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ABSTRACT

The transcription factors Msn2p and Msndp are major components of the
Saccharomyces  cerevisiae  environmental  stress  response.  Their  transient
activation/deactivation is dependent on a regulatory network centering on nucleocytoplasmic
shuttling but also includes a range of other mechanisms. The acetyltransferase complex,
NuA4 has been implicated in repression of Msn2p yet the mechanism is largely unknown.
Gdslp is an uncharacterized yeast protein identified in a recent study as a physical interactor
and acetylation target of NuA4. Gdsl protein level is dependant both on NuA4 and
environmental stress and our analysis shows it to be involved in the nuclear exclusion of
Msn2p in the absence of stress. Unstressed cells lacking GDS! exhibit increased nuclear
accumulation Msn2p and an increase in transcription of the stress reporter gene, HSP12. My
work supports a model in which Gdsl and NuA4 can work independently to inhibit the

Msn2/4 dependant yeast stress response in the absence of stress.
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CHAPTER 1: INTRODUCTION

The work presented in this thesis examines the cellular function of the previously
uncharacterized Saccharomyces cerevisiae protein Gdslp in the context of the Msn2p and
Msn4p dependant environmental stress response. This introduction will review (i) the yeast
environmental stress response, centering on Msn2p and Msn4p regulation; (ii) the lysine
acetyltransferase complex, NuA4 and acetylation of non-histone targets; and (iii) Gds1p and

its likely role in the stress response.

1.1 The Msn2p/Msn4p environmental stress response

1.1.1 Msn2p/Msn4p function and structure

To single celled organisms such as yeasts, stresses as a result of environmental
fluctuations are a constant and major assault on cell viability. Stresses such as temperature,
pH, osmolarity, or nutrient fluctuation lead to rapid denaturation of proteins and, if left
unchecked, cell death. In yeast, one mechanism through which yeast cells adapt to external
stress is a rapid and coordinated, transcriptional response largely relying on the transcription
factors Msn2p and Msn4p (Causton et al., 2001; Gasch et al., 2000). The transcription of
approximately 15% of all yeast genes are affected in response to any environmental stress
with ~300 genes being upregulated and ~600 genes being downregulated. These affected
genes are termed “the environmental stress response” or ESR and function primarily to
inhibit transcription, translation, and cell growth and to protect against protein denaturation
(Causton et al., 2001; Gasch et al., 2000). 180 of the genes whose expression is modified
during the ESR are dependant entirely on Msn2p and Msn4p while most others are at least

partially dependant on Msn2p and Msn4p (Gasch et al., 2000). Other major transcription



factors and pathways involved in stress survival include Hsflp, Yaplp, and Skn7p of the
HOG pathway but these factors respond to specific stresses such as heat shock or oxidative
stress (reviewed in (Morano et al., 2012). Since the stress response involves the transcription
and translation of hundreds of proteins, it is a major draw on energy and takes cells out of
their ideal metabolic state (Causton et al., 2001). Thus, the transcriptional remodelling must
be fine tuned to be proportional to the intensity of the applied stress and rapidly repressed
once cells have either adapted or stress is alleviated (De Wever et al., 2005; Kaniak et al.,

2004).

Msn2p and Msndp are partially redundant transcription factors required for the
transcriptional activation of hundreds of genes in response to environmental stress, but are
not required for cellular viability in the absence of stress (Causton et al., 2001;
MartinezPastor et al., 1996; Schmitt and McEntee, 1996). The DNA binding domains of
Msn2p and Msn4p are comprised of two adjacent zinc finger DNA binding domains located
near the C-terminus and preceded by a nuclear localization signal (NLS) (Gorner et al., 2002;
MartinezPastor et al., 1996). In addition to the NLS, Msn2p also contains an N-terminal
nuclear export sequence (NES) which is functionally redundant to the NLS (Gorner et al.,
2002). Finally, the transcription activation domain of both proteins is located in the region
between amino acids 1-303 and can act independently of the NLS as well as the zinc finger
domains (Boy-Marcotte et al., 2006) (Figure 1.1). As the C-terminal domains exhibit a high
degree of homology, it was initially suspected that Msn2p and Msn4p share a redundant
function. It was later shown that although Msn2p appears to be the dominant member of the
pair, deletion mutant analysis shows that Msn4p is sufficient for cell viability in response to

stress.
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Figure 1.1: Schematic of Msn2p environmental stress response transcription factor

Msn2p is composed of an N-terminal transcriptional activation domain followed by
functionally redundant nuclear export and localization sequences whose phosphorylation
state determines nucleocytoplasmic localization. The C-terminal domain is comprised of
two repeated zinc finger DNA binding domains which through the coordination of a zinc
ion promote the interaction between Msn2p and the large groove of the DNA double helix.



implying partially redundant function (Boy-Marcotte et al., 1998; Estruch and Carlson, 1993;
Schmitt and McEntee, 1996).

Genes whose expression is controlled by Msn2p and Msn4p contain stress response
element (STRE) sequences in their promoters that are recognized by the zinc finger domains
of Msn2p and Msn4p (Estruch and Carlson, 1993; MartinezPastor et al., 1996; Wieser et al.,
1991). STREs are characterized by the pentameric sequence CCCCT and the number of
STREs located at a promoter influences transcriptional strength (Boy-Marcotte et al., 1999;
Wieser et al., 1991). There is also often interplay between STREs and other promoter
elements. For example the promoter of the heat shock gene HSPS2 contains two STREs and
three heat shock elements (HSEs) controlled by the heat shock transcription factor Hsflp
(Boy-Marcotte et al., 1999). In contrast, the HSPI2 promoters contain only four STREs
(Boy-Marcotte et al., 2006; Boy-Marcotte et al., 1999). Thus, under heat shock conditions,
HSPS2 expression is driven by Msn2p, Msn4p, and Hsflp and only requires the presence of
one of the three transcription factors while HSP/2 transcription is driven only by Msn2p
and/or Msn4p (Boy-Marcotte et al., 2006; Boy-Marcotte et al., 1999).

