stress by NaCl, and KClI, as well as
osmotic stress by sorbitol S. cerevisiae (Lewicki et al., 2015). In agreement with the previous
study into osmotic induced sumoylation, this study also identified Siz1, as well as Ulp2, as the
sumoylation pathway components that mediated the SSR response. Furthermore, this study
also found that de novo protein synthesis was not required for the SSR response (Lewicki et
al., 2015). Interestingly, however, this study identified that active transcription was required
for the response, and found that many factors involved in transcription were sumoylated in the
osmotic SSR, such as chromatin remodellers and Pol ll-associated elongation factors (Lewicki
et al., 2015). It is therefore interesting to note that the poly sumoylation mutant (smt3¥'%) was
identified as having aberrant stress response transcription (see section 1.1.5), suggesting that
the role of the SSR, at least in the case of osmotic stress, could be due to stress induced

changes in transcription via poly-Smt3 chain formation.

1.2.3.5 Oxidative Stress

Oxidative stress is the condition of high levels of reactive oxygen species (ROS) such as
hydroxyl radicals (-OH), superoxide (O2), and hydrogen peroxide (H-0,). High levels of ROS
can cause damage to lipids, protein and DNA. ROS such as are produced endogenously
during respiration, but can also arise from the environment, and are detoxified by abundant
ROS scavenging enzymes to prevent cellular damage (Veal et al., 2007). Evidence of the
involvement of sumoylation pathway enzymes in sensing levels of ROS was first indicated by
a study in mammalian cells (Bossis and Melchior, 2006). The pKa of most cysteine residues
in proteins is normally too high to allow their oxidation by ROS, but some catalytic cysteines
have a lower pKa, allowing oxidation. An example of such reactive cysteine residues are the
catalytic cysteines of the E1 subunit SAE2, E2 UBC9 and SENPs, which are sensitive to
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oxidation by H.O- (Figure 1.9). When cells are treated with low H>O, (1 mM), a disulphide was
found to form between the catalytic cysteine residue of SAE2 (Cys173) and the catalytic
cysteine residue of Ubc9 (Cys93) (Bossis and Melchior, 2006). The oxidation of the E1 and
E2 enzymes prevented protein sumoylation, and as a consequence led to a decrease in global
sumoylation (Figure 1.9 A). Conversely, although SAE2/Uba2 and Ubc9 were still oxidised,
eatment with high levels of H,O, lead to an increase in sumoylation levels (Bossis and
Melchior, 2006). The basis for the increase in sumoylation was not elucidated, but it was
proposed that the catalytic cysteine residues of the SENPs were oxidised, preventing
desumoylation of substrates. Indeed, further research revealed there was differential oxidation
of the mammalian SENP proteins upon exposure to oxidative stress (Xu et al., 2008b).
Disulphide dimers of SENP-1 were demonstrated to form in the presence of 20 mM Hz0,,
involving the catalytic Cys603 and another Cys613 residue (Xu et al., 2008b) (Figure 1.9 B).
However, the cysteine residues of SENP-2 were oxidised to the sulphinic (-SOOH) and
sulphonic (-SOOOH) forms, leaving SENP-2 in monomeric form (Xu et al., 2008b) (Figure 1.9
B). Interestingly, the dimerization of SENP-1 was reversible, as desumoylase activity was
recovered upon treatment with the reducing agent dithiothreitol (Xu et al., 2008b). However,
SENP-2 was oxidised irreversibly at the same concentration (Xu et al., 2008b). Furthermore,
treatment of the fungal pathogen C. albicans to H;O, led to an increase in sumoylated
substrates (Leach et al., 2011). This is particularly relevant in the case of pathogenic C.
albicans, as evasion of host immune systems requires resistance to ROS during the respiratory
burst following phagocytosis (Dantas Ada et al., 2015).
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Figure 1.9: Oxidative stress levels are sensed by the differential oxidation of the
sumoylation E1 and E2 and deconjugation enzymes. A) During low level H,O, treatment
(1 mM), a disulphide forms between the catalytic cysteines between the E1 SAE2 (Cys173)
and the E2 UBC9 (Cys93), reducing global sumoylation (Bossis and Melchoir, 2006). B) During
high level H>O, treatment (20 mM), SENP-1 forms a dimer between the catalytic cysteine
Cys603 and another cysteine Cys613. This dimerization is reversible in the presence of the
reducing agent DTT. At 20 mM H.O, SENP-2 is oxidised irreversibly. These events lead to
an increase in global sumoylation (Xu et al., 2008b).
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1.3 Genome wide screens

As described above, directed approaches in yeast and mammalian cells have identified many
functions of sumoylation in a diverse range of cellular processes. However, many of the
sumoylation events occur as a global sumoylation event, as shown by sumoylation dynamics
in the SSR.

1.3.1 Proteomics to Discover Sumoylated Proteins

Many early studies used in vitro sumoylation assays to confirm protein sumoylation (Takahashi
etal., 1999; Takahashi et al., 2001), however, using this method to identify sumoylation targets
has caveats. Ubc9 can bind and sumoylate consensus sequences alone (Bernier-Villamor et
al., 2002; Lin et al., 2002; Pichler et al., 2005), and E3 ligases can lack specificity in vitro
reactions (Takahashi et al., 2003), therefore artefactual sumoylation events are likely to occur
when substrates and the conjugation machinery are expressed in amounts which may never
occur in the cell due to different localisation. Moreover, many sumoylation events may require
previous modifications, e.g., phosphorylation (Hietakangas et al., 2006) (see section 1.1.2.1),
so this will not be seen in vitro. Therefore, confirmation of in vitro sumoylation does by no
means verify that this occurs in vivo. Thus, proteomics of in vivo sumoylation are much more
appropriate in the detection of sumoylated substrates. However, mass spectrometry of
sumoylated proteins is demanding, as sumoylated proteins can be modified at very low levels,
and sumoylated substrates are particularly vulnerable to deconjugation during protein
extraction due to the high activity of deconjugase enzymes (Eifler and Vertegaal, 2015a).
Furthermore, ubiquitin is also more suited for MS analysis to detect target lysine residues, as
trypsin digestion of ubiquitinated substrates leaves a small diglycine adduct. However,
digestion of sumoylated substrates leaves a larger adduct which makes identification of the
sumoylated lysine residue more difficult (Eifler and Vertegaal, 2015a). Therefore, some
methods require exogenous enrichment of sumoylated substrates by ectopic over expression
of SUMO, or heat shock can be used (Zhao et al., 2004; Leach et al., 2011, Blomster et al.,
2009). Although others use either SUMO specific antibodies (Becker et al., 2013), or cells
lines with stable epitope tagged expression of SUMOs (Vertegaal et al., 2004), without the
confirmation of sumoylation occurring on a lysine motif, it is difficult to determine if these are
SUMO interacting partners or sumoylated substrates without biochemical data (Filosa et al.,
2013). Due to the extremely high number of hits these global arrays often provide, many
cannot validate all sumoylation hits. Thus, although sumoylation proteomic data provides a
rich resource for researchers, they are limited in the insight which can be gained. Forinstance,
a crucial yet transient sumoylation event may not be picked up in mass spectrometry analysis.
Furthermore, abundance of sumoylation on a target does not correlate with importance of

function, as observed with the S. cerevisiae septins (see section 1.2.2.2). Also, the cellular
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response to such a sumoylation event is unknown, making selection of appropriate substrates
to research further difficult. Therefore, genetic approaches can prove a powerful tool for

elucidating sumoylation.

1.3.2 Genetic Interaction Studies in Yeast

Genetic interaction is the phenomenon where the phenotype associated with the mutation of
a gene is either suppressed or aggravated by a mutation of a different loci. When the
phenotype of a mutant is aggravated by the presence of another genetic mutation, which is
unexpectedly more severe than the summation of the respective single mutant phenotypes,
the gene pair are said to negatively interact. In the extreme case of this, the presence of the
two mutations leads to cell death, and these genes are synthetically lethal. Conversely, if the
phenotype of a mutant is suppressed by the presence of another mutation, the two genes are
said to have a positive genetic interaction. Genetic interaction studies can then infer biological
function to the original mutants. Gene pairs which negatively interact or are synthetically lethal
imply that the two genes function in the same biological role, but in different cellular pathways.
Thus, the loss of both pathways towards the similar biological process then leads to a more
extreme phenotype or cell death, as loss of one pathway can no longer compensate for the
other. The case of positive genetic interaction can indicate that one gene is negatively
regulating a biological process, and the loss of regulation is detrimental for cell growth.
Therefore, removal of the aberrant biological process by mutation then synthetically rescues
the single mutant. In yeast, study of genetic interaction can be completed on a genome wide
scale, termed a synthetic genetic array (Tong et al., 2001). This powerful technique can use
libraries of genetic mutants to infer biological functions to a mutation, down to single genes

within genetic pathways.

Global genetic interactions of SUMO have been previously completed in S. cerevisiae and S.
pombe (Makhnevych et al., 2009; Costanzo et al., 2010; Ryan et al., 2012). The only screen
in S. pombe, and one of the screens in S. cerevisiae, were global epistasis map screens. In
the case of the S. pombe screen, a pmt3A strain was used in the library that was crossed with

~953 query strains (Ryan et al., 2012). However, ubc9A was not included in this screen.

1.4 Dysregulation of Sumoylation in Disease States

Given the lethality associated with the loss of sumoylation in many organisms, it is not
surprising that there is a growing body of evidence that deregulation of sumoylation could be

linked to various disease states.
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1.4.1 Cancer

SUMO appears to have tumour promoting roles in different cancers. For example, over
expression of Ubc9 occurs in ovarian (Ryan et al., 2012), colon and prostate cancers (Moschos
et al., 2010), and in breast, head and neck, and lung cancers (Wu et al., 2009). Furthermore,
lung cancer cells stably overexpressing of Ubc9 in a mouse model showed increased
metastasis ability, suggesting over expressed Ubc9 promotes cell invasion (Li et al., 2013).
Indeed, Ubc9 is the most highly expressed protein in melanoma infiltrated lymph nodes,
strongly suggesting metastasis requires high levels of Ubc9 (Moschos et al., 2007). Consistent
with the tumour promotion role of sumoylation, lower expression of SAE1, the human SUMO
E1, was indicative of breast cancer tumours which would metastasise later than others (Kessler
et al., 2012). However, SUMO removal is also likely to have tumour promoting functions, as
elevated levels of the deconjugase SENP-1 is observed in prostate cancer cells, and reduction

of SENPL1 in prostate cancer cell lines show decreased cell viability (Wang et al., 2015).

Interestingly, SUMO also directly modifies proteins encoded by various oncogenes (the term
used for genes involved in cell proliferation which are often deregulated or mutated in cancers).
For example, the transcription factor c-Myc is one of the most frequently upregulated
oncogenes in many cancer types, upregulated by amplification, gain of function mutation, gain
in protein stabilisation or over expression (Beroukhim et al., 2010). Interestingly, sumoylation
was found to be essential for the transcriptional programme of c-Myc, as knock down of the
SAEZ2 E1 subunit in c-Myc overexpressing cell lines lead to mitotic catastrophe, while the same
knock down of SAE2 in cells expressing normal levels of c-Myc did not (Kessler et al., 2012).
However, how sumoylation regulates c-Myc is not well understood. Recent studies identified
that sumoylation of c-Myc promoted degradation via RNF4, the SIx5/8 homolog in mammals
(Gonzalez-Prieto et al., 2015). Interestingly, a recent study showed that the sumoylation of
another Myc family member, n-Myc, is increased upon heat shock and proteasome inhibition
(Sabo et al., 2014). This could suggest that n-Myc is a targeted by the heat shock SSR.
Furthermore, the increase in n-Myc sumoylation upon proteasome inhibition is consistent with
c-Myc RNF4 promoted degradation (Gonzalez-Prieto et al., 2015). This could suggest a role
for sumoylation and degradation of the Myc family proteins. Thus, while essential for c-Myc
function, the role for sumoylation in the regulation of Myc family members is unclear. However,
the specific effect of sumoylation knockdown on c-Myc overexpressing cancers could provide

an interesting avenue for drug targetting.

1.4.2 Ageing and Neurodegerative Diseases
Sumoylation has also been linked to the premature ageing disease, Hutchinson Guilford
Progeria Syndrome (HGPS). HGPS causes rapid ageing in children, and patients with the

disease often die from disease associated with arterial hardening at age 13 (Ding and Shen,
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2008). Nuclear lamins are proteins which form nuclear lamina, providing structure to the
nucleus as well as other functions (Gruenbaum and Foisner, 2015). In HGPS, a sporadic
genetic mutation in the nuclear lamin A gene LMNA causes a premature lamin called progerin
to accumulate in the nuclear membrane, but how this causes the disease state is unknown.
Recently a study of fibroblasts of HGPS patients revealed that Ubc9 is mislocalised to the
cytoplasm (Kelley et al., 2011). Furthermore, the same group found that the Ubc9 localisation
disruption was due to progerin producing reactive oxygen species (ROS) which disrupted the
nuclear-cytoplasmic Ran gradient, thereby lowering the nuclear concentration of Ubc9 by
reduced import (Datta et al., 2014). However, whether disruption of Ubc9 localisation by ROS

could have an influence in HGPS is unknown.

Alzheimer’s disease is an incurable neurodegerative disease that begins as a gradual decline
in memory recall, leading to eventual loss of bodily functions. The cause of Alzheimer’s is
poorly understood, but one theory is the cognitive decline is due to the production of tau protein
aggregates, and of Ap aggregates from the amyloid precursor protein (APP) forming in neurons
(Armstrong, 2013). Interestingly, SUMO-3 protein levels were found to be increased in the
brains of patients with Alzheimer’s disease (Li et al., 2003), and conversely the levels of SENP-
3 were down regulated (Weeraratna et al., 2007). The APP that is processed to form A
aggregates in Alzheimer’s disease is also known to be sumoylated, and interestingly the
modification of APP decreases the formation of A aggregates, although the mechanism is
unknown (Zhang and Sarge, 2008). Furthermore, the microtubule associated protein tau has
been shown to be modified by SUMO on Lys340 in cell lines (Dorval and Fraser, 2006).
Interestingly, upon proteasome inhibition the levels of ubiquitinated tau increased, while the
levels of sumoylated tau decreased (Dorval and Fraser, 2006). This suggests Lys340 residue
is also modified by ubiquitin, and ubiquitination promotes tau degradation. However, this study
was completed in a kidney cell line, so this would be interesting to see if this modification could
be detected in a neuronal cell line. The regulation of sumoylation in neurodegenerative
diseases is still a relatively new topic, but the role of SUMO in AB aggregates and tau
degradation would be of interest to study to elucidate the cause of this disease, and provide

potential for future therapeutics.

1.4.3 Pathogenic Infection

1.4.3.1 Viral Infection

Given the roles of sumoylation in cell stress responses, it is perhaps unsurprising that the
sumoylation pathway is heavily implicated with infection. In mammalian cells, promyelocytic
leukaemia protein nuclear bodies (PML-NBs) appear as ‘nuclear dots’ enriched with the

principal component, PML protein. PML-NBs are implicated in a wide range of processes,
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such as transcription, cell-cycle control, DNA damage and repair and apoptosis (Cheng and
Kao, 2012; Sahin et al., 2014), and have been identified as important regulators of the cellular
response to invasion of viral pathogens (Everett and Chelbi-Alix, 2007). Furthermore, SUMO
is understood to be a key regulator of PML-NB function, with many of the proteins within PML-
NBs sumoylated and contain SIMs (Van Damme et al., 2010; Cheng and Kao, 2012). For
example, upon poliovirus infection, sumoylation of PML recruits p53 to the PML-NBs, and
subsequently induces apoptosis of the infected cell (Pampin et al., 2006). Interestingly, viruses
have developed methods of altering the host sumoylation systems to their advantage. For
example, the avian adenovirus chicken embryo lethal orphan (CELO) virus produces a protein,
Gam-1, which inhibits host sumoylation in a two pronged approach by interrupting the E1-E2
in the SUMO conjugation pathway, as well as targeting the E1 and E2 enzymes for
proteaosomal degradation (Boggio et al., 2004; Boggio et al., 2007). Additionally, viruses
produce proteins that share similarities with SUMO system components to enable them to
target PML-NBs. For example, the human herpes simplex virus produces the ICPO protein
which acts as a STUbL to ubiquitinate sumoylated proteins, including the PML-NB components
to promote their degradation (Muller and Dejean, 1999). This causes a decrease in global
sumoylation, and dispersal of PML-NBs (Muller and Dejean, 1999). In addition, the human
adenovirus serotype 5 (HAdV5) E1B-55K protein acts as a SUMO E3 ligase to sumoylate p53,
causing eviction of p53 from the nucleus, thereby preventing p53 recruitment to the nuclear
PML-NBs and subsequent apoptosis (Pennella et al., 2010). However, not all connections
between viral infection and SUMO are linked to PML-NB dysregulation and dispersal. Indeed,
the Epstein-Barr virus (EBV) uses host sumoylation systems to sumoylate its own viral
transcription factor BZLF1 (Murata et al., 2010). The sumoylated BZLF1 then represses the
transcription of genes within the viral genome, by recruiting host histone deacetylase
complexes to the viral genome (Murata et al., 2010). As well as those listed here, many other
DNA and RNA human viruses such as papillomaviridae, poxviridae and retroviridae have been

shown to influence or interact with the SUMO system (Wimmer et al., 2012).

1.4.3.2 Bacterial Infection

As well as viruses, virulent bacteria also target the SUMO system to their advantage. For
example, the human pathogen Listeria monocytogenes produces the Listeriolysin O (LLO)
protein, a pore forming toxin crucial for its virulence (Hamon et al., 2012). Significantly, LLO
was found to promote the proteasomal degradation of Ubc9 in L. monocytogenes infected
HelLa cells, reducing global sumoylation levels (Ribet et al., 2010). This effect on Ubc9 levels
was found to be promoted by other pore forming toxins from the bacteria Clostridium
perfringens (Perfingolysin O, PFO) and Streptococcus pneumoniae (Pneumolysin, PLY) (Ribet

et al., 2010). The researchers demonstrated that the LLO induced global reduction in
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sumoylation was advantageous for L. monocytogenes due to inhibition of a TNF-B-dependant
immune response (Ribet et al., 2010). However, it could not be confirmed that this was a direct
effect of LLO on sumoylation, or it was another off target effect of the LLO toxin. Another
pathogenic bacterial species, Yersinia, has been shown to effect host SUMO conjugate levels
(Orth et al., 2000; Zhou et al., 2005). Both Yersinia pseudotuberculosis and Yersinia
enterocolitica produce a cysteine protease, YopJ, which shows structural similarity to Ulpl
(Orth et al., 2000; Zhou et al., 2005). Indeed, YopJ has SUMO deconjugating activity against
SUMO-1 modified proteins, as well as ubiquitinated proteins (Orth et al., 2000; Zhou et al.,
2005). While the sumoylated substrates targeted by YopJ have not been identified,
interestingly, the NF«kB inhibitor IkBa was deubiquitinated by YopJ (Zhou et al., 2005). This
prevented the activation of NF«B signalling, like SUMO maodification of IkBa. These studies
show that many pathogens use sumoylation to evade host immune defences, however, more
could be understood about the targets of these global sumoylation changes which occur upon

pathogenic infection.

1.5 Summary and Aims

Sumoylation is a well conserved protein modification with roles in many cellular processes,
from cell cycle regulation, DNA damage and repair, transcription and stress responses. As
such, aberrant sumoylation has implications for human health and disease. Proteomic data
has shown that targets are sumoylated in a wide array of cellular processes, however the
biological relevance of many sumoylation events is unknown. Therefore, the aim of this study
was to take advantage of the viability of sumoylation mutants in the organism S. pombe, and
use high through put genetic screening strategies to aid the understanding of the biological

processes regulated by sumoylation.
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Chapter Two: Materials and Methods
2.1 S. pombe and S. cerevisiae Yeast Strains

The S. pombe strains used in this study were derived from the CHP428 background strain (h*
ade6-M210 his7-336 leul-32 ura4-D18) or the Bioneer strain background derived from the
diploid host strain SP286 (h*/h* ade6-M210/ade6-M216 ura4-D18/ura4-D18 leul-32/leul-32).
The S. cerevisiae strains used in this study are derived from BY4741 strain background (MATa
his3A1 leu2A0 met15A0 ura3A0). S. pombe strains are outlined in Table 1, and S. cerevisiae
strains are outlined in Table 2.

2.2 Yeast Techniques

2.2.1 S. pombe Growth Conditions

S. pombe strains were grown in YE5S rich media (0.5% [w/V] yeast extract, 3% [w/v] glucose,
225 mg/L adenine hemisulphate, L-histidine, uracil, L-Lysine monochloride and L-Leucine) or
EMM media (3 g/L potassium hydrogen phthalate, 2.2 g/L Na;HPO., 5 g/L NH4Cl, 2% [w/V]
glucose, 20 ml/L salt solution [50x stock [52.5 g/L MgCl..6H,0, 735 pg/L CaCl..2H,0, 50 g/L
KClI, 2 g/L NaSQ4], 1 ml/L vitamins [1 g/L pantothenic acid, 10 g/L nicotinic acid, 10 g/L inositol,
10 mg/L biotin], 0.1 ml/L minerals [5 g/L boric acid, 4 g/L MnSO4, 4 g/L ZnS04.7H,0, 2 g/L
FeCl,.6H,0, 0.4 g/L molybdic acid, 1 g/L Kl, 0.4 g/L CuS0O4.5H;0, 10 g/L citric acid])
supplemented with the appropriate amino acids and nucleotides as outlined previously
(Moreno et al., 1991) (all supplied by Sigma-Aldrich). To repress expression from nmt41*
promoters in pPREP41 plasmids, EMM was supplemented with 15 yM thiamine. Solid media
was made with the above components supplemented with 2% (w/v) bacto-agar. Strains were

grown at 30°C unless otherwise stated.

2.2.2 S. cerevisiae Growth Conditions

S. cerevisiae strains were grown in YPD rich media (1% [w/v] yeast extract, 2% [w/v] Bacto-
Peptone, 2% [w/v] glucose), or minimal SD media (0.67% [w/v] Bacto-Yeast nitrogen base
without amino acids (Difco), 2% glucose). Where appropriate, SD was supplemented with L-
Histidine hydrochloride (10 mg/L), L-Leucine (20 mg/L), Uracil (8 mg/L), L-Lysine
hydromonochloride (30 mg/L) and L-Methionine (10 mg/L) (all supplied by Sigma). G418
antibiotic (Formedium) was supplemented at 400 pg/ml and clonNAT (WERNER BioAgents)
supplemented at 100 pg/ml. Media used during SGA analysis is described in section 2.2.7.1.
Strains were grown at 30°C unless otherwise stated. For YPD or SD solid agar the media was

supplemented with 2% (w/v) bacto-agar. Strains were grown at 30°C unless otherwise stated.
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ID Genotype Source
RB9 h*/h” fkh2A::ura4/fkh2* ade6-M210/ade6-M216 his7- (Bulmer et al.,
366/his7-366 leul-32/leul-32 ura4-D18/ura4-D18 2004)
CHP428 | h™ ade6-M210 his7-366 leu1-32 ura4-D18 Sif]fffrom Charlie
offman
CHP429 | h" ade6-M216 his7-366 leul-32 ura4-D18 Sif]fffrom C.
orffman
CL49 h*/h* pmt3A::KanMX4/pmt3* ade6-M210/ade6-M216 urad- | (Kim et al., 2010)
D18/ura4-D18 leul-32/leul-32
CL53 h*/h* ubc9A::KanMX4/ubc9* ade6-M210/ade6-M216 ura4- | (Kim etal., 2010)
D18/ura4-D18 leul-32/leul-32
CL109 h*/h™ fkh2A::ura4*/fkh2" ubc9A::KanMX4/ubc9* ade6- This study
M210/ade6-M216 his7-366/his7-366 leul-32/leul-32 ura4-
D18/ura4-D18
CHP428/ | h*/h” ade6-M210/ade6-M216 his7-366/his7-366 leul- Gift from Charlie
CHP429 | 32/leul-32 ura4-D18/ura4-D18 Hoffman
CL363 h*/h” fkh2-3PK::ura4*/fkh2" pmt3A::KanMX4/pmt3* ade6- This study
M210/ade6-M216 his7-366/his7-366 leul-32/leul-32 ura4-
D18/ura4-D18
CL370 h*/h” pmt3A::KanMX4 ade6-M210/ade6-M216 his7- This study
366/his7-366 leul-32/leul-32 ura4-D18/ura4-D1
CL76 h* ade6-MX ura4-D18 leul-32 This study
FP66 h* leul-32 ura4-D18 ade6-MX yox1A::KanMX4 (;)lﬂl)l etal.,
JB355 h* leul-32 ura4-D18 ade6-MX seplA::urad* (Zzoigaof;i etal.,

Table 2.1: S. pombe strains used in this study.

indicated by ade6-MX.
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ID Genotype Source
CL90 MATa his3-DAmP::KanMX his3A1 leu2A0 ura3A0 met15A0 @ (Breslow etal., 2008)
CL91 MATa uba2-DAmMP::KanMX his3A1 leu2A0 ura3A0 (Breslow et al., 2008)
met15A0
CL92 MATa smt3-DAmMP::KanMX his3A1 leu2A0 ura3A0 (Breslow et al., 2008)
met15A0
CL93 MATa aos1-DAmMP::KanMX his3A1 leu2A0 ura3A0 (Breslow et al., 2008)
met15A0
CL94 MATa ulpl-DAmMP::KanMX his3A1 leu2A0 ura3A0 met15A0 | (Breslow et al., 2008)
CL95 MATa ulp2-DAmMP::KanMX his3A1 leu2A0 ura3A0 met15A0 | (Breslow et al., 2008)
CL100 MATa smt3-DAmMP::NatMX his3A1 leu2A0 ura3A0 This study
met15A0
CL106 MATa lyplA::HphMX::LEU2 canlA::STE2pr-Sp_his5 Newcastle University
his3A1 leu2A0 ura3A0 met15A0 Figh throughput service
CL107 MATa smt3-DAmMP::NatMX lyplA::HphMX::LEU2 This study
canlA::STE2pr-Sp_his5 his3Al leu2A0 ura3A0 met15A0
CL163 MATa siz2A::KanMX smt3-DAmMP::NatMX This study
lyplA::HphMX::LEU2 canlA::STE2pr-Sp_his5 his3A1
leu2A0 ura3A0 met15A0
CL207 MATa cct8-DAmMP::KanMX smt3-DAmMP::NatMX This study
lyplA::HphMX::LEU2 canl1A::STE2pr-Sp_his5 his3A1
leu2A0 ura3A0 met15A0
CL211 MATa cct3-DAmMP::KanMX smt3-DAmMP::NatMX This study
lyplA::HphMX::LEU2 canl1A::STE2pr-Sp_his5 his3A1
leu2A0 ura3A0 met15A0
CL227 MATa siz1A::KanMX smt3-DAmMP::NatMX This study
lyplA::HphMX::LEU2 canlA::STE2pr-Sp_his5 his3A1
leu2A0 ura3A0 met15A0
BY4741 | MATa his3A1 leu2A0 ura3A0 met15A0 David Lydall
CL237 MATa smt3-DAmMP::NatMX arp2-DAmP::KanMX his3A1 This study
leu2A0 ura3A0 metl5A0 lyplA::HphMX::LEU2
canlA::STE2pr-Sp_hisb
CL238 MATa smt3-DAmMP::NatMX arp3-DAmP::KanMX his3A1 This study
leu2A0 ura3A0 metl5A0 lyplA::HphMX::LEU2
canlA::STE2pr-Sp_his5
CL239 MATa smt3-DAmMP::NatMX arc35-DAmMP::KanMX his3A1 This study
leu2A0 ura3A0 metl5A0 lyplA::HphMX::LEU2
canlA::STE2pr-Sp_his5
CL244 MATa sIx8A::KanMX his3A1 leu2A0 ura3A0 met15A0 Newcastle University
High throughput service
CL253 MATa siz1A::KanMX his3A1 leu2A0 ura3A0 met15A0 Newcastle University
High throughput service
CL254 MATa cct8-DAmP::KanMX his3A1 leu2A0 ura3A0 met15A0 @ (Breslow etal., 2008)
CL259 MATa cct3-DAmMP::KanMX his3A1 leu2A0 ura3A0 met15A0 | (Breslow et al., 2008)
CL260 MATa siz2A::KanMX his3A1 leu2A0 ura3A0 met15A0 Newcastle University
High throughput service
CL268 MATa arc35-3HA::KanMX his3A1 leu2A0 ura3A0 metl5A0 | This study
BY4742 | MATa his3A1 leu2A0 ura3A0 met15A0 Gift from David Lydall
CL280 MATa ulp1l-DAmMP::KanMX smt3-DAmMP::NatMX This study
lyplA::HphMX::LEU2 canl1A::STE2pr-Sp_his5 his3A1
leu2A0 ura3A0 met15A0
CL284 MATa ulp2-DAmMP::KanMX smt3-DAmMP::NatMX This study

lyplA::HphMX::LEU2 canl1A::STE2pr-Sp_his5 his3A1
leu2A0 ura3A0 met15A0
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CL340 MATa arp2-DAmP::KanMX his3A1 leu2A0 ura3A0 Newcastle University
High throughput service

met15A0
CL341 MATa arp3-DAmMP::KanMX his3A1 leu2A0 ura3A0 Newcastle University
met15A0 High throughput service
CL342 MATa arc35-DAmMP::KanMX his3A1 leu2A0 ura3A0 Newcastle University
met15A0 High throughput service
CL376 MATa tub3A::KanMX his3A1 leu2A0 ura3A0 met15A0 Newcastle University

High throughput service
CL380 sIx8A::KanMX arc35-DAmP::KanMX his3A1 leu2A0 ura3A0 | This study
lysX metX
CL445 MATa smt3-DAmMP::NatMX tub3A::KanMX his3A1 leu2A0 This study
ura3A0 metl5A0 lyplA::HphMX::LEU2 canlA::STE2pr-

Sp_his5

CL474 MAT? arc35-3HA:KanMX smt3-DAmMP::NatMX his3A1 This study
leu2A0 ura3A0 met15A0

CL480 MATa tub2-DAmMP::KanMX his3A1 leu2A0 ura3A0 Newcastle University
met15A0 High throughput service

CL486 MATa tub2-DAmMP::KanMX smt3-DAmMP::NatMX his3A1 This study
leu2A0 ura3A0 metl15A0 lyplA::HphMX::LEU2
canlA::STE2pr-Sp_his5

Table 2.2: S. cerevisiae strains used in this study. If the presence of a marker has not
been verified it is indicated by X. If the mating type of the strain is unknown it is indicated by
MAT?.

2.2.3 S. pombe Genomic DNA (gDNA) Extraction

gDNA was extracted from S. pombe by pelleting 100 pl of stationary phase cells at 2000 rpm
for 3 minutes. The cells were resuspended in 1 ml nH»O, pelleted again for 1 minute at 9000
rpm, then resuspended in 200 pl breakage buffer (10 mM Tris-HCI [pH 8], 1 mM EDTA, 100
mM NacCl, 1% [w/v] SDS, 2% [v/v] Triton X-100). Cells were ribolysed for 20 seconds after the
addition of 400 pl of glass beads and 200 pl phenol:chloroform:isoamyl alcohol (25:24:1, pH
7.4) (Fisher BioReagents). Another 500 pl of breakage buffer were added then the sample
vortexed, and pelleted at 9000 rpm for 5 minutes. The supernatant was added to 50 pl of 3 M
sodium acetate and 1 ml 100% ethanol, then placed at -20°C for 30 minutes to precipitate
DNA. After precipitation, the sample was then spun for 15 minutes at 13000 rpm to collect
gDNA. After washing in 70% ethanol, the supernatant was removed and gDNA resuspended
in 100 pl dH20.

2.2.4 S. cerevisiae gDNA Extraction

gDNA was extracted from S. cerevisiae by a protocol previously described (Hoffman and
Winston, 1987). S. cerevisiae cells were grown to saturation in 10 ml of YPD and collected at
3000 rpm for 3 minutes. The pellet was resuspended in 200 pl of detergent lysis buffer (2%
[v/v] Triton X-100, 1% [w/v] SDS, 100 mM NacCl, 10 mM Tris-HCI [pH 8], 1 mM EDTA). 200 ul
of phenol:chlorophorm:isoamyl alcohol (25:24:1; pH 7.4) and 200 pl of glass beads were added
and the cells lysed for 1 minute using a Mini Beadbeater (Biospec Products). After addition of
200 pl of TE (10 mM Tris-HCI [pH 7.4], 1 mM EDTA [pH 8]), the aqueous layer was separated
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by centrifugation at 13000 rpm for 3 minutes. The agueous upper layer was transferred into a
fresh eppendorf. 1 ml of ice cold 100% ethanol was added and the precipitated DNA collected
by centrifugation for 5 minutes at 13000 rpm at 4°C. The DNA was resuspended in TE (pH 8)
solution containing 75 pg/ml RNase A (Sigma-Aldrich), and incubated at 37°C for 5 minutes to
degrade RNA. The DNA was then precipitated for a final time in 100% ice cold ethanol plus
40 mM ammonium acetate, and collected by centrifugation for 5 minutes at 13000 rpm at 4°C.
The pellet was dried and finally resuspended in 50 ul TE (pH 8).

2.2.5 Yeast Transformations

2.2.5.1 S. pombe Lithium Acetate Transformation

DNA was introduced into S. pombe using the LiAc method described previously (Moreno et
al., 1991). 50 ml of S. pombe cells were grown to an ODsgsnm ~0.4, and pelleted at 2000 rpm
for 2 minutes. The cells were washed in 1 ml of sterile dH-0, and resuspended in 1 ml LIAC/TE
(0.1 M LiAc [pH 7.5], 10 mM Tris-HCI [pH 7.5], 1 mM EDTA). 100 pl of cell suspension were
mixed with 20 pg of salmon sperm DNA (Ambion) and ~0.1-1 pg of transforming DNA. After
10 minutes at room temperature, 260 ul of LIAC/TE/PEG (0.1 M LiAc [pH 7.5], 10 mM Tris-HCI
[pH 7.5], 1 mM EDTA, 50% [w/v] PEG-4000) were added to the transformation mixture. The
transformation reaction was incubated at 30°C for 30-60 minutes with agitation. Following
incubation, 43 pl of 100% DMSO were added, and the reaction then incubated at 42°C for 5
minutes to heat shock the cells. The cells were then washed in 1 ml of dH-O, resuspended in
200 pl of dH20 and plated onto appropriate selective EMM media. The plates were incubated
for 3-5 days at 30°C until colonies formed. For G418 selection, the cells were plated onto
YESS, incubated for 2-3 days at 30°C, then replica plated onto YE5S supplemented with G418,
then incubated again at 30°C. Plates were incubated for 3 days, then G418 resistant colonies

selected.