1.1.2 Msn2p/Msn4p subcellular localization

The primary mechanism by which Msn2p/Msn4p activity is regulated is sub-cellular
localization. In the presence of stress Msn2p and Msn4p are localized to the nucleus were
they are bound to STRESs of stress related genes; however upon stress removal or adaptation
to prolonged non lethal stress, the majority of these transcription factors rapidly relocalize to
the cytoplasm (Gorner et al., 1998; Jacquet et al., 2003). To this end, multiple fine-tuned
pathways function in parallel to influence Msn2p/Msn4p localization and are influenced by

the type, intensity, and duration of the applied stress (Causton et al., 2001; Gasch et al.,



2000; Sadeh et al., 2011). Most crucial to the subcellular localization of Msn2p is the
phosphorylation state of its NLS and NES. In particular the phosphorylation state of S288 of
the NES and S620, S625, and S633 of the NLS play a large role in determining Msn2p
localization (Boy-Marcotte et al., 2006; Gorner et al., 1998; Gorner et al., 2002). When
exposed to stress, the NLS and NES of Msn2p is in a non-phosphorylated state. Once a stress
is removed or adaptation occurs, the NLS and NES of Msn2p are phosphorylated resulting in
Msn5p mediated nuclear export (Gorner et al., 1998; Gorner et al., 2002; Jacquet et al., 2003;
Yoshida and Blobel, 2001). Msn5p is a karyopherin protein that when bound to Ran-GTP
preferentially binds phosphorylated substrates and promotes their docking with the nuclear
pore complex (Kaffman et al., 1998b; Yoshida and Blobel, 2001). Furthermore, Msn2p
oscillates between the nucleus and cytoplasm with a frequency corresponding to the intensity
or type of stress (Hao and O'Shea, 2012; Jacquet et al., 2003) potentially representing a

mechanism for cellular adaptation or reduction of the stress response.

1.1.3 Protein kinase A and the target of rapamycin complex are the major regulators of
Msn2p subcellular localization

Although multiple kinases are involved in the phosphorylation of the NES and NLS,
protein kinase A (PKA) is the dominant kinase involved in Msn2p phosphorylation in the
absence of stress. PKA activity is highly regulated through multiple signaling pathways.
Briefly, in the absence of stress, the enzyme adenylase cyclase (Cyrlp) is abundant and
active in cells leading to the production of cAMP. cAMP activates PKA by biding to the
inhibitory PKA subunit Bcylp and allowing its dissociation from the complex (Thevelein
and de Winde, 1999). Active PKA is localized to the nucleus were it can phosphorylate
Msn2p and Msndp (Griffioen et al., 2000; Thevelein and de Winde, 1999). Upon
environmental stress, two pathways of PKA inhibition exist. Under glucose depravation

6



conditions, the cell membrane bound G-protein coupled receptor Gprlp is no longer bound
to glucose inhibiting the downstream G-protein Gpa2p and leading to subsequent inhibition
of adenylase cyclase (Kraakman et al., 1999; Wang et al., 2004; Xue et al., 1998).
Alternatively, in response to environmental stresses leading to protein denaturation, the
Hsp70 family chaperone protein, Ssalp, shifts from being bound to and activating Cdc25p
and instead binds denatured proteins (Geymonat et al., 1998; Wernerwashburne et al., 1987).
As Cdc25p is a guanine exchange factor required for production of GTP and activation the
Ras G-protein signaling members, its inactivation results in reduced adenylase cyclase and
PKA activity (Broek et al., 1985; Broek et al., 1987; Geymonat et al., 1998). Thus, PKA can
be inhibited through two alternate pathways upon stress, both of which inhibit cAMP
production and lead to loss of Msn2p/Msndp phosphorylation (Figure 1.2). When core
subunits of the PKA complex, such as the non-essential subunits 7PK2 and TPK3, are
deleted constitutive nuclear localization and binding of STREs by Msn2p is observed
indicating that PKA is required for nuclear export of Msn2p in the absence of stress (Gorner
et al., 1998; Gorner et al., 2002). PKA also appears to have high and non specific affinity for
Msn2p when active. When cells express the hyperactive isoform of the PKA subunit Ras2p
(Ras2va”9), Msn2p is hyperphosphorylated (Hao et al., 2013; Ma et al., 2012) Further, as
PKA activity is dependent on cAMP, addition of excess cCAMP in a strain lacking the ability
to produce its own cAMP (pde2A4) led to cytoplasmic localization of Msn2-GFP regardless of
the presence or absence of stress (Boy-Marcotte et al., 2006). Similarly, in phosphomimic
point mutants of four PKA consensus sites located in the NLS (serine to alanine mutations),
Msn2-GFP is constitutively cytoplasmic (Hao et al., 2013). Conversely, when cells with

responsive PKA mutant background are exposed to 1-NM-PP1, a specific inhibitor of PKA,



Msn2-GFP becomes localized to the nucleus regardless of the presence or absence of stress
(Hao et al., 2013). Thus constitutively low PKA activity leads to nuclear localization of
Msn2p, while constitutively high PKA activity leads to cytoplasmic Msn2p localization
regardless of environmental stress applied. The essential function of PKA has even been
linked to the inhibition of Msn2p and Msn4p as the lethal phenotype of the PKA mutant
tpk2-63(Ts) (low PKA activity) at elevated temperature is partially rescued by knockout of
either MSN2 or MSN4 and fully rescued in an MSN2/MSN4 knockout (Smith et al., 1998b).
These results suggest that the essential role of PKA is in the inhibition of Msn2p/Msn4p-
dependent transcription of growth inhibiting genes such as the Y4K/ kinase (responsible for
cell cycle arrest in the absence of glucose (Garrett et al., 1991)) in the absence of stress
(Smith et al., 1998b). It is not known if PKA contributes to phosphorylation of cytoplasmic
Msn2p in the absence of stress, but since Msn2p has been found in the nucleus in small
quantities under stress free conditions (Mitchell et al., 2008), a plausible hypothesis is that in
the absence of stress PKA phosphorylates any Msn2p that has been dephosphorylated and re-

localized to the nucleus.

In addition to PKAs role in promoting nuclear export, the cytoplasmic retention of
Msn2p under stress free environmental conditions is largely governed by target of rapamycin
(TOR). Yeast possesses two forms of the TOR kinase complex,TOR1 and TOR2, which
have a diverse array of functions including cell cycle, cellular metabolism, and stress
survival (De Virgilio and Loewith, 2006; Loewith et al., 2002). The TOR signaling cascade
is active when cells have access to a suitable carbon source and initiates a transcriptional

program leading to growth and replication (Barbet et al., 1996; Thomas and Hall, 1997).
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Figure 1.2: PKA regulation of Msn2p and Msn4p in the presence and absence of
Stress.

PKA represents the major mechanism of Msn2p nuclear export and its activity is
modulates by cellular cAMP level. In the presence of glucose and absence of
environmental stress, active Cyrlp produces cAMP leading to the activation of PKA and
nuclear export of Msn2p and Msn4p. In the absence of glucose, the Cyrlp activator,
Gpa2p is inhibited leading to decreased PKA activity and activation of the Msn2p/Msn4p
ESR. In response to environmental stresses leading to protein denaturation, the Cyrlp
activators, Ras1p and Ras2p are inhibited leading to low cAMP levels and inhibition of
PKA. With the exception of Msn2p and Msn4p, all members of this pathway have human
homologues.
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It has been shown that upon treatment with the rapamycin, a specific small molecular
inhibitor of the TOR complex, Msn2-GFP rapidly relocalize to the nucleus in the absence of
stress. TOR promotes cytoplasmic localization of Msn2p, and likely Msn4p, through two
poorly defined mechanisms. First, TOR promotes the interaction between Msn2p and the
14-3-3 cytoplasmic tethering proteins Bmh1p and Bmh2p aiding in the cytoplasmic retention
of Msn2p (Beck and Hall, 1999; Wang et al., 2009). Conversely rapamycin also inhibits the
ability of Bmh2p to bind both Msn2p and Msn4p (Beck and Hall, 1999). Further, TOR may
also inhibit Msn2p export from the cytoplasm by inhibiting the formation of PP2A/Cdc55p,
a complex that may be responsible for dephosphorylation of the Msn2p NLS and nuclear
retention (Santhanam et al., 2004). Taken together these results suggest that under optimal
nutrient conditions, active TOR complex promotes cytoplasmic Msn2p localization by
promoting the interaction of Msn2p with 14-3-3 cytoplasmic tethering proteins as well as
direct phosphorylation of Tap42p inhibiting the phosphatase activity of PP2A against
Msn2p. In conditions of nutrient scarcity, TOR is inhibited leading to the formation of the
active PP2A/Cdc55p complex, dephosphorylation of the Msn2p NLS and nuclear retention
(DiComo and Arndt, 1996; Jiang and Broach, 1999; Santhanam et al., 2004) (Figure 1.3).
Controversy still surrounds both of these models as some groups have shown that 14-3-3
proteins are not involved in cytoplasmic retention of Msn2p (Gorner et al., 2002; Santhanam
et al., 2004; Smith et al., 1998b), and TAP42 deletion mutants do not show increased nuclear
localization of Msn2p in stress free conditions (Beck and Hall, 1999). It is also unknown if
PP2A/Cdc55 directly acts on Msn2p. Furthermore, S. cerevisiae TOR complex has not been

shown to be inhibited in response to any stress other than nutrient limitations (although S.

11
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Figure 1.3: Proposed model of TOR mediated cytoplasmic retention of Msn2p.

The TOR complex likely promotes cytoplasmic retention of Msn2p when glucose is
present by promoting the interaction between Msn2p and the cytoplasmic tethering 14-
3-3 proteins; Bmh1p and Bmh2p. Furthermore, threw promoting an interaction between
Tap42p and PP2A, and preventing the Cdc55p/PP2A interaction, TOR may indirectly
inhibiting nuclear retention of Msn2p. All members of these pathways with exceptions
of Tap42p and Msn2p have human homologues.

13



pombe TOR complex does seem to be inhibited by a variety of stresses (Weisman and
Choder, 2001)) suggesting other mechanisms of Msn2p and Msn4p cytoplasmic retention in

the absence of stress are likely.

1.1.4 Additional regulators of Msn2p/Msn4p activity

Although the major regulators of Msn2p and Msn4p activity appear to be PKA and
TOR, various other minor regulatory mechanisms exist to further fine-tune the
Msn2p/Msndp dependant ESR. The acetyltransferase complex NuA4 may play a
complementary role to TOR while the kinases Gsk3h, Snflp and the elongator component
Srb10p are known to phosphorylate Msn2p and can promote either activation or repression

of the Msn2p/Msn4p ESR.