2.2.5.2 S. cerevisiae Lithium Acetate Transformation

DNA was introduced into S. cerevisiae cells as previously described (Schiestl and Gietz, 1989).
50 ml of mid-log phase growing cells (=3 x 107 cells) were pelleted at 2000 rpm for 3 minutes,
washed with an equal volume of sterile water, and pelleted again. Cells were resuspended in
1 ml LIAc/TE (0.1 M LiAc, 10 mM Tris-HCI [pH 7.4], 1 mM EDTA [pH 8]). 200 pl of cells were
added to 50 pg of salmon sperm DNA (Ambion) 0.1-10 yg of transforming DNA. 1.2 ml of
LIAc/TE/PEG solution (0.1 M LiAc, 10 mM Tris-HCI [pH 7.4], 1 mM EDTA [pH 8], 40% [w/V]
PEG-4000) were added and thoroughly mixed. The transformation mix was then incubated at
30°C with agitation for 30 minutes. Cells were heat shocked at 42°C for 15 minutes, then
pelleted at 7000 rpm for 30 seconds. Cells were resuspended in 150 pl sterile water and plated

onto appropriate selective media. Selection plates were incubated for 3-5 days at 30°C to
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allow growth of transformants. For G418 and clonNAT selection of KanMX and NatMX strains,
the transformation mixture was split over 2 YPD plates and grown for 2 days at 30°C. The
resulting lawns were replica plated using a wooden block with Wattman filter paper onto 2 YPD
plates supplemented with G418 or clonNAT, then incubated for a further 3 days at 30°C.

2.2.6 Strain Construction

2.2.6.1 Gene Deletion in S. pombe

Gene deletion in S. pombe is outlined in Figure 2.1. S. pombe h*/h* diploids containing a
heterozygous KanMX4 replacement of each gene were purchased from Bioneer (Kim et al.,
2010). To move the cassette into the CHP428 strain, the yfgA::KanMX4 cassette was amplified
by PCR (see section 2.3.1.1) from the gene locus with including an additional 100 bp upstream
and downstream from the deletion cassette. To increase the amount of cassette available for
transformation, the cassette was cloned into pGEM-T (Promega) by TA cloning, and the
resulting plasmid digested with EcoRI to drop out the cassette. The cassette was separated
agarose gel electrophoresis, and the DNA extracted (see section 2.3.4). The cassette was
then transformed into an h*/h- diploid strain, and plated onto YESS. After incubation at 30°C
for 2-3 days, the lawn was replica plated onto YES5S containing G418, and colonies obtained
after another 2-3 day incubation. Correct integration of the deletion cassette was confirmed
by a gene specific primer (Ubc9delF or Pmt3delF), and a KanMX cassette specific primer
(Kan909R) (see section 2.3.1).

2.2.6.2 Antibiotic Marker Switching in S. cerevisiae

To switch the KanMX markers for NatMX marker in S. cerevisiae, a NatMX cassette containing
plasmid, pAG25 (gift from P. Banks) was first digested with Nsbl restriction enzyme, and the 1
kb NatMX cassette separated by agarose gel electrophoresis, and the DNA extracted from the
agarose (see section 2.3.4). The NatMX cassette was then introduced into the smt3-
DAmMP::KanMX strain (CL92) by LiAc transformation method (see section 2.2.5.2). Antibiotic
resistance switching at the correct locus was confirmed by sensitivity of cells to G418 and

resistance to clonNAT, and by PCR.

2.2.6.3 ARC35 Epitope Tagging in S. cerevisiae

N terminal 3-HA epitope tagging of Arc35 expressed from the normal chromosomal locus was
achieved by a method described previously (Longtine et al.,, 1998). The strategy used is
outlined in Figure 2.3. Briefly, oligonucleotide primers with homology to pFA6a-3HA-KanMX,
and with homology to the sequence located directly upstream and downstream of the ARC35
stop codon (Arc35HAtagF and Arc35HAtagR), were used to amplify a tagging cassette

conferring G418 resistance.
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Figure 2.1: Schematic diagram of gene deletion in S. pombe. Your favourite gene (yfg®)
indicates gene to be deleted, which in this study is either pmt3* or ubc9*. The yfgA::KanMX4
deletion cassette was amplified by PCR from deletion strain (Bioneer Corp.). This was
achieved using oligonucleotide primers located 100 bp upstream (pmt3delF or Ubc9delF) and
100 bp downstream (pmt3delR and Ubc9delR). The yfgA::KanMX4 deletion cassette (1.7 kb)
was extracted from the wildtype amplified cassette yfg* (900 bp) and cloned into the pGEM®-
T vector via TA cloning, and the cassette sequenced using T7 and SP6 oligonucleotide
primers. To introduce the deletion cassette into a CHP428/CHP429 diploid, the pGEM®-T
vector was digested with EcoRI restriction enzyme, to drop out the yfgA::KanMX4 deletion
cassette. The deletion cassette was introduced into diploid strains of S. pombe by LiAc
transformation. Heterozygous diploids were selected by resistance to G418. Successful
integration of the yfgA::KanMX4 cassette at the yfg* locus was verified by PCR using
oligonucleotide primers which anneal to the 3’ end of KanMX (Kan909F) and upstream of yfg*
(pmt3delF and Ubc9delF). Diploids were sporulated on appropriate EMM media plates for 3
days, and spores dissected to gain haploid sergeants. Haploids were verified by G418
resistance.
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Figure 2.2: Schematic diagram of switching KanMX antibiotic marker with NatMX marker
in smt3-DAmP strain. The plasmid pAG25 containing the NatMX marker sequence was
digested with the restriction enzyme Nsbl which drops out the NatMX cassette including the
TEF promoter and terminator sequences in MX marker cassettes. The NatMX cassette was
then introduced into the smt3-DAmP::KanMX strain by LiAc transformation. The NatMX
cassette integrates at the KanMX marker within the smt3-DAmP::KanMX allele, directed by
homology from the TEF promoter and terminator sequences. Colonies are selected by
resistance to clonNAT, sensitivity to G418. Positive integrants at the smt3-DAmP loci are
checked by PCR.
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Figure 2.3: Schematic diagram of tagging Arc35 with 3HA epitope at its normal
chromosomal locus. The oligonucleotide primer Arc35HATagF contains 40 bp of homology
to the sequence located immediately upstream from the ARC35 stop codon, and 20 bp of
homology to the HA epitope sequence in the pFA6a-3HA-KanMX6 plasmid. The
oligonucleotide primer Arc35HAtagR has 40 bp of homology to the sequence located
immediately downstream of the ARC35 stop codon, and 20 bp of homology to the sequence
within the KanMX6 cassette of the pFA6a-3HA-KanMX6 plasmid. The HA tagging cassette is
amplified via PCR (see section 2.3.1). The cassette is then introduced into BY4741 by LiAc
transformation (see section 2.2.5.2). The cassette then integrates at the ARC35 chromosomal
locus, targeted by the 80 bp of homology introduced by Arc35HAtagF and Arc35HAtagR. The
integration of the cassette replaces the ARC35 stop codon with the 3HA tag. The 3HA tag is
terminated by the Tapr1 is the terminator from the alcohol dehydrogenase ADH1 gene in S.
cerevisiae. Transformants were plated onto YPD, and the lawn allowed to grow for 2 days at
30°C. The lawn was then replica plated onto YPD + G418 plates and incubated at 30°C for 2
days. Resulting G418 resistant colonies were streaked onto YPD containing G418 twice more
to ensure G418 resistance. G418 positive colonies were checked by PCR to ensure correct
integration using Arc35F858 and HASegR (see section 2.3.1). Successful epitope tagging
was then confirmed by western blotting (see section 2.4.2).
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2.2.6.4 S. cerevisiae Mating and Tetrad Dissection

Strains of opposite mating types were crossed on YPD media for 24 hours, and diploids
selected using appropriate markers. A small amount of diploids freshly grown on YPD agar
were added to 2 ml sporulation medium (1% [w/v] potassium acetate, L-Histidine hydrochloride
[2.5 mg/ml], L-Leucine [5 mg/ml], Uracil [2 mg/ml], L-Lysine hydromonochloride [2.5 mg/ml]
and L-Methionine [2.5 mg/ml]), and incubated for 7 days at 30°C to induce sporulation. 100 pl
of sporulated cells were pelleted, resuspended in 50 pl of 5% [v/v] glusulase (PerkinElmer)
and incubated at 30°C for 30 minutes to digest cell walls. This solution was then gently mixed
with 300 pl of YPD medium, and 20 pl were pipetted onto a YPD plate. Tetrads containing 4
spores were then manipulated using a dissector (Singer Instruments) and the plates incubated
at 30°C for 2-3 days.

2.2.6.5 S. pombe Sporulation and Tetrad Dissection

S. pombe h*/h* diploids were sporulated by the introduction of the ura4* marked pON177
plasmid by LiAc transformation (Styrkarsdottir et al., 1993) (see section 2.2.5.1). ura* colonies
were allowed to grow and sporulate by incubation at 30°C on the selective EMM transformation
plate for 5-7 days until asci were observed microscopically. h*/h- strains were sporulated by
growth on EMM agar for 3-5 days at 30°C, until asci were observed microscopically.
Sporulated diploids were mixed with 100 pl sterile dH-O, and 20 pl pipetted onto a YE5S plate.
Asci were manipulated using a dissector (Singer), and incubated at 37°C for 3-4 hours until
the cell wall had broken down. Individual spores from each ascus were then separated, and
allowed to grow for 4 days at 30°C, then patched onto YE5S + G418 to identify positive
mutants. Strains were confirmed by PCR using an internal KanMX primer (Kan909R) and a
primer targeting to a region 200 bp upstream of the start site of the gene deletion (see section
2.3.1).

2.2.7 Synthetic Genetic Array in S. cerevisiae

2.2.7.1 SGA Media

Media used during the SGA procedure are as follows. Enriched sporulation media (ESM)
supplemented with G418 (1 g/L yeast extract, 0.05% [w/v] glucose, 1% [w/v] potassium
acetate, 12.5 mg/L histidine, 62.5 mg/L leucine, 12.5 mg/L lysine, 12.5 mg/L uracil, 50 mg/L
G418). Meiotic progeny were selected on SD/MSG (1.7 g/L yeast nitrogen base w/o
ammonium sulphate, 1 g/L monosodium glutamate, 2 g/L amino nucleic acid drop-out power,
20 g/L bacto agar), as ammonium sulphate inhibits G418 and clonNAT selection. The
appropriate amino acids were not included in the drop out powder to select for MATa haploids

harbouring the query and library mutations.
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Amino nucleic acid drop-out power recipe for robotic media:

Adenine 3g/lL
Alanine 2g/lL
Arginine 2g/L
Asparagine 2g/lL
Aspatrtic acid 2g/L
Cysteine 2g/L
Glutamic acid 2 g/L
Glutamine 2g/L
Glycine 2g/L
Histidine 2g/L
Inositol 2g/L
Isoleucine 2g/L
Leucine 10 g/L
Lysine 2g/L
Methionine 2 g/L
Para-aminobenzoic acid | 0.2 g/L
Phenylalanine 2 g/L
Proline 2g/L
Serine 2 g/L
Threonine 2 g/L
Tryptophan 2g/L
Tyrosine 2g/L
Uracil 2g/L
Valine 2g/L

Amino acids which are dropped out during the SGA process are highlighted in bold.

To all media used in the SGA, canavanine was supplemented at 50 ug/ml, thialysine was
supplemented at 50 ug/ml, G418 supplemented at 200 ug/ml, hygromycin supplemented at
300 ug/ml, and clonNAT supplemented at 100 pg/ml.

2.2.7.2 SGA Process

All S. cerevisiae strains in the gene deletion and essential gene DAmMP allele collection used
in the cross were in the BY4741 strain background. The MATa smt3-DAmP::NatMX strain
(CL100) was constructed to contain NatMX at the SMT3 locus using a strategy outlined in
Figure 2.3. The resulting smt3-DAmMP::NatMX (CL100) strain was then crossed with a MATa
strain containing SGA markers lyplA::HphMX::LEU2, can1A::STE2pr-Sp_his5 (AR3) (markers
allow selection of MATa meiotic progeny via the MATa specific STE2 promoter). The resulting
query strain (CL107) was then cultured overnight in YPD at 30°C, and spread onto YPD
clonNAT plates, for 2 days at 30°C until a lawn formed. The following manipulations were then

conducted using a BM3 robot (S&P Robotics). The resulting lawn was repinned onto YPD
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clonNAT using a 1536 pinned tool, and grown at 30°C for 2 days to form 1536 colonies. The
deletion collection of 4291 single deletion mutants and 842 DAmMP allele strains (Synthetic
Deletion Library Version 4 (SDLV4)(Tong and Boone, 2006; Breslow et al., 2008)) were also
pinned onto 18 YPD + G418 plates in a 384-format, resulting in 384 individual mutant strains
per plate. After incubation at 30°C for two days, the resulting 18 YPD + G418 384-format
plates were repinned to the 1536 format on YPD + G418, to allow 4 replicates of each of the
384 mutant strains, and grown for 2 days at 30°C. All 18 1536-format mutant collection plates
were then crossed with the 1536-format smt3-DAmMP query strain on YPD for 24 hours at 30°C,
forming 4 replicate crosses. Diploids were then selected on YPD + G418 + clonNAT plates at
30°C for 36 hours. Resulting diploids were then sporulated on enriched sporulation media
(ESM) + G418 for 5 days at 23°C. Sporulation of diploids was confirmed visually, and the
resulting spores were sequentially pinned onto the following media to allow selection of MATa
smt3-DAmMP yfgA and yfg-DAMP and haploid segregants:

SD/MSG - Histidine/Arginine/Lysine +canavanine/thialysine (Repinned to this media twice)

SD/MSG - Histidine/Arginine/Lysine +canavanine/thialysine/G418

SD/MSG - Histidine/Arginine/Lysine/Leucine +canavanine/thialysine/G418/hygromycin

SD/MSG - Histidine/Arginine/Lysine/Leucine
+canavanine/thialysine/G418/hygromycin/clonNAT

Each of these repinnings were grown at 30°C for 2-3 days. The resulting colonies on plate 4
are the final strains. The plates were photographed during the SGA process using a robotic
plate imager (SPImager, S&P Robotics), and compared to a control SGA without the smt3-
DAmMP::NatMX allele but containing the NatMX, HphMX, LEU2 and canlA::STE2pr-Sp_his5
markers (reference SGA0003). Colony growth images were compared to give each cross a
Genetic Interaction Score (GIS) using COLONYZER image analysis software (Lawless et al.,
2010).

2.2.8 Sensitivity Analysis of Yeast

S. cerevisiae and S. pombe cells were grown to exponential phase, and cells/ml calculated
using a Coulter counter. Cells were diluted either to 5 x 10° cells/ml (S. pombe), or 4.5 x 10°
cells/ml (S. cerevisiae). 5-fold serial dilutions of these cultures were spotted onto indicated
agar plates using a 48 pin tool (Sigma). When UV sensitivity was assessed the cells were
treated with the appropriate UV dose by a Stratalinker. Plates were incubated at the

appropriate temperature for 3-7 days.
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2.2.9 RNA Extraction

S. pombe and S. cerevisiae cells were grown in 50 ml YE5S (S. pombe) or YPD (S. cerevisiae)
until mid-log phase and subjected to centrifugation at 3000 rpm for 3 minutes to harvest cells.
The cell pellet was washed in 1 ml dH-O, transferred to a screw top eppendorf, and cells
pelleted at 6000 rpm. Cells were snap frozen in liquid nitrogen then stored at -80°C. Prior to
extraction samples were thawed on ice. The pellet was then resuspended in 750 ul TES (0.1
M Tris-HCI, 100 mM EDTA [pH 8.0], 0.5% [w/v] SDS), and 750 pl acidic phenol:chloroform
(5:1) (Sigma-Aldrich) added immediately and vortexed. Samples were incubated for 1 hour at
65°C and vortexed every 10 minutes for 10 seconds. Samples were then cooled for 1 minute
on ice, vortexed for 20 seconds then subjected to centrifugation at 6000 rpm for 15 minutes at
4°C. 700 pl of supernatant were added to 700 pul acidic phenol:chloroform (5:1) inverted to
mix, and spun for 5 minutes at 14000 rpm (4°C). 700 ul of the upper phase were added to 700
Ml phenol:chloroform:isoamyl alcohol (25:24:1), inverted and spun again. 500 pl of upper
phase were transferred to a 2 ml eppendorf, and 1.5 ml 100% ethanol and 50 pl 3 M sodium
acetate (pH 5.2) added. RNA was left to precipitate at -80°C for 1 hour, or overnight at -20°C.
After pelleting for 10 minutes at 13000 rpm, the RNA was washed in 70% ethanol. Once dry
the resulting pellet was resuspended in 100 ul of RNAse-free dH,0, incubated for 10 minutes
at room temperature to allow the pellet to dissolve, and then stored at -80°C. 5 pl of sample
were analysed on an agarose gel to check for degradation, and then RNA was cleaned up
using the RNA Clean and Concentrator-25 kit (Zymo Research). 5 ug of RNA was DNase-
treated using Precision DNase (PrimerDesign) for 30 minutes at 30°C, and then the enzyme

heat-killed for 5 minutes at 55°C. The resulting RNA was stored at -80°C until use.

2.2.10 Trichloroacetic acid (TCA) Protein extraction

TCA extraction was used for both S. pombe and S. cerevisiae protein extractions. 7 ml of mid-
log phase growing cells were mixed with 7 ml ice cold 20% (w/v) TCA and pelleted at 3000
rpm for 1 minute. The resulting cell pellets were immediately snap frozen in liquid nitrogen.
Once thawed, pellets were resuspended in 200 pl 10% (w/v) TCA, and cells broken in 750 pl
of chilled glass beads by 6x 15 seconds in a bead beater, with 1 minute on ice between each
vortex. 500 ul 10% (w/v) TCA were added to lysed cells and proteins spun through into a new
eppendorf. Precipitated proteins were pelleted by centrifugation at 13000 rpm for 10 minutes
at 4°C. The pellet was washed 3 times in 200 pl acetone. When dry, the pellet was
resuspended in 50 pl TCA buffer (100 mM Tris-HCI [pH 8], 1 mM EDTA [pH 8], 1% [w/v] SDS).
To stabilise SUMO conjugates, the TCA buffer was supplemented with 12.5 mM N-
ethylmaleimide (NEM) to inhibit SUMO deconjugase enzymes, and other proteases were
inhibited with 0.5 mg/ml PMSF, 1 pg/ml leupeptin, and 1 pg/ml pepstatin. Final protein
concentrations were determined using the Pierce BCA Protein Assay Kit (Thermo Scientific)
following the manufacturer’s instructions.
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2.2.11 DNA Content Analysis

S. cerevisiae cells were grown overnight in 5 ml YPD then diluted back in YPD in the morning
and grown to mid-log phase. 4.5 x 10° of cells were pelleted for 2 minutes at 3000 rpm, washed
in H20, and pelleted again. Cells were then fixed in 1 ml 70% ethanol and stored at 4°C
overnight. Cells were sonicated for 5 seconds and pelleted at 13000 rpm for 1 minute. After
washing with 800 pl 50 mM sodium citrate (pH 7.2), the cell pellet was resuspended in 500 pl
RNase A solution (50 mM sodium citrate [pH 7.2], 0.25 mg/ml RNaseA) and incubated at 37°C
overnight. 50 pl of proteinase K (20 mg/ml) (Ambion) were added and cells incubated for 1
hour at 50°C. Cell were sonicated for 5 seconds to break up clumps and incubated with 500
pl of Sytox Green solution (50 mM sodium citrate [pH 7.2], 4 yuM Sytox Green
[LifeTechnologies]) for 1 hour at room temperature in the dark. DNA content analysis was
performed using a FACSCanto™ Il flow cytometer (BD Life Sciences) using DIVA software for

data analysis (BD Life Sciences).

2.2.12 Yeast Immunofluorescence

2.2.12.1 S. pombe Immunofluorescence

Immunofluorescence of S. pombe was carried out as previously described (Hagan, 2000). 9
ml of mid-log phase growing cells were incubated with 1 ml 37% (w/v) formaldehyde solution
(Sigma-Aldrich) for 30 minutes at room temperature. Cells were pelleted at 2000 rpm for 2
minutes, washed in 1 ml PEM (0.1 mM PIPES [pH 6.9], 1 mM EDTA [pH 8], 1 mM MgCl,), and
pelleted again at 6000 rpm for 1 minute. The 1 ml PEM wash was repeated 3 times, then cells
were resuspended in 1 ml PEMS (0.1 mM PIPES [pH 6.9], 1 mM MgCl;, 1.2 M sorbitol)
containing 0.5 mg/ml zymolyase 20T (ICN Biomedicals), and incubated for 70 minutes at 37°C
with gentle agitation. Cells were pelleted at 6000 rpm for 1 minute, then resuspended in 1 ml
PEMS and 100 pl 10% (v/v) Triton X-100. Cells were incubated at room temperature for 1
minute, pelleted and then washed 3x with 1 ml PEM. After resuspending cells in 1 ml PEMBAL
(0.1 M lysine, 1% [w/v] BSA, 0.1% NaNs, 1x PEM) cells were incubated at room temperature
for 30 minutes to block non-specific binding. Cells were pelleted at 6000 rpm for 1 minute,
resuspended in 200 pl 1:1000 anti-PK antibody, and incubated overnight at room temperature.
After removal of the anti-PK antibody cells were washed 3x in 1 ml PEMBAL, resuspended in
200 pl PEMBAL containing 1:200 dilution of Alexa-Fluor® 594 conjugated anti-mouse antibody
(Molecular Probes) and incubated at room temperature for 1 hour. Cells were pelleted and
washed 3x in 1 ml PEMBAL, and applied to a pre-coated poly-lysine microscope slide. When
dry, slides were placed in -20°C methanol for 6 minutes, then -20°C acetone for 1 minute, and
mounted with VECTASHIELD® mounting medium containing 4',6-diamidino-2-phenylindole
(DAPI) (Vector Laboratories Inc.). White lightimages were captured by differential interference

contrast (DIC). To visualise fluorescence, Alexa-Fluor® 594 conjugates were excited at 495
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nm, and DAPI at 358 nm. Images were collected using an Axioscope (Zeiss) 63x oil immersion

lens, and analysed using Axiovision software or ImageJ software.

2.2.12.2 S. cerevisiae Immunofluorescence

S. cerevisiae cells were fixed and stained in a method described previously, but with
modifications outlined below (Kilmartin and Adams, 1984). Cells were grown to a density of 4-
8 x108 cells/ml in YPD at 30°C. For each staining, 1 ml of 37% (w/v) formaldehyde (Sigma-
Aldrich) was added directly to 9 ml of cells in YPD medium, and the cells were fixed for 10
minutes at room temperature with shaking. Cells were collected at 2000 rpm for 3 minutes,
and resuspended in 0.1 M KPO4 (pH 7.4) plus 3.7% (w/v) formaldehyde, and fixed for a further
50 minutes. After fixing the cells were pelleted at 2000 rpm for 3 minutes, washed in 1 ml 0.1
M KPOy4 (pH 7.4), and collected at 7000 rpm for 1 minute. After a further 2 washes with 0.1 M
KPQO4 (pH 7.4), the cells were washed with 1 ml 0.1 M KPO4 (pH 7.4) plus 1.2 M sorbitol, and
finally resuspended in 1 ml KPO,4 plus 1.2 M sorbitol. Cell walls were removed by adding 1 pl
of 14.3 M B-mercaptoethanol and a final concentration of 10 pug/ml zymolyase 20T (ICN
Biomedicals) for 5-10 minutes. Cells were pelleted at 7000 rpm for 1 minute, resuspended in
1 ml 0.1 M KPQO4/1.2 M sorbitol/0.1% (v/v) Triton X-100, and incubated at room temperature
for 1 minute. Cells were washed twice in 0.1 M KPO4 plus 1.2 M sorbitol, and blocked for 30
minutes at room temperature in 0.5 ml of PBS-BSA (0.05 M KPOy4, 0.015 M NaCl; [pH 7.4],
1% [w/v] BSA, 0.2% [w/v] NaNs). Cells were then probed overnight at room temperature with
100 pl anti-TAT1 antibody in PBS-BSA, at a dilution of 1:50. Cells were washed 3x in 1 ml
PBS-BSA, and resuspended in 200 yl of 1:200 Alexa-Fluor® 594 conjugated anti-mouse
antibody. After a 1-hour incubation at room temperature in the dark, the cells were then
washed 3x in 1 ml PBS-BSA. To double stain actin, the cells were resuspended in 200 pl of
PBS-BSA plus 5 ul of 6.6 yM methanol stock Alexa-Fluor® 488 conjugated phalloidin
(Molecular Probes), giving a final concentration of 0.165 pM. The cells were incubated for one
more hour at room temperature in the dark, washed once in 1 ml of PBS-BSA and mounted
onto poly-lysine coated slides and topped with mounting medium (1x PBS [pH 7.4], 90%
Glycerol [v/v]). White light images were captured by DIC. If DNA was to be visualised, the
cells were mounted using VECTASHIELD® mounting medium plus DAPI (Vector Laboratories
Inc.). To visualise fluorescence, Alexa-Fluor® 488 conjugates were excited at 495 nm, Alexa-
Fluor® 594 conjugates at 581 nm, and DAPI at 358 nm. Images were collected using an
Axioscope (Zeiss) 63x oil immersion lens. Image analysis was completed using Axiovision

software, or ImageJ software (outlined below).

To image actin and tubulin staining throughout the cell, Z stacks were obtained (25 stacks,

0.250 pm distance between each image). The resulting Z stacks were viewed by maximum
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projection on ImageJ, or for clearer images deconvoluted using Axiovision software, using the

iterative algorithm.

To quantify actin and tubulin staining, cells from all strains within the experiment were stained
and acquired together using the same exposure times between each image, ensuring the
fluorescence recorded remained below saturation levels of detection. Fluorescence was
guantified using ImageJ-Fiji software (Schindelin et al., 2012), using a corrected cell
fluorescence method used previously (Karpova et al., 1998; Gavet and Pines, 2010).
Nonspecific binding of phalloidin conjugates for actin cytoskeleton fluorescence quantification
has been shown to be virtually nil in previous studies, and slice through one focal plane
sufficient to gain quantification of the entire actin cytoskeleton in S. cerevisiae (Karpova et al.,
1998). Empirical studies of total fluorescence from both z stacked images and single focal
plane images were completed using our data to ensure there were no differences in
quantification. The area of the cell was selected, and the integrated density measured (giving
the mean pixel value of the area). Background removal was completed per cell by quantifying
the integrated density of three surrounding background areas of the cell. This value of average
background signal was subtracted from the cell value, to give the mean fluorescence value for
each cell. All mean fluorescence values for all the unbudded cells in each biological replicate
cells were then averaged, and the ratio to the wildtype control was calculated per experiment.
All microscope data was quantified from at least 2 independent biological replicates, unless

otherwise stated.

2.3 Molecular Biology Techniques

2.3.1 Polymerase Chain Reaction (PCR) Reagents

DNA was amplified from templates using either Phusion® High-Fidelity Polymerase (NEB)
(see section 2.3.1.1) or DreamTaq Green DNA Polymerase (see section 2.3.1.2). Primers
used for PCR are outlined in Table 2.3.

2.3.1.1 Phusion High Fidelity (NEB)

For cloning and DNA sequencing reactions where DNA proofreading was required, Phusion®
High-Fidelity Polymerase (NEB) was used to amplify DNA. Typical reaction conditions were
as follows: 0.5 pl Phusion® polymerase (0.02 U), 0.1-1 ng template DNA, 0.5 pl forward and
reverse primer (10 pM), 0.5 pl dNTP mix (10 mM), 1.5 pl MgCl; (1.5 mM), 10 pl 5x Phusion HF
buffer, up to 50 ul with sterile dH>O. The reactions were placed in a thermocycler with the

following conditions:
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Step 1: Initial Denaturation 2 minutes at 94°C

Step 2: Denaturation 30 seconds at 94°C

Step 3: Annealing 15-30 seconds at 52-60°C
Step 4: Extension 30-120 seconds at 72°C
Step 5: Final Extension 10 minutes at 72°C

Step 2-4 were cycled 35 times.

2.3.3.2 DreamTaq Green DNA polymerase (Thermo Scientific)

For check PCR reactions, DreamTaq Green PCR was used (Thermo Scientific), with the
following conditions: 0.5 pul DreamTaq polymerase (0.2 U), 5 pl DreamTaq Green buffer, 0.1-1
ng template DNA, 0.5 pl forward and reverse primer (10 uM), 0.5 pl dNTP mix (10 mM), up to

50 ul with sterile dH2O. The reactions were placed in a thermocycler with the following steps:

Step 1: Initial Denaturation 10 minutes at 94°C

Step 2: Denaturation 30 seconds at 94°C

Step 3: Annealing 15-30 seconds at 52-60°C
Step 4: Extension 30-120 seconds at 72°C
Step 5: Final Extension 10 minutes at 72°C

Step 2-4 were cycled 35 times.
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Primer Name

Sequence (5°-3’)

Primer use (Figure)

Arc35F858 CAT-AAA-GTG-CTC-TAA-AGC-C Check Arc35-3HA
epitope tagging (Figure
2.3)

Arc35HAtagF | CAG-ACA-ACA-GGC-AAG-AAG-AAC-CTT- Construction of Arc35-
CAC-CGG-TAG-AAA-GAT-TGT-CTA-CCG- 3HA epitope tagged
GAT-CCC-CGG-GTT-AAT-TAA strain (Figure 2.3)

Arc35HAtagR | TTT-TTT-AGT-TAT-AAC-CCT-TTT-TAC- Construction of Arc35-
GGA-TTC-TTA-CGT-ACT-TAT-TTA-ATC- 3HA epitope tagged
TTT-GAA-TTC-GAG-CTC-GTT-TAA-AC strain (Figure 2.3)

HASeqR TGA-GCA-GCG-TAA-TCT-GGA-ACG Check HA  epitope

tagging (Figure 2.3)

Kan909R ATC-ACG-CTA-ACA-TTT-GAT-TAA-AAT-AG | Check KanMX cassette

integrations (Figure 2.1)
natchkR GAA-CAC-CTT-GGT-CAG-GGG Check KanMX to NatMX
switch (Figure 2.2, 4.4)
pmt3delF CGT-AGC-TTT-AAG-ACA-CAA-CTA Amplify  pmt3 locus
(Figure 2.1, 3.1)
pmt3delR GCA-GGC-AGG-CAA-TAA-CGT-TT Amplify  pmt3 locus
(Figure 2.1, 3.1)
SMT3natChk | CCT-GAA-GAT-TTG-GAC-ATG-G Check KanMX to NatMX
STOPF switch (Figure 2.2, 4.4)
SP6 ATT-TAG-GTG-ACA-CTA-TAG-AA DNA sequencing of
PpGEM-T® plasmids
(Figure 3.1)

T7 TAA-TAC-GAC-TCA-CTA-TAG-GG DNA sequencing of
pGEM-T® plasmids
(Figure 3.1)

Ubc9delF CAT-TCT-GTC-TCG-CTT-GCC-CCT-A Amplify  ubc9 locus
(Figure 2.1, 3.1)

Ubc9delR CGA-CTT-GTG-AAA-CCG-CTA-AT Amplify  ubc9 locus

(Figure 2.1, 3.1)

Table 2.3: Primers used for PCR in this study ordered alphabetically, with brief
description of use and in which figure the primers feature. All primers supplied by Sigma
Aldrich, with the exception of SP6 and T7, supplied by GATC Biotech for DNA sequencing of
pPGEM-T® plasmids.

2.3.2 Escherichia coli Transformation and Plasmid Isolation

Plasmids were propagated by introducing them into E. coli SURE competent cells (Agilent
Technologies) (e14” [McrA] A[mcrCB-hsdSMR-mrr]171 endAl gyrA96 thi-1 supE44 relAl lac
recB recJ sbsC umuC::Tn5 [Kan"] uvrC [F'proAB lac19ZAM15 Tn10 [TetR]]) using the CaCl,
transformation method described previously (Maniatis, 1983). E. coli containing plasmids
conferring ampicillin resistance were grown in LB media (2% [w/v] bacto tryptone, 1% [wi/V]
bacto yeast extract, 1% [w/v] NaCl [pH 7.2]), containing 0.1 mg/ml ampicillin (Sigma-Aldrich).
GenElute Plasmid miniprep kit (Sigma-Adrich) was used to isolate plasmid DNA, following

manufacturer’s instructions.
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2.3.3 Restriction Enzyme Digestion and DNA Ligation
DNA was digested using the relevant restriction enzymes following manufacturer’s instructions
(Thermoscientifc). DNA was ligated using T4 DNA ligase according to manufacturer’s

instructions (Promega).

2.3.4 DNA Analysis and Clean up

For analysis of DNA, DNA products were separated on a 0.8-1.2% (w/v) agarose gel in TAE
buffer (40 mM Tris acetate, 1 mM EDTA [pH 8]). DNA was extracted using the QIAquick gel
extraction kit (QIAGEN), or precipitated by ethanol. DNA concentrations were determined
using a Nanodrop spectrophotometer (Labtech). DNA sequencing reactions were completed
by GATC Biotech.