Srb10p plays a similar role to PKA by phosphorylating the NLS of Msn2p already
localized to STREs and promoting promoter eviction and nuclear export as well as
proteasomal degradation of Msn2p (Chi et al., 2001; Lallet et al., 2004). In cells exposed to
prolonged, non-fatal heat shock (38°C), Msn2p protein levels begin to decline in a
proteasome and Srb10p dependant manner in as rapidly as 15 minutes leading to an eventual
decrease in the protein level of the Msn2p/Msn4p controlled gene HSPI2 in cycloheximide
treated cells (Lallet et al., 2004). Furthermore, the observed degradation is dependent on the
zinc finger domain of Msn2p suggesting that the Srbl0p containing elongator complex
which is localized to the promoters of actively transcribed genes can phosphorylate promoter
bound Msn2p leading to its degradation (Kuchin et al., 1995; Lallet et al., 2004). Supporting
the notion that Srb10p only plays a minor role in Msn2p localization, sr¥b10-2 cells harboring
a partially active Srb10p mutant, only display a minor increase (from 0% nuclear to between
15% and 30% nuclear) in nuclear Msn2p localization in the absence of stress (Chi et al.,

14



2001). Taken together, the role of Srb10p is likely in the inhibition of the Msn2p ESR after

cellular adaptation to non lethal stress.

Snflp, a cAMP dependant serine/threonine kinase and component of the SWI/SNF
chromatin remodeling complex has been shown to phosphorylate Msn2p and promote
nuclear exclusion during prolonged periods of stress, after initial Msn2p nuclear localization
(Celenza and Carlson, 1984; De Wever et al., 2005; Hardie, 2007; Thompsonjaeger et al.,
1991). Snflp is a ubiquitously localized kinase whose activity towards nuclear localized
Msn2p is specific to conditions of glucose depravation. Under abundant glucose conditions,
the presence of glucose-6-phosphate contributes to the activation of the protein phosphatase
type 1 complex, Glc7p/Reglp, which in turn dephosphorylates and inhibits Snflp (Ludin et
al., 1998; Sanz et al., 2000). Evidence also exists that Glc7p/Reglp contributes to direct
dephosphorylation of Msn2p leading to prolonged nuclear localization in the absence of
glucose (De Wever et al., 2005). Under conditions of glucose depravation, Snfl auto-
inhibition is relived (Jiang and Carlson, 1996) and association with the regulatory subunit
Gal82p leads to nuclear localization (Vincent et al., 2001) and activation of genes required
for glucose depravation survival and use of alternative carbon sources (Ronne, 1995). In
response to prolonged periods of non lethal, low glucose availability (>160 minutes), Snflp
has been shown to phosphorylate S582, a PKA consensus site on the Msn2p NLS leading to
gradual loss of Msn2p nuclear localization and transcription of ESR genes (De Wever et al.,
2005; Mayordomo et al., 2002). The phosphorylation and cytoplasmic relocalization of
Msn2p is dependent on the Snflp/Gal82p interaction as well as loss of Glc7p/Reglp activity

(De Wever et al., 2005; Mayordomo et al., 2002). Thus Snflp provides a mechanism for
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reducing the intensity of the Msn2p/Msn4p stress response once cells have adapted to low

glucose conditions.

In contrast to the inhibitory roles of PKA, Srbl10p, and Snflp, the four yeast
homologues to mammalian Gsk3 (glycogen synthase kinase 3 homologues) promote Msn2p
transcriptional activity through direct phosphorylation (Hirata et al., 2003). The yeast Gsk3p
homologues: Mcklp, Riml1lp, Mrklp, and Ygk3 were initially characterized as being
required for transition through mitosis and meiosis (Bowdish et al., 1994; Neigeborn and
Mitchell, 1991; Shero and Hieter, 1991). Although no single delete displays ESR defects,
deletion of all four Gsk3p homologues displays temperature sensitivity (Hirata et al., 2003).
It was initially thought that the Gsk3p homologues were required for nuclear localization of
Msn2p, but Msn2-GFP localization was normal in the quadruple mutant both in the absence
of stress and directly after application of environmental stress such as heat shock, osmotic
shock, and oxidative stress (Hirata et al., 2003). In the quadruple Gsk3p homologue mutant,
under stress conditions, Msn2-GFP is localized to the nucleus but remains unbound to
STREs and the transcription of ESR genes such as PGM2 and DDR?2 are repressed. Further,
when the Msn2p zinc finger is replaced with a LexA biding domain driving B-Gal
production, deletion of the Gsk3p homologues does not affect -Gal production (Hirata et al.,
2003). Taken together, it can be inferred that the Gsk3p homologues are required for Msn2p
binding to STREs in the presence of stress and not in either its nucleocytoplasmic shuttling
or transcriptional activity. It is unknown if this in accomplished through direct

phosphorylation of Msn2p or alternative mechanisms.

A potential secondary mechanism to TOR and PKA inhibition of Msn2p in the

absence of stress is the direct inhibition of a small pool of nuclear Msn2p which is localized
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to STREs but remains inactive. This effect may be mediated by the conserved yeast
acetyltransferase complex NuA4 (described in section 1.2) as transcription of ESR related
genes such as HSPI2 are up regulated in an Msn2p/Msn4p dependant manner under non
stress conditions in a variety of NuA4 mutants (Mitchell et al., 2008; Sadeh et al., 2011).
NuA4-dependent inhibition of Msn2p/Msn4p transcription, in the absence of stress, is still
poorly understood. Histone H4 point mutants mimicking constitutive deacetylation (lysine
to arginine mutations) mimic the phenotype observed in histone acetylation defective NuA4
mutant backgrounds, showing an increase in transcription of Msn2p/Msndp related stress
response genes under non-stress conditions (Dion et al., 2005; Lindstrom et al., 2006). This
suggests that NuA4 based acetylation of histone tails changes promoter architecture and
prevents binding of Msn2p/Msn4p. Contrary to this model, Msn4p can be detected bound to
STREs in the absence of stress in both wild type and mutant NuA4 backgrounds (Mitchell et
al., 2008). Another possibility is that NuA4-dependent acetylation of histones is changing
local promoter environments and localization of other factors. Alternatively, but not
mutually exclusive, NuA4 may have other targets that mediate some or all of the repression
of Msn2/4 activity. Indeed, a direct physical interaction has been detected between NuA4
and Msn4p (Mitchell et al., 2008) and Msn4p is an in vitro target of NuA4 (Mitchell et al.,
2013), but there is no evidence of Msn4 being acetylated in vivo. NuA4 could also be

repressing Msn2/4 through other non-histone targets.

Thus, Saccharomyces cerevisiae employs a variety of complementary mechanisms to

modulate and fine tune the Msn2p/Msn4p dependant environmental stress response (see
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1.2 Non-histone lysine acetylation and NuA4

1.2.1 Acetylation as a post translational protein modification

Lysine acetyl transferences (KATSs) catalyse the addition of acetyl moieties onto the
epsilon amino groups of lysine’s on target substrates. This reaction is achieved by
transferring the acetyl group of the acetyl-CoA onto the lysine residue leaving behind
Coenzyme A. The acetylation reaction is antagonized by lysine deacetylases (KDACsS) either
through the conversion of a water molecule to acetate or by the use of NAD+ leading to the
production of 2°- and 3'-O-acetyl ADP-ribose (Figure 1.5). As lysine is a positively charged
amino acid, addition of an acetyl moiety neutralizes the charge and can have major effects on
substrate structure and function.

The classical view of protein acetylation, focused on histone acetylation and
transcriptional regulation. This work began 51 years ago with the observation that a large
portion trypsin or hydrolytically digested histone fractions contained masked N-terminal
lysine and that the masking effect was due to the presence of acetyl groups (Phillips, 1963).
Core, conserved eukaryotic histones are composed of an octomer containing two of each of
H3, H4, H2A, and H2B subunits (Luger et al., 1997). Wrapped around each histone are 146
base pairs of DNA forming the core structure of a chromosome; the nucleosome (Luger et

al., 1997).
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Figure 1.4: Minor pathways of Msn2p/Msn4p regulation.

In addition to the regulatory effects of PKA and TOR, Msn2p localization is futher fine
tuned by a host of minor regulatory mechanisms. The kinases Snflp and Srb10p
contribute to nuclear export of Msn2p after cellular adaptation to stress. Srb10p also
promotes proteasomal degradation of Msn2p. The lysine acetyltransferase complex,
NuA4, inhibits Msn2p/Msn4p based transcription in the absence of stress threw
unknown mechanisms. Either through direct phosphorylation of Msn2p or threw
indirect mechanisms, the four yeast Gsk3 homologues (GSK3h) are required for
localization of Msn2p to STREs during stress.
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Figure 1.5: Reversible acetylation of lysine residues.

The transfer of acetyl groups from acetyl coenzyme A to the € amino groups of lysine
residues is catalysed by lysine acetyltransferases (KATs) and neutralizes the positive
charge of lysine. The reverse reaction is catalysed by lysine deacetylase (KDACs) and
requires either a water molecule or NAD+.
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The winding of chromatin around histones allows for the tight and compact packaging of
chromatin into chromosomes and restricts the access of DNA associated proteins such as
DNA/RNA polymerases and transcription factors. Thus lack of histone tail acetylation is
associated with chromosome compaction, transcriptional inhibition, and DNA silencing (Kuo
and Allis, 1998; Roth et al., 2001; Shahbazian and Grunstein, 2007). Acetylation of lysine
residues, in combination with other post translational modifications (PTMs) on histone tales
loosens the histone-chromatin interaction and allows for protein access to chromatin (Minard
et al., 2009). Thus acetylation of histone tails is associated with loosening of chromatin,
transcriptional activation, DNA damage repair, and replication (Kuo and Allis, 1998; Roth et
al., 2001; Shahbazian and Grunstein, 2007). Furthermore, many of these functions are related
to acetylation of specific lysine residues of different histone subunits. Histone H4, the major
histone target of NuA4, has been well studied and the functions of multiple lysine residues
are known. For example, K16 acetylation regulates chromatin compression and
transcriptional silencing (Ma et al., 1998; Shogren-Knaak et al., 2006); K5, 8, and 12 are
involved in global transcriptional regulation and nucleosome deposition (de Nadal et al.,
2004; Ma et al., 1998; Tyler et al., 1999), and all four sites are required for double stranded
DNA break repair (Bird et al., 2002; Shahbazian and Grunstein, 2007; Shogren-Knaak et al.,

2006).