2.4 Biochemical Techniques

2.4.1 Smt3 Immunoprecipitation (IP)

To IP Smt3-conjugated proteins, protein extracts were collected as described previously (Sung
et al., 2008). 100 ml of mid-log phase cells (ODesonm ~0.5 cells) were collected at 2000 rpm for
3 minutes, washed in 1 ml PBS, and snap frozen in liquid nitrogen. Cells were immediately
resuspended in ice cold lysis buffer (20 mM Tris—HCI [pH 7.5], 1 mM EDTA, 1 mM PMSF, 1
pg/ml leupeptin, 1 pg/ml pepstatin, 10 mM freshly dissolved NEM). Cells were disrupted by
bead beating 6x for 15 seconds, with 1 minute on ice between each vortex. Insoluble cell
debris was pelleted for 15 minutes at 13000 rpm in a prechilled centrifuge. The supernatant
was removed, and the lysate clarified at 13000 rpm for 5 minutes. The protein concentration
of the whole cell lysate was assayed using coomassie reagent. The Smt3 IP reaction
performed was similar to a method described previously (Sung et al., 2013). 300 ug of total
protein from whole cell lysates were immunoprecipitated in a total volume of 300 ul. 1% input
was removed, 20 ul protein A/G plus beads (Santa Cruz) were added, and the IP reaction
rotated overnight at 4°C. 3 ug of anti-Smt3 antibody were added, and the IP rotated for 1 hour
at 4°C. Unbound proteins were removed by pelleting the beads at 2000 rpm for 5 minutes at
4°C, and washing the beads 4x in 1 ml wash buffer (20 mM Tris—HCI [pH 7.5], 1 mM EDTA,
150 mM NacCl, 0.2% [v/v] NP40, 1 mM PMSF, 1 pg/ml leupeptin, 1 pg/ml pepstatin, 10 mM
freshly dissolved NEM). After a final wash step in 1 ml wash buffer without NP40, the beads
were resuspended in 12 yl 4x non-reducing sample buffer (0.5% [w/v] bromophenol blue, 10%
[wiv] SDS, 625 mM Tris-HCI [pH 6.8], 50% [v/v] glycerol), boiled for 5 minutes at 100°C, and
pelleted at 13000 rpm for 3 minutes. The sample was removed from the beads, and 1 ul -
mercaptoethanol was added to samples to aid denaturation of anti-Smt3 antibody before
blotting. Samples were analysed by western blotting (see section 2.4.2). HA epitope tagged
proteins were detected by probing with an anti-HA primary antibody, and 1:2000 HRP

conjugated protein G as a secondary detection (Table 2.4).
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2.4.2 Western Blotting

To prepare protein samples for analysis, 4x sample buffer (0.5% [w/v] bromophenol blue, 10%
[wiv] SDS, 625 mM Tris-HCI [pH 6.8], 50% [v/v] glycerol, 10% [v/v] B-mercaptoethanol) was
added to samples before denaturation at 100°C for 3 minutes. 20 ug of proteins were analysed
on 10% or 13% SDS-polyacrylamide gels. Separated proteins were transferred onto Protran
nitrocellulose transfer membrane (Amersham) for 120 minutes at 400 mA, and blocked for non-
specific binding by incubating in 10% (w/v) BSA in 1xXTBST (1 mM Tris-HCI [pH 8], 15 mM
NacCl, 0.01% [v/v] Tween-20) for 30 minutes. The membrane was incubated at 4°C overnight
with the indicated primary antibody. Antibodies were diluted in 5% (w/v) BSA in 1XTBST, and
(dilutions shown in Table 2.4). The membrane was washed 4x in 1XTBST, and then incubated
for an hour at room temperature with 1:2000 HRP-conjugated secondary antibody diluted in
5% (w/v) BSA in 1XTBST. After 4x washes in 1XTBST, proteins were then visualised using an
ECL+ Chemiluminescent kit (GE Healthcare) and scanned on a Typhoon FLA 9500 (GE
Healthcare). Images were analysed using ImageQuantTL software. To reprobe nitrocellulose
membranes with another antibody, membranes were stripped by a 30-minute incubation at
50°C with stripping buffer (2% SDS [w/v], 62.5 mM Tris-HCI [pH 6.7], 100 mM -
mercaptoethanol). Blots were washed in 1x TBST thoroughly, then blocked again in 10% BSA
(w/v) in IXTBST before reprobing.
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Antibody Manufacturer/Source Dilution | Dilution Raised in

(1°/2°) Western | Immunofluorescence
Blot

Anti-HA (1°) Thermoscientific (26183) | 1:1000 - Mouse
Ant-PK (1°) Serotec - 1:1000 Mouse
Anti-Arp3 (1°) | Santa Cruz Biotechnology | 1:1000 Mouse

(sc-36625)
Anti-Smt3 (1°) | Abcam (ab14405) 1:500 - Rabbit
Anti-p-Actl GeneTex (GTX109639) 1:2000 - Mouse
(1°)
Anti-Skn7 (1°) | (Morgan et al., 1997) 1:1000 - Rabbit
Anti-a- Cancer Research UK 1:200 1:50 Mouse
Tubulin
(TAT1) (1°)
Anti-Mouse- | Sigma Aldrich (A9044) 1:2000 - -
HRP (2°)
Anti-Rabbit- | Sigma Aldrich (A0545) 1:2000 - -
HRP (2°)
Natural Abcam (ab7460) 1:5000 - -
Protein-G
HRP (2°)
Anti-Mouse Invitrogen (A-11001) - 1:200 Goat
Alexa-Fluor®
488 (2°)
Anti-Mouse Invitrogen (A-11005) - 1:200 Goat
Alexa-Fluor®
594 (2°)

Table 2.4: Antibodies used in this study. Catalogue numbers are indicated in brackets if
applicable.

2.4.3 Quantitative Reverse Transcriptase-PCR (gQRT-PCR)
gRT-PCR was performed using Precision OneStep qRT-PCR Mastermix with SYBR Green

(Primer Design) following manufacturer’s instructions, with the following 2 step cycle:

Step 1: Reverse transcription 10 minutes at 55°C
Step 2: Enzyme Activation 8 minutes at 95°C

Step 3: Denaturation 10 seconds at 95°C
Step 4: Data collection 60 seconds at 60°C

Step 3 and 4 were cycled 50 times.

SYBR Green detection was recorded using a Rotor Gene 6000 Real-Time PCR machine. Melt
curves were collected during cycling, and final PCR products analysed by 1.2% agarose gel
electrophoresis to check target amplification. Primers used for S. pombe and S. cerevisiae

gRT-PCR shown in Table 5 and Table 6 respectively.
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Primer Name DNA Sequence (5'-3")

ace2F TGC-GAT-CAT-GGA-CTT-GAC-AT
aceZ2R GGA-ATC-ATG-CTC-GGT-GAC-TT
actlF GGC-ATC-ACA-CTT-TCT-ACA-ACG
actlR GAG-TCC-AGG-ACG-TAT-CCA-GTG
cdc15F GGA-GAC-CCA-CTT-CTC-CCT-TC
cdcl5R GTG-CCT-CTC-CAA-CAG-AAA-GC
cdc18F TTG-CAG-CTT-CAA-GTG-GTG-AC
cdcl8R TTG-GCT-CAT-AGC-AGA-TGT-CG
fkh2F GGT-CGA-TTG-TGC-CTG-AAT-TT
fkh2R TGT-CCT-TCA-TTT-TCG-GAA-GG
plolF TGC-AGC-TCG-TAA-ATC-CAC-TG
plolR TGC-CAT-CCC-GAT-TTT-AAG-AG
spol2F CAC-AAT-TCA-GCC-ATT-GCA-TC
Spol2R TTT-TCT-GTC-TGG-ACG-CTT-TG

Table 2.5: S. pombe primers used for gRT-PCR in this study.

Primer Name DNA Sequence (5'-3")

ACT1F GCC-TTC-TAC-GTT-TCC-ATC-CA
ACTIR GGC-CAA-ATC-GAT-TCT-CAA-AA
AOSI1F AAG-ATG-TTG-GCC-AAT-GGA-AG
AOSIR TGC-ATT-TCT-GTA-GCC-ACG-AC
ARP3F CCC-AAT-TTG-TGG-TGG-AAA-AC
ARP3R CAA-TAG-GGC-AAG-CCT-GGA-TA
CCT8F TGA-AGT-GGT-TCC-TCG-TAC-CC
CCT8R TTT-TTC-GTT-GCA-AGC-ATG-TC
SACT7F TGG-ACC-CCA-AAG-AAT-ACG-AG
SAC7R CGA-ATC-CGA-TGA-GGT-GAT-CT
SMT3F GGT-CAA-GCC-AGA-AGT-CAA-GC
SMT3R TCC-AAA-TCT-TCA-GGG-GTC-TG
TUB2F CCG-ATC-CAA-GAA-ACG-GTA-GA
TUB2R ACC-CTT-GAG-GAG-CGA-CAG-AA
UBAZ2F CTG-CTG-CGA-ACA-TAA-GGT-CA
UBAZR CTG-CTG-CGA-ACA-TAA-GGT-CA
UBCG6F GAA-GCC-ACG-ACA-GGA-TCA-AT
UBCG6R ATC-CCC-CTC-ATC-CAA-TTT-TC
ULP1F TTG-AAC-AAT-CCC-TCC-GAG-TC
ULP1R CAA-AAT-TGC-GAG-GTT-CGT-TT
ULP2F GAC-GAG-GGC-TAA-GCA-GTT-TG
ULP2R TTG-GGA-CTA-GAT-TGG-CGT-TC

Table 2.6: S. cerevisiae primers used for qRT-PCR in this study.
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Chapter Three: The Roles of Sumoylation in Late Cell Cycle Gene
Expression

3.1 Introduction

Sumoylation is an essential process in many model organisms, such as S. cerevisiae, C.
elegans, D. melanogaster, and mice (Jones et al., 2002; Dieckhoff et al., 2004; Nacerddine et
al., 2005; Talamillo et al., 2008). However, there are notable organisms in which sumoylation
is not required for viability, such as the fission yeast S. pombe and the opportunistic fungal
pathogen C. albicans (Tanaka et al., 1999; Leach et al., 2011). Currently, the mechanisms
underlying the species specific roles of sumoylation are unknown. Recent advances in
sumoylation detection via high throughput proteomic screens have shown the plethora of
biological processes in which sumoylation is involved in. While these studies are informative,
the detection of sumoylation does not always correlate to sumoylation events which are most
important for cell growth. For example, the S. cerevisiae septins are one of the most
abundantly sumoylated targets in the cell, yet loss of septin sumoylation has little effect on
growth (Johnson and Blobel, 1999). Genetic screening in yeast can provide insight into
complex biological processes, and as such have been used to map global genetic interactions
in both S. cerevisiae and S. pombe (Costanzo et al., 2010; Ryan et al., 2012). Thus we aimed
to take advantage of the viability of sumoylation mutants, and available genetic libraries, to

investigate the biological processes of sumoylation.

There is conflicting data regarding the essential role of SUMO, and the sumoylation
conjugation pathway enzymes in S. pombe. In particular, the loss of SUMO (pmt3*) gene in
S. pombe is reported to result in viable cells (Tanaka et al., 1999; Kim et al., 2010; Hayles et
al., 2013). In contrast, the essentiality of the sole sumoylation pathway E2 enzyme Ubc9 in S.
pombe varies between two different studies (al-Khodairy et al., 1995; Kim et al., 2010; Hayles
etal., 2013). Furthermore, the essentiality of ubc9* was recorded differently in two publications
using strains from the same deletion collection (Kim et al., 2010; Hayles et al., 2013). Ubc9 is
the sole sumoylation E2 enzyme identified in model organisms studied to date, including S.
pombe, and consequently all Pmt3 modifications should be conjugated through this enzyme.
Therefore, loss of either Pmt3 or Ubc9 mutants should theoretically result in same phenotypes.
On the other hand, if pmt3A and ubc9A mutants do behave differently, then this could suggest
that Ubc9 has novel roles in addition to its role as the sumoylation pathway E2. However, no
studies have directly compared the phenotypes of the pmt3A and ubc9A deletion strains. Thus
the aims of this chapter were to ascertain the essentiality of the pmt3* and ubc9* genes in S.
pombe, with the aim of setting up the strains for a high throughput synthetic genetic array
(SGA) analysis.
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3.2 Results

3.2.1 ubc9A and pmt3A Haploids are Viable, and have Cell and Nuclear Morphology
Defects
Previous studies have found differing viabilities for the pmt3* and ubc9* genes in S. pombe.

To investigate this, heterozygous diploid deletion strains were purchased from Bioneer. The
deletion loci from both pmt3A::KanMX4/pmt3* (CL49) and ubc9A::KanMX4/ubc9* (CL53)
diploids from the deletion collection were analysed prior to investigation to ensure both gene
loci were completely deleted. Hence, the pmt3A::KanMX and ubc9A::KanMX4 cassettes were
amplified by PCR, the deletion cassettes isolated from the wild type cassettes, and the DNA
sequences obtained (Figure 3.1). Analysis of the DNA sequence confirmed that the entire

open reading frames of pmt3* and ubc9* were replaced by KanMX4 at the respective locus.

Having confirmed the gene deletions, the phenotypes associated with pmt3A and ubc9A
mutants were determined. Firstly, the spore Vviabilities from dissection of
pmt3A::KanMX4/pmt3* (CL49) and ubc9A::KanMX4/ubc9* (CL53) heterozygote diploids were
compared. However, S. pombe diploid strains formed from crossing haploids of opposite
mating types (plus mating type, h*; minus mating type, h’) are very unstable and undergo
meiosis easily. Hence, the parental diploids used to create the S. pombe deletion collection
are actually homozygotic for the plus mating type (h*/h*™) so only the plus mating type
information is expressed. Consequently, these diploid strains are unable to sporulate. Hence
to achieve sporulation of h*/h* pmt3A::KanMX4/pmt3* and ubc9A::KanMX4/ubc9* diploids, a
urad* marked plasmid harbouring the minus mating information was introduced into both the
strains (kind gift from Nielsen, O., University of Copenhagen) (Styrkarsdottir et al., 1993; Kim
et al., 2010). Sporulated ura* diploids were then dissected and the resulting haploid colonies
were analysed for G418 resistance (Figure 3.2 A). Significantly, G418 resistant colonies were
identified from dissections of both pmt3A::KanMX4/pmt3® and ubc9A::KanMX4/ubc9*
heterozygous diploid asci (Figure 3.2 A). G418 resistance segregated 2:2 with slow growth
and, importantly, the G418 resistant colonies from both pmt3A::KanMX4/pmt3* and
ubc9A::KanMX4/ubc9* strains were similarly sized, suggesting similar growth defects (Figure
3.2 A). This initial analysis suggested that pmt3A and ubc9A haploid mutants are in fact viable,
and that similar growth defects are associated with the loss of either gene. Interestingly,
however, the viable spore germination frequency varied between the pmt3A and ubc9A strains
(Figure 3.2 A). The frequency of inviable spores derived from the pmt3A::KanMX4/pmt3™ strain
was higher compared to ubc9A::KanMX4/ubc9* (35% vs 9%) (Figure 3.2 A). By inferring the
genotypes of inviable strains, the pmt3A::KanMX4/pmt3* strains not only had reduced viability

of pmt3A spores, but also wild type spores (Figure 3.2 A, red circles).
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Figure 3.1. Deletion of wild type pmt3* and ubc9* loci. pmt3A::KanMX4 and
ubc9A::KanMX4 loci were amplified by PCR using ORF specific primers (pmt3delF/pmt3delR
and Ubc9delF/Ubc9delR) which bind upstream and downstream of the respective gene loci.
Amplification of the pmt3A::KanMX4 and ubc9A::KanMX4 deletion loci were predicted to
produce a 1658 bp and 1694 bp product respectively, while pmt3* and ubc9* loci were
predicted to amplify a 857 bp and 1155 bp product respectively. pmt3A::KanMX4 and
ubc9A::KanMX4 PCR products were cloned into the pGEM-T vector, and the DNA sequenced
to verify that the whole open reading frames of pmt3A and ubc9A were replaced with KanMX4
(data not shown). MW indicates molecular weight marker (1 kb gene ruler, Fermentas).
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Figure 3.2: pmt3A and ubc9A haploid mutants are viable, and exhibit slow growth
defects. A) S. pombe heterozygote diploids pmt3A::KanMX4/pmt3® (CL49) and
ubc9A::KanMX4/ubc9* (CL53) cells were sporulated by the introduction of the pON177 plasmid
(Nielsen. O, 1993). The resulting asci were dissected, and the spores incubated for 4 days at
30°C. Numbers represent individual asci dissections, and A-D haploid spores from each
ascus. G418 resistant colonies are indicated by green triangles, inferred G418 resistant
inviable spores are indicated by red triangles, and inferred G418 sensitive spores are indicated
by red circles. Spore viability from pmt3A::KanMX4/pmt3* and ubc9A::KanMX4/ubc9™ strains
were counted from all viable spores, 124 and 144 respectively, and percentage viability shown
in pie charts. B) 10 fold serial dilutions of wild type (CL76), pmt3A::KanMX4/pmt3* (CL49),
ubc9A::KanMX4/ubc9* (CL53), pmt3A (parent CL49) and ubc9A (parent CL53) strains were
spotted onto YE5S media and incubated at the indicated temperature for 5 or 10 days as
stated.
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The basis of this difference in spore viability between the pmt3A::KanMX4/pmt3* strain
compared to ubc9A::KanMX4/ubc9* is unclear. This could suggest that half dose levels of
Pmt3 in the diploid strain prior to sporulation negatively impacts spore viability. Nonetheless,
the major conclusion from these data is that both the pmt3A and ubc9A haploids are viable.
Furthermore, when the growth of viable pmt3A and ubc9A mutants were compared at different
temperatures, similar growth characteristics were observed (Figure 3.2 B). Previous analysis
of a pmt3 mutant strain had shown temperature sensitivity at 37°C (Tanaka et al., 1999).
However, this result does not appear consistent with our haploid strains, as temperature
sensitivity is not apparent in either the pmt3A or ubc9A strain (Figure 3.2 B), suggesting strain
background differences. Interestingly however, the pmt3A and ubc9A haploid mutants also
exhibited slower growth in cold conditions, a phenotype which has not been previously
described (Figure 3.2 B). In conclusion, we have confirmed that both the pmt3A and ubc9A
haploid strains are viable, and grow similarly. This suggests that they are indeed
phenotypically similar. Hence there is no evidence that Ubc9 has any cellular functions outside
of Pmt3 conjugation. It was also noted during the characterisation of the strains that both
pmt3A and ubc9A haploid mutants were very unstable, and picked up genetic suppressors
easily if passaged too many times. Therefore, all pmt3A and ubc9A haploid strains used
throughout this study were dissected from the diploid parent strain prior to use. Thus, the

strain reference for the parent diploid for each haploid is given throughout this study.

3.2.2 Sumoylation in S. pombe Regulates Cell Cycle Progression

As described above, cells lacking Pmt3 and Ubc9, although viable, have growth defects (Figure
3.2). Therefore, we characterised the phenotypes of the mutants to confirm the strains were
behaving as previously described, prior to genome wide screening. Firstly, we analysed mid-
log growing pmt3A and ubc9A mutant cells by microscopy (Figure 3.3 and data not shown). In
agreement with previous studies, the pmt3A and ubc9A mutants exhibited an array of nuclear
defects, including nuclei fragmentation, nuclei misplaced at the cell end, and cells which
contained no visible nuclear material (Table 3.1) (Figure 3.3 and data not shown) (al-Khodairy
et al., 1995; Tanaka et al., 1999).
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Figure 3.3: Sumoylation deficient cells have aberrant nuclear and cellular morphologies.
Mid-log phase growing wild type (CL76) and ubc9A (parent CL53) cells were fixed and stained
with DAPI. Representative images are shown. Cell morphologies were observed as indicated:
1) branched or bent cells 2) cells with fragmented nuclei 3) cells with misplaced nuclei at the
cell end and 4) enucleated cells. White light images (DIC), DAPI stained images, and merged
images are presented. Quantification of nuclear and cellular morphology defects in ubc9A and
pmt3A mutants are shown in Table 3.1.
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Consistent with the conclusion that pmt3A and ubc9A cells have similar defects, the
guantification of nuclear and cellular morphology defects associated with pmt3A and ubc9A
cells were similar (Table 3.1). Furthermore, the pmt3A and ubc9A cells also exhibited a
previously characterised elongated cell phenotype, which is indicative of cell cycle delay in S.
pombe (Figure 3.3 and data not shown) (al-Khodairy et al., 1995; Tanaka et al., 1999).
Interestingly, as well as an elongated cell morphology, we noted that 7.7% and 7.6% of pmt3A
and ubc9A mutant cells, respectively, exhibited a bent, branched or misshapen phenotype
(Figure 3.3). The particular phenotype has not been previously characterised in sumoylation
deficient mutants in S. pombe. In conclusion, these data support the hypothesis that pmt3A

and ubc9A mutants have similar cell defects.

Number of cells Misshapen,
counted Nuclei bent or
(Biological Enucleated Misplaced fragmentation branched
Replicates) cells (%) nuclei (%) (%) cells (%)
Wild type
(CL76) 432 (n=2) 0.0+0.0 11+02 03%03 09+0.9

pmt3A (Parent
CL49) 226 (n=3) 40+1.1 17.0+£51 93x27 7.7+13

ubc9A (Parent
CL53) 406 (n=3) 39+13 155+29 122+6.1 7.6+38

fkh2A (Parent
RB9) 72 (n=1) 5.6 11.1 5.6 8.3

Table 3.1: Sumoylation deficient cells have aberrant nuclear and cellular morphologies.
Cells displaying the phenotypes illustrated in Figure 3.3 and 3.5 were quantified. For strains
with more than one biological replicate, the mean percentage is presented, + standard
deviation.

We next aimed to further characterise the cell cycle defects associated with the loss of
sumoylation. Previous cell cycle studies in the lab were investigated using the CHP428 genetic
background, hence a pmt3A strain in the CHP428 genetic background was constructed (for
strategy see Figure 2.1). Importantly, it was confirmed that the new pmt3A strain (parent
CL370) displayed similar morphological defects to the pmt3A strain in the Bioneer background,
suggesting the phenotypes associated with the cells are not due to strain background (data
not shown). To further characterise the apparent chromosomal segregation defects indicated
by the aberrant nuclear morphologies observed in the pmt3A mutant, we next analysed the
sensitivity of pmt3A cells to the spindle poison TBZ. pmt3A cells showed reduced growth on
TBZ (Figure 3.4 A). For example, 87.6% of CHP428 cells were able to form colonies on 10
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pug/ml TBZ compared to only 17.5% of pmt3A cells (Figure 3.4 B). These data confirm that that
the pmt3A mutant behaves like previously described (Tanaka et al., 1999).

After characterisation of the pmt3A mutant strain, we next aimed use this mutant for high
throughput genetic screening to identify biological processes in which sumoylation regulates.
For analysis by SGA, the pmt3A mutant must be able to successfully cross with a library of
deletion mutants and proceed through meiosis to produce double deletion haploid mutants.
However, pmt3A mutant cells were unable mate with strains of the opposite mating type. It
was observed that in the nitrogen limiting conditions used to induce mating in S. pombe, the
pmt3A mutant cells exhibited a long, branched morphology, and did not arrest like wild type
(Figure 3.5). Therefore, the mutant appeared unsuitable for SGA analysis. However, we
aimed to further characterise cell cycle defects of the pmt3A mutant.

3.2.3 Defects in Sumoylation Similar to Forkhead Transcription Factor Mutants

As described in section 3.2.2, pmt3A and ubc9A mutant cells have several cell and nuclear
morphology defects, and also display increased sensitivity to TBZ. Intriguingly, these
phenotypes are similar to those described in previous studies of genes which regulate M-phase
cell cycle gene expression, required for cell cycle progression (Ribar et al., 1999; Buck et al.,
2004; Bulmer 2004; Bulmer, 2005). Indeed, cells lacking in the cell cycle -regulated forkhead
transcription factor Fkh2 exhibited cells with bent and branched morphologies and nuclear
morphology defects, which are also sensitive to TBZ (Bulmer et al., 2004). Similarly, the loss
of another cell cycle-regulated forkhead transcription factor, Sepl, also causes a branching
phenotype (Ribar et al., 1999; Bulmer, 2005). While previous work in the lab had characterised
the fkh2A mutant (Bulmer et al., 2004), the quantifications were repeated using the same
parameters used to characterise the pmt3A and ubc9A strains. As expected, the fkh2A mutant
also displayed aberrant nuclear and cell morphologies that were described previously (Bulmer
et al., 2004) (Figure 3.6). Strikingly, quantification of the fkh2A, pmt3A and ubc9A revealed
that the 3 strains exhibited very similar cell and morphology defects (Table 3.1). Thus, we
hypothesised that the mitotic defects of the sumoylation deficient mutants could be due to
aberrant regulation of M-phase gene expression. Interestingly, as discussed in the introduction
to this thesis (see section 1.2.1), the human homolog of Fkh2, FoxM1, is also sumoylated,
however there are contradictions whether sumoylation has a positive or negative effect on the
transcriptional activity of FoxM1. Therefore, we hypothesised that the cell cycle defects of the

pmt3A and ubc9A mutant cells might be due to aberrant cell cycle-regulated gene expression.
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Figure 3.4: pmt3A cells are sensitive to spindle destabilisation by the drug TBZ. A) 5
fold serial dilutions of mid-log phase growing wild type (CHP428) and pmt3A (parent CL370)
cells were diluted and plated onto YE5S containing the indicated concentrations of TBZ, and
incubated for 5 days at 30°C. B) Equal numbers of wild type (CHP428) and pmt3A (parent
CL370) cells were plated onto YE5S containing 0 ug/ml, 5 pg/ml, 10 pg/ml and 20 pg/ml TBZ.
After 10 days the number of colonies were counted per plate, and % colony growth calculated

from the YES5S only control. Error bars represent the standard deviation from two biological
replicates.
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Figure 3.5: Cells lacking Pmt3 do not arrest growth on mating media. Wild type (CHP428)
and pmt3A (parent CL49) cells were grown on EMM or EMMY2G agar plates for 3 days at 25°C,
to replicate mating conditions. Cells were mounted onto slides and nuclei stained with DAPI,

and cells imaged using fluorescence microscopy.
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3.2.4 Cells Deficient in Sumoylation Have Increased Levels of fkh2" Transcripts

Next, to investigate whether sumoylation influences M-phase gene expression, we needed to
analyse transcripts of genes regulated by the forkhead transcription factors Fkh2 and Sepl
(Buck et al., 2004; Bulmer et al., 2004; Rustici et al., 2004). The proteins governing the cell
cycle-regulated waves of transcription in S. pombe are shown in Figure 3.7. The two forkhead
transcription factors Sepl and Fkh2 regulate the transcription of genes containing PCB
elements and forkhead consensus motifs in the promoter, such as the cytoskeletal organising
gene cdcl5*, and the polo kinase plol* (Garg et al., 2015; Buck et al., 2004; Bulmer et al.,
2004; Rustici et al., 2004; Anderson et al., 2002) (Figure 3.7). The MADS box-like protein
Mbx1, also binds to PCB elements, but is not required for periodic gene expression (Buck et
al., 2004). Fkh2 and Sep1l transcription factors also regulate the transcription of fkh2* itself
(Bulmer, 2005), as well as the transcription factor responsible for the next transcription wave
ace2* (Bulmer et al., 2004; Buck et al., 2004) (Figure 3.4). Seplin S. pombe appears to have
a positive role in M-phase gene expression, as deletion of sepl® lowers the transcription of
many late cell cycle genes such as cdc157, plol* and ace2* (Rustici et al., 2004; Bulmer, 2005).
Conversely, deletion of fkh2* leads to an increase in levels of cdc15* and spol2* transcripts
(Bulmer et al., 2004). Thus, mRNA levels of ace2*, cdc15*, fkh2*, and plol* were analysed by
gRT-PCR, to analyse Fkh2 and Sepl regulated gene expression in mid-log phase cells and
regulated by the forkhead transcription factors (Figure 3.8). In agreement with previous data,
loss of fkh2* increases the transcript levels of cdcl5" 2.7-fold, and plol* 3.0-fold in mid-log
cultures, indicative of the repressive role of fkh2* (Buck et al., 2004; Bulmer et al., 2004) (Figure
3.8). Previous studies have shown ace2* transcripts are increased in mid-log phase cells
lacking fkh2* (Suarez et al., 2015). However, ace2" transcripts appear to be unaffected in the
fkh2A mutant in these data (Figure 3.8). The reason for this is unclear.
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Figure 3.6: Cells lacking Fkh2 have aberrant nuclear and cellular morphologies. Mid-log
phase growing wild type (CL76) and fkh2A (parent RB9) cells were fixed and stained with
DAPI. Representative images are shown. Cell morphologies were observed as indicated: 1)
branched or bent cells 2) cells with fragmented nuclei 3) cells with misplaced nuclei at the cell
end and 4) enucleated cells. White light images (DIC), DAPI stained images, and merged
images are presented. Quantification of nuclear and cellular morphology defects in ubc9A and
pmt3A mutants are shown in Table 3.1.
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Figure 3.7: Periodic transcription during the late cell cycle in S. pombe. The first wave
which is composed of Fkh2, Sepl and Mbx1. Fkh2 appears to have a negative effect on PBF
transcribed genes, while Sepl appears to have a positive regulatory effect. Ace2 and MBF
waves occur during G1/S, in very close succession. MBF is inhibited by Yox1. Representative
genes whose expression are regulated by the PBF and MBF transcription factors are shown.
Figure adapted from (Mclnerny, 2004)

82



4.00

_ 350
% 3.00 Wild type
- fkh2A
< 2.50
P seplA
% 2.00
150 pmt3A
> .
©
) 1.00
x

0.50

0.00

ace2* cdcl5* fkh2+ plol*

Figure 3.8: Pmt3 influences expression of late cell cycle-regulated genes. gRT-PCR
showing mRNA levels of M-phase specific gene expression in mid-log growing wild type
(CHP428), fkh2A (parent RB6), sep1A (JB355), and pmt3A (parent CL370) cells. mRNA levels
were normalised to actl® transcript levels, and fold changes calculated relative to wild type.
Error bars indicate the standard deviation from 3 biological replicates, or 6 biological replicates
(indicated above the respective bar). Significance was determined by unpaired 2 tailed student
t test. One asterisk (*) indicates p<0.05, double asterisk (**) p<0.01, and triple asterisk (***)
p<0.001. No statistical significance is indicated by ns.
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However, as predicted, the seplA mutant transcript results are consistent with the activating
role of Sepl in late cell cycle dependant gene expression (Figure 3.8). Accordingly, the seplA
mutant had significantly decreased ace2* and cdc15* transcripts (0.22 and 0.59-fold relative
to wild type respectively). Furthermore, plol* transcripts were reduced 0.70-fold in the seplA
mutant relative to wild type, although this was outside the boundaries of significance.
Strikingly, fkh2* transcript levels were increased 3.2-fold in the pmt3A strain compared to wild
type (Figure 3.8). Furthermore, in the pmt3A mutant, plol* levels were increased 1.75-fold
compared to wild type (Figure 3.8). Although ace2* transcript levels were marginally increased
compared to wild type (1.38-fold relative to wild type), this was not statistically significant.
Transcript levels of cdc15" in the pmt3A mutant were also very close to wild type (1.14-fold
relative to wild type). Therefore, these data do not initially suggest a general derepression of
all M-phase-specific gene expression. However, pmt3A and ubc9A cells have cell cycle
defects, such as elongated cell morphology and sensitivity to TBZ (see section 3.2.1 and 3.2.2)
(al-Khodairy et al., 1995; Tanaka et al., 1999), which could suggest delays in late mitosis. It
was possible that the increase in cell cycle-regulated transcripts detected reflected the fact that

mid-log cells were simply stalled in the cell cycle phase where these genes were induced.

To test this, we analysed another cell cycle related gene transcript cdc18*, which encodes the
DNA clamp loader required for DNA replication. The Mlul box binding factor (MBF)
transcription factor does not regulate the periodicity of fkh2* transcripts, however peak fkh2*
expression coincides closely with peak expression of cdc18* which is regulated by the MBF
(Bulmer et al., 2004; Purtill et al., 2011), due to these transcriptional waves occuring in close
succession (Figure 3.7) (Rustici et al., 2004). Therefore, the prediction would be that if pmt3A
was stalling at a specific cell cycle point while fkh2* transcripts were higher, then it would be
expected that cdc18" would also be increased. As expected, loss of an inhibitor of the MBF,
Yox1, raised cdc18* transcript levels as expected (Figure 3.9) (Purtill et al., 2011). However,
loss of pmt3A did not increase cdcl18* transcript levels (Figure 3.9). This was also observed
in the fkh2A and seplA mutants, which have aberrant Fkh2 and Sepl regulated gene
expression, but normal cdc18* transcript levels (Figure 3.9). Thus, taken together these data
suggest that Pmt3 negatively regulates M-phase-specific gene expression. Based on the
previous roles of Fkh2 as a repressor and Sepl as an activator, two models seem plausible.
One is that sumoylation represses the positive regulator of the wave, Sepl, and the loss of
sumoylation consequently causes hyper activation of Sepl and increased transcription of M-
phase-specific genes. Consistent with this model, fkh2* expression is Sepl dependant, and

is induced in pmt3A cells. However, the role of Fkh2 in the expression of fkh2* has not been
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Figure 3.9: Pmt3 influences Sepl and Fkh2 but not MBF regulated gene expression.
gRT-PCR showing mRNA levels of late M-phase specific and Gi/S-phase specific gene
expression in mid-log growing wild type (CHP428), fkh2A (parent RB6), seplA (JB355) yox1A
(FP66), and pmt3A (parent CL370) cells. mRNA levels were normalised to actl* transcript
levels, and fold changes calculated relative to wild type. Error bars indicate the standard
deviation from 3 biological replicates, or 6 biological replicates (indicated above the respective
bar). Significance was determined by unpaired 2 tailed student t test. One asterisk (*) indicates
p<0.05, double asterisk (**) p<0.01, and triple asterisk (***) p<0.001. No statistical significance
is indicated by ns.
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investigated. Hence it is possible that Fkh2 auto-regulates its own expression. Therefore, an
alternative hypothesis could be that sumoylation is required for the repressor function of Fkh2,
and thus in the absence of Pmt3, Fkh2 is prevented from acting as a repressor, mimicking the
fkh2A phenotypes. More insight could be gained by investigation of cell cycle regulated
transcripts in synchronised populations. However, it would be inappropriate to employ HU
mediated S-phase block and release experiments on pmt3A mutants, which are sensitive to
the drug (al-Khodairy et al., 1995; Tanaka et al., 1999). Another method of cell cycle
synchronisation is by use of a ts allele encoding the phosphatase required for mitotic exit,
cdc25*. Cells expressing the cdc25-22 mutant block at G./M at the non-permissive
temperature until release at 25°C (Fantes, 1979). However, attempts to create a cdc25-22
pmt3A mutant to complete transient temperature block and release experiments were
unsuccessful, suggesting synthetic lethality between these genes (data not shown). Thus, we
aimed to employ other genetic and biochemical methods to distinguish if either Sepl over
activation, or Fkh2 repression is the basis for aberrant M-phase-specific gene transcription in

sumoylation deficient cells.

3.2.5 pmt3A Cells Retain Nuclear Localisation of Fkh2

Sumoylation can regulate expression by a variety of mechanisms. For example, sumoylation
can influence the stability, localisation, or DNA binding abilities of transcription factors
(Desterro et al., 1998, Hamard et al., 2007; Myatt et al., 2014; Schimmel et al., 2014). In the
case of FoxM1, one study revealed that FoxM1 was shuttled into the cytoplasm and
subsequently degraded upon sumoylation (Myatt et al., 2014). Another study showed that the
sumoylation of FoxM1 prevented inhibitory dimerization, and thus increased transcriptional
activity (Schimmel et al., 2014). Previous studies have shown that although fkh2* gene
expression is regulated in M-phase, Fkh2 is localised to the nucleus during the entire cell cycle
and is itself transcriptionally regulated (Bulmer et al., 2004; Bulmer, 2005). In contrast, sepl®
gene expression remains constant during the cell cycle (Rustici et al., 2004). Interestingly,
Sepl appears regulated at the post translational levels (Bulmer, 2005). In particular, previous
work has shown that Sep1 shuttles from the cytoplasm to the nucleus during mitosis (Bulmer,
2005). These data pose the possibility that sumoylation could be regulating the nuclear
localisation of Fkh2 or Sepl. To investigate these possibilities, we attempted to construct
pmt3A mutants expressing either PK tagged epitope tagged Fkh2 or Sepl from their normal
gene loci. Thus, a heterozygote pmt3A deletion strain was constructed by transformation of a
pmt3A deletion cassette into a diploid strain heterozygous for fkh2-PK expressed from the
normal chromosomal loci (see section 2.2.6.1). The pmt3A/pmt3* fkh2-PK/fkh2* parental
strain (CL363) was sporulated, and haploid strains expressing Fkh2-PK lacking pmt3* and
those expressing wild type pmt3* were selected by the appropriate markers. Fkh2-PK pmt3A

cells and Fkh2 pmt3* haploid cells were then grown to mid-log growing phase, fixed, then
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analysed by fluorescence microscopy (Figure 3.8). Importantly, in cells expressing Pmt3,
Fkh2-PK is localised in the nucleus throughout the cell cycle, as shown by previous data for
cells containing Pmt3 (Bulmer, 2005) (Figure 3.10). In cells lacking Pmt3, Fkh2-PK is still
visible in the nucleus during the duration of the cell cycle, suggesting that there is no change
in Fkh2-PK nuclear accumulation when sumoylation is prevented (Figure 3.8). Interestingly,
preliminary data appears to show pmt3A cells with aberrant branched cellular morphology had
dense Fkh2-PK staining over a large nuclear area, suggesting an increased amount of Fkh2-
PK in the cell compared to wild type (Figure 3.10), consistent with the gene expression data
shown earlier (Figure 3.8 and 3.9). However, this is not conclusive without further experiments.
Unfortunately, despite much effort, we were unsuccessful at detecting Sepl-PK by
immunofluorescence (data not shown). Previous studies suggest that the signal from Sepl is
indeed weaker than Fkh2 (Bulmer, 2005), thus optimisation of the protocol for Sep1 localisation
will be required. This experiment will be critical in the investigation of the role of sumoylation
in regulating forkhead transcription factors. However, these data show that Fkh2 localisation
does not depend upon sumoylation, in contrast to studies of FoxM1 in human cells (Myatt et
al., 2014). However, this information is not sufficient to distinguish between the two hypothesis
regarding the potential role of Pmt3 in the regulation of either Sepl or Fkh2.

3.2.6 Sumoylation Deficient Cells Are Sensitive to Further Alterations of Fkh2

Hence, we next utilised a genetic approach in an attempt to obtain data which supports either
the hypothesis that Fkh2 is less functional, or Sepl is overactive. If the case is that Fkh2 is
less functional, we may expect that complete loss of Fkh2 in a mutant lacking sumoylation
would have a non-additive effect, as the sumoylation mutant already has lowered Fkh2 activity.
On the other hand, an altered phenotype could suggest Sepl is the target for regulation.
Therefore, a heterozygote diploid delete strain ubc9A::KanMX4/ubc9* fkh2A::ura4*/fkh2*
(CL109) was constructed by transforming a ubc9A deletion cassette into the RB6 fkh2*/fkh2A
diploid (see section 2.2.6.1). These diploids were sporulated, and the spores dissected and
the viability and genotype of resulting spores assessed (Figure 3.11 A). However, no spores
were viable that were both G418 resistant and ura®, suggesting that the fkh2A ubc9A mutant
is lethal (Figure 3.11 A). This is consistent with the model that lack of sumoylation is therefore
not leading to Fkh2 loss of function, and supports the Sepl gain of function hypothesis.
However, the interpretation of this could be complicated by the many other possible roles of

sumoylation,

87



Fkh2-PK DAPI DIC

pmt3*

pmt3A

Figure 3.10: The nuclear localisation of Fkh2 is maintained in pmt3A cells. Wild type and
pmt3A (both from parent CL363) cells expressing Fkh2-PK were grown to mid-log phase, fixed,
and immunostained with anti-PK antibody (red), and nuclei stained with DAPI (blue). Images
of PK epitope, DAPI, and white light (DIC) image shown. Images are representative of one
experiment.
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Figure 3.11: Ubc9 acts in an Fkh2 independent pathway. A) Tetrad dissection of
ubc9A::KanMX4/ubc9* tkh2A::ura4*/fkh2* (CL109) diploids. The diploid cells were sporulated,
the resulting asci dissected, and spores incubated for 5 days at 30°C. 1-6 represent individual
asci dissections, and A-D are haploid spores from each ascus. G418 resistance is indicated
by triangles, ura* auxotrophy is indicated by squares. Viable G418 resistant or ura® genotypes
are shown in green, and inferred genotypes of inviable spores are shown in red. B) Wild type
(CHP428) and ubc9A (parent CL53) strains harbouring pREP41-fkh2* plasmid expressing
fkh2* under control of a nmt41* (no message in thiamine) promoter, and pREP41 vector
control, were grown to mid-log phase in EMM media containing thiamine to inhibit expression
from the nmt41* promoter. 5 fold serial dilutions of cells were spotted onto EMM media lacking
thiamine to induce nmt41* promoter expression, and incubated at 30°C for 7 days.
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and that the summation of the poor growth of the two strains is causing lethality. Therefore,
we aimed to investigate this by another method. We attempted to overexpress Fkh2 in the
ubc9A strain. Previous studies have shown that the overexpression of Fkh2 in wild type cells
slows the growth of wild type cells, but strains lacking Sepl are resistant to Fkh2
overexpression (Bulmer et al., 2004; Buck et al., 2004). Hence, if strains lacking sumoylation
have repressed Fkh2, then you might predict that mild over expression of Fkh2 could possibly
improve the growth of the strain, or at least have less of a detrimental effect on growth
compared to wild type. Conversely, as the detrimental effects of Fkh2 overexpression are
dependent on Sepl, overexpression of Fkh2 could be predicted to confer extremely slow
growth in sumoylation mutants, if Sepl is indeed overactive. Thus, Fkh2 was overexpressed
from a multicopy plasmid pREP41fkh2* from the medium-strength nmt41* (no message in
thiamine) promoter, in both wild type and ubc9A cells (Figure 3.9 B). Indeed, in ubc9A mutant
cells, overexpression of Fkh2 lead to a small amount of colony growth before it was completely
inhibited, while ubc9A cells harbouring the empty pREP41 vector were still able to form
colonies. (Figure 3.9 B). We assume that the small amount of growth is due to the lag period
before full nmt41* promoter activation before the cells halted growth. Thus, as the ubc9A
mutant cells were sensitive to mild Fkh2 overexpression, it appears that sumoylation deficient
cells do not behave like seplA cells. While it is again possible that these genetic events are
unlinked and the poor growth of the ubc9A mutant is simply exacerbated by deletion or over
expression of Fkh2, the current data is consistent with the model that sumoylation deficient
cells have over active Sepl, leading to increased sensitivity to Fkh2 overexpression. Further

experimentation will be completed to further explore this relationship.

3.3 Discussion

Here we attempted to resolve published conflicts in sumoylation viability data to ascertain the
viability of both the SUMO encoding gene, pmt3*, and the SUMO E2 enzyme encoding gene,
ubc9*, prior to the use of pmt3A or ubc9A strains for high throughput genetic screening.
Sumoylation is a conserved protein modification across eukaryotes, and is required for viability
in many model organisms (Li and Hochstrasser, 1999; Jones et al., 2002; Nacerddine et al.,
2005; Talamillo et al., 2008). Interestingly, data suggested that while S. pombe lacking Pmt3
grow poorly, sumoylation is not essential for viability (Tanaka et al., 1999). However, data from
large scale deletions have suggested that the gene encoding the SUMO conjugating enzyme,
ubc9*, is required for growth (Kim et al., 2010; Hayles et al., 2013). The viability of both these
genes has not previously been directly compared. In this chapter, we have confirmed that the
ORF of the pmt3* and ubc9* strains from the diploid deletion collection are completely replaced
with a KanMX cassette in the diploids (Figure 3.1), validating that the deletions are correct.

Furthermore, our data revealed that although the pmt3A and ubc9A strains had differing spore
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germination frequencies, both lead to viable colonies which grew similarly under normal growth
conditions (Figure 3.2). However, pmt3A cells were unable to mate and sporulate, meaning

these strains were unsuitable for high throughput SGA analysis (Figure 3.5).

Interestingly, we have highlighted a previously unreported cold sensitivity phenotype of the
sumoylation mutants in S. pombe. Interestingly siz1A siz2A double mutant in S. cerevisiae
also has cold defects, but the molecular aspect of this is unknown (Johnson and Gupta, 2001).
This suggests that this is conserved between the two distantly related yeast. Furthermore,
hypothermic and hypoxic conditions have been shown to induce global sumoylation in a
protective mechanism (Lee et al., 2007). As the targets of sumoylation during hypothermia
have not yet been characterised, it would be interesting to study further the role of sumoylation

in the cold stress response.

The roles of sumoylation in cell cycle regulation are indicated in yeast by the G,/M arrest in S.
cerevisiae upon depletion of the SUMO encoding gene SMT3 and the E2 enzyme UBC9
(Dieckhoff et al., 2004), and the cell cycle defects observed in pmt3A and ubc9A mutants in S.
pombe (al-Khodairy et al., 1995; Tanaka et al., 1999). However, how SUMO regulates cell
cycle progression is poorly understood. Here we have identified a previously uncharacterised
role of sumoylation in late cell cycle-regulated gene expression in S. pombe. We have shown
that loss of sumoylation in S. pombe increases the expression of some late cell cycle genes
under regulation of the forkhead transcription factors Fkh2 and Sepl (Figure 3.6). Indeed, this
effect on periodic gene transcription appears to be specific to genes regulated by Fkh2 and
Sepl (Figure 3.7). The forkhead transcription factors, can both positively and negatively
regulate gene transcription (Voth et al., 2007), and accordingly Fkh2 has been shown to be a
transcriptional repressor of cell cycle-dependant gene expression, whereas Sepl has been
shown to have an activating role in cell cycle-dependant gene expression. Thus, the
observation that loss of sumoylation increases the transcripts regulated by these genes could
be attributed to sumoylation positively regulating Fkh2, or negatively regulating Sepl. We find
that the fkh2A ubc9A double deletion strain is inviable, suggesting that over active Fkh2 is not
the sole cause of mitotic defects of the ubc9A mutant. Furthermore, overexpression of Fkh2
in the ubc9A strain leads to cell death, suggestive that Sepl is over active in the ubc9A mutant.

This leads us to the model that Sepl is overactive in sumoylation deficient strains.

Relevant to the findings of this study, micro array data sets from unsynchronised S. pombe
populations have been completed previously (Rustici et al., 2004). Interestingly gene
expression of both seplA and Sepl over expression strains were analysed (Rustici et al.,
2004). If the model was that Pmt3 was regulating Sepl, we could hypothesis that Sepl over

expression would have a similar effect on gene expression to the loss of pmt3*. The microarray
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data from non-synchronised cultures revealed that cdc15* and plol* transcript levels were
increased in cells overexpressing Sepl compared to wild type (1.730-fold change and 1.329-
fold change compared to wild type respectively) (Rustici et al., 2004). Sepl over expression
did not greatly affect the transcript levels of the MBF complex targeted gene cdc18*, levels of
which were similar to wild type (0.937-fold change compared to wild type). However, fkh2*
levels were relatively close to wild type, if not slightly reduced in cells overexpressing Sepl
(0.913-fold change compared to wild type). This does not agree with our hypothesis that Sep1l
hyper activation is leading to increased fkh2* levels in the pmt3A mutant. However, it would
be naive to simply assume Sepl over expression would have the same gene profile as loss of
pmt3*. One likely difference between gene expression changes upon Sepl overexpression
compared to the loss of pmt3A is that in the case of the Sepl overexpression, regulatory
mechanisms are still present. This is of importance as the regulation of Sepl appears to be
from post translational modification (Bulmer, 2005). Perhaps in the event of Sepl over
expression, post translational modifications occur which allow the regulation of the excess
Sepl, but these only regulate a certain subset of the genes. Indeed, Sepl appears to be
phosphorylated in a cell cycle-dependant manner, hypothesised to be by Plol (Bulmer, 2005).
This phosphorylation event appears to coincide with Sepl accumulation in the nucleus during
M-phase (Bulmer, 2004). Thus, the most critical experiments to elucidate this mechanism are
to investigate the localisation and protein levels of Sepl in a pmt3A mutant. Secondly,
detection of Pmt3 modified Sepl (or Fkh2) would directly link sumoylation to the process, and
solidify the data thus far. This was attempted during the project, and the results were
inconclusive (data not shown). Sumoylation consensus site searching has identified potential
high confidence sumoylation sites in both Fkh2 and Sepl (Figure 3.12), however, this does
not guarantee sumoylation occurs. However, an N-terminally FLAG epitope tagged version of
Pmt3 was constructed nearer the end of the project, which will be a useful reagent for detection

of sumoylated substrates.

There was contradiction in the literature if sumoylation of the human cell-cycle-regulated
forkhead transcription factor FoxM1 had a positive or negative impact on transcription of
FoxML1 target genes (Myatt et al., 2014; Schimmel et al., 2014). One study suggested that the
sumoylation of FoxM1 prevented the inhibitory dimerization of the transcription factor, thereby
increasing the transcriptional activity and promoting mitosis (Schimmel et al., 2014). In
contrast, another study concluded that sumoylation promoted FoxM1 cytoplasmic localisation

and degradation, and therefore inhibited cell cycle progression (Myatt et al., 2014). Recent
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studies in mammalian cells have also added more data for the role of sumoylation in regulating
FoxM1. Firstly, SENP-6 has been shown to remove SUMO from FoxM1, leading to
stabilisation of FoxM1 (Song et al., 2015). This data supports the hypothesis of the study by
Myatt and colleagues (2014), suggesting that sumoylation negatively inhibits the transcriptional
activity of FoxM1. This would support our model that sumoylation is negatively regulating
Sepl, however this is speculative. Interestingly, as a final observation, studies have shown
that Polo-1 Kinase, homolog to plol*, phosphorylates FoxM1, which increases transcriptional
activity, by promoting its nuclear accumulation and preventing degradation (Zhang et al.,
2015). This strikes interesting similarities with data from other transcription factors, such as
the transcription factor Elk-1, whereby phosphorylation via MAPK promoted the desumoylation
of the target by SENP interaction, allowing cross talk between phosphorylation and
sumoylation (Yang and Sharrocks, 2005). Thus, it is tempting to speculate therefore that the
phosphorylation via Polo kinase 1 is recruiting SENP-6 and promoting desumoylation of
FoxM1. Interestingly, in sumoylation site searches of Sepl, a non-consensus motif was
identified that was surrounded by serine residues which have been found to be phosphorylated
in high throughput studies (Koch et al., 2011; Carpy et al., 2014).

Recently published data identified an RFX-transcription factor, Sak1, involved in the regulation
of mitosis in S. pombe (Garg et al., 2015). Interestingly, it was shown that Sak1, like Sep1,
appears to have a positive effect on gene transcription (Garg et al., 2015). Furthermore, ChiIP-
seq data indicated that while Sepl bound to a subset of Fkh2 target sequences, Sakl was
able to bind to the whole of Fkh2 regulated genes (Garg et al., 2015). Nonetheless, these data
could suggest that although Sepl and Fkh2 appear to have opposing roles in M-phase gene
transcription, Sepl only regulates a subset of the Fkh2 regulated pool. This adds another layer
of complexity to the system, and would be interesting to explore the Sakl and sumoylation

connections to cell cycle-regulated expression.

In this chapter we have established the viability of both pmt3A and ubc9A in S. pombe. With
the data in this chapter and data in the discussion, we propose a preliminary model for how
sumoylation could be regulating cell cycle gene transcription. We had aimed to use genetic
screening to assess the biological roles of sumoylation. However, during this study we found
that the sumoylation deficient strains were unable to cross under our laboratory conditions.
Thus, we aimed to investigate the biological roles of sumoylation by SGA analysis using the
model organism S. cerevisiae. As the SUMO encoding gene, SMT3, is essential in S.
cerevisiae, we used a hypomorphic allele which has not previously been used to study the

biological processes of sumoylation.
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Chapter Four: Genetic Analysis of SMT3 in S. cerevisiae

4.1 Introduction

The budding yeast S. cerevisiae expresses one SUMO homolog, Smt3, which is conjugated
to its target proteins via the heterodimeric E1 Aosl/Uba2, the E2 enzyme Ubc9, and one of
four E3 ligases Siz1, Siz2/Nfil, Mms21 and Zipl (Zhao and Blobel, 2005). As sumoylation is
a dynamic modification, Smt3 is then removed from its target by one of two deconjugases,
Ulpl or Ulp2. Unlike S. pombe and C. albicans, the process of sumoylation is essential in S.
cerevisiae, and as such most genes involved in the SUMO pathway are essential for cell
viability (Dieckhoff et al., 2004). Although several studies have characterised roles for SUMO
in DNA metabolic processes and cell cycle regulation, SUMO modifies many other proteins in
diverse cellular processes, of which the roles are not understood (Makhnevych et al., 2009;
Eifler and Vertegaal, 2015a; Zhao et al., 2004; Leach et al., 2011, Blomster et al., 2009). A
recent global interactome screen aimed to reveal the range of processes where SUMO plays
a role in S. cerevisiae (Makhnevych et al., 2009). A large data set was obtained of Smt3
physical interactions using yeast two hybrid and mass spectrometry data, and was combined
with genetic interaction data to produce a broad network of sumoylation interactions.
Interestingly, although this revealed biological processes where sumoylation is linked, the
relationships with SUMO are not well understood. These processes include cytoskeleton
organisation, vesicle mediated transport, and mitochondrion organisation (Makhnevych et al.,
2009). Although extensive, the dataset from Makhnevych et al. (2009) does not provide
quantitative measures of genetic interaction, which is useful to gain further insight into the
detected interactions. ldentification of suppressing genetic interactions has previously proved
very useful in understanding biological processes such as cell cycle regulation, thus isolation
of the interactions is likely to be informative to identifying Smt3 functions. Significantly, the
dataset did not present any suppressing interactions, which would have aided in dissecting the
role of Smt3. However, the only other genetic screen to include a loss of function allele of
SMT3 was within a genome wide screen which aimed to provide a global genetic interaction
network in S. cerevisiae, and as such provided much less coverage of SMT3 interactions
(Costanzo et al., 2010). Our analysis of the published large scale screens also highlighted
that they have not been completely saturating, particularly with the respect of essential gene
coverage. Therefore, we aimed to expand these previous studies by performing quantitative
analysis of genetic enhancers and suppressors of dysregulated sumoylation in S. cerevisiae
on agenome wide scale. We decided to take advantage of available yeast mutation collections
of essential and non-essential genes, allowing us to screen 4999 genes of the yeast genome,

many of which have been previously analysed in other screens.
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4.2 Results

4.2.1 Analysis of DAmP Alleles of the Sumoylation Pathway

Many of the sumoylation pathway enzymes are essential in S. cerevisiae, which hampers
genetic studies of SUMO in this organism. However, to circumvent the problems associated
with the study of essential genes in budding yeast, Breslow et al. (2008) constructed a
decreased abundance by mRNA perturbation (DAMP) library, where a KanMX cassette has
been inserted at the 3’ end of most the essential genes to destabilizes mRNA transcripts
(Figure 4.1). Thus, a viable hypomorphic DAmMP allele mutant exists for ~82% of the 1033
essential genes in S. cerevisiae (Breslow et al., 2008). Important to this study, many of the
essential sumoylation pathway enzymes are included in this library, including SMT3, AOS1,
UBA2, ULP1 and ULP2. However, a notable exception is the E2 enzyme, UBCO9.

A first step in our analysis was identify the phenotypes associated with each of these
sumoylation pathway DAmMP alleles. Indeed, many of the DAmP allele containing strains from
the sumoylation pathway have not been previously characterised. Significantly, the smt3-
DAmMP mutant strain has not been previously characterised. Indeed, this strain was not used
in the Makhnevych et al. (2009) screen, and although this strain was used in the Costanzo et
al. (2010) screen, the strain was not comprehensively screened for phenotypes. Hence, cells
encoding the DAMP alleles of SMT3, AOS1, UBA2, ULP1 and ULP2 were exposed to a range
of stresses and growth conditions (Figure 4.2). The sumoylation pathway has been implicated
in a wide array of stress responses (Tanaka et al., 1999; al-Khodairy et al., 1995; Hoege et al.,
2002; Bossis and Melchior, 2006; Pinto et al., 2012; Sydorskyy et al., 2010), hence a range of
stress conditions were tested. The E1 heterodimer of the sumoylation pathway consists of
Aosl and Uba2, which are both essential for viability (Johnson et al., 1997). Surprisingly,
however, the cells containing the aos1-DAmMP allele and uba2-DAmP allele display widely
differing stress sensitives to the conditions tested. Whereas cells containing the aos1-DAmP
allele behaved very similarly to wild type control cells, cells containing the uba2-DAmMP allele
were much more sensitive to H.O,, HU, TBZ, and caffeine (Figure 4.2). However, cells
containing the smt3-DAmP allele were acutely sensitive to temperatures below optimum
growth conditions, particularly 15°C, and did not display any of the sensitivities that were
observed in the uba2-DAmP mutant cells (Figure 4.2). The ulp1-DAmP allele and ulp2-DAmP
allele containing strains showed distinct sensitivities. While the ulp1l-DAmP mutant had a
similar phenotype displayed in the smt3-DAmP allele containing strain of particularly slow

growth at suboptimal temperatures, the presence of the ulp2-DAmP allele presented acute
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Figure 4.1: Schematic diagram of decreased abundance by mRNA perturbation (DAmMP)
allele construction. Gene of interest is denoted by YFG (Your Favourite Gene). An antibiotic
resistance cassette (KanMX) is inserted into the 3’ end of YFG, directly following the stop
codon. The S. cerevisiae DAMP allele hypomorphic strain library was constructed previously
(Breslow et al., 2008).
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Figure 4.2: Sensitivity analysis of S. cerevisiae sumoylation pathway DAmMP strains to
various growth conditions and stresses. 5 fold serial dilutions of mid-log phase growing
his3-DAmMP (CL90), uba2-DAmMP (CL91), aosl1-DAmMP (CL93), smt3-DAmP (CL92), ulpl-
DAmMP (CL94) and ulp2-DAmP (CL95) were spotted onto YPD agar plates with the indicated
stresses and growth conditions, and plates incubated at 30°C for 3 days unless otherwise
stated.
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temperature sensitivity at 37°C, as well as sensitivity to HU and TBZ (Figure 4.2). These
observations are consistent with the previous deletion strains, such as the ulp2A mutant
exhibiting benomyl, HU and temperature sensitivity (Li and Hochstrasser, 2000). The ulpl-
DAmP allele was the only sumoylation pathway DAmP allele that conferred sensitivity to the
DNA alkylating agent MMS (Figure 4.2).

Construction of a hypomorphic DAmMP allele gene variant was reported to typically reduce
corresponding mRNA transcripts in the order of 2-10 fold (Breslow et al., 2008). It therefore
was possible that some of observed differences between the sumoylation pathway DAmMP
alleles, for example the differing phenotypes of aos1-DAmMP and uba2-DAmP allele containing
strains, could be due to the KanMX cassette insertion having a varying effect on mRNA
transcripts between the sumoylation pathway genes. To test this possibility, RNA was
extracted from the smt3-DAmMP, aos1-DAmMP, uba2-DAmP, ulp1-DAmP and ulp2-DAmP allele
containing strains, and mRNA transcript levels of the respective gene compared to a control
strain (his3-DAmMP) (Figure 4.3). As expected, the effect of DAmP allele construction on target
gene transcripts varied across all the sumoylation pathway genes. Levels of SMT3 transcripts
dropped 10 fold, while AOS1 and ULP1 levels dropped 2 fold (Figure 4.3). However, levels of
ULP2 transcript appeared to be unaffected by the ulp2-DAmMP allele (Figure 4.3). In contrast
to the other strains, UBA2 transcript levels actually appeared to increase 1.29 fold with the
uba2-DAmMP allele, although this was not statistically significant (Figure 4.3). In conclusion,
our analysis described above concludes that the cells containing the smt3-DAmMP allele
displayed the largest drop in gene expression. Furthermore, we have identified slow growth
conditions (cold temperature growth), which could be used to screen for suppressors and

enhancers in subsequent genetic screening.

4.2.2 Construction of an smt3-DAmMP::NatMX Strain for Synthetic Genetic Array (SGA)
Analysis

The strain library used for synthetic genetic array (SGA) analysis contains 4291 single deletion
mutants for non-essential genes, and 842 DAmP allele strains of essential genes (non-
essential genes (Synthetic Deletion Library Version 4 (SDLV4); Tong and Boone, 2006). In
this library all the mutants are marked with KanMX conferring G418 resistance. Therefore, to
utilise the smt3-DAmP strain as a query for SGA analysis, the KanMX antibiotic resistance
marker of the smt3-DAmMP strain must be replaced with another marker, thus allowing selection
of double mutants during the SGA process (see 2.2.7.2 for SGA process). Consequently, the
KanMX marker was switched for another marker NatMX, conferring resistance to the antibiotic

nourseothricin, commercially named clonNAT (strategy shown in Figure 2.2). Correct
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Figure 4.3: RNA analysis of sumoylation pathway DAmMP mutants. The relative level of
SMT3, UBA2, AOS1, ULP1 and ULPZ2 transcripts expressed from the corresponding mutant
DAmMP allele for each gene were analysed. mRNA was extracted from uba2-DAmP (CL91),
aos1l-DAmP (CL93), smt3-DAmP (CL92), ulpl-DAmP (CL94) and ulp2-DAmP (CL95),
transcript levels analysed by gRT-PCR and normalised to a ACT1 levels, then compared to a
wild type his3-DAmP (CL90) control. Error bars illustrate the standard deviation of 3 biological
replicates. Genes with a statistically significant change in expression compared to wild type
control using a two tailed t-test are annotated with p value, those which were not statistically
significant (p>0.05) are labelled ns.
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integration of the NatMX cassette was confirmed by check PCR (Figure 4.4 A). Furthermore,
loss of the KanMX cassette was confirmed by sensitivity to G418 (Figure 4.4 B).

Following the RNA analysis of the smt3-DAmMP::KanMX strain (see Figure 4.3), it was important
to confirm the effect of both the smt3-DAmMP::KanMX and smt3-DAmP::NatMX alleles on free
Smt3 levels and Smt3 conjugates. Hence, protein extracts from smt3-DAmMP::NatMX and wild
type S. cerevisiae were collected and analysed by western blotting with anti-Smt3 antibodies
(Figure 4.5). These data revealed that there was a reduced pool of free Smt3 in the smt3-
DAmMP:NatMX strain. Furthermore, it suggests that high molecular weight Smt3 conjugates
are reduced in the smt3-DAmP::NatMX strain (Figure 4.5).

Next, the phenotypes of the smt3-DAmP::NatMX strain were examined to identify any effects
associated with the KanMX to NatMX marker switch (Figure 4.6). These analyses revealed
that replacement of the KanMX cassette with a NatMX cassette caused decreased fitness at
30°C (Figure 4.6). Furthermore, the switch of NatMX cassette for a KanMX cassette in the
smt3-DAmP allele appeared to further reduce growth at cold temperatures, observed by further
reduced growth at 20°C (Figure 4.6) The basis of these enhanced phenotypes associated with
the NatMX cassette are unclear. However, it is interesting to note the NatMX cassette has a
high GC content (Goldstein and McCusker, 1999), and it is possible that this interferes with
transcription of SMT3 transcripts to a greater extent than the KanMX cassette, causing a
further lowering of SMT3 transcripts. However, we have not directly compared either SMT3
transcripts or Smt3 protein levels in the smt3-DAmMP:KanMX and smt3-DAmMP::NatMX strains,
so without further experiments this is purely speculation. All studies from this point onward
use the smt3-DAmMP:NatMX (CL100) strain, so for simplicity the smt3-DAmMP::NatMX strain will

be named smt3 for the remainder of this thesis.

Having constructed the smt3 mutant strain we next investigated the phenotypes of the smt3
cells before performing the SGA analysis. These data would provide a useful baseline for the
characterisation of any identified suppressors or enhancers of the growth of the smt3 mutant.
Microscopic analysis of the smt3 mutant cells revealed that reduced levels of Smt3 led to an
increase in the number of large budded cells, indicative of cell cycle delay (Figure 4.7 A) (Table
4.1).
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Figure 4.4: KanMX cassette is successfully switched to NatMX in smt3-DAmMP::NatMX
strain. A) PCR was performed using gDNA from clonNAT resistant smt3-DAmMP transformants
as a template, and one primer specific to SMT3 and another specific to the NatMX cassette.
PCR products were analysed by agarose gel electrophoresis. Negative PCR products are
indicated by -, positive PCR products are indicated by +. B) smt3-DAmMP::NatMX strain positive
for NatMX cassette integration by PCR was grown on YPD containing the indicated
concentration of clonNAT and G418.

102



~
((\Q.‘
< O?‘
S oy
O \
&
HMW Smt3
170 Conjugates
130
100
70
55
40
35—
25—
——

P || «—Free Smt3
100 —
_ Loading control

Figure 4.5: smt3-DAmP::NatMX allele reduces free Smt3 levels and affects HMW Smt3
conjugates. Protein was extracted from mid-log growing phase wild type (BY4741) and smt3-
DAmMP::NatMX (CL100) cells and analysed by western blotting. Proteins were probed with anti-
Smt3, and anti-Skn7 antibody used as loading control
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Figure 4.6: Sensitivity to suboptimal temperature in smt3-DAmP::KanMX mutant is
conserved in the smt3-DAmMP::NatMX mutant. 5 Fold serial dilutions of mid-log phase
growing his3-DAmP::KanMX (CL90), smt3-DAmP::KanMX (CL92) and smt3-DAmP::NatMX
(CL100) cells were spotted onto YPD agar plates, and plates incubated the indicated
temperature for 3 days unless otherwise stated.
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Figure 4.7: smt3 cells have cell cycle and nuclear morphology defects. Mid-log phase
growing wild type (BY4741) and smt3 (CL100) cells were fixed and stained with DAPI to
visualise DNA. Cells were classed as large budded when the bud to mother cell diameter ratio
is at least 0.75, as described previously (Huffaker et al., 1988). A) The number of large budded
cells were counted from a total of 389 and 340 wild type and smt3 cells respectively from 4
independent biological replicates. Approximately 100 cells were counted per replicate, and
the standard deviation between replicates indicated as error bars. The p value is derived from
a 2 tailed unpaired student t test. B) Examples of the 3 nuclear morphologies observed in
large budded cells: fully divided nuclei (open arrow head), nuclei in the mother cell (arrow), or
nuclei across the bud neck (closed arrow head). C) The 3 nuclear morphologies described in
B) were quantified in wild type and smt3 large budded cells. Percentages of large budded
cells displaying the described morphologies are shown. Data obtained from 4 independent
replicates of 67 wild type and 93 smt3 large budded cells. Error bars indicate the standard
deviation of the 4 biological replicates. The p values are derived from 2 tailed unpaired student
t tests.
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Strain Number large Total number of | % Biological
budded cells cells Replicates

wild type 67 389 17.2+5.1 |4

(BY4741)

smt3 (CL100) |93 340 27.4+6.0 |4

Table 4.1: Percentages of large budded wild type and smt3 cells counted for analysis in
Figure 4.7. Large budded cells classed as bud to mother ratio >0.75. Standard deviation
between 4 biological replicates is indicated as +%.

Furthermore, some of the large budded smt3 cells also grew a lot larger than wild type strains
(Figure 4.7 B). Hence, to further characterise this cell cycle delay, the nuclear morphologies
of these cells were examined using DAPI staining (Figure 4.7 B and C). Cells containing fully
divided nuclei (Figure 4.7 B, open arrow head), nuclei in the mother cell (Figure 4.7 B, arrow),
or nuclei across the bud neck (Figure 4.7 B, closed arrow head) were counted. These analyses
indicated that 46.6% of large budded smt3 cells had 1 undivided nucleus visible in the mother
bud, compared to 22.4% of wildtype cells (Figure 4.7 C). Moreover, in contrast to wild type
where 76.5% large budded cells had fully divided nuclei, only 22.7% of large budded smt3 cells
had completed mitosis (Figure 4.7 C), which was highly significant (p=0.0058).

To further investigate the DNA morphology of these strains, DNA content of the smt3 cells
were analysed by FACs analysis (Figure 4.8 A). Interestingly, gating analysis revealed that a
significantly increased population of smt3 mutant cells had >2N DNA content compared to wild
type, (3.65+0.05% vs 0.35+0.025%, p=0.000459) indicative of aneuploidy (Figure 4.8 B).