1.2.2 Acetylation of non-histone protein targets
Over the last decade the field of non-histone acetylation has emerged revealing the
widespread regulatory role that acetylation plays. Initially, low-throughput protein specific

studies identified several non-histone KAT targets, but the method was inefficient as
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acetylation was detected on a protein by protein basis. Recently, primarily through the use of
high-throughput proteomic screens, thousands of non-histone acetylation sites have been
found across multiple organisms and tissue types. Primarily, groups have used a-acetyl
lysine antibodies coupled to magnetic beads to purify acetylated proteins from cell lysates
followed by LC-MS/MS for identification. Acetylomes have been assembled from mouse
(Kim et al., 2006) and human liver cell lines (Zhao et al., 2010), the HeLa cell line (Kim et
al., 2006), fruit fly (Weinert et al., 2011), budding yeast (Henriksen et al., 2012a), salmonella
(Wang et al., 2010), and E. coli (Zhang et al., 2009). More recently our group performed a
similar screen in budding yeast were whole cell lysates were first enriched for NuA4
interaction partners through use of NuA4 coupled magnetic beads followed by LC-MS/MS
(Mitchell et al., 2013). Common to all these screens are a large host of chromatin associated
proteins involved in transcription, DNA replication, DNA damage repair, transcription
factors, and histones. However, the majority of identified acetylated proteins in most of these
studies though were non chromatin related and were involved in a wide range of processes
including, but not limited to: various stress responses, trafficking, cell cycle, ribosomal
function, cytoskeleton organization, kinase regulation, and metabolism.

The earliest non-histone acetylation target discovered was a-tubulin. Acetylation of
a-tubulin in sperm flagella of a variety as well as both nuclear and cytoplasmic a-tubulin of
organisms contributes to microtubule stability and assembly (Piperno and Fuller, 1985a;
Piperno et al.,, 1987). Common to the above mentioned proteomic studies was the
identification of almost all enzymes involved in glucose metabolism as well as many
enzymes involved in other metabolic pathways. Acetylation of phosphoenolpyruvate

carboxykinase (PEPCK), the enzyme catalysing the rate limiting step of glycolysis, promotes
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its degradation through an ubiquitin mediated mechanism (Jiang et al., 2011; Zhao et al.,
2010). Similarly, the M2 Isoform of Pyruvate kinase is acetylated in humans in response to
high glucose leading to chaperone-mediated autophagy and degradation (Lv et al., 2011).
Sphingosine kinase 1 (SK1) is involved in cell membrane formation and stability.
Acetylation of SK1 blocks ubiquitination sites preventing degradation and leading to
increased cell size and slow growth rate (Yu et al., 2012). In relation to cell cycle control,
acetylation of cyclin dependant kinase 1 (Cdklp) is essential for cell viability in yeast
(Choudhary et al., 2009) and acetylation of cyclin dependant kinase 9 reduces its activity
leading to decreased general activity of RNA polymerase II in human cells (Sabo et al.,
2008). ATM kinase is required for the human DNA damage response and acetylation by the
Tip60 acetyltransferase complex (mammalian homolog of NuA4) upregulates ATM activity
in response to DNA damage (Sun et al., 2007). Acetylation can even create binding sites
promoting protein/protein interaction through bromodomains. Acetylation of pS3 promotes
its association with the bromodomain of CBP and is required of p53 mediated activation of
quiescence of apoptosis (Mujtaba et al., 2004). Finally, acetylation can influence protein
subcellular localization. WRN DNA helicase is translocated from nucleolus to nucleoplasm
in response to DNA damage (Blander et al., 2002). Thus non-histone acetylation can act as
an enzymatic on/off switch, regulate protein/protein interactions, and influence cellular
localization of proteins. Unfortunately, these are some of the very few known examples of
phenotypes associated acetylation despite the knowledge that thousands of eukaryotic
proteins are acetylated. Much work remains to be done in ascertaining the full extent of the

role of non-histone acetylation.
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The importance of further studying the role of non-histone acetylation lies in the
uncharacterized involvement of human KATs and KDACs complexes in diverse pathologies.
One of the main classes of current anti-cancer drugs are KDAC inhibitors which lead to
hyperacetylation of histones and a slowdown in transcription and cell cycle progression in
various cancer types (Arif et al., 2010; Bolden et al., 2006; Spange et al., 2009). In fact,
Tip60 expression is significantly reduced in both lung and colon cancer cells lines potentially
leading loss of p53 activation and inability to imitate apoptosis in response to the high stress
state of a cancer cell (Lund et al., 2002). Further, mutants of the Tip60 KAT domain fail to
initiate apoptosis in response to DNA damage stress (Ikura et al., 2000). Acetylation has also
been implicated in various autoimmune diseases such as Alzheimer’s (Cao and Sudhof,
2001; Dietz and Casaccia, 2010), Crohn's disease (Tsaprouni et al., 2011), and inflammatory

lung disease (Ito et al., 2007).

1.2.3 The NuA4 lysine acetyltransferase Yeast nucleosome acetyltransferase histone H4
complex (NuA4) is a highly conserved 13 subunit complex (Figure 1.6) with close
homologous in other yeasts, C. elegans, D. melanogaster, and humans (Ceol and Horvitz,
2004; Doyon and Cote, 2004; Kusch et al., 2004). Of particular interest, the human
homologue of NuA4, Tip60 contains homologues to 12 of the NuA4 subunits as well as
homologues to all subunits of the yeast SWR1 chromatin remodeling complex (Doyon and
Cote, 2004). The histone acetyltransferase activity of yeast NuA4 was first identified in vitro.
A nucleosome array containing the HIVI gene packaged in vitro with 11 histones and

lacking any free DNA was used in transcriptional assay with and without different KATs.
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Figure 1.6: Model of the NuA4 Lysine Acetyltransferase Complex.

NuA4 is composed of 13 subunits, 6 of which are essential and 6 of which are
unique to NuA4. The catalytic core of the complex (Piccolo NuA4) contains the
catalytic subunit Esalp . The recruitment module of the complex is hypothesised to
target NuA4 to specific genomic loci or non histone proteins and is connected to
Piccolo NuA4 by Eaflp.