Hence, taken together these results suggest that the smt3 strain has significant mitosis defects.

Having successfully created the smt3 strain and assessed its phenotypes, the next step to
introduce markers and switch the mating type of the smt3 strain for SGA analysis was
necessary. Hence, the MATa smt3 strain (CL100) was crossed with an appropriate MATa
strain (AR3) to obtain a MATa smt3 strain (CL107) containing markers required for SGA
(canlA:STE2pr-Sp_his5 and lyplA::HphMX:LEU2). @ The smt3 (CL100) strain was
successfully able to undergo mating and sporulation, and all markers segregated appropriately
(2:2). 6/30 of the spores analysed were found to contain the canlA::STE2pr-Sp_his5 and
lyplA::HphMX::LEU2 markers, and were MATa. The resulting strain (CL107) was verified for
the presence of the NatMX cassette at the 3’ end of SMT3 using PCR, and was confirmed to

behave similarly to the parent smt3 CL100 strain in respect to growth.
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Figure 4.8: smt3 cells have chromosomal segregation defects. Mid-log growing phase wild
type (BY4741) and smt3 (CL100) cells were fixed in 70% ethanol, DNA stained with SYTOX
green and DNA content analysed by flow cytometry. A) DNA content histogram from wild type
and smt3 cells. Arrow indicates cells with DNA content above 2N, suggestive of aneuploidy.
B) Gating analysis of cells containing above 2N DNA content in wild type and smt3 mutant
cells. Error bars indicate the standard deviation from two replicates. The p value is derived
from a 2 tailed unpaired student t test.
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4.2.3 SGA analysis of smt3-DAmMP Revealed Novel Genetic Interactions

The protocol showing the conditions used for high throughput SGA is shown in Figure 4.9 A.
The smt3 SGA query strain (CL107) was crossed with an array of 4291 deletion mutants of
non-essential genes (Giaever et al., 2002), and 878 DAmMP allele mutants of essential genes
(Breslow et al., 2008). The SGA procedure was conducted at 30°C, due to the slower growth
of the smt3 strain at temperatures below this. While the library contains both deletions and the
hypomorphic DAmMP mutants, the array mutants are termed yfgA (your favourite gene) for
simplicity. The final haploid smt3 yfgA double mutant strains were selected using the SGA
procedure. Photographs of the SGA array growing colonies were analysed using software
called Colonyzer, which measures the growth rate of microorganisms on agar (Lawless et al.,
2010). These analyses gave each double mutant strain a quantitative fithess measure. To
reduce the risk of erroneous results, each cross is repeated 4 times, as illustrated by the 4
spots for each gene (Figure 4.9 B). The final dataset of genes was trimmed by removal of
134 yfgA library mutants which are either sterile and therefore unable to cross with the smt3
SGA query strain (CL107), or are auxotrophic for supplements used in the SGA process, for
example LEU gene mutants.
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Figure 4.9: The synthetic genetic array (SGA) process in S. cerevisiae. A) Schematic
diagram illustrating the synthetic genetic array (SGA) process. The MATa haploid strain
containing the query smt3-DAmMP::NatMX (CL107) allele is crossed with a library of 4291 non-
essential gene deletions, and 878 essential genes containing DAmMP alleles. All library strains,
illustrated as yfg::KanMX (Your Favourite Gene) in the diagram, have the gene of interest
interrupted with a gentamicin resistance marker (KanMX). Diploids containing both
smt3::NatMX and yfg::KanMX are selected by repinning crosses onto nourseothricin (CloNAT)
and kanamycin (G418) containing plates. Resulting diploids were sporulated on sporulation
media for 5 days. MATa haploids were selected using the SGA allele can1A::STE2pr-Sp_his5.
Deletion of CAN1 confers resistance to L-canavanine. The S. pombe his5" gene (which
complements S. cerevisiae HIS3) is regulated by the STE2 promoter, which is only induced in
MATa cells, allowing selection of histidine prototrophic MATa cells which can grow on minimal
media lacking histidine. Final double deletion mutants were selected during rounds of G418
and cloNAT selection, with 48 hour regrowth between each re-pin. B) 18 final SGA plates were
obtained, and an example plate shown. Genetic enhancers shown in red, and genetic
suppressors shown in green. 4 replicates of each double mutant were pinned onto the final
plate, and the mean fitness calculated.
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The quantitative fitness measures of the smt3 yfgA strains returned by Colonyzer were plotted
against the fitness measures of a control cross giving a fitness plot (Figure 4.10). The dashed
grey line indicates the line of equal fitness, i.e. the position where an smt3 yfgA mutant would
lie if it grew at an equivalent rate to the yfgA mutant alone. However, as the fithess of the smt3
strain and some yfgA mutant strains will clearly alter from wild type, it would be more likely that
even in the absence of genetic interaction between smt3 and yfgA, the resulting smt3 yfgA
strain would have a fitness equivalent to the product of the individual smt3 fitness and the yfgA
fitness. This assumption is termed the multiplicative model of fithess (Mani et al., 2008). Thus,
a fitness prediction of the smt3 yfgA strain was made based on the fitness of the smt3 strain,
and the fitness of each individual yfgA strain. A linear predictor of the fithess of the population
is shown by the solid grey line (Figure 4.10). The Genetic Interaction Score (GIS) is calculated
by comparing the expected fitness to the experimentally determined fitness, and the larger the
deviation the more severe the genetic interaction (Addinall et al., 2011). Enhancing
interactions, where the fitness of the smt3 yfgA strain is much lower than would be expected
by the multiplicative fithess model show a negative GIS score. Genes which were significant
enhancers are represented as red circles on the plot (Figure 4.10). Suppressing interactions,
where fitness of the smt3 yfgA strain is increased more than predicted have a positive GIS
score, and those which were significant are shown in green on the plot (Figure 4.10). Thus, a
GIS score around zero suggests there is no genetic interaction which are shown as grey open
circles (Figure 4.10). As the smt3 query strain alone already has a low fitness, combining the
smt3 with any non-interacting gene will cause a reduction in fitness in the smt3 yfgA mutant.
Thus, the estimated population fitness line (Figure 4.10, solid grey line) is lower than equal
fitness line (Figure 4.10, dashed grey line). It is also important to note that due to the effect of
neighbouring colonies on the crowded SGA plates, there will be some variability of fithess due
to the arrangement of strains on the SGA plates. Therefore, as the smt3 single mutant strain
has a lower fitness than the wild type strain, strains containing suppressor deletions were
predicted to form larger colonies on the smt3 yfgA experimental SGA plate than on the control

single yfgA SGA plate.
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Figure 4.10: Fitness of library strains (yfgA) plotted against the fitness of smt3-
DAmMP::NatMX yfgA double mutant strains. The yeast deletion collection was crossed with
the smt3-DAMP::NatMX query strain (CL107) in at least 4 replicate crosses per query strain,
and the fitness of the resulting strains were measured. All gene pairs from library array are
illustrated on the fithess plot as open grey circles, and significant suppressors and enhancers
(p=<0.005) are indicated by closed green and red circles respectively, and labelled with gene
name. The line of equal growth is indicated by a dashed line. The average fitness of the his3-
DAmMP::KanMX (x axis) and smt3-DAmMP::NatMX his3-DAmP::KanMX strain (y axis) are
indicated by solid yellow lines. The line of expected fithess is shown by a solid grey line.
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Having obtained the initial data, the interacting genes were sorted by ascending GIS scores,
with the top 1% (49 genes), 2% (99 genes) and 5% (249 genes) of genes classed as high,
medium and low suppressing genetic interactions. The same numbers of genes in the lowest
1%, 2% and 5% GIS scores were classed as high, medium and low negative enhancing genetic
interactions. P values of the hits were disregarded in this preliminary analysis, as the p values
are calculated by assessing the standard error between the 4 replicate colonies, and
consequently 1 out of 4 mis-pinned colonies may skew the statistical analysis. Furthermore,
due to the structure of the array plates, many genes are actually repeated more than 4 times
in the screen, which increases the n number causing higher p values. For gene lists of top 5%
enhancers and top 5% of suppressors from the SGA analysis, see Appendix A and Appendix

B, respectively.

Having identified enhancers and suppressors of the smt3 strain, we next used gene ontologies
(GO) to identify the biological processes which sumoylation was involved in, particularly in the
pool of suppressing interactions which have not previously been uncovered. Gene ontology
(GO) terms are used to describe the biological process, molecular function or cellular
component of a gene product in a way which is comparable across species. GO terms form a
hierarchy, where less specific parent terms, such as ‘DNA metabolic process’, then have child
terms ‘DNA repair’ and ‘DNA recombination’ and such forth. GO terms are useful for finding
enrichment of processes within large data sets, such as the analysis of SGA data. (Ashburner
et al., 2000). Thus, we analysed the top 5% of each interaction type to assess which biological

processes are associated with both the enhancers and suppressors.

The top 5% enhancers and 5% suppressors were categorised into wide biological processes
using the GO Slim Mapper analysis tool on the Saccharomyces Genome Database (SGD).
Hypergeometric analysis was used to identify processes which are significantly enriched in the
gene list, relative to the frequency that genes are of that process within the genome (Figure
4.11). Where appropriate, the parent terms for processes were shown, to avoid repeating
similar processes. These analyses revealed that many of the enhancing genes were involved
in DNA replication, DNA recombination, DNA repair, and mitotic and meiotic cell cycle including
chromosome segregation (Figure 4.11). This is perhaps unsurprising considering the
phenotypes outlined previously. Furthermore, chromatin organisation and histone modification
were also highlighted as significant biological processes, as well as telomere organisation
(Figure 4.11). These biological processes have been already highlighted as enhancing genes
previously, which validates the screen in comparison to the previous data (Makhnevych et al.,
2009).
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Figure 4.11: GO Biological Process terms of top 5% enhancers and suppressors of the
smt3 query allele reveals different GO terms between enhancers and suppressors. GO
Slim Mapping analysis was completed on the top 5% enhancers (A, red bars) and top 5%
GO analysis consigns the genes into wide categories of
biological processes, showing the frequency of potential hits in the genome. Significance of
hits are calculated using hypergeometric analysis, by comparing sample to genome frequency.
show the % hits from the population of enhancers or
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In contrast, the suppressors of loss of Smt3 function are less well characterised, so this is the
first large scale analysis of suppressors of loss of SMT3 function. Interestingly, although the
GO analysis returned fewer significant hits for the suppressors, there was highly significant
enrichment for genes involved in RNA catabolism, and translational processes such as the

biogenesis and assembly of ribosomes, and rRNA processing (Figure 4.11).

Positive and negative interaction data can be used to provide insight into which protein
complexes may be regulated by Smt3. In S. cerevisiae, many gene products have been
consigned into functioning protein complexes, thus allowing identification of specific complexes
within lists of genes (GO consortium). Therefore, to gain further insight into how the smt3 allele
is affecting specific biological processes in more detail in S. cerevisiae, we grouped enhancing
and suppressing genes into known protein complexes. Thus, the top 5% enhancers and
suppressors were analysed using the GO Macromolecular Complex Slim Map analysis tool on
SGD. Protein complexes were deemed significant by hypergeometric distribution, and
statistically significant complexes returned from the analysis are shown in Figure 4.12.
Complexes containing strong enhancers of smt3 have roles in DNA replication and repair such
as the Mrell complex, the SIx1-SIx4 complex, RecQ helicase Topo Ill complex, and the
Holliday Junction resolvase complex (Figure 4.12). Other significant hits including mostly
enhancing genes were within the nuclear pore complex, histone deacetylase complex, and
within the proteasome core and regulatory particle (Figure 4.12). Similar analysis of the
suppressor genes revealed that 3 complexes in RNA catabolism were significantly enriched.
These were the Ski complex, the exosome, and the cytoplasmic mMRNA processing body
(Figure 4.12). Furthermore, many biological complexes involved in protein translation were
also enriched within the suppressors, such as translation initiation (multi-elF complex).
Furthermore, suppressors and enhancers (30 and 10 respectively) were identified within the
ribosome subunits (Figure 4.12). With regard to the mRNA catabolism and protein translation,
it is possible that the basis of suppression is due to increased Smt3 expression levels, rather

than a direct involvement with these processes.

Interestingly, one of the complexes which was significant in our Macromolecular Complex
analysis was the Arp2/3 complex (Figure 4.12), a seven subunit essential complex involved in
the formation of branched filamentous actin (F actin) (Rouiller et al., 2008). In S. cerevisiae,
this complex functions in the movement of cortical actin patches (Winter et al., 1997), which
form the membrane invaginations required for endocytosis (Warren et al., 2002), which was
enriched in my Biological Process analysis (Figure 4.12). Significantly, DAmP allele mutants

of the two main components of this complex, Arp2 and Arp3, were very significant suppressors
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Figure 4.12: SMT3 genetic interactors within complexes in S. cerevisiae. Top 5% of
enhancing and top 5% of supressing genes from our SGA were analysed using GO
Macromolecular Complex Slim Map. This analysis places the genes listed into functioning
complexes within S. cerevisiae. Significance is calculated by comparing the number of
successes in the gene list to the number present on the genome. All complexes shown here
are significant (p<0.05). Red circles represent enhancing interactors, while green circles
represent supressing interactions. Interactors are coloured indicating low (top 5%), medium
(top 2%) and high (1%) strength, as indicated on the key. The number of hits/number of genes
within the complex are indicated, and complexes are grouped according to cellular process
and by nuclear or cytoplasmic function.
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in my screen. arp2-DAmP and arp3-DAmP had the top 6" and 7" GIS scores respectively, and

arc35-DAmP, encoding another Arp2/3 complex component Arc35, was the 24" top hit.

Interestingly, arc15-DAmP, encoding another the Arcl5 subunit of the complex Arcl5, was
actually an enhancer in my screen. In addition to the Arp2/3 complex, other cytoskeleton
associated genes were found to be significant suppressors in the screen. In particular, tub2-
DAmMP was one of the most significant suppressors in our screen (4" top hit). Furthermore,
the mammalian homologs of Arp2, Arp3 and Arc35 have been identified sumoylation targets
in high throughput screens, which suggests that the regulation of the cytoskeleton by SUMO
is conserved in higher eukaryotes (Table 4.2).

S. cerevisiae Smt3 Conjugate? H.sapiens SUMO Conjugate?

Arp2 Not detected ACTR2 SUMO-2 (Vigodner et al., 2013)
(Wen et al., 2014)

SUMO-3 (Lamoliatte et al., 2014)

Arp3 Not detected ACTR3 SUMO-2 and SUMO-3 (Wen et
al., 2014)
ACTR3B -
Arc35 Yes (Makhnevych ARPC2 SUMO-1 (Kristensen et al., 2012)
et al., 2009)
SUMO-2 (Wen et al., 2014)
(Wohlschlegel et
al., 2004)

Table 4.1: Suppressors of the smt3 strain are sumoylated in S. cerevisiae and H.
sapiens. Evidence of genetic interaction with SMT3 and physical interaction with Smt3 for S.
cerevisiae is shown, and any evidence of physical SUMO interactions with mammalian Arp2/3
complex counterparts shown.

A surprisingly high number of suppressors from our SGA analysis are from within complexes
involved in the cytoskeleton (Figure 4.12). Taken with other high throughput proteomic data
linking these proteins with the sumoylation system, and the number of positive interaction
within our screen, we hypothesised a major role of Smt3 in S. cerevisiae, and perhaps in higher
eukaryotes, could be the regulation of the actin and tubulin cytoskeleton. Other than the
published physical interaction data (Table 4.2), there is no other data published on the role of
sumoylation and the cytoskeleton. Thus, these data have revealed a novel link between

SUMO and conserved processes.

117



4.3 Discussion

Many studies have implicated Smt3 in diverse roles such as DNA replication and repair and
cell cycle regulation. However large scale screens have shown Smt3 modifies many other
cellular targets but the cellular implications of these are unknown, and genetic interaction
screens have also shown many pathways that require Smt3 function for viable growth.
However, very little is known about which pathways are supressed by loss of Smt3 function.
Therefore, in the body of work we aimed to identify which pathways are aberrantly regulated

when Smt3 function is lost.

4.3.1 Analysis of the Costanzo et al. (2010) Dataset

Having identified both suppressors and enhancers of the growth of the smt3-DAmMP strain at
30°C, we wanted to compare and validate the hits from the SGA against data from a genome
wide screen by Costanzo and colleagues (2010) that also used the smt3-DAmMP allele
(Costanzo et al., 2010). 1712 different query strains, including the smt3-DAmMP, were screened
against 4293 non-essential deletion strains, giving rise to ~5.4 million gene pairs (Costanzo et
al., 2010). Most likely due to the high number of genetic interactions produced in this screen,
no quantitative fithess measures were provided. Therefore, 31 enhancing genetic interactions
and 4 suppressing genetic interactions for the smt3-DAmP allele were reported on the
interaction database BIOGRID (Chatr-Aryamontri et al., 2015). These genes were compared
against the top 1% and 5% of enhancers (Figure 4.13 A) and top 1% and 5% of suppressors
(Figure 4.13 B) from our dataset. Interestingly, although the two screens were performed using
an smt3-DAmP hypomorphic allele, a surprisingly small overlap between the two groups of
genes were detected (Figure 4.13). When comparing the top 5% of enhancers from our screen
with the Costanzo et al. (2010) dataset, 11 genes appeared unique to the Costanzo et al.

(2010) dataset. These 11 genes are shown in Table 4.3.

One of these genes, TIR3, can be seen to have an enhancing interaction on the final plate
images; however, the GIS score for TIR3 is missing from our fitness data, even before the data
was trimmed for sterile genes. We can only hypothesise that the gene is missing from the
programing used to analyse the GIS scores. Two other genes, MRN1 and RTT109, were
actually significant enhancers in our screen with a p value <0.05, but these genes were outside
the cut off of the top 5% enhancers used in our analysis. However, BPT1, FSP1, HSP12,
SOK2, UPS1, YJL147C andYJR120W had GIS scores placing them as non-interactors, while

ECM25 was actually close to being a significant suppressor (Table 4.3).
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Figure 4.13: Venn diagrams illustrating the overlap between enhancing and supressing
interactions of smt3 from my SGA dataset and the SGA dataset from Costanzo et al.
(2010). A) The top 1% and 5% (49 and 249 genes respectively) of enhancing interactions from
my dataset (shown in yellow) were compared with the 31 genetic enhancers from the Costanzo
et al. (2010) dataset (shown in blue). B) The top 1% and 5% (49 and 249 genes respectively)
of suppressing interactions from my dataset (shown in yellow) were compared with the 4
genetic suppressors from the Costanzo et al. (2010) dataset (shown in blue).

119



Unique

Costanzo et Rank within my Within lowest Enhancer or

al. (2009) 4998 genes from % of GIS Suppressor P value
Enhancing GIS score scores
Genes

BPT1 1699 34.0 N/A 0.404
ECM25 4561 91.3 Very Weak Suppressor 0.055
FPS1 3056 61.1 N/A 0.541
HPS12 1941 38.8 N/A 0.526
MRN1 366 7.3 Weak Enhancer 0.00234
RTT109 278 5.6 Enhancer 1.45E-07
SOK2 1190 23.8 N/A 0.168
TIR3 - - -
UPS1 4249 86.9 N/A 0.202
YJL147C 3893 77.9 N/A 0.333
YJR120W 3958 79.2 N/A 0.0966

Table 4.2: Enhancing genetic interactions from my dataset and Costanzo et al. (2010)
were compared for shared genes. The genes shown in the table are the 11 genes that were
unique to the Costanzo et al. (2010) dataset. The GIS scores from my dataset were ranked in
ascending order with the lowest GIS scores and therefore most enhancing genes first, and
then ranking of the 11 enhancing genes in my data shown. The position of the gene within the
lowest % of interaction scores is also shown, to illustrate where the gene lies in comparison to
my 5% cut off. If the gene is significant or narrowly significant, | have labelled as enhancer or
suppressor (shown in green or yellow respectively), and provided the p value for the gene.

As previously mentioned, our screen and the Costanzo et al. (2010) screen used the same
DAmMP hypomorphic allele of smt3, and the same non-essential deletion array in the S288C
strain background. Furthermore, the same multiplicative model of genetic interaction was used
to identify hits. We were therefore surprised by the number of non-overlapping genes, shown
in Table 4.3. There are a few differences between the two screens, which may help elucidate
the differences between these screens. For example, the Costanzo et al. (2010) screen used
more stringent noise removal that what was used in our screen, such as compensating for the
layout of the array. However, no such noise removal has been completed on my dataset.
However, another important difference is the lack of essential genes in the Costanzo et al.
(2010) deletion array. Within our top 5% of enhancing genes, 44 out of 249 (18.5%) are
essential DAmMP alleles. Indeed, this is similar to the ratio of essential alleles in the array,
where 878 out of the 4999 genes screened are essential DAmMP alleles (17.6%). Furthermore,
there is an enrichment for essential genes when the top 1% of enhancing genes are
considered, where 25 out of 49 (51.0%) are essential DAmP alleles. This could suggest that
the presence of DAmMP alleles within our enhancers and suppressors could mean that although
the non-overlapping genes outlined in Table 4.3 appear not be genetic interactors in our study,
they have just now fell below detection in our 1% and 5% cut offs. Thus, we further investigated
the non-overlapping genes (Table 4.3). Costanzo et al. (2010) reported 4 genes, AIR2, XRN1,
MSN4 and DEG1 as suppressors for the smt3. Within our top 1% of suppressors, two hits
from Costanzo et al. (2010), XRN1 and DEG1, were shared, and within our top 5% of
suppressors, the 3 genes AIR2, XRN1 and DEG1 were shared (Figure 4.12 B). Curiously, the
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transcription factor MSN4 was actually an enhancer within our SGA, again highlighting the
variations between the two independent experiments. It is interesting to note that AIR2, DEG1
and XRNL1 are involved in RNA catabolism consistent with the model that these mutants could
be recusing the smt3-DAMP phenotype by increasing SMT3 mRNA transcripts.

4.3.2 Analysis of the Makhnevych et al. (2009) Dataset

Another global screen was performed for SMT3 genetic interaction by Makhnevych et al.
(2009). This screen used a strain carrying a temperature sensitive (ts) allele of SMT3, smt3-
331, which blocks growth above the non-permissive temperature. The smt3-311 strain was
constructed in a paper to find cells which arrested with unseparated sister chromosomes at
the restrictive temperature (37°C) (Biggins et al., 2001), which is likely to change any identified
genetic interactions. The smt3-331 strain was used as a query against the S. cerevisiae
deletion collection of non-essential genes, and 787 ts allele variants of essential genes. There
are 500 unique genes within the array, as some essential genes have multiple ts mutants within
the array (Li et al., 2011). This is rationalised that the inclusion of multiple mutants of the same
gene in the array increases the likelihood that all aspects of the genes biological function are
being screened effectively, as individual ts mutations of the same gene can affect distinct and
separable biological functions (Schaerer-Brodbeck and Riezman, 2003). Thus, this study
gained more genome coverage compared to the Costanzo et al. (2010) screen, as essential
as well as non-essential genes were analysed. However, during the SGA process, only
synthetic lethal or severely enhancing genetic interactions were considered and analysed
(Makhnevych et al., 2009). It appears that even if positive genetic interactions were present
within this SGA, these were simply discounted during the analysis. Further to this, the data
does not provide quantitative genetic interactions. Thus, our dataset provides the novel aspect

of both suppressing genetic interactions, as well as quantitative analysis of genetic interaction.

The overlap between the enhancers from the Costanzo et al. (2010) dataset, the Makhnevych
et al. (2009) dataset and our top 1% and 5% enhancer datasets are illustrated in Figure 4.14
and in Table 4.4. In a manner similar to the analysis of the Costanzo et al. (2010) dataset,
there was a degree of overlap between the Makhnevych et al. (2009) data and our dataset,
but less of an overlap between the Makhnevych et al. (2009) dataset and the Costanzo et al.
(2010) dataset (Figure 4.14). Furthermore, there is a large pool of genetic enhancers which
appear to be unique to each dataset (Figure 4.14). However, between the 3 different screens,
13 genes were shared (Figure 4.14). A high proportion of those genes (7 of the 13, 53.8%)

were within my top 1% of enhancers, (Table 4.4). This suggests there is a good correlation
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Costanzo et al. (2010) and M Makhnevych et al. (2009) and
( ) y All 3 Screens (13) Y ( )
Data (7) My Data (40)
ARP1 Actin-Related Protein ASF1 Anti-Silencing Function ARF1 ADP-Ribosylation Factor
CSM3 I(\Z/Ir;g:i\;)some EEgliEzR CAC2 Chromatin Assembly Complex BRE1 BREfeldin A sensitivity
FKS1 FK506 Sensitivity CKB1 Casein Kinase Beta subunit BRE2 BREfeldin A sensitivity
HIR3 HIstone Regulation CTF4 (F:igre"li'l‘y"”me WIS CDC73 | Cell Division Cycle
MOG1 I\G/I:Fl)tllcopy slpaiEsEer 07 NUP2 NUclear Pore CKB2 Casein Kinase Beta' subunit
NEM1 Nuclear Envelope Morphology | RAD51 | RADiation sensitive CRG1 Cantharidin Resistance Gene
NUP188 | NUclear Pore RCO1 | - EAF3 Esalp-Associated Factor
- . Enhanced Level of Genomic
RRM3 rDNA Recombination Mutation ELG1 instability
SGS1 Slow Growth Suppressor ENP1 Essential Nuclear Protein
Synthetic Lethal of unknown (X) Establishment of Silent
=ba function e Chromatin
SLx4 fy”tm'c LEthal OFURKRBWMICOR |11 | Histone DeAcetylase
unction
SRS2 Suppressor of Rad Six HDA3 Histone DeAcetylase

VID22 | Vacuolar Import and Degradation | KAP122 | KAryoPherin
Methyl MethaneSulfonate

MMS4 v
sensitivity

MUS81 | MMS and UV Sensitive

NFI2 ) -

(SI22) Neck Filament Interacting

NHP10 Non-Histone Protein
NUP170 | NUclear Pore

RCY1 ReCYcling

RMI1 RecQ Mediated genome

Instability

Regulatory Particle Non-
e ATPase
RSM28 Ribosomal Small subunit of

Mitochondria

RTF1 Restores TBP Function
RTT106 | Regulator of Tyl Transposition
Setlc, homologue of Dpy30

SDC1
from C.elegans
SET2 SET domain-containing
SIN3 Switch Independent
Synthetic Lethal of unknown
e (X) function

SPT21 SuPpressor of Ty

SRO7 Suppressor of rho3

SWD3 Setlc, WD40 repeat protein

THR1 THReonine requiring

TOP3 TOPoisomerase

uBC4 UBiquitin-Conjugating

UBP6 UBiquitin-specific Protease

ULS1 Ublqumn Ligase for SUMO
conjugates

VPS71 Vacuolar Protein Sorting

Dubious | Overlaps with CAC2

Dubious | Overlaps with TOP3

Dubious | Overlaps with MMS4

Table 4.3: Lists of enhancing genes which are shared between three SMT3 interaction
screens; my dataset, Costanzo et al. (2010) and Makhnevych et al. (2009). Genes within
my top 1% of enhancers are labelled blue, genes within my top 2% of enhancers are labelled
green, and genes within my top 5% of enhancers are labelled yellow.
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Figure 4.14: Venn diagrams illustrating the overlap between genes showing enhancing
genetic interaction with SMT3 from our dataset, the Costanzo et al. (2010) dataset, and
the Makhnevych et al. (2009) dataset. The top 1% and 5% (49 and 249 genes respectively)
of enhancing interactions from my dataset (shown in yellow) were compared with the 31
genetic enhancers from the Costanzo et al. (2010) dataset (shown in green) and the 184
genetic enhancers from the Makhnevych et al. (2009) dataset (shown in blue).
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between shared interactions between the screens, and the severity of the GIS score in my
interaction data. Thus, it provides some confidence in the quantitative GIS scores provided in
our dataset. Furthermore, it suggests that the strongest genetic interactions uncovered in our
dataset are more likely to be the interactions which are able to be replicated, as shown by the

enhancing interactions.

4.3.3 The Relevance of Loss of Function Allele in SGA

Similar to our SGA analysis, the Makhnevych et al. (2009) array also included essential genes
in the dataset. It was postulated that the lack of shared genes between the three datasets was
at least partly due the lack of essential genes in Costanzo et al. (2010) study. Indeed, in the
Makhnevych et al. (2009) dataset, 27 out of 184 enhancers were ts alleles, and of our top 5%
of enhancers, 46 of 249 genes were essential DAmMP alleles. However, within the 40 genes
shared between our top 5% of enhancers and those identified by Makhnevych et al. (2009)

only one gene, ENP1, was essential (Fig 4.14, Table 4.5).

This result was surprising, as we had perhaps expected a higher proportion of the shared
enhancing interactions to be essential genes. The basis for this is not clear but could be due
to a number of reasons. Perhaps the smt3-DAmMP allele and the smt3-331 allele strains are
dysfunctional in distinct biological processes, thus the two SGAs are probing these differing
biological roles of Smt3. Furthermore, perhaps the use of either the ts allele or DAmMP allele
library also effects the biological process highlighted in the SGA. Interestingly, neither the ts
allele nor DAmMP allele library is complete, suggesting a lack of overlap of available genes.
Indeed, of the 1156 essential genes in the S. cerevisiae genome (Giaever et al., 2002), 500
unique genes are available in the collection of 787 ts allele mutants (Li et al., 2011), and 878
of the essential genes are available as DAmMP alleles (Breslow et al., 2008). 98 of the 500 ts
genes are unavailable as DAmMP strains, while 476 of the essential genes are only available as
DAmMP strains (Figure 4.15).
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Figure 4.15: lllustration of loss of function alleles available for the 1156 essential S.
cerevisiae genes.
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Makhnevych et al. (2009). essential Genes My dataset essential Genes (46)

(27)
ts only ts and DAmP DAmMP only ts and DAmP

ACT1 DBF4 ATM1 APC2
COG3 POL3 AVO1 ARC15
CRM1 CDC48 CAB1 CCT4
CTF8 CDC36 ESF2 CMD1
DBF2 CcDhC7 GPI15 COF1
MMS21 ABD1 HCA4 ENP1
STU2 CDC19 1QG1 GCD10
SWC4 BRN1 LCD1 GPI13
UBC9 ENP1 NIP1 NDC1
DAN2 NOC4 NUP145

CDC6 OST2 PHS1

cDCs PRES PRE2

ULP1 RIB3 PRP4

CDC11 RPBS8 RET3

CDC20 RPC31 RPN12

BET2 RPL33A RPT3

ARP4 RPS31 SAD1

CDC37 SAR1 SEC12

SCL1 SLN1

YJLO32W SPC3

YLR198C TAF10

YLR317W TAF13

YPL238C TFB3

Table 4.4: Essential enhancers of the Makhnevych et al,. (2009) smt3-331 ts allele from
the ts allele array (27 genes) (Tong and Boone, 2006), and my smt3-DAmP allele dataset
from the DAmP allele array (46 genes). Genes are shown as ts only, DAmP only or available
as both alleles.
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Thus, 402 essential genes were in both libraries as ts and DAmMP alleles. Hence, it was
hypothesised that the lack of overlap of essential genes between our dataset and the
Makhnevych et al. dataset could be attributed to the differential representation of essential
genes between the screens. Indeed, this appeared to be partially true when the essential
enhancing genes from the two screens were analysed (Table 4.5). 9/27 of the essential genes
in the Makhnevych et al. (2009) enhancers were only available as ts alleles, and 23/46 of the
enhancers from my dataset were only available as DAmMP alleles (Table 4.5). Thus, taken
together these data demonstrate that the choice of hypomorphic allele used as a query in
genetic screens may have a large impact upon the genetic interactions that are produced.
During this process we identified that although sumoylation has been implicated in a wide
range of biological processes, the information becomes surprisingly difficult to then pinpoint
specific protein complexes to choose for further analysis. Through this screening process and
data analysis, we have potentially highlighted some key strategies in the handling of SGA data
to gain the most informative insight into a complicated system, such as sumoylation. Firstly,
the use of positive and negative interaction data provided a powerful technique in pinpointing
important protein complexes within large biological process terms. Secondly, the second
analysis has highlighted the importance of screening multiple loss of function alleles in both
gueries and libraries. Thus, in the case of complex genetic networks, it would be suggested
that both the DAmMP and ts allele libraries are combined to create an even more comprehensive
and powerful screening library, which will make the best use of the current resources available.
Lastly, again for complex genetic networks such as sumoylation, these analyses also highlight
the importance of quantitative measurements of genetic interaction, as this aids in the
identification of the most crucial protein complexes, and even protein components within that
complex, within what would otherwise be a mass of data. In one final point, SGA can be
utilised to answer more specific questions by the use of point mutants. This was used recently
for sumoylation, where the biological role of Smt3 chain formation was investigated using a

mutant form of SMT3 lacking all lysine’s (smt3-allR) (Srikumar et al., 2013).

In this chapter, we have characterised a loss of function allele of SMT3, which has reduced
Smt3 protein levels. We have characterised that the loss of Smt3 leads to slow growth and
extremely slow growth in cold temperatures, as well as mitotic defects. This strain was then
used as a query in SGA analysis to identify novel biological functions of sumoylation in the
model organism S. cerevisiae. Excitingly, we have uncovered that the slow growth associated
with the loss of Smt3 function can be rescued by alleles which would dysregulate both the actin
and tubulin cytoskeleton. Therefore, in the next chapter we confirmed that these hits are

positive, and characterise this novel process.
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Chapter Five: SUMO Regulates the Actin and Tubulin
Cytoskeleton in S. cerevisiae

5.1 Introduction

Sumoylation has roles in many cellular processes, and sumoylated targets in many diverse
cellular pathways have been identified (Makhnevych et al., 2009). Interestingly, sumoylation
is essential in S. cerevisiae, but the underlying basis of this essentiality is unknown. As
described in the previous chapter, a high throughput screen revealed that the slow growth
phenotype of a hypomorphic smt3 mutant can be rescued by disruption of the actin and tubulin
cytoskeleton, namely components of the Arp2/3 complex, and p-tubulin.

The Arp2/3 complex binds within existing actin filaments, and the actin related subunits Arp2
and Arp3 promote the nucleation of another F actin filament from the mother filament, creating
an actin branch (Kim et al., 2006), while Arc35 is thought to provide a structural role within the
Arp2/3 complex (Winter et al., 1999). In S. cerevisiae, the Arp2/3-dependant branched actin
forms motile actin patches which are important for endocytosis and cell division (Kim et al.,
2006). Another cytoskeletal component tubulin forms polymers containing an alpha (o)
(encoded by TUB1, TUB3 in S. cerevisiae) and beta () (encoded by TUB2 in S. cerevisiae)
tubulin monomer (Schatz et al., 1988; Huffaker et al., 1988). Due to the fundamental cellular
roles of microtubules and actin branching, both tubulin and the Arp2/3 complex are conserved
in eukaryotes. Interestingly, however, there are very little data linking tubulin and the Arp2/3
complex. In S. cerevisiae, strains encoding a ts variant of Arc35 (arc35-1) have a cell cycle
arrest phenotype where at the non-permissive temperature the cells block as large budded
cells and short mitotic spindles, and well as displaying defects in endocytosis and F actin
dynamics (Schaerer-Brodbeck and Riezman, 2000). Interestingly, over expression of the
gamma (A) tubulin monomer Tub4, found at microtubule organising centres to nucleate
microtubules (Gombos et al., 2013), in the arc35-1 mutant suppressed the cell cycle arrest
phenotype, but did not rescue the defects in endocytosis (Schaerer-Brodbeck and Riezman,
2003). Furthermore, overexpression of the casein kinase Il subunit Ckb2 also rescued the
tubulin defects of arc35-1, but not the F actin and endocytosis defects (Schaerer-Brodbeck
and Riezman, 2003), and this gene was a very strong enhancer in our screen (ranked 3/4999,
see Appendix A). These results suggest there is a cell cycle-specific role for Arc35. In addition
to yeast studies, work in A. thalania revealed that the homolog of Arc35, ARPC2, contained a
microtubule binding site, suggesting a connection to microtubule function (Havelkova et al.,
2015). Interestingly, high throughput proteomic data revealed that the Arp2/3 complex
components Arc35, Arc40, and the tubulin monomers Tubl and Tub2 are each sumoylated
(Makhnevych et al., 2009). However, despite these links, the role of sumoylation in the
regulation of both the actin and tubulin cytoskeleton has not been explored at great depth in
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the literature. Our genetic interaction data thus provide an exciting hypothesis that Arp2/3 and
tubulin could operate within the same pathway to rescue the growth defects associated with
the smt3 mutant. Furthermore, both tubulin and the Arp2/3 complex are essential in S.
cerevisiae, suggesting that defects in the functions of these conserved proteins could underpin
the essential role of SUMO in budding yeast. Therefore, the aims of this chapter are to
investigate whether F actin or tubulin dynamics are aberrant in the smt3 mutant, and to study
the relationships between these vital cellular processes, and suppression of the smt3 mutant
phenotypes.

5.2 Results

5.2.1 Mutations in Arp2/3 Complex Components and Tubulin Suppress the Slow
Growth Phenotype in smt3 Mutant Cells

In our genetic screen we identified mutants encoding 3 Arp2/3 complex components, ARP2,
ARP3 and ARC35, as genetic suppressors of the smt3 slow growth phenotype (Chapter 4,
Figure 4.12). We also found that mutation of the B-tubulin encoding gene, TUB2, acts as a
genetic suppressor of the smt3 allele. As genes encoding the Arp2/3 complex components
and B-tubulin are essential, these genes were present in the DAmP collection in the library
array. Hypomorphic DAmP alleles of the ARP2, ARP3, ARC35, and TUB2 genes, will be
referred to as arp2, arp3, arc35, and tub2 respectively for the remainder of this study.

Before further analysis, we first checked that suppression of the smt3 growth defect by the
DAmMP alleles of ARP2, ARP3, ARC35 and TUB2 genes were not artefacts of the SGA process
by assessing the growth of the arp2 smt3, arp3 smt3, arc35 smt3 and tub2 smt3 double
mutants compared to the smt3 single mutant (Figure 5.1). This data confirmed that the arp2,
arp3, arc35 and tub2 mutant alleles all rescued the growth of the smt3 strain at steady state
conditions (Figure 5.1). Furthermore, the slow growth at 15°C was also rescued in all the
double mutants (Figure 5.1). Thus, we were confident that the arp2, arp3, arc35 and tub2

alleles were suppressing the growth defects associated with the smt3 mutant.

5.2.2 F actin Morphology is Aberrant in the smt3 Mutant, and is Rescued by Both arp3
and tub2 Alleles

Data from our high throughput genetic screen highlighted the possibility that Smt3 normally
regulates the actin cytoskeleton in S. cerevisiae. Therefore, to gain insight into the
relationships between the Arp2/3 and Tub2 genetic suppression of the smt3 mutant, it was

important to first test if loss of function of Smt3 led to aberrant F actin function.
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Figure 5.1: Hypomorphic alleles of genes encoding Arp2/3 complex components and f-
tubulin rescue the slow growth defect associated with the smt3 mutant. 5 fold serial
dilutions of mid-log phase growing cells were spotted onto YPD agar plates and incubated at
the indicated temperatures for 2 days unless otherwise stated. The strains used were wild
type (BY4741), smt3 (CL100), arp2 (CL340), arp2 smt3 (CL237), arp3 (CL341), arp3 smt3
(CL238), arc35 (CL628), arc35 smt3 (CL239) and tub2 (CL480), and tub2 smt3 (CL486) strains
shown.
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Figure 5.2: smt3 mutant cells display increased F actin staining, and actin morphology
defects. Mid-log phase growing wild type (BY4741) and smt3 CL100) cells were fixed, and F
actin stained using Alexa-488® phalloidin. Images were deconvoluted by iterative algorithm.
Representative images of unbudded, small budded and large budded wild type cells, and
aberrant small budded and large budded smt3 cells are shown. Panels indicate actin
morphology as follows: i) actin patches at nascent bud site, ii) actin patches localised in
daughter bud, with actin cables present at the bud neck oriented along mother and daughter
cell axis, iii) same as ii) but in large budded cell, and iv) actin mislocalised across mother and
daughter cell, with actin staining at the bud neck. Aberrant actin morphology in smt3 mutant
cells are indicated as follows: arrows indicate brightly stained actin structures; arrow heads
indicate large budded cells with actin patches mislocalised across mother and daughter cells,
but bud neck staining is absent. All images are from the same experiment, i.e. all strains
collected and stained together, and exposure time equal between all images. Scale bar
represents 50 pixels in the raw image.
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Hence, wild type and smt3 cells were fixed, and actin patches and cables stained with
fluorescent phalloidin, a toxin which specifically binds to F actin and not actin monomers
(Figure 5.2) (Cooper, 1987). The actin cytoskeleton is regulated in a cell cycle-dependant
manner in S. cerevisiae (described in (Amberg, 1998)). Briefly, in wild type S. cerevisiae cells,
actin patches become localised at the emerging bud site (Figure 5.2 i), then are asymmetrically
localised in the daughter cell (Figure 5.2 ii and iii). Following mitosis, the patches lose polarity,
and spread across both mother and daughter cells, followed rapidly by staining of the actin-
myosin ring at the bud neck (Figure 5.2 iv). Cables are generally less visible than patches and
require longer exposure times, but are observed to form along the cell cortex oriented along
the mother to daughter cell axis, particularly near the region of the bud neck (Figure 5.2 ii and
ii). Upon microscopic study, it was immediately apparent that the fluorescent staining of all
actin structures, both patches and cables, appeared to be significantly increased in smt3
mutant cells relative to wild type, irrespective of cell cycle stage (Figure 5.2). Indeed,
guantification of fluorescence in unbudded cells from images collected with the same exposure
revealed that the smt3 mutant cells had a statistically significant 1.7-fold increase in signal
compared to wild type cells (Figure 5.3 A). Furthermore, a particularly striking phenotype of
the stained smt3 cells that was observed was a significant increase in large budded cells with
mislocalised patches and absent bud neck staining (Figure 5.3 B). This particular F actin
morphology in large budded cells was uncommon in wild type cells (Figure 5.4 B), suggesting
a specific cell cycle defect associated with loss of Smt3 activity. Hence taken together these
results indicate that Smt3 normally regulated F actin dynamics.

Having established that F actin levels were generally increased in smt3 mutant cells, and
identified specific F actin defects in large budded smt3 mutant cells, we next investigated the
effects on F actin of the various DAmMP alleles that suppress the smt3 growth defect (Figure
5.4, Figure 5.5). Phalloidin staining of F actin in arp3 cells revealed decreased F actin staining,
and in particular less actin patch staining, relative to wild type (Figure 5.4). Importantly, F actin
staining in arp3 smt3 mutant cells was reduced compared to the smt3 mutant (Figure 5.4).
Interestingly, it was also observed that tub2 smt3 mutant cells had reduced staining of F actin
compared to the smt3 single mutant (Figure 5.5). Actin morphology in large budded cells was
guantified from arp3 and tub2 mutant cells, and the respective smt3 double mutants, which
revealed that the proportion of large budded cells with mislocalised actin patch staining and
absent bud neck staining was significantly decreased in both arp3 smt3 and tub2 smt3 double
mutant cells compared to smt3 single mutant cells (Figure 5.6, p values shown). Taken
together these results are consistent with a model were the presence of either arp3 or tub2

allele reduce F actin staining in cells with reduced levels of Smt3.

132



2.5 1 p=0.00702
=) | [ I
=2
Q
O8,5.
P 1.5
> 0
= O
© »n 1
o 2
X o
5 0.5
LL
0 -
Wild type smt3
B
90% - [ wild type (n=5) ] smt3 (n=5)
80% -
w p=0.00461
T 0% A
©)
< 60% -
()
S 50% -
-]
0 40% -
()
2 30% -
S
20% -
X
10% -
0% h T T T
Mislocalised Mislocalised
Daughter cel patches no septin patches with No pe_lgtl:hes
staining septin staining visible

Figure 5.3: F actin staining of smt3 mutant cells reveals increased F actin staining, and
actin morphology defects. Mid-log phase growing wild type (BY4741) and smt3 (CL100) cells
were fixed, and F actin stained using Alexa-488® phalloidin. A) Total corrected cell
fluorescence of Alexa-488® phalloidin stained wild type and smt3 mutant unbudded cells was
quantified, and the fold change fluorescence compared to wild type calculated. The mean fold
change of fluorescence of 5 biological repeats is shown. Error bars indicate the standard
deviation of the mean fold change from 5 biological replicates. The p value is derived from a
2 tailed unpaired student t test. Total number of unbudded cells quantified for wild type and
smt3 was 230 and 167 respectively. B) Quantification of F actin morphology of large budded
wild type and smt3 mutant cells. Cells were classed as large budded when the daughter to
mother diameter ratio exceeded 0.75, as described previously (Huffaker et al., 1988).
Percentages were calculated from 96 and 132 large budded wild type and smt3 cells
respectively, from 5 biological replicates. Error bars indicate the standard deviation of the 5
biological replicates. The p value is derived from a 2 tailed unpaired student t test.
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Figure 5.4: Aberrant F actin morphology in smt3 mutant cells is rescued by the arp3-
DAmMP allele. Mid-log phase growing wild type (BY4741), smt3 (CL100), arp3 (CL341) and
arp3 smt3 (CL238) cells were fixed and F actin stained using Alexa-488® phalloidin. Images
are representative of 3 experiments. Arrows indicate cells where cortical actin patches are
mislocalised and neck staining is absent. All images are from the same experiment, i.e. all
strains collected and stained together, and exposure time equal between all images.
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Figure 5.5: Aberrant F actin morphology in smt3 mutant cells is rescued by the tub2-
DAmMP allele. A) Mid-log phase growing wild type (BY4741), smt3 (CL100), tub2 (CL480), and
tub2 smt3 (CL486) cells were fixed and F actin stained using Alexa-488® phalloidin. Images
are representative of 2 experiments. Arrows indicate cells where cortical actin patches are
mislocalised and neck staining is absent. All images are from the same experiment, i.e. all
strains collected and stained together, and exposure time equal between all images.
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Figure 5.6: Quantification of the effects of arp3 and tub2 mutant alleles on the actin
morphology defects associated with smt3 mutant cells. A) Mid-log phase growing wild
type (BY4741), smt3 (CL100), arp3 (CL341) and arp3 smt3 (CL238) cells were fixed and F
actin stained using Alexa-488® phalloidin. Cells were classed as large budded when the ratio
of daughter to mother diameter exceeded 0.75, as described previously (Huffaker et al., 1988).
Error bars indicate standard deviation from at least 2 biological replicates. P values are derived
from 2 tailed unpaired student t test. A) Percentages shown are from 96, 132, 30 and 40 large
budded wild type, smt3, arp3 and arp3 smt3 cells respectively. B) Same as A), but strains
shown are wild type (BY4741), smt3 (CL100), tub2 (CL480), and tub2 smt3 (CL486).
Percentages are shown from 96, 132, 25 and 38 large budded wild type, smt3, tub2 and tub2
smt3 cells respectively.
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5.2.3 Spindle Microtubule Morphology is Aberrant in the smt3 Mutant

Having established roles for Smt3 in F actin dynamics the next step was to investigate the
relationships between Smt3 and tubulin. Therefore, microtubules were visualised in wild type
and smt3 mutant cells using anti-a-Tubulin antibodies (anti-TAT1) (Figure 5.7 A). In wild type
cells, nuclear division is achieved by the microtubule spindle elongating over the mother and
daughter cells, separating the nuclei (Figure 5.7 A) (Page and Snyder, 1993). Observing only
large budded cells, the smt3 strain appeared to have two particularly striking tubulin defects.
One tubulin defect in the smt3 mutant cells is an increased proportion of short, densely stained
microtubules, near the bud neck (Figure 5.7 A'i). Indeed, 16.2% of large budded wild type
cells had microtubules solely in the mother cell, compared to 38.6% of smt3 mutant cells
(quantified from 37 wild type and 70 smt3 large budded mutant cells, 3 biological replicates).
Secondly, in contrast to wild type cells, the spindles of some smt3 mutant cells seem unable
to elongate fully to the opposite poles of each cell as in wild type cells, and, moreover, this
often coincides with the detection of the nuclei ‘stalled’ in the bud neck (Figure 5.7 Aii). Indeed,
measurement of the tubulin length of in both wild type and smt3 mutant cells whose nuclei was
either spanning the bud neck, or separated into the mother and daughter, revealed that the
average length of microtubules in smt3 mutant cells were reduced (Figure 5.7 B). This is
before taking to account the larger size of the smt3 cells, which would be expected to cause
an increase in the average spindle length. Interestingly, similar to the effect of smt3 on F actin
staining, tubulin staining appeared to be increased in smt3 mutant cells (Figure 5.6 and 5.7).

In conclusion, these data suggest that Smt3 is required for normal tubulin dynamics in mitosis.

Having revealed tubulin defects associated with the smt3 mutant allele, we then examined
whether the supressing arp3 and tub2 mutant alleles affected tubulin morphology (Figure 5.8
and 5.9). Immunostaining appeared to show less microtubule staining in tub2 mutant cells
compared to wild type cells (Figure 5.8). Furthermore, tub2 smt3 double mutant cells appear
to display reduced tubulin immunostaining compared to smt3 single mutant cells (Figure 5.8).
To investigate the possibility that the Arp2/3 complex might affect tubulin morphology, the
same analysis was repeated using single arp3 mutant cells and arp3 smt3 double mutant cells
(Figure 5.9). Interestingly, arp3 smt3 double mutant cells appeared to display reduced tubulin
immunostaining compared to the smt3 single mutant cells (Figure 5.9). As described above,
smt3 cells contain shorter microtubules in cells with dividing nuclei, hence microtubule lengths
were measured in arp3, tub2 single mutant cells, and in arp3 smt3 and tub2 smt3 double
mutant cells with DNA in the bud neck or across the mother and daughter (Figure 5.10).
Interestingly, neither the arp3 smt3 or tub2 smt3 double mutant rescues the shorter tubulin
length defect of the smt3 mutant (Figure 5.10). Furthermore, these data reveal the arp3 single

mutant anaphase cells have reduced microtubule length compared to equivalent wild type
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Figure 5.7: smt3 mutant cells have microtubule spindle morphology defects. Mid-log
phase growing wild type (BY4741) and smt3 (CL100) cells were fixed, and tubulin stained with
anti-TAT1 antibody. Cells were classed as large budded when the daughter to mother diameter
ratio exceeded 0.75, as described previously (Huffaker et al., 1988). A) Representative large
budded cells shown of wild type and smt3 cells. Images were deconvoluted by iterative
algorithm. Arrows indicate aberrant microtubules as follows: i) densely stained microtubules
in mother cell, and ii) tubulin across bud neck but not completely elongating to the cell ends.
All images are from the same experiment, i.e. all strains fixed and immunostained together,
and exposure time equal between all images. Scale bar represents 50 pixels in the raw image.
B) Spindle length was measured in large budded wild type and smt3 cells which have a DNA
mass either in the bud neck or with separated nuclei using ImageJ software. Lengths from 26
wild type and 38 smt3 cells were measured from 3 biological replicates. AU is arbitrary units
of length.
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Figure 5.8: Aberrant tubulin morphology in smt3 mutant cells is altered by the tub2-
DAmMP allele. Mid-log phase growing wild type (BY4741), smt3 (CL100), tub2 (CL480), and
tub2 smt3 (CL486) cells were fixed, and tubulin stained with anti-TAT1 antibody. Arrows
indicate aberrant microtubules as follows: i) densely stained microtubules in mother cell, and
i) tubulin across bud neck but not completely elongating to the cell ends. Images are
representative of two experiments. All images are from the same experiment, i.e. all strains
collected and immunostained together, and exposure time equal between all images.
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Figure 5.9: Aberrant tubulin morphology in smt3 mutant cells is altered by the arp3-
DAmP allele. Mid-log phase growing wild type (BY4741), smt3 (CL100), arp3 (CL341) and
arp3 smt3 (CL238) cells were fixed, and tubulin stained with anti-TAT1 antibody. Arrows
indicate aberrant microtubules as follows: i) densely stained microtubules in mother cell. ii)
tubulin across bud neck but not completely elongating to the cell ends. Images are
representative of two experiments. All images are from the same experiment, i.e. all strains
collected and immunostained together, and exposure time equal between all images.
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Figure 5.10: Short tubulin spindle length in smt3 mutant cells is not rescued by arp3 or
tub2 DAmP alleles. Mid-log phase growing wild type (BY4741), smt3 (CL100), arp3 (CL341)
and arp3 smt3 (CL238), tub2 (CL480), and tub2 smt3 (CL486) cells were fixed, and tubulin
stained with anti-TAT1 antibody. Cells were classed as large budded when the daughter to
mother diameter ratio exceeded 0.75, as described previously (Huffaker et al., 1988). Spindle
length was measured in large budded wild type and smt3 cells which have a DNA mass either
in the bud neck or with separated nuclei using ImageJ software. Microtubules were measured
from 36 wild type, 70 smt3, 13 arp3, 17 arp3 smt3, 25 tub2, and 37 tub2 smt3 large budded
cells from at least 2 biological replicates. AU is arbitrary units of length.
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cells, consistent with the proposal that the arp3 mutant allele influences microtubule function
(Figure 5.8). Nevertheless, this data does not appear to provide evidence to support a
correlation between suppression of the smt3 slow growth phenotype and tubulin length.
However, the fact that the arp3, tub2, and smt3 mutant alleles all influence tubulin
morphologies further supports the hypothesis that the actin and tubulin cytoskeleton and
sumoylation are working together in a tripartite relationship. It appears that if either tubulin,
actin, or sumoylation is perturbed, the regulation of the other two processes are also affected.
These data together could suggest that sumoylation of cytoskeletal proteins regulates their
function.

5.2.4 Arc35 Sumoylation Could Not Be Detected

To further investigate the relationships between SUMO and F actin and microtubule dynamics,
we next attempted to identify relevant sumoylated targets. As a first step to test the ability of
such targets, we attempted to investigate the sumoylation of Arc35, a component of the Arp2/3
complex which has been previously shown to be sumoylated (Wohlschlegel et al., 2004; Sung
et al., 2013). Furthermore, the arc35 mutant was identified as a suppressor in our screen,
suggesting a genetic linkage to Smt3 function. Therefore, Arc35 seemed a good candidate to
identify sumoylation of cytoskeleton components. A strain expressing a 3HA epitope tagged
version of Arc35 from the normal gene locus was constructed (CL268) (Chapter 2, section
2.2.6.3), and importantly the epitope tag did not appear to affect cell growth (Figure 5.11 A).
Next, an smt3 mutant strain expressing Arc35-3HA was also constructed, to allow any changes
in sumoylation status of Arc35 to be detected. Smt3 modified Arc35-3HA would be expected
to have a molecular weight of ~52 kDa, although poly sumoylation could occur leading to larger
increases in molecular weight. Analysis of protein extracts from wild type SMT3 cells
expressing Arc35-3HA revealed two bands specific to the HA tagged lanes, which could be
consistent with unsumoylated and sumoylated forms of Arc35-3HA (Figure 5.11 B, lane 1,
arrow and asterisk). However, the relative intensities of these bands were unaffected by the
smt3 allele (Figure 5.11 B, compare lane 1 and lane 2, arrow and asterisk). To confirm the
identity of the potential sumoylated Arc35-3HA band, Smt3 conjugates were
immunoprecipitated by an anti-Smt3 antibody in wild type untagged and Arc35-3HA expressing
protein extracts, and analysed by western blotting for presence of sumoylated Arc35-3HA by
probing with anti-HA antibody (Figure 5.11 C). While a band of the expected height of
sumoylated Arc35-3HA was detected in the tagged lane immunoprecipitates, a similarly sized
band in the non-tagged wild type strain was also detected, although at lower levels than in the
Arc35-3HA tagged lane (Figure 5.11 C, lanes 3 and lanes 6). This could be detection of the
heavy chain of the anti-Smt3 antibody used in the immunoprecipitation (Figure 5.11 B).

Therefore, it is difficult to ascertain if this is sumoylated Arc35-3HA.
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Figure 5.11: Arc35 sumoylation cannot be detected in wild type or smt3 mutant cells.
A) 5 fold serial dilutions of wild type (BY4741) and arc35-3HA (CL268) strains were plated onto
YPD and incubated at the indicated temperatures for 3 days. B) TCA protein samples were
collected from mid-log phase growing cells expressing Arc35-3HA with wild type SMT3
(CL268) or the smt3 allele (CL474), and analysed by western blotting. Blots were probed with
anti-HA antibody, and stripped and reprobed with anti-Skn7 for loading. Asterisk (*) indicates
bands above the size of Arc35-3HA (~40 kDa) that are specific to the HA tagged lanes. C)
Soluble protein extracts from mid-log phase growing cells wild type (BY4741) and Arc35-3HA
expressing (CL268) cells were immunoprecipitated with anti-Smt3 antibody, and analysed by
western blotting. Immunoprecipitated proteins were probed with anti-HA, and stripped and
reprobed with anti-Smt3 antibody. Asterisk (*) indicates HA reactive band consistent with
Arc35~Smt3. Inputis 1% of protein extract which was immunoprecipitated. Beads is protein-
A/G beads only, without the addition of anti-Smt3 antibody.
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Improvements to the detection methods will be required to ascertain the sumoylation status of
Arc35, for example optimisation of primary and secondary antibodies in detection to minimise
none specific binding. It is possible that Arc35 is not a Smt3 target in our system, thus our
methods will require validating with a well characterised Smt3 substrate. Alternatively, another
approach, such as mass spectrometry, could be used to compare the sumoylation status of
cytoskeletal components in wild type and smt3 mutant cells. Identifying substrates would be
key to understanding the molecular mechanism underpinning the growth defects of smt3

mutant cells, and role of Smt3 modification in cytoskeletal regulation.

5.2.5 Sumoylation and the Cytoskeleton in Cold Stress Response

While we have elucidated that misregulated sumoylation causes increased levels of F actin
and tubulin, and defects in microtubule and actin dynamics, it is not clear what the cellular
consequence of these defects are. Hence to gain further insight into the relationships between
Smt3, F actin and microtubules, we investigated other phenotypes associated with the smt3
allele. As described in Chapter 4, our studies revealed that smt3 mutant cells are cold sensitive
(Figure 4.6). Interestingly, previous studies have shown that cells lacking both the E3 ligases
Siz1 and Siz2 are also cold sensitive (Chen et al., 2005; Johnson and Gupta, 2001). As shown
above we have confirmed that the cold sensitive phenotype associated with the smt3 allele
was reversed in the arp2 smt3, arp3 smt3, arc35 smt3 and tub2 smt3 double mutants (Figure
5.1). Interestingly, many S. cerevisiae tubulin mutants are cold sensitive (Schatz et al., 1988;
Huffaker et al., 1988), and, furthermore, F actin levels have been shown to increase upon cold
treatment of S. cerevisiae cells (Yeh and Haarer, 1996). We therefore hypothesised that the

cold sensitivity of the smt3 mutant was due to misregulation of F actin and microtubules.

To test this hypothesis, cold temperature shock was induced in wild type and smt3 mutant cells
by rapidly cooling cultures from 30°C to 20°C. F actin and tubulin were then analysed in these
cells 10 and 60 minutes after the temperature shift (Figure 5.12). F actin staining increased in
wild type cells after 10 minutes, which agrees with previously shown experiments (Figure 5.12)
(Yeh and Haarer, 1996). Interestingly, however, the F actin staining appeared to return to near
wild type levels after 60 minutes of incubation at 20°C (Figure 5.12). Similarly, tubulin
immunostaining increased upon cold incubation in wild type cells, and decreased after 60
minutes of incubation (Figure 5.12). Strikingly, the transient increase of both F actin staining
and tubulin immunostaining did not appear to occur in the smt3 mutant strain (Figure 5.13).
Indeed, quantification of fluorescence from F actin staining and tubulin immunostaining in
unbudded cells revealed that after 10 minutes of cold shock, wild type cells show 1.91-fold

increase and 1.60-fold increase in actin relative to the levels observed at 30°C (Figure 5.14).

150



abia ulngny unoe o

D00€

D002

151



Figure 5.12: Cold stress induces a rapid yet transient polymerisation of F actin and
tubulin in wild type cells. Mid-log phase growing wild type (BY4741) cells were cooled
rapidly from 30°C to 20°C, and cells were fixed after 10 and 60 minutes. F actin was stained
using Alexa-488® phalloidin, and tubulin immunostained with anti-TAT1 antibody. Presented
images show F actin staining (green), tubulin staining (red), the two stains merged, and DIC.
All images are from the same experiment, i.e. all strains collected and stained together, and
exposure time equal between all images. Images are representative of two experiments.
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Figure 5.13: The rapid polymerisation of F actin and tubulin in response to cold stress
is lost in smt3 mutant cells. Mid-log phase growing smt3 (CL100) cells were cooled rapidly
from 30°C to 20°C, and cells were fixed after 10 and 60 minutes. F actin was stained using
Alexa-488® phalloidin, and tubulin immunostained with anti-TAT1 antibody. Presented
images show F actin staining (green), tubulin staining (red), and the two stains merged. All
images are from the same experiment, i.e. all strains collected and stained together, and
exposure time equal between all images. Images are representative of two experiments.
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Consistent with previous data, smt3 cells had an increase in F actin and tubulin levels at 30°C
(Figure 5.14). However, in smt3 mutant cells, F actin staining and tubulin immunostaining
levels did not show a reproducible transient increase in fluorescence levels after shift to 20°C
(Figure 5.14). It is, however, interesting to note that the fold increase of F actin staining and
tubulin immunostaining levels after 10 minutes of incubation at 20°C, was a similar fold
increase to the fluorescence from the smt3 mutant at 30°C (Figure 5.14). These data together
suggest that loss of sumoylation prevents the proper cytoskeleton response to cold shock.
One hypothesis for this is that Smt3 provides the response to the cold temperature by altering
F actin and tubulin dynamics to cope with the cold stress, potentially by altering Smt3
modification of cytoskeletal proteins. Perhaps the increased F actin and tubulin polymerisation
in steady state in smt3 mutant cells, prevents the dynamic alteration of the cytoskeleton that is

required for the cold shock response.

It has been previously shown that global sumoylation changes are induced by stress, such as
the sumoylation responses to oxidative stress, heat shock and ethanol stress (Bossis and
Melchior, 2006; Pinto et al., 2012; Sydorskyy et al., 2010). Interestingly, previous work has
shown that sumoylation is induced by hypothermic conditions in mammalian cells (Lee et al.,
2007). Hence, a prediction could be that a change in global sumoylation in response to cold
stress is targeting the cytoskeletal proteins, eliciting a change in cytoskeleton dynamics. Thus,
to test this hypothesis, wild type cells were exposed to cold stress at 20°C as described above,
and protein extracts were analysed by western blot using an anti-Smt3 antibody (Figure 5.15).
Interestingly, an induction of high molecular weight anti-Smt3 antibody reactive bands after 10
minutes of cold exposure was observed, consistent with an accumulation of Smt3 conjugates.
(Figure 5.15 A and B). Furthermore, the levels of Smt3 conjugates appeared to return to pre
cold temperature stress levels after 240 minutes of incubation at 20°C (Figure 5.15 A and B).
The dynamics of Smt3 conjugation, and the F actin and tubulin response, suggests that these
pathways are linked in the cold response. However, further experiments are required to
determine if these processes are linked. For example, identification of substrates which are
sumoylated during cold stress would provide evidence that Smt3 is regulating cytoskeleton

dynamics in response to cold.

5.2.6 Genetic Analysis of Sumoylation Pathway Enzymes in the Cold Response

Previous studies have shown that changes in global sumoylation by heat stress or oxidative
stress can be induced by inhibiting the SUMO deconjugation enzymes (Bossis and Melchior,
2006; Pinto et al., 2012; Sydorskyy et al., 2010). Alternatively, sumoylation changes can also
be induced by the E3 ligases, observed in DNA damage induced sumoylation events (Branzei
et al., 2006; Parker et al., 2008). As described above, we and others have identified that
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Figure 5.14: Quantification of F actin and tubulin staining in response to cold
temperature stress in wild type and smt3 mutant cells. Mid-log phase growing wild type
(BY4741) and smt3 (CL100) cells were cooled rapidly from 30°C to 20°C, and cells were fixed
after 10 and 60 minutes. F actin was stained using Alexa-488® phalloidin, and tubulin stained
with anti-TAT1 antibody. Total cell fluorescence was quantified for A) F actin and B) tubulin
for unbudded cells, and the fold change from wild type time=0 calculated. Error bars represent
standard deviation from two biological replicates.
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Figure 5.15: The levels of Smt3 high molecular weight (HMW) conjugates are induced
by cold temperatures stress. A) Mid-log phase growing wild type cells (BY4741) were cooled
rapidly from 30°C to 20°C, and TCA protein samples collected at the indicated time points.
Protein was extracted, separated by SDS-PAGE, and analysed by western blotting using anti-
Smt3 antibodies. Blots were stripped, and re-probed with anti-p-Actin. HMW Smt3 conjugates
are indicated. B) The HMW bands indicated were quantified, and the fold change from 30°C
calculated. Standard deviation from two biological replicates the of 1, 10 and 60-minute time
points is shown as error bars. Other time points (0.5 and 240 minute) were repeated once.
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changes in global sumoylation are triggered by cold stress (Figure 5.15) (Lee et al., 2007).
Thus we investigated the potential role of the SUMO E3 ligases and deconjugases in the
response to cold temperature stress. S. cerevisiae contains two major SUMO E3 ligases Siz1
and Siz2 (Strunnikov et al., 2001; Johnson and Blobel 1999), and two deconjugases Ulp1 and
Ulp2 (Li and Hochstrasser, 1999; Schwienhorst et al., 2000). To explore the roles of these
proteins in the response to cold stress, the sensitivity of smt3, siz1A, siz2A, ulpl-DAmP, and
ulp2-DAmMP single mutants and the respective smt3 double mutants to cold temperature stress
was examined (Figure 5.16). Of the single mutants, only smt3 and ulpl-DAmP mutant cells
were unable to grow at 15°C, which was consistent with previous analyses of these mutants
(Figure 4.2, Figure 5.16). The basis of the cold sensitivity of the ulpl-DAmP mutant is not
clear, as the enzyme also plays a role in the activation of the Smt3 precursor in addition to
roles in protein desumoylation (Li and Hochstrasser, 2000). Interestingly, analyses of the
double mutants revealed that only siz2A was able to rescue the cold temperature growth defect
associated with the smt3 allele (Figure 5.16). The nature of this suppression is unclear, but
suggests there is an underlying specificity within the sumoylation conjugation pathway in the

cold response.

Given the relationships between siz2A and the suppression of the cold sensitive phenotype of
the smt3 mutant, allele, we were therefore interested to investigate the effects of these
sumoylation conjugation and deconjugation enzymes on F actin. Thus, siz1A, siz2A, ulpl-
DAmMP, and ulp2-DAmP single mutant cells and the respective smt3 double mutant cells were
fixed, and F actin stained using phalloidin. (Figure 5.17 and 5.18). Initial analysis of the single
mutants indicated that the siz1A, siz2A, ulp1-DAmMP and ulp2-DAmP single mutants appeared
to have a negligible effect on F actin (Figure 5.17 and 5.18). It could be that ulp1-DAmMP allele
containing cells have increased intensity of F actin staining compared to wild type, however
this would need to be repeated and quantified to confirm this result. Interestingly, siz1A smt3
double mutant cells appear to have increased F actin staining over even larger cell sizes
(Figure 5.17). However, while siz2A smt3 cells are very large sized, the intensity of F actin
staining in large budded cells appears reduced compared to smt3 mutant cells, or siz1A smt3
mutant cells (Figure 5.17). This effect is difficult to quantify however, due to the larger cell size
and the low number of unbudded cells which were previously used to quantify F actin levels.
Thus, to gain insight into the F actin in these mutants, we quantified the F actin morphology of
these mutants as completed above (Table 5.1). Upon quantification, we could not see a clear
correlation between an F actin morphology and the cold sensitivity (Table 5.1). Most of the
mutants which were cold sensitive also contained the smt3 allele, and as such they displayed
the characteristic mislocalised patch and absent bud neck F actin staining of the smt3 mutation.