Green — essential
Orange — non essential
* Unique to NuA4
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Upon the addition of HeLa cell nuclear extract to stimulate transcription, the nucleosome
bound HIVI gene transcription was ~200 fold lower than a nucleosome free control.
Addition of purified NuA4 relived the inhibition in a histone and acetyl-CoA dependant
manner and NuA4 directly acetylated histone H4 (Steger et al., 1998).

NuA4 has been implicated in the regulation of a wide variety of cellular processes
and although some of these functions are likely governed by H4 acetylation and
transcriptional regulation, a growing body of evidence suggests that non-histone acetylation
contributes to NuA4 regulatory activity (Bird et al., 2002; Choy et al., 2001; Mitchell et al.,
2013; Mitchell et al., 2008). By direct acetylation of the gluconeogenesis enzyme Pckl1p, and
not through regulation of mRNA or protein levels, NuA4 activates the enzyme allowing for
gluconeogenesis and use of non-fermentable carbon sources (Lin et al., 2009). NuA4 is also
implicated in DNA damage repair as multiple NuA4 mutants display sensitivity to DNA
damaging agents (Auger et al., 2008; Keogh et al., 2006). Autoacetylation of the Yng2p
subunit of NuA4 during double stranded DNA brakes promotes complex stability and
localization to the site of damage, while deacetylation leads to proteasomal degradation of
Yng2p and dissociation of NuA4from DNA (Lin et al., 2008). Despite its role in histone
acetylation, NuA4’s major regulatory mechanism of action is likely through the acetylation
of non-histone targets. The myriad of physical interactions between NuA4 and non-histone
proteins combined with microarray data showing relatively minor transcriptional defects in
fitness compromised and drug sensitive NuA4 mutants are evidence of NuA4s non
chromatin related functions (Choy et al., 2001; Krogan et al., 2004; Lindstrom et al., 2006;

Mitchell et al., 2008; Zhang et al., 2004).
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The catalytic subunit of NuA4 is Esalp and functions by formation of an Esal-acetyl-
CoA-histone ternary complex (Allard et al., 1999; Berndsen et al., 2007; Clarke et al., 1999;
Yan et al., 2000). Recombinant Esalp expressed and purified from bacteria carries histone
acetyltransferase activity and yeast containing a temperature sensitive allele of ESA/ coding
for esal-ts, is both lethal and loses H4 acetylation in vivo at the restrictive temperature
(Clarke et al., 1999). These results show that Esalp is the essential catalytic subunit of
NuA4, and that NuA4 is a yeast KAT responsible for H4 acetylation. Further, NuA4 can also
acetylate the H2A wvariant histone Htzlp leading to an inhibition in the spread of
heterochromatin (Babiarz et al., 2006; Keogh et al., 2006). The remainder of the NuA4
complex consists of the non-essential subunits; Eaflp, Eaf3p, Eaf5p, Eafop, Eaf7p, Yaf9p,
and Yng2p, and the essential subunits; Actlp, Arp4p, Epllp, Swcdp, and Tralp (Doyon and
Cote, 2004) (Figure 1.6). Esalp, Epllp, Yng2p, and Eaf6p can also form a distinct complex
termed piccolo NuA4 able to acetylate global H4 in an untargeted manner (Boudreault et al.,
2003). This suggests that the remainder of the complex is involved in targeting NuA4 to
specific genomic loci or non-histone targets. The majority of NuA4 subunits can also be
found in other complexes involved in acetylation and chromatin remodeling (Doyon and
Cote, 2004) and thus phenotypes related to their deletion may not be related to NuA4. The
primary mutants used in this study, esal-ts, eafid, and eaf74 are all specific to
NuA4/Piccolo NuA4.

Eaflp is the central scaffolding subunit of the NuA4 complex responsible for full
complex integrity. Deletion of EAFI results in the dissociation of the Piccolo NuA4
subcomplex from the remaining subunits as demonstrated through Esal-TAP IP of the NuA4

complex in a wild type versus eafl14 genetic background (Auger et al., 2008; Mitchell et al.,
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2008). Supporting the model that Piccolo NuA4 is responsible for the essential global histone
H4 acetylation function of NuA4 while the recruitment module targets NuA4 to specific
genomic loci or non histone targets, eaf/4 mutants display a myriad of cellular defects
including sensitivity to heat, microtubule destabilization, DNA damaging agents (MMS and
hydroxyurea), caffeine, and display a slow growth phenotype (Auger et al., 2008; Chang et
al., 2002; Dudley et al., 2005; Mitchell et al., 2008; Sinha et al., 2008; White et al., 2009).
Eaf7p on the other hand, is part of nonessential subcomplex of NuA4 comprised of Eaf7p,
Eaf5p, and Eaf3p and a member of the recruitment module (Auger et al., 2008; Mitchell et
al., 2008). Deletion of EAF7 leads only to very mild fitness defects (Deutschbauer et al.,
2005) and results in an increased ability for cells to withstand environmental stress such as
heat shock due to an accumulation of stress related proteins (such as Hsp12p) in the absence
of stress (Sadeh et al., 2011). These phenotypes suggest that Eaf7p is involved in the NuA4
dependant inhibition of the ESR under stress free conditions.

Our group recently developed a novel method of identification of NuA4 physical
interactors and acetylation targets (mChIP-KAT-MS/MS) (Mitchell et al., 2013). As Gdslp
was one of the top hits in this screen, we decided to further examine Gdslp function as a
downstream validation of the technique. Furthermore, preliminary work (figure 3.1)
suggested a role for Gdslp in the yeast environmental stress response, a process that NuA4 is

known to be involved in (Mitchell et al., 2008; Sadeh et al., 2011).