However, ulp1-DAmP single mutant cells which were cold sensitive, but
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Figure 5.16: Specific sumoylation pathway enzymes are important for the cellular
response to cold temperature stress. Wild type (BY4741), smt3 (CL100), his3-DAmP
(CL90), ulp1-DAMP (CL94), ulp2-DAmMP (CL95), ulp1-DAmMP smt3 (CL280), ulp2-DAMP smt3
(CL284), siz1A (CL253), siz2A (CL260), siz1A smt3 (CL227), siz2A smt3 (CL163) strains were
streaked onto YPD media, and incubated at 3 days at the indicated temperatures.
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Figure 5.17: F actin morphology is affected by loss of E3 SUMO ligases Sizl and Siz2 in
smt3 mutant cells. Wild type (BY4741), smt3 (CL100), siz1A (CL253), siz2A (CL260), siz1A
smt3 (CL227), siz2A smt3 (CL163) mid-log phase growing cells were fixed, and F actin stained
using Alexa-488® phalloidin. Arrows indicate actin morphology in large budded cells as
follows: i) actin patches mislocalised with actin staining present at the bud neck (white arrows)
and ii) actin patches mislocalised, but absent actin staining at bud neck (red arrows). All images
are from the same experiment, i.e. all strains collected and stained together, and exposure
time equal between all images. Images representative of 2 experiments.
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Figure 5.18: F actin morphology is affected by SUMO deconjugases ulpl and ulp2 DAmMP
mutant alleles in smt3 mutant cells. Wild type (BY4741), smt3 (CL100), ulpl-DAmMP (CL94),
ulp2-DAmMP (CL95), ulp1-DAmMP smt3 (CL280), and ulp2-DAmP smt3 (CL284) mid-log phase
growing cells were fixed, and F actin stained using Alexa-488® phalloidin. Arrows indicate
actin morphology in large budded cells as follows: i) actin patches mislocalised with actin
staining present at the bud neck (white arrows) and ii) actin patches mislocalised, but absent
actin staining at bud neck (red arrows). All images from the same experiment, i.e. all strains
collected and stained together, and exposure equal between all images. Images
representative of 2 experiments for wild type (BY4741), smt3 (CL100), ulpl-DAmMP smt3
(CL280), and ulp2-DAmMP smt3 (CL284). Images representative of 1 experiment of ulp1-DAmMP
(CL94), ulp2-DAMP (CL95).
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Strain Actin patches in daughter [Mislocalised patches, bud neck Mislocalised patches, bud neck [Total cells % cells large
cell (%) staining absent (%) staining (%) budded
\Wild type (BY4741) 51+8 9+2 40+9 241 24%
smt3 (CL100) 351 4512 201 242 39%
siz1A (CL253) 459 212 537 196 24%
Siz1A smt3 (CL227) 30+19 4043 30+17 60 50%
siz2A (CL260) 39+13 15+7 45+7 108 31%
Siz2A smt3 (CL163) 68+12 12+10 20+3 134 49%
ulp1-DAMP (CL94) 35 19 46 100 26%
ulpl-DAmP smt3 (CL280) [50+0 4412 612 87 39%
ulp2-DAMP (CL95) 29 6 65 54 31%
ulp2-DAmP smt3 (CL284) 4648 26+14 28+6 92 50%

Table 5.1: Analysis of F actin morphology in Smt3 conjugation and deconjugation pathway mutants. Wild type (BY4741), smt3 (CL100), siz1A
(CL253), siz1A smt3 (CL227), siz2A (CL260), siz2A smt3 (CL163), ulpl-DAmMP (CL94), ulp1l-DAmMP smt3 (CL280), ulp2-DAmP (CL95) and ulp2-DAmMP
smt3 (CL284) mid-log phase growing cells were fixed, and F actin stained using Alexa-488® phalloidin. Cells were classed as large budded when the
daughter to mother diameter ratio exceeded 0.75, as described previously (Huffaker et al., 1988). F actin morphology was quantified in large budded
cells as follows: i) actin patches in daughter bud, ii) actin patches mislocalised with actin staining present at the bud neck, iii) actin patches mislocalised,
but absent actin staining at bud neck. Data are presented as percentage cells counted for each morphology + the standard deviation of 2 biological
replicates, if 2 replicates have been completed. The total number of cells in each experiment and the % large budded cells are also presented. The

strains which exhibit cold sensitivity are shaded grey.
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did not contain the smt3 allele, did not have a significant increase of cells displaying this
phenotype in the data (Table 5.1). However, more cells with the ulp1-DAmP mutation will need
to be quantified before the relevance of the specific F actin morphology defect in smt3 mutant
cells in cold sensitivity can be ascertained. It is however interesting to note that in the siz2A
smt3 mutant cells, which are not cold sensitive, this specific defect appears reduced (Table
5.1). Thus, it can be concluded that the sumoylation conjugation and deconjugation enzymes
appear to have different effects on F actin morphology, and thus suggests that perhaps
differential regulation of F actin by SUMO is provided by the specificity of these enzymes. More
study will be required to identify the substrates of these enzymes, and how these enzymes are
regulated in cold and steady state conditions to influence F actin dynamics. It would also be
of interest to further study microtubule dynamics in these strains. However, through this study
we have highlighted a previously uncharacterised role of sumoylation in the regulation of the
yeast cytoskeleton components F actin and tubulin.

5.3 Discussion

Although sumoylation is essential in S. cerevisiae, the underlying link to viability is unknown.
Furthermore, many proteomic screens have identified sumoylation targets within a wide array
of biological processes, but the relative importance of these modifications for cell survival is
unknown. Through genetic screening in the previous chapter, we had shown that hypomorphic
alleles of Arp2/3 complex genes ARP2, ARP3 and ARC35, and the B-tubulin encoding gene
TUB2, can suppress the slow growth defects of smt3 mutant cells. This suppression could
have been indirect, but in this chapter we have shown that indeed smt3 mutant cells have
aberrant F actin and microtubule morphology, indicating that SUMO plays an important role in
these aspects of the cytoskeleton (Figure 5.2 and 5.7). Interestingly, although there is some
previous data suggesting a functional link between the Arp2/3 complex and tubulin, remarkably
little is known about these relationships (Schaerer-Brodbeck and Riezman, 2003; Havelkova
et al., 2015). In this study we have strengthened these connections and, moreover, shown
that sumoylation is intimately linked to both of these processes (Figure 5.4, 5.5, 5.8 and 5.9).

However, it is still unclear how sumoylation is effecting F actin dynamics and tubulin.

The mitotic delay does not appear to be due to activation of the spindle assembly checkpoint,
as deletion of genes required for the spindle assembly checkpoint, such as Mad2 and Bub3,
were not genetic interactors in our screen. Deletion of these genes also did not rescue the
short spindle arrest phenotype also observed in strains expressing the smt3-331 allele (Biggins
et al., 2001). Interestingly, in the smt3 mutant we saw an increased staining of tubulin (Figure
5.7, 5.8 and 5.9). Interestingly, data of stress sensitivity testing of tub2 and tub2 smt3 double

mutant cells reveals that presence of the smt3 allele rescues the sensitivity of the tub2 strain
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to benomyl and TBZ (Figure 5.19). These data suggest that the smt3 allele is acting to stabilise
microtubules in the tub2 strain. However, it unknown how this is taking place. It could be that
in the smt3 mutant microtubule levels are increased, which is below detection by
immunofluorescence, or it could be that smt3 provides a polymerising role of tubulin in the cell.
Attempts to quantify protein levels of B-tubulin were attempted during the study, but an antibody
used did not detect S. cerevisiae p-tubulin. Although it appears that the smt3 strain is growing
more slowly on 100 ug/ml TBZ compared to wild type, this could be due to the slower growth
of the strain (Figure 5.15). It would therefore be interesting to complete survival analysis of
the smt3 mutant to lethal dosages of microtubule depolymerising drugs, to assess if the smt3
strain is more resistant to microtubule destabilisation than wild type. This will give insight into

how the smt3 allele could rescue microtubule depolymerising tub2 mutant cells.

During the course of this study, we identified a F actin morphological defect in cells with
reduced Smt3, where an increased proportion of large budded cells had mislocalised actin
patches across mother and daughter cells, but with absent bud neck staining consistent with
the actin myosin ring (Figure 5.3 and 5.4). As described in the introduction (see section 1.2.2),
the cell cycle-regulated sumoylation of the yeast septins at the bud neck has been well
characterised (Johnson and Blobel, 1999; Takahashi et al., 1999; Johnson and Gupta, 2001).
However, studies did not find any link between septin sumoylation and septin function, but F
actin was not studied in these strains (Johnson and Blobel, 1999). Surprisingly, little is known
about the interaction of septins and F actin, but current research is now undergoing to elucidate
how these cytoskeleton proteins may regulate each other, and data suggests that the septins
promote the curving of F actin filaments to form actin rings (Mavrakis et al., 2014; Huber et al.,
2015). Until sumoylation substrates are identified this is purely speculative, but it would be
interesting to test if any identified cytoskeletal substrates are regulated in a cell cycle-
dependant manner, as it is tempting to speculate that perhaps the modification of septins is
not required for septin function per se, but septin sumoylation occurs within a ‘SUMO cloud’
localised at the bud neck where F actin dynamics are required for mitosis and cytokinesis, for
example the formation of the actin-myosin ring, and the sumoylation of other endocytic vesicles

required for cell wall formation at the bud neck during cytokinesis (Hurley and Hanson, 2010).

In this study we identified that cells with reduced levels of Smt3 grew extremely slowly at
temperatures below optimum growth conditions (Figure 4.2), which has also been observed in
cells lacking the two E3 ligases Siz1 and Siz2 (Chen et al., 2005; Johnson and Gupta, 2001).
We have provided evidence in this study for a cold stress global sumoylation response in S.
cerevisiae (Figure 5.15). Furthermore, initial data suggest there is a specificity to cold stress
sumoylation conjugation through the E3 ligases Siz1 and Siz2, as the excessively reduced

growth in cold conferred by the smt3 allele is rescued in siz2A smt3 mutant cells, but not in
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siz1A smt3 double mutants (Figure 5.16). One of the studies reported that the slow growth
phenotype of the siz1A siz2A double mutant strain at 30°C was due to increased copy numbers
of the endogenous 2um plasmid (Chen et al., 2005). However, the study reported that while
there were no changes in plasmid copy number between cells grown at 30°C and 20°C, the
growth rate was further decreased (Chen et al., 2005). It was therefore hypothesized that the
cold sensitive defect at 20°C was not due to 2um plasmid copy number, and as such another
unknown pathway was causing the slow growth in cold conditions in the siz1A siz2A double
mutant cells (Chen et al., 2005). This is very relevant to our data, and is consistent with our
finding that aberrant cytoskeleton regulation could be causal in the extremely slow growth in
cold conditions observed in the smt3 mutant. In this study, we have only investigated the cold
stress response in smt3 mutant cells. However, many other stresses in S. cerevisiae cause
mass changes in cytoplasmic F actin morphology, such as treatment with HU (Enserink et al.,
2006), and heat shock (Yeh and Haarer, 1996). As described in the introduction, global
sumoylation is also influenced by many stresses (see section 1.2.3). This data could provide
a functional link between sumoylation and the cytoskeleton, for many different stress
responses. Thus, it would be of great interest to identify the sumoylated substrates of the
cytoskeleton, and identify if the sumoylation status of these components changes during
various stress conditions, and then correlate these with a possible response in F actin and

tubulin dynamics.

Both the actin cytoskeleton and the sumoylation pathway regulate and interact with many
cellular components. Further research into other genetic interactions uncovered in our SGA
identified many other pathway components which were linked to cytoskeleton regulation. Of
these other potential hits, the chaperonin containing TCP1 (CCT) complex was of particular
interest to our study (Figure 4.16). This essential complex is a specialised chaperonin for the
folding of actin and tubulin, and is conserved from prokaryotes to eukaryotes. The CCT
complex co-ordinates the folding of actin and tubulin, and interestingly, tcpl-DAmP, cct3-
DAmMP and cct8-DAmMP alleles of the Tcpl, Cct3 and Cct8 subunits were genetic suppressors
of the slow growth smt3 defect in our screen (ranked 146/4999, 19/4999 and 14/4999
respectively, see Appendix B). Furthermore, the cct4-DAmMP allele of the Cct4 subunit was a
genetic enhancer in our screen (ranked 39/4999, see Appendix A). Indeed, the Cct3 and Cct8
subunits have been identified as sumoylation targets in both S. cerevisiae and human cells in
high throughput studies (Table 5.2). Most interestingly, mRNA and protein levels of Tcpl and
Cct2 are regulated by cold temperatures in S. cerevisiae (Somer et al., 2002). Investigations
of how sumoylation may be regulating this complex in the folding of actin and tubulin in cells,

at both 30°C and cold temperatures, would be of interest to study.
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In this chapter we have confirmed that perturbation of the Arp2/3 complex, and of the B-tubulin
monomer, suppresses the slow growth phenotype associated with the smt3 mutant. Thus, we
have revealed a previously undiscovered role of sumoylation in the regulation of the
cytoskeleton. Furthermore, we have identified a cold sumoylation stress response in S.
cerevisiae, and therefore perhaps elucidated the molecular basis of cold sensitivity of smt3

mutant cells.
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Figure 5.19: smt3 allele suppresses the sensitivity of tub2 mutant to spindle
depolymerising drugs. 5 fold serial dilutions of mid-log phase growing cells were spotted
onto YPD agar plates with the indicated stresses and incubated at 30°C for 3 days.
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Chapter Six: Final discussion

Sumoylation is a highly conserved protein modification in eukaryotes, which modifies proteins
within many diverse cellular pathways. The process of sumoylation is essential in many model
organisms such as S. cerevisiae, but is not essential in the fission yeast S. pombe.
Sumoylation can activate or inhibit the activity of a substrate protein, by changing the
subcellular localisation, stability, or binding properties of a sumoylated target. Many proteomic
screens have identified sumoylated proteins within many cellular processes, many of which
have not been further characterised in the literature. However, it is difficult to identify which
modifications of what processes are the most critical for growth. Thus the aim of this project
was use high throughput genetic screening to gain insight into the biological functions of

sumoylation.

6.1 Summarising Key Findings from this Study

The E2 Ubc9 is the sole conjugating enzyme for identified for the process of sumoylation.
However, published data in S. pombe has shown that pmt3A mutants lacking the only SUMO
encoding gene in S. pombe are viable, while ubc9A mutants are non-viable (al-Khodairy et al.,
1995; Tanaka et al., 1999; Kim et al., 2010; Hayles et al., 2013). This could suggest further
roles for Ubc9 outside of sumoylation. In this study we confirmed that both haploid pmt3A and
ubc9A mutants from the S. pombe deletion collection are viable. We attempted to use these
strains for SGA analysis but these strains were unable to undergo meiosis, and therefore were
not suitable for SGA analysis. However, we have identified a novel role for sumoylation in late
cell cycle-regulated gene expression in S. pombe. Specifically, we have identified that loss of
sumoylation appears to cause an increase in transcription of genes fkh2* and plol*. These
genes are regulated by two forkhead transcription factors in the cell cycle, Sepl, a positive
regulator, and Fkh2, a negative regulator. We found that lack of sumoylation does not affect
the subcellular localisation of Fkh2. Furthermore, we have revealed that cells lacking
sumoylation are extremely sensitive to over expression of Fkh2, which has previously been
shown to be viable in cells lacking Sepl (Buck et al., 2004). These data taken together
suggests that cells lacking sumoylation are exhibiting phenotypes which would be expected
from Sepl hyper activation. The Fkh2 homolog in mammalian cells, FoxM1, was shown to be
sumoylated. However, these studies were contradictory in the proposed function of
sumoylation, as publications had identified that sumoylation of FoxM1 had both a positive and
negative role on FoxM1 function (Myatt et al., 2014; Schimmel et al., 2014). Here, we have
provided evidence that sumoylation appears to be negatively regulating late M-phase gene

transcription in S. pombe.
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Due to the complications with the S. pombe mutants, we aimed to employ high throughput
screening on the yeast S. cerevisiae. Thus, we characterised a smt3 mutant with reduced
SMT3 transcripts and protein levels. We identified that the smt3 strain was slow growing, and
showed extremely slow growth in cold temperatures, as shown previously with the siz1A siz2A
double mutant (Johnson and Gupta, 2001; Chen et al., 2005). This strain was used as a query
for SGA analysis. Strikingly, by analysing the protein complex components of the resulting
positive and negative genetic interactions, we found enrichment for genes involved in the yeast
actin and tubulin cytoskeleton (Figure 4.12). In particular, protein complex study highlighted
Arp2/3 complex members, which regulate actin branching in yeast, and microtubule proteins,
namely the B-tubulin monomer, as suppressors of the slow growth phenotype associated with
the smt3 allele. Previous screens had shown various components of these complexes were
sumoylation substrates in both S. cerevisiae and mammalian cells, but no study had directly
investigated the role of sumoylation in the regulation of the cytoskeleton. Previous studies had
indicated that the Arp2/3 complex component, Arc35, interacted with microtubule spindles
(Schaerer-Brodbeck and Riezman, 2003), thus we hypothesised that these two pathways were

functioning together to rescue the slow growth of the smt3 mutant.

Therefore, we aimed to firstly determine if the smt3 mutant had any F actin or tubulin defects.
Indeed, we identified that in the smt3 mutant strain, there appeared to be an increased amount
of staining of both F actin, and of tubulin. Furthermore, the smt3 mutant strain had shorter
microtubule spindles, a defect which was observed in an smt3-331 temperature sensitive
mutant (Biggins et al., 2001). Interestingly, misregulation of the actin cytoskeleton by an arp3
hypomorphic mutant rescued the F actin staining of the smt3 mutant, but also rescued the
increased tubulin staining of smt3 cells. Furthermore, a tub2 hypomorphic allele also reduced
the staining of tubulin in smt3 mutant cells, but also the increased F actin staining of smt3 cells.
Interestingly, we identified that misregulation of the Arp2/3 complex, namely by reduction of
actin patches, reduced the formation of the microtubule spindle. Therefore, our data suggest

that actin, tubulin and sumoylation regulate each other in a tripartite relationship.

As stated above, smt3 cells grow extremely slowly in conditions below optimum temperature.
As microtubules and F actin depolymerise upon cold stress, we hypothesized that these two
pathways were connected. Indeed, we identified that upon cold stress in wild type cells, F
actin and tubulin undergo a transient polymerisation event. Interestingly, this effect is not
observed in smt3 mutant cells, suggesting a connection between sumoylation and cold
induced cytoskeleton dynamics. Indeed, we then identified a novel cold stress induced global
sumoylation event in S. cerevisiae. The relative timing of F actin and tubulin polymerisation
appears to coincide with the induction of global sumoylation, which suggests that these

processes might be linked. Therefore, we have identified a novel role for sumoylation in the
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regulation of F actin and tubulin dynamics. While these dynamics are also important for growth

in optimal conditions, these dynamics could be critical for cell growth during cold conditions.

In conclusion, during the course of this study, we have provided evidence that sumoylation
appears to negatively regulate M-phase gene transcription in S. pombe. Furthermore, we have
identified a novel role for sumoylation in the regulation of both the actin and tubulin
cytoskeleton. Furthermore, we have identified a global sumoylation response upon cold
stress, and provided possible links for the stress response and regulation of the actin and

tubulin cytoskeleton. This data could provide a springboard for much future investigation.

In retrospect with the data collected in the subsequent chapters in S. cerevisiae, it is interesting
to note that many of the late M-phase genes induced by the PCB wave in S. pombe and the
equivalent wave in S. cerevisiae, encode actin remodelling components. It is interesting to
consider in light of the data in the subsequent chapters, that the PCB wave governs the
transcription of many genes required for cytokinesis, such as cdc15* which is essential for actin
morphology changes during cytokinesis (Roberts-Galbraith et al., 2009; McDonald et al.,
2015). An interesting follow up to this would be to analysis F actin and microtubules in the S.
pombe mutant. Furthermore, the pmt3A and ubc9A haploid mutants were cold sensitive, which
could suggest conservation of these mechanisms in these evolutionary divergent yeast, which

suggests that these processes are well conserved.

6.2 A Role for Arp2/3 and SUMO in the Nucleus

Previous to this study, the roles of the Arp2/3 complex have mostly been based solely in the
cytoplasm, with few studies suggesting otherwise. The presence of Arp2/3 in the nucleus, and
even the formation of actin, was controversial. Hence, when we detected changes in the
cytoplasmic actin changes reported in this study, we mainly focused on the roles of cytoplasmic
actin and tubulin. However, Arp2/3 has been shown to aid transcription from RNA polll
promoters (Yoo et al., 2007). Another study implicated Arp3, as well as Tub2, at chromatin.
The study investigated proteins which increased chromatin localisation after treatment with the
acylating agent MMS in S. cerevisiae and fascinatingly, Arp3 and Tub2 were 2 of 33 proteins
found to localise to the chromatin after MMS treatment (Kim et al., 2011). Only a subset of
these hits were analysed further on the basis of MMS sensitivity. The paper tested the arp3-
DAmMP mutant that was used in this study, and was then disregarded as the arp3-DAmMP strain
did not have MMS sensitivity. Independently, other labs investigating the role of nuclear actin
and gene expression have separately connected the Arp2/3 complex, Smt3, and with the
nuclear actin remodelling complex, Ino80. Ino80 is a chromatin remodelling complex which
uses other actin related proteins Arp4, Arp5 and Arp8 to remodel global nucleosome

architecture, with roles in DNA repair and replication, chromosome segregation, transcription
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(Conaway and Conaway, 2009). Excitingly, pull down experiments of Ino80 in S. cerevisiae
recovered Arp3 in these extracts, and many components of this complex are sumoylated
(Papamichos-Chronakis M., personal communications). Ino80 mutants have defective
transcriptional elongation, and an experiment will be completed in the near future, where the
smt3, arp3 and arp3 smt3 mutants will be assayed using 6-azaracil. Strains which are
defective in transcriptional elongation, such as ino80 mutants, are sensitive to this drug, so this
assay will quickly ascertain if the smt3 mutant has defects in transcription elongation, and if

these are elevated in the arp3 smt3 double mutant.

Along this thread of nuclear actin, some data suggest that the branching of the Arp2/3 complex
within the nucleus provides a matrix framework for the nuclear bodies within the nucleus (Feric
et al., 2015), which is very interesting considering that sumoylation has such a well
characterised role in the regulation of PML nuclear bodies, for example in viral infection (see
1.4.4.1). However, even considering the data discussed above, the existence of nuclear actin
is still controversial within the actin field, due to difficulty in the detection of actin within the
nucleus. So while this is a very interesting topic for future study, the roles of sumoylation in

the regulation of cytosolic actin may need to be elucidated first.

6.3 Implications in Infectious Diseases

There is a growing body of evidence that host sumoylation systems are often targeted upon
infection by a wide range of infectious organisms, from pathogenic bacteria to virus infection
(see 1.4.4). Many of these modifications have been observed but the molecular mechanism
behind them are poorly understood. The bacterial L. monocytogenes toxin LLO, which
specifically targets Ubc9 for degradation causes a massive decrease in sumoylation (Ribet et
al., 2010). The global changes in sumoylation modification status upon LLO has recently been
analysed in a large scale proteomics screen (Impens et al.,, 2014). Interestingly, most
sumoylated substrates saw a large decline in sumoylation, but many cytoskeletal proteins were
unaffected by the degradation of Ubc9 (Impens et al., 2014). The cells were treated with LLO
for a relatively short period of time of 20 minutes, which suggests that the sumoylation of
cytoskeletal factors could be fairly stable and are not removed quickly and reconjugated, as
must be for those factors which were quickly desumoylated upon Ubc9 degradation (Impens
et al., 2014).

Interestingly, localisation of the Arp2/3 complex to the nucleus is observed in times of
pathogenic infection, and is thought to aid viral replication (Goley et al., 2006). Another family
of proteins, the WASp proteins, which bind and activate the Arp2/3 complex, are involved in
this nuclear localisation. Excitingly, WASp has been identified as a sumoylated substrate in

helper T cells, which allows the changes in gene transcription required for immune and
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inflammatory responses (Sarkar et al., 2015). Independently, another lab has shown evidence
that the activation of T lymphocytes promotes a Arp2/3 dependant upregulation of nuclear actin
polymerisation, leading to gene transcription changes required for T cell activation
(Tsopoulidis., N, personal communications). Again, the role of Arp2/3 in the nucleus and gene
transcription is still controversial. However, it is very tempting to speculate that our data are
perhaps highlighting an evolutionary conserved link of sumoylation and gene transcription,

conserved in T cells in the regulation of immune responses.

The fungal pathogen C. albicans is one of the few model organisms studied that does not
require sumoylation for growth. However, smt3A mutants are unable to undergo the
morphogeneic switch from the yeast form to the hyphal form. Furthermore, many cytoskeletal
proteins were also identified as sumoylated in C. albicans, such as Tubl, Cct7 and Micl. Itis
interesting, on reflection of the results in this study that while the Arp2/3 complex is still
essential for C. albicans hyphal formation (which is unsurprising due to the role of actin in cell
morphology), that the Arp2/3 complex is also non-essential for growth. Furthermore, C.
albicans can even perform endocytosis in the absence of arp2 or arp3 (Epp et al., 2010). This
could suggest that the essential role of Arp2/3 that is required in other organisms must have
an alternate pathway in C. albicans. This could provide a hypothesis that the essential function
of sumoylation in S. cerevisiae is in regulating the Arp2/3 complex, as both sumoylation and
the Arp2/3 complex are non-essential in C. albicans, while both are essential in S. cerevisiae.
However, this hypothesis is conflicted with the genetic datain S. pombe, as the Arp2/3 pathway

is still essential for viability, while sumoylation is dispensible (Hayles et al., 2013).

6.4 Sumoylation and Cold Shock — Protecting Tissues

Recent published data has linked sumoylation to cold stress. It has been shown in ground
squirrels that an increase in global sumoylation occurs during hibernation and induced
hypothermia (Lee et al., 2014). However, the crucial targets of sumoylation which are allowing
survival during cold in these squirrels was not known. We have found evidence that aberrant
actin dynamics is correlated with cold sensitivity in the smt3, siz1A smt3, and siz2A smt3
mutants. However, the ulpl-DAmMP mutant appeared to have normal actin dynamics, which
could suggest that desumoylation is required at a different point of the cell cycle, or that these
are unlinked. These data could be relevant to the clinical process of therapeutic hypothermia,
which has long been used as a neuroprotective measure preventing damage to brain tissue,
without the mechanism of action yet understood (during stroke). Our data could provide insight
into the functional targets of these processes, as we have shown that tubulin and actin
polymerisation is effected by cold, in dynamics which appear to be similar to the conjugation

of sumoylation. Interestingly, microtubule depolymerisation is essential for cold resistance, as
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shown in plants and S. cerevisiae (Bartolo and Carter, 1991). Could it be that the
depolymerisation of microtubules and actin provides the signal to the sumoylation machinery
to induce the protective cold sumoylation? Many cold sensitive mutants of S. cerevisiae and
C. elegans loose viability after long cold incubations, due to aberrant microtubule structures,
leading to lethal cell cycle events (Chan et al., 2010). Fascinatingly, prior incubation of the
cold sensitive mutants of S. cerevisiae and C. elegans in hypoxic conditions rescued the
subsequent cold lethality. Could sumoylation could be preventing this occurrence? No data
thus far has tied together the hypothermic and hypoxic global sumoylation to a mechanism,
and it is tempting to speculate that the link could be through microtubule depolymerisation.
During the course of this study, a paper of hypothermia in mammalian cells has shown that the
cooling induced sumoylation of ribosome assembly factor EXOSC10, disrupts ribosome
biogenesis during cold induction (Knight et al., 2016). Interestingly, many ribosome-related
genes were also highlighted in this screen, and of importance, the EXOSC10 homolog in S.
cerevisiae, Rrp6, was a suppressor in our screen, ranked 121/4999 genes (p=0.02).
Unfortunately, due to limited time and resources, and the pool of data already implicating
SUMO in ribosome biogenesis, the ribosomal hits were not analysed at length throughout the
study, as we selected the cytoskeletal story to follow up from the screen. However, this does
provide some validation that our screen appears to be identifying sumoylation events that are

conserved in higher eukaryotes, and indeed within the context of cold stress.

6.5 Outstanding Questions

Due to the nature of this project, many more new questions can be proposed. In the short
term, mutants with knock outs of candidate lysines within the Arp2/3 and CCT complex will
need to be constructed to identify how sumoylation is effecting the tubulin and actin
cytoskeleton. These mutants could then be used to identify if phenotypes associated with the
smt3 strain can be recreated with these unsumoylatable mutants, such as the increased actin
and tubulin staining or cold sensitivity. Unfortunately, due to the essentiality of these genes,
and the number of components that are sumoylated, this could be time consuming. Therefore,
perhaps a directed approach to identify which targets are differentially sumoylated in wild type
compared to the smt3 mutant cells could help give an overview of the altered SUMO landscape
in the smt3 mutant, and indicate suitable targets for further analysis. Further to identifying the
sumoylated substrates would be identifying when and where this sumoylation event takes
place. Therefore, the modification status of these proteins could be studied throughout the cell
cycle, or during cold shock. It would be interesting to then assess how the subcellular

localisation and stability of these proteins were affected by the modification.

Secondly to this would be investigating what is causing this apparent increase in staining of F
actin and tubulin. Proteins which are known to be involved in the assembly and disassembly
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of actin and tubulin filaments, and factors which promote the bundling of filaments which could
be leading to the appearance of increased staining due to thicker, denser filaments should be
investigated in the smt3 mutant. Genes which govern actin crosslinking, the formins and
myosins, are either not present in the screen or are functionally redundant, so would require
the knockouts of both genes two properly investigate. In vitro Arp2/3 actin polymerisation
assays have been used on yeast whole cell extracts by the polymerisation of actin on WASp
coated beads. This could be very interesting to study in extracts from S. cerevisiae expressing
varying levels of Smt3 (Michelot et al., 2010). Furthermore, use of characterised actin tubulin
mutants with known assembly or disassembly defects could be used to properly identify how
smt3 is regulating these processes. Finally, all the data collected thus far has been using fixed
cells. As the processes of both sumoylation and cytoskeleton regulation are dynamic, it would
be extremely interesting to use live staining to visualise how these structures are regulated in
vivo. How tubulin and actin behave in wild type S. cerevisiae cells is well characterised, by
use of Tub2 fused to green fluorescent protein (GFP), or a 17-amino acid GFP peptide actin
stain, Lifeact. These experiments are critical in our understanding of the role of sumoylation
in these complexes. Finally, it would be interesting to identify if either the essentiality of SMT3
could be rescued by the arp3-DAmMP mutant, or the loss of Arp2/3 function could by rescued
by the smt3-DAmMP. This was attempted during the project but due to time constraints this was
not completed. Future studies would involve identifying if regulation of the cytoskeleton by
sumoylation is indeed conserved in higher eukaryotes. siRNA knockdowns of Ubc9 in
mammalian cell lines has been used previously to lower global conjugation levels, allowing the

study of both SUMO-1 and SUMO-2/3 conjugation simultaneously for initial experiments.

6.6 Concluding Remarks

Although sumoylated cytoskeletal proteins have been identified in large proteomic screens
repeatedly, there have been no studies thus far to examine the role of Smt3 in regulating these
processes. In this study we have presented that indeed, there is a genetic link between the
actin and tubulin cytoskeleton, which appears to be negatively regulated by sumoylation. As
described above, due to the wide range of cellular processes that both sumoylation and the
cytoskeleton play roles in, there is a wide array of potential avenues for future work to tease
out how these two very complex processes are functioning. With the surprisingly low amount
of information regarding actin dynamics in vivo, it is crucial that we identify how sumoylation is

regulating actin, as this has implications in many disease states.
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Appendix A

Top 5% of enhancers of smt3 SGA. Systematic name provided, and standard gene name on
SGD of the gene at time of print are shown. Genes were ranked by descending GIS, and top
249/4999 (5%) genes shown. Query Fitness is average fithness measure from the experimental
smt3 yfgA crosses, and Control Fitness is the average fithess measures of the yfgA single
mutant from background control crosses. Query SE and Control SE are the standard error of
the fithess measurements from all replicate crosses. The number of times the gene appears
in the array, and therefore the number of replicate crosses completed, is shown in No. Array.

P value calculated from the control and query finesses, and the query and control fithess SE.
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5 3.85 -08
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0.000
447
0.000
12
8.39E
-06
0.000
513



98

99

100

101

102

103

104

105

106

107

108

109

110

111

112

113

114

115

116

117

118

119

120

121

122

123

124

YMRO75C
-A
YDRO049
W
YLR198C

YPL242C

YDR531
\Wi
YNL254C

YDLO74C

YKRO55
Wi
YPR103
\W
YBR175
W
YFRO10W

YHR134
W
YJR126C

YBR174C

YGLO45W

YALO24C

YPR135
\W
YHR200
W
YHRO30C

YGL250W

YBR099C

YMRO048
W
YDR183
W
YLR127C

YDR492
Wi
YPL144W

YOR124C

YMRO75
C-A
VMS1
YLR198
C

IQG1
CAB1
RTC4
BRE1
RHO4
PRE2
SWD3
UBP6
WSS1
VPS70
YBR174
C

RIM8
LTEL
CTF4
RPN10
SLT2
RMR1
YBR099
C
CSM3
PLP1
APC2
1ZH1
POC4

UBP2

-58355.9

-58287

-57905.3

-57792

-57478.1

-57420.9

-57175.5

-57118.5

-57090

-56877.1

-56713.3

-56534.8

-56229.4

-56143.9

-55997.2

-55929.3

-55917.4

-55876.8

-55418.3

-55393.1

-55344.4

-55311.2

-55285.1

-55274.2

-55227.6

-55173.4

-55110.4

32931.

22155.

33249.

44057.

37528.

25296.

38060.

37147.

32976

24393.

34511

50526.

31964.

42500

36938.

25536.

34326.

37903

37536.

38636.

41274.

39018

4124.2

48323.

33286.

43122.

181

146967

129509

93224.

6

146573

163467

152864

132775

153234

151718

144659

130578

146579

171871

141849

158575

149512

131137

145223

150242

149612

151305

155497

151823

95628.

3

166713

142415

158150

131
4.61
432
8.55

922
8.06
768
6.52
696
9.52
712.
308
654
7.27
393
2.19
502.
037
374
7.66
562
5.15
105
90
108
8.76
974
1.86
273
7.57
158
3.13
324
5.67
232
32.3
950
8.08
114
5.21
535
0.93
259
3.47
412
4.21
223
4.42
122
52.8
515
6.47

150
0.27
474.
094
227
32.9
136
7.87
104
0.94
704.
69
219
0.02
225
2.14
215
4.64
234
1.39
310.
948
171
1.69
986.
214
197
1.37
132
8.43
336.
606
227
1.11
393
1.96
229
2.26
103
9.77
397.
767
274
9.82
117
9.3
192
62
116
5.54
558.
345
121
5.81

1.16E
-07
0.000
851
0.026
236
0.007
911
0.004
767
0.003
657
1.48E
-12
0.002
408
3.78E
-07
6.79E
-06
0.000
611
0.001
641
0.012
885
4.93E
-08
0.010
16
0.000
24
2.29E
-07
1.63E
-05
0.096
89
0.009
883
9.26E
-06
0.000
984
9.45E
-05
0.014
203
4.30E
-05
0.020
407
0.001
497



125

126

127

128

129

130

131

132

133

134

135

136

137

138

139

140

141

142

143

144

145

146

147

148

149

150

151

YPLO24W

YNLO21W

YILO76W

YILO86C

YPL238C

YNL288W

YOR224C

YML102C

-A

YDL002C

YFRO52W

YKR094C

YOL147C

YJL204C

YDLOO6W

YDRO059C

YPL218W

YDL226C

YBR170C

YIL137C

YLLO42C

YPLO57C

YDR496C

YFRO35C

YJLO32W

YMLO27

w

YHR004C

YDR167
Wi

RMI1
HDA1
SEC28
YIL086C
YPL238
C
CAF40
RPB8
YML102
C-A
NHP10
RPN12
RPL40B
PEX11
RCY1
PTC1
UBC5
SAR1
GCs1
NPL4
TMA108
ATG10
SUR1
PUF6
YFRO35
C
YJLO32
W
YOX1
NEM1

TAF10

-54880.6

-54793.3

-54392.5

-54222.6

-54187.9

-53970.3

-53761.1

-53627.4

-53594.5

-53521.2

-53512.6

-53119.8

-52927.9

-52858.2

-52775.7

-52763.9

-52713.8

-52502.9

-52428.2

-52406.6

-52338.7

-52043

-51839.2

-51769.1

-51757

-51625.7

-51608.5

34554,

33586.

9819.8

37961.

81.822

49100.

1.0812

36669.

37574.

49452,

39740.

39685

36327.

24199.

42499

1488.7

40053.

35385.

47296.

45062.

39043.

40720.

51917.

897.07

49400

47170.

75.436

182

143985
142287
103379
148412
87371.
4
165939
86554.
4
145373
146778
165783
150133
149411
143696
124058
153387
87344
149351
141496
160551
156921
147120
149344
167043
847809.
8
162857
159057

83208.
5

300
8.29
496
7.34
109
0.2
170
90.6
81.8
229
855
5.88
4.92
353
124
9.96
232
8.79
436
0.42
149
68.2
116
16.4
130
43.8
107
1.95
509
3.93
150
6.86
166
7.51
711
1.81
643
6.31
679
8.34
802
6.65
292
5.32
821
0.58
897.
07
635
5.46
948
7.22
73.5
51

128
9.59
150
3.2
145
00.8
115
6.47
214
33
228
5.32
337
11
300
6.55
619
3.37
105
5.14
157
6.45
135
8.28
132
8.84
730
4.81
700.
422
287
7.43
827.
466
106
3.24
104
5.49
414
4.4
968.
276
790.
375
437
1.52
287
04.4
298
0.88
228
3.43
286
43.8

0.000
176
0.001
229
0.008
556
0.050
242
0.026
754
0.007
131
0.082
673
1.51E
-06
7.94E
-05
4.13E
-06
0.037
106
0.019
319
0.026
712
0.000
89
0.001
82
6.70E
-07
2.00E
-05
0.004
908
0.003
645
0.002
285
0.007
138
8.07E
-17
0.005
201
0.062
126
0.002
444
0.011
219
0.062
465



152

153

154

155

156

157

158

159

160

161

162

163

164

165

166

167

168

169

170

171

172

173

174

175

176

177

178

YNRO54C
YLLO31C
YDR369C
YLRO21W
YLR381W
YGRO040
Wi
YMR232
\Wi
YMR309C
YMLO52
\W
YMLO62C
YHRO025
\Wi
YNROO6
W
YKL214C
YJLO33W
YNL307C
YDR318
W
YHLO27W
YJLO97W
YHR129C
YDR487C
YPR173C
YERO56C
YDR186C
YGRO025
W
YMR153
Wi
YDR338C

YDR460
W

ESF2
GPI13
XRS2
IRC25
CTF3
KSS1
FUS2
NIP1
SUR7
MFT1
THR1
VPS27
YRA2
HCA4
MCK1
MCM21
RIM101
PHS1
ARP1
RIB3
VPS4
FCY2
YDR186
C
YGR025
W
NUP53
YDR338

C
TFB3

-51554.9

-51522.2

-51503.6

-51487.1

-51450

-51275.8

-51155.2

-51045.7

-50989.1

-50837.2

-50825.5

-50639.6

-50602.3

-50467.2

-50448.8

-50411.2

-50401.4

-50308.3

-50288.5

-50266.4

-50245.3

-50184.8

-50179.7

-49944

-49835

-49668

-49646.7

46907.

46820.

35574.

35505.

46735

48745

42425.

22.648

2

41328.

38536.

52950.

50107

388009.

49268.

41967.

50225.

47731.

50609.

31571.

53821.

38411.

45393.

44106.

53373.

46475.

49321.

53337.

183

158519

158326

140192

140054

158073

161028

150660

82217.

4

148626

143887

167073

162197

143948

160569

148785

162020

157989

162472

131791

167577

142732

153876

151796

166335

155055

159369

165800

803
4.33
957
6.12
183
5.04
156
1.73
107
24
128
31.6
149
93.6
24.5
285
157
73.4
334
6.11
205
13
820
0.7
349
3.89
840
2.66
312
9.76
328
2.2
918
0.88
110
32.4
921
4.23
408
9.45
178
2.68
134
57.6
537
2.85
219
64.4
995
6.93
557
3.59
745
9.14

241
8.05
153
0.94
164
8.05
882.
912
183
8.6
101
3.53
109
0.59
326
69.4
365.
026
150
4.47
274
5.33
975.
255
429
7.01
857.
125
453.
673
992.
367
260
4.75
173
2.93
118
5.75
271
8.47
122
3.37
150
5.23
962.
056
151
2.14
743.
171
216
0.62
104
5.68

0.006
564
0.012
124
3.83E
-06
1.21E
-05
0.016
625
0.027
919
0.041
942
0.086
516
0.048
105
0.000
308
0.088
971
0.008
347
4.09E
-05
0.009
089
0.000
48
0.000
432
0.010
601
0.019
228
0.011
797
0.000
345
1.17E
-05
0.033
255
0.002
396
0.107
426
0.015
238
0.002
096
0.006
666



179

180

181

182

183

184

185

186

187

188

189

190

191

192

193

194

195

196

197

198

199

200

201

202

203

204

205

YMLO33
\Wi
YDR147
W
YOR103C
YLR449W
YNLO62C
YER116C
YNR062C
YMLO76C
YGL221C
YNROOSC
YDL213C
YBR109C
YLLOO5C
YDR154C
YOR275C
YMR274C
YDL192W
YDLO34W
YMR247C
YOLO78W
YMLO41C
YMR129
W
YGR184C
YGL136C
YLLO50C

YGLO46W

YKR091
Wi

YMLO033
W

EKI1
OST2
FPR4
GCD10
SLXx8
YNRO62
C
WAR1
NIF3
YNROO5
C
NOP6
CMD1
SPO75
YDR154
C
RIM20
RCE1
ARF1
YDLO034
W
RKR1
AVO1
VPS71
POM152
UBR1
MRM2
COF1
YGL046

W
SRL3

-49477.8

-49430.3

-49406.1

-49051.2

-49042.5

-48978

-48871.3

-48854.2

-48727.1

-48685.5

-48489.7

-48489

-48420

-48405.1

-48342.7

-48205.5

-48003.4

-47872.9

-47676.5

-47616.7

-47541.7

-47519.9

-47480.6

-47428.3

-47260.3

-47249.7

-47124.7

45406

45446.

22.378

45107.

54247.

28768.

43096.

48212.

49197.

46914.

44852.

8210.2

46447.

45655.

494009.

57818

46668.

53161.

46928.

816.79

59347.

52472.

49451.

7959.0

47791.

495609.

184

152758
152747
79577.
3
151590
166292
125168
148064
156272
157654
153911
150276
91282.
8
152731
151432
157376
170692
152417
162660
152308
77975.
5
172086
160982
156055
89170.
2
76086.
7
153012

155672

665
2.44
420
3.9
22.3
787
122
23.5
137
45.8
549.
44
130
81.5
549
3.25
127
71.5
338
3.24
705
7.6
821
2.32
108
09.4
455
3.16
674
0.25
202
71.1
377
8.56
492
6.88
321
8.02
818.
046
165
57
178
60.8
119
31.2
503
9.74

966
9.6
392
68.5

180
8.74
137
4.27
285
35.5
154
9.82
100
3.59
117
8.78
148
1.03
115
4.56
104
0.48
181
6.29
155
0.91
735
8.1
111
5.94
104
6.45
105
9.49
154
7.75
191
6.57
257
7.85
228
8.69
260
92.3
565.
067
315
0.13
299
2.31
254
76
262
98.1
142
5.16
116
4.38

0.004
33
0.000
962
0.068
564
0.027
364
0.037
46
9.19E
-09
0.033
091
0.002
693
0.031
496
0.000
285
0.005
764
0.004
293
0.020

0.001
533
0.005
315
0.097
639
0.000
486
0.001
196
0.000
141
0.060
409
0.063
942
0.075
437
0.026
855
0.052
182
0.062
847
0.015
95
0.316
256



206

207

208

209

210

211

212

213

214

215

216

217

218

219

220

221

222

223

224

225

226

227

228

229

230

231

232

YPLO55C
YIL146C
YDL206W
YJR094C
YMLO70
\Wi
YMLOO7
Wi
YGL124C
YPR178
Wi
YIL025C
YPLO17C
YDR284C
YJR137C
YKR064
\W
YMLO34
W
YDL210W
YNL297C
YMR263
\W
YHR209
W
YMRO60C
YDR394
W
YNL336W
YELO37C
YER111C
YGLO16W
YLR342W
YNL294C

YDR497C

LGE1

ATG32

YDL206

w

IME1

DAK1

YAP1

MON1

PRP4

YIL025C

IRC15

DPP1

ECM17

OAF3

SRC1

UGA4

MON2

SAP30

CRG1

SAM37

RPT3

COSs1

RAD23

SWi4

KAP122

FKS1

RIM21

ITR1

-47101.8

-47034.8

-46984.4

-46812.7

-46779.1

-46730.2

-46327.8

-46324.3

-46240.9

-45872

-45860.4

-45727.2

-45719.9

-45312.5

-45211.9

-45206.8

-45062.1

-45053.9

-45000.9

-44993.6

-44964.5

-44960.5

-44874.7

-44846.9

-44618

-44596.2

-44446.3

41812.

47929.

51170.

42344.

47257.

48402

48773.

45707.

49664.

49850.

47375

54606.

54742.

48833

48927.

50536.

50653.

51888.

51480.

48765.

56310.

49369.

56871.

45233.

48412.

49266.

50877.

185

143147

152888

158025

143539

151394

153158

153108

148167

154403

154109

150104

161532

161739

151569

151560

154141

154097

156073

155330

150948

163048

151866

163806

145025

149775

151113

153466

233
2.79
106
18.4
834
4.27
121
40.8
245
2.66
120
48.4
119
93.2
140
54.7
404
0.59
594
6.43
341
0.79
832
7.48
203
22.8
474
1.39
201
1.47
104
95.8
553
9.86
112
95.4
888
6.13
412
2.58
169
65.5
458
5.08
602
5.91
514
1.36
359
5.73
756
2.86
267
1.26

221
3.3
115
8.25
120
3.38
478
2.85
100
4.32
967.
053
660

111
2.71
281
9.33
302
1.3
148
6.26
227
4.12
154
1.02
720.
714
113
7.58
140
2.73
331
3.19
133
6.01
129
4.52
152
3.57
431
7.38
926.
943
979.
074
829.
572
386
9.38
479
0.64
770.
794

1.45E
-05
0.021
101
0.010
735
0.027
324
0.000
161
0.030
182
0.024
889
0.013
175
0.000
415
0.002
739
0.000
485
0.010
68
0.109
832
0.002
289
0.000
337
0.022
614
0.001
923
0.027
857
0.014
452
6.88E
-06
0.075
26
0.002
023
0.004
746
0.002
98
0.000
112
0.005
751
0.000
345



233

234

235

236

237

238

239

240

241

242

243

244

245

246

247

248

249

YNRO74C
YGR263C
YDR469
\Wi
YFRO30W
YDR363
\Wi
YGRO052
W
YCLO10C
YBR275C
YDL201W
YPL100W
YJLO49W
YER181C
YJR140C
YDR525
W-A
YMR139
\Wi
YMR216C

YDR165
\Wi

AlF1
SAY1
SDC1
MET10
ESC2
FMP48
SGF29
RIF1
TRM8
ATG21
YJLO049
W
YER181
C
HIR3
SNA2
RIM11
SKY1

TRM82

-44396.1

-44320.5

-44305.2

-44287.7

-44132

-44025.2

-43923.8

-43877.1

-43772.7

-43709.5

-43426.5

-43329.1

-43318.3

-43316.1

-43292.1

-43195.8

-43102.4

49875.

65720.

44892.

54596.

44747.

56341.

50968.

53728.

52833.

49533.

52238.

55262.

48511.

53596.

52264.

49157

50506.

186

151773

177160

143604

159198

143091

161585

152772

157140

155531

150116

154015

158728

147842

156025

153842

148683

150705

785
6.1
107
36.7
713
6.38
260
73.8
435
2.09
197
58.5
239
6.77
406
0.07
166
49.2
467
7.28
352
1.77
700
5.63
781
5.68
436
5.16
140
73.1
437
1.09
149
5.23

676.
277
308
9.72
108
0.73
383.
616
790.
925
132
2.36
227
1.32
477
8.69
251
5.93
102
5.54
121

101
9.88
162
8.06
174
2.53
140
4.76
135
3.96
130
1.26

0.010
844
0.023
879
0.008
098
0.187
966
0.001
868
0.112
081
2.32E
-05
0.000
201
0.077
748
0.002
297
0.000
796
0.008
211
0.010
863
0.001
447
0.054
002
0.001
715
3.91E
-06



Appendix B

Top 5% of suppressors of smt3 allele from SGA analysis. Systematic hame provided, and
standard gene name on SGD of the gene at time of print are shown. Genes were ranked by
ascending GIS, and top 249/4999 (5%) genes shown. Query Fitness is average fitness
measure from the experimental smt3 yfgA crosses, and Control Fitness is the average fithess
measures of the yfgA single mutant from background control crosses. Query SE and Control
SE are the standard error of the fithess measurements from all replicate crosses. The number
of times the gene appears in the array, and therefore the number of replicate crosses
completed, is shown in No. Array. P value calculated from the control and query finesses, and

the query and control fithess SE.

2 L
= Ll 0 >
5 E g 2 s 2 s £ g
xQ TO 2 >3 = > 5 < 3
52 25 T 5 % S5 §5 32 & g >
xs 0O Z2 n=z O o OlLL o O Z a
1 YMROSOC | NAM7 267324 | 363945 155555 107 =218 4 0.000
87.6  4.93 119
2 YMR260C TIF11 244789 | 333340 142562 268 104 4 0.002
61.1  0.99 782
3 | YLR398C | SKI2 207980 | 297649 144363 137 861. 4 0.000
64.9 607 62
4 YFLO37W | TUB2 203871 | 295119 146904 347 184 4 0.009
06.1 6.1 797
5| YFL022C | FRS2 201692 | 295689 151329 = 108 298 4 0.000
16.1  1.26 248
6 YDLO29W  ARP2 194469 = 285131 145960 191 394 8 1.61E
00.1 3.89 -05
7 | YIJR065C | ARP3 194441 @ 286228 @ 147772 139 259 8 1.89E
23.3 | 0.94 -06
8 YNL131W TOM22 | 193254 283384 145104 302 592. 4 0.007
09.2 942 731
9 | YHRO77C | NMD2 192720 287518 | 152621 974 118 28 1.11E
713 21 -17
10 YDR404C | RPB7 184803 = 282915 157955 203 189 8 3.92E
64.1 0 -05
11 | YHR186C KOG1 182388 = 269924 = 140928 217 849. 4 0.003
53.5 745 546
12 YFLOOIW | DEG1 179202 = 265649 139174 171 156 4 0.001
51.6 4.09 828
13 | YKL122C < SRP21 | 178711 229953 | 82495.5| 923 304 4 0.147
36.2  10.7 08
14 YJLOO8C | CCT8 175994 = 272687 = 155671 145 182 4 0.001
22.6 3 151
15 | YDR0O45C RPC11 | 169247 260567 | 147021 | 281 213 4 0.009
56.7  0.68 138
16 YNL113W RPC19 | 167082 @ 258461 147115 305 136 4 0.012
78 4.8 012

187



17

18

19

20

21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

YDR429C
YGL173C
YJLO14W
YNL244C
YDL152W
YML121W
YHLO25W
YNRO35C
YGRO72
W
YDL111C
YGRO074
W
YMLO26C
YOLO10W
YNL284C
YFLOOSW
YERO25W
YDR454C
YDR382
w
YLRO48W
YMLO17W
YGR214
W
YDLO35C
YBR091C
YKL184W
YPR189W
YGRO095C

YLR402W

TIF35

XRN1

CCT3

Sull

YDL152

w

GTR1

SNF6

ARC35

UPF3

RRP42

SMD1

RPS18B

RCL1

MRPL10

SEC4

GCD11

GUK1

RPP2B

RPSO0B

PSP2

RPSOA

GPR1

TIM12

SPE1

SKI3

RRP46

YLR402
W

165954

164140

163740

160835

157810

153928

149586

146570

135895

135868

131375

127793

126342

125211

123929

120591

119582

115968

115651

115627

115477

114897

113600

110108

106226

104367

103850

249442

243599

256635

251321

240701

243525

219604

239510

231111

225555

226096

212278

217579

208525

208522

213000

209594

195536

189585

220185

210479

161265

208604

151386

201874

196313

195810

188

134412

127924

149556

145677

133450

144246

112724

149628

153292

144391

152496

136016

146887

134130

136190

148774

144915

128100

119030

168334

152948

74650.4

152952

66455.5

153988

148029

148051

819
3.18
374
77.8
143
53.9
436
67.9
106
49.6
219
94
846
09.5
306
28.4
434
53.2
829
1.71
187
31.7
366
04.6
423
32
107
844
112
31.6
125
12.6
177
77
894
7.18
240
61.6
197
33.7
263
19.2
837
83.7
531
89.5
772
6.3
626
0.26
137
91.3
138
28.9

365
2.52
170
0.67
752.
502
227
1.02
340
1.38
115
5.88
294
3.1
163
2.55
131
9.05
652
1.28
153
3.71
797.
244
339
7.11
434
4.28
433
7.38
152
3.67
367
5.49
840.
028
372
7.04
394.
137
109
2.66
301
17.6
131
1.77
624.
375
961.
958
752.
556
259
8.86

0.000
116
0.021
986
0.001
434
0.034
607
0.000
467
0.005
957
0.175
213
0.001
994
0.052
144
7.03E
-05
0.005
876
0.039
72
0.058
193
0.329
646
0.001
05
0.002
281
0.006
197
0.000
963
0.016
649
0.009
906
0.021
888
0.265
555
0.122
33
0.000
732
0.000
407
0.004
756
0.004
546



44

45

46

47

48

49

50

51

52

53

54

55

56

57

58

59

60

61

62

63

64

65

66

67

68

69

70

YBR084C
-A
YORO076C
YNLO64C
YMR143
w
YPL239W
YLR185W
YOL064C
YHR021C
YORO035C
YGR157
w
YMR116C
YLR388W
YHRO081
W
YLR435W
YOR182C
YOR293
w
YDL175C
YNLO99C
YDR206
W
YGR163
w
YOL108C
YLR448W
YKLO32C
YLR363C
YGLOS8W
YPL178W

YKL212W

RPL19A

SKI7

YDJ1

RPS16A

YAR1

RPL37A

MET22

RPS27B

SHE4

CHO2

ASC1

RPS29A

LRP1

TSR2

RPS30B

RPS10A

AIR2

OCAl

EBS1

GTR2

INO4

RPL6B

IXR1

NMD4

RADG6

CBC2

SAC1

103358

102536

99101

97184.
6
96146.
9
94375.
2
93009.
4
92898

92729.
4
90613.
Z
89934,
5
89914.
5
89865

89037.
2
88824,
8
88082.
4
86469.
.
85954,
8
85503.
1
83710.
1
82497.
4
82366.
2
82230.
5
81766.
8
81196.
4
81172.
2
80879.
6

173369

196538

193583

175978

174130

175260

178904

184923

189626

146788

169315

173130

171851

178476

180089

168420

188443

187946

183367

182350

128607

169714

173355

180009

162184

166599

155740

189

112714

151339

152112

126853

125549

130220

138286

148156

155998

90437.1

127799

133972

131994

143992

146930

129339

164172

164200

157556

158805

74233.7

140625

146705

158164

130386

137533

120522

236
05.6
192
29.1
272
25.6
419
6.34
103
18
177
61.7
116
72.5
194
23.8
576
0.66
164
47.3
163
22.5
636
0.7
143
51.3
135
84.8
852
6.94
109
29
212
0.79
244
52.6
427
9.41
967
7.29
996
13
136
88
391
97.3
961
3.11
339
93.3
139
95.2
974
6.3

135
01
327
6.74
697.
417
121
4.17
465.
959
131
2.44
181
9.15
145
5.42
266
3.54
110
6.63
359
0.5
467.
011
130
1.55
286
0.51
203
1.06
248
451
191
8.67
157
8.74
224
1.57
237
9.96
310
07.6
108
3.14
707
3.4
256
1.06
177
88.5
5009.
288
600
3.67

0.016
633
0.012
374
0.035
723
0.000
121
0.002
603
0.012
918
0.003
908
0.017
259
0.000
243
0.011
695
0.010
97
0.000
753
0.008
104
0.006
669
0.001
614
0.003
559
6.41E
-07
0.038
934
9.16E
-05
0.002
818
0.471
887
0.009
102
0.126
183
0.002
897
0.092
432
0.010
178
0.001
725



71

72

73

74

75

76

77

78

79

80

81

82

83

84

85

86

87

88

89

90

91

92

93

94

95

96

97

YOR265
W
YGR158C
YGRO046
W
YNLO68C
YNLO56W
YLRO87C
YDLO61C
YNL103W
YDRO083
W
YPRO095C
YORO78
W
YDRO67C
YMLO91C
YNRO24
w
YILO57C
YOR183
w
YLR200W
YOR256C
YOR179C
YIL161W
YLRO37C
YPL266W
YJL136C
YLRO61W
YDR128
w
YGR100
W

YDR431
w

RBL2

MTR3

TAM41

FKH2

OCA2

CSF1

RPS29B

MET4

RRP8

SYT1

BUD21

OCAGb6

RPM2

MPP6

RGI2

FYV12

YKE2

TREZ2

SYC1

YIL161W

DAN2

DIM1

RPS21B

RPL22A

MTC5

MDR1

YDR431
W

80809

79918.

79842.

79710.

79300.

77761.

76969.

76250

74192

73854.

73525.

73113.

73002.

72889.

72770.

72398.

722009.

71027.

70704.

70038.

69247.

68803.

68631.

68459.

68377.

68260.

68178.

177278

175302

170784

177243

180060

167828

157106

169865

162721

171138

157423

162360

162600

174893

164873

156294

154312

156003

168688

165962

163865

160979

161071

139882

159215

172208

159856

190

155310

153561

146411

157023

162218

145003

129017

150715

142528

156622

135071

143682

144247

164219

148280

135066

132182

136806

157748

154433

152329

148397

148822

114987

146243

167350

147596

206
84.5
154
30.4
142
10.5
298
47.7
142
51.8
240
66.4
523
2.83
188
53.3
456
1.68
633
3.51
982
7.82
449
8.57
397
21
848
7.71
153
92.7
227
71.6
113
13.3
115
965
776
2.15
126
72.9
854
87.1
854
2.62
655
2.5
914
1.33
359
4.74
771
35.7
321
8.38

377
0.81
961.

958
722.

43

255
9.66

217
7.76

257
0.13

241
3.79

174
1.34

275
9.23

161
3.74

448
4.78

305
1.73

265

0.5

712

8.8

105
7.82
651.

447

150
6.78

975

2.3
976.

265

134
1.67

443
9.54

134
1.27

673
9.31
919.

073
580.

087

528
5.86
832.

217

0.028
936
0.013
897
0.011
103
0.075
441
0.011
061
0.047
842
0.000
332
0.026
992
0.000
144
0.001
115
0.003
31
0.000
11
0.163
322
0.000
963
0.017
832
0.050
095
0.007
547
0.583
781
0.002
687
0.011
478
0.477
306
0.003
783
0.000
28
0.004
828
0.000
285
0.441
52
0.000
172



98

99

100

101

102

103

104

105

106

107

108

109

110

111

112

113

114

115

116

117

118

119

120

121

122

123

124

YDL081C
YPL232W
YMR230
W
YBL094C
YGR187C
YCR095C
YDR201
W
YLR024C
YKRO87C
YJROO7W
YMR185
W
YHR049
w
YLR242C
YGR130C
YDRO066C
YMRO036C
YDLO62W
YNLO32W
YKRO001C
YMLO66C
YKRO063C
YGL144C
YPLO63W
YORO001
W
YPLO89C
YDR409

W
YLR371W

RPP1A
SSO1
RPS10B
YBL094
C
HGH1
OCA4
SPC19
UBR2
OMA1
SUI2
RTP1
FSH1
ARV1
YGR130
C
RTR2
MIH1
YDL062
W
SIW14
VPS1
SMA2
LAS1
ROG1
TIMS0
RRP6
RLM1

SIz1

ROM2

67960.
8
67842.
2
67794.
1
67738

67565

67531.
7
67047.
7
66775.
"
66586.
5
66443.
2
66131

66060.
4
65712.
8
65416.
3
64650.
6
64507.
4
64434,
2
64075.
9
63405.
5
63379.
8
62825.
.
62081.
3
61852.
3
61624.
9
61450.
9
61207.
2
61191.
3

159057

163120

154844

131049

161827

141792

156340

159728

168117

150843

172776

158289

152841

162374

161694

165315

154497

152240

128855

111307

156596

145650

138780

156656

154190

156968

156714

191

146661

153393

140146

101928

151756

119555

143756

149648

163459

135879

171692

148484

140271

156097

156235

162295

144997

141940

105370

77160.1

150965

134542

123850

152995

149305

154171

153787

142
05.4
190
95.8
128
13.8
622
40.2
134
83.3
868
9.22
106
33.3
175
54.7
176
20.2
207
14.6
651
60.3
117
00.4
154
98.3
475
4.12
535
5.48
763
5.56
470
6.67
117
51.1
103
76.6
194
72.8
100
10.8
127
33.7
123
235
137
61
175
27.2
916
5.15
558
2.48

153
6.32
264
3.43
103
8.88
339
94.8
253
4.48
399
78.9
348
3.24
557
9.17
206
2.02
332
1.04
9809.
991
172
0.32
241
9.14
126
2.08
144
2.33
390
6.8
878.
499
199
4.97
338
2.46
447
17.8
310
1.72
309
4.59
663
0.45
864.
024
340
2.98
860.
388
162
5.49

0.017
117
0.037
483
0.013
052
0.365
598
0.014
618
0.066
704
0.006
737
0.029
476
0.032
098
0.048
308
0.384
895
0.010
64
0.023
437
0.000
655
0.000
979
0.001
993
0.000
75
0.011
62
0.007
423
0.116
593
0.006
958
0.015
342
0.650
36
0.020
668
0.038
276
0.006
735
0.001
277



125

126

127

128

129

130

131

132

133

134

135

136

137

138

139

140

141

142

143

144

145

146

147

148

149

150

151

YNL153C
YLR280C
YOLO052C
YELOO3W
YGR213C
YOL138C
YGL259W
YGL213C
YORO014
W
YCRO76C
YDR123C
YDLO83C
YHL029C
YPLO26C
YFRO032C
-A
YPRO16C
YDR368
W
YDR294C
YHR106
W
YGRO73C
YGLO79W
YDR212
Wi
YFLO34C-
A
YLRO65C
YPL101W
YML124C

YIL157C

GIM3

YLR280

C

SPE2

GIM4

RTA1

RTC1

YPS5

SKI8

RTS1

FUB1

INO2

RPS16B

OCA5

SKS1

RPL29

TIF6

YPR1

DPL1

TRR2

YGRO73

C

KXD1

TCP1

RPL22B

ENV10

ELP4

TUB3

COA1

60611.
1
60146.
5
59912.
8
59559.
3
58739.
3
58232.
3
58221.
7
57936.
3
57908.
1
57883

156155

153965

107141

148310

157312

148349

156056

147265

140090

152952

57741.
2
57698.
5
57628.
8
57234.
1
57162.
2
57007.
9
56949.
1
56740.
2
56719.
7
56698.
6
56679.
8
56654.
8
56580.
8
56572. | 96555.7
1
56310.
2
55801.
6
55408.
7

115405

150613

149778

153970

152312

146735

150979

151587

143133

147777

154680

150128

149754

145769

150176

149501

192

153821

151043

76034.5

142884

158697

145083

157509

143815

132309

153056

92835.1

149587

148356

155739

153186

144456

151384

152699

139121

146631

157775

150488

150004

64371.5

144024

151938

151484

860
4.58
197
4.34
248
8.59
105
19.1
467
95.9
939
4.27
343
47.2
423
18.6
526
0.05
186
1.65
554
5.57
106
66.3
380
27.8
192
10.5
394
97
299
49.3
475
1.93
520
3.31
173
94.4
116
88.7
148
18.8
144
62.4
380
6.8
558
47.8
296
0.97
803
6.71
202
53.9

267
2.82
237.
536
253
63
104
0.07
209
7.96
727.
447
178
9.14
212
411
198
4.42
816.
224
179
5.55
190
1.04
498
0.73
759
4.67
270
8.62
223
9.82
124
6.02
497.

400
1.42
460
7.19
562
5.92
383
2.27
216
9.85
375
54.7
277
2.13
513.
005
346
4.89

0.004
895
7.20E
-05
0.030
307
0.010
747
0.298
304
0.008
372
0.188
608
0.264
499
0.001
077
2.75E
-05
0.001
422
0.011
836
0.226
936
0.054
798
0.243
655
0.153
02
0.001
013
0.001
607
0.045
635
0.013
991
0.028
162
0.027
858
0.000
228
0.402
659
2.03E
-05
0.006
079
0.070
769



152

153

154

155

156

157

158

159

160

161

162

163

164

165

166

167

168

169

170

171

172

173

174

175

176

177

178

YDR414C
YNL136W
YNL228W
YDR370C
YPL165C
YGL174W
YMRO035
W
YNLO13C
YFLO02C
YBLO87C
YGL094C
YGR118
w
YDR526C
YKLO23W
YPL157W
YDR329C
YALO42W
YKRO16W
YBLO41W
YDR392
w
YMLO38C
YCRO085
W
YBRO41W
YGLO59W
YORO058C
YCRO087
W

YDRO031
w

ERD1
EAF7
YNL228
W
DXO1
SET6
BUD13
IMP2
YNLO13
C
SPB4
RPL23A
PAN2
RPS23A
YDR526
C
YKLO23
W
TGS1
PEX3
ERV46
MIC60
PRE7
SPT3
YMD8
YCRO085
W
FAT1
PKP2
ASE1
YCRO087

W
MIX14

55394.

55133.

55122.

54790.

54648.

54525

54467.

54438.

54027.

53932.

53890.

53767.

53342.

53014.

52771.

52484.

52330

51969.

51894.

51679.

51568.

51541.

51395.

51192.

51034.

50990.

50579.

150919

141906

144554

148549

152078

143771

156718

151474

141157

140865

154393

144854

138324

148156

134607

144781

147966

136140

119175

148199

139772

145661

144863

125592

144901

143975

143427

193

153789

139699

143980

150946

156855

143682

164618

156222

140274

139956

161803

146644

136814

153173

131750

148594

153968

135510

108317

155392

142003

151526

150478

119780

151121

149700

149479

667
4.43
109
54.5
218
33.8
524
6.48
410
0.09
164
36.5
100
58.7
735
9.09
138
29.5
695
3.98
443
6.21
297
04.6
260
72
355
46
126
10.5
748
6.9
341
6.82
906
8.21
277
12.7
539
1.64
652
0.22
888
8.14
297
9.11
126
15.2
627
64
529
2.1
518
354

125
2.29
145
4.98
849
0.91
972.
123
186
2.77
360
1.05
149
6.97
201
1.33
221
6.3
130
4.34
390
2.42
128
6.75
706
5.71
320
8.08
169
8.47
278
7.1
211
2.97
822.
739
867
4.66
483.
558
617
2.99
126
2.72
205
2.39
166
87.6
253
9.23
135
8.33
595
1.43

0.003
381
0.014
772
0.082
477
0.001
703
0.000
475
0.043
812
0.011
964
0.004
394
0.029
126
0.004
134
0.000
193
0.167
958
0.132
059
0.232
669
0.024
427
0.004
61
0.000
172
0.010
412
0.156
84
0.002
359
0.001
164
0.009
885
8.30E
-05
0.021
206
0.475
746
0.002
002
0.401
536



179

180

181

182

183

184

185

186

187

188

189

190

191

192

193

194

195

196

197

198

199

200

201

202

203

204

205

YBR200W
YGR242
w
YGL242C
YNL278W
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61.7
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377
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4.84
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9.7
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3.81
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0.127
767
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