1.3 Gdslp - an uncharacterized yeast protein

Gdslp is a previously uncharacterized protein with very little predicted structure or

domains and no homologues outside of fungi. Using secondary structure predictive software
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such as GOR IV, APSSP, CFSSP, and JPRED3 Gdslp is predicted to be composed mostly of
random coils with few very short (1-2 turns) interspersed o-helixes. BLASTn alignments
revealed only small stretches of homology with predicted, uncharacterized proteins found in
other yeast species and BLASTp searches reveal no domain homology to any other peptide
sequence and limited homology to Gdslp like sequences in other yeasts. Gds1p was initially
suggested as being required for robust yeast growth on glycerol as the exclusive carbon
source and was found to be a multicopy suppressor of the nam9-1 mutant which displays
defects in glycerol utilization (Konopinska et al., 1995). Several high-throughput functional
genomic screens have also suggested a role for Gdslp in inhibiting the spread of
heterochromatin, transcriptional regulation, and retrotransposon mobility (Nyswaner et al.,
2008; Oki et al., 2004; Tronnersjo et al., 2007). Interestingly, Oki et al., also identified many
subunits of NuA4 as potential barriers to the spread of heterochromatin and Nyswaner et al.,
identified Gdslp as a binding partner and potential regulator of the stress related zinc finger
transcription factor Gislp. Recently, our group discovered, by use of an in vitro NuA4
interaction/acetylation target screen that Gdslp is both a physical interactor and in vitro
acetylation target of Esalp (Mitchell et al., 2013). Further by mass spectroscopy, six NuA4-
dependent in vitro acetylation sites were detected; K348, K351, K354, K365, K366, K408
and one in vivo acetylation on K87 was detected, however the KAT responsible for this site
is unknown (Mitchell et al., 2013). Our group found, by use of a modified chromatin
immunoprecipitation (mChIP) method examining over 100 nuclear proteins, that Gds1p only
co-purified with Esal-TAP and Msn4-TAP in log-phase cells under stress free conditions

(Lambert et al., 2009a).

32



Section 1.4: Hypothesis and Objectives

Hypothesis: Based on preliminary work (Figure 1A), I hypothesise that Gdslp is a novel
regulator of the yeast environmental stress response through the regulation Msn2p and/or
Msn4p transcriptional activity and that Gdslp is also involved in NuA4 dependant repression
of the environmental stress response.

Objective 1: To provide a functional and phenotypic characterization of Gds1p

Objective 2: To elucidate the role of Gds1p and NuA4 in the regulation of the Msn2p/Msn4p

dependant stress response.
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CHAPTER 2: MATERIALS AND METHODS

2.1 Yeast strains

Yeast strains used in this study are listed in Table S1. All strains are derived from the
S288c genetic background. Strains containing gene deletions or epitope tag integrations were
generated by a PCR based homologous recombination methodology and confirmed by PCR

analysis (Longtine et al., 1998).

2.2 GGds1 interactome mChIP

Gds1 and its associated protein network were isolated through mChIP (Lambert et al.,
2009a) of endogenously TAP-tagged GDSI. Cells were harvested from a 500ml culture
grown to mid-log phase in rich media (YPD) at 25°C by gentle centrifugation (3000rpm,
3min). Pellets were washed in 25ml water and frozen on liquid nitrogen in 1.5ml tubes.
Pellets were lysed by adding an equal volume mChIP lysis buffer [100mM Hepes pH 8.0,
20mM magnesium acetate, 300mM sodium acetate, 10% glycerol (vol/vol), 10mM EGTA,
0.ImM EDTA, and protease inhibitor mixture prior to use (Sigma; P8215)] and glass beads
(BioSpec Products, 11079105) followed vortexing for 5-7 one minute pulses with incubation
on ice between pulses. Whole cell extract was subjected to sonication (3 x 20s power level 4
pulses with incubation on ice between pulses on Misonix Sonicator) prior the addition of NP-
40 (1% vol/vol). Whole cell lysates were clarified by centrifugation (3000rpm, 10min, 4°C).
NuPAGE Novex gradient gel SDS/PAGE (4-12%BiseTris Gel; Invitrogen, NP0321) was

used to separate proteins and visualized by silver stain. Bands were excised for identification
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by mass spectroscopy. Samples were processed by LC-MS/MS on an LTQ-Orbitrap XL

mass spectrometer (Thermo-Electron) as previously described (Mitchell et al., 2013).

2.3 Serial spot dilution growth assays

Yeast strains were grown to mid-log phase under non-stress conditions (YPD 25°C).
Cultures were diluted to an ODgg of 0.1 in a 96 well plate and three 1/10 serial dilutions
were performed. 4.6ul of each dilution (ODgy 0.1, 0.01, 0.001, 0.0001) was spotted on the
indicated media and allowed to grow at the indicated temperature for 2-3 days. Plates were
photographed using epi-white imaging on a Molecular Imager ChemiDoc XRS System
(BioRad). Dilution assay growth experiments were repeated in triplicate using different
isolates of each strain. Chemicals / conditions used: heat stress (37°C), DNA damaging
agents (0.08% MMS, Sigma M4016, 100mM HU, H8627, Sigma), microtubule stress
(60ug/ml Benomyl, Sigma 381586), ethanol (5%), oxidative stress (0.4mM hydrogen
peroxide), mild acetic stress (50mM acetic acid), osmotic stress (0.5M NaCl), metal ion
stress (1.5mM NiSQOq4, 227676, Sigma), or 8.0mM caffeine (Sigma C0750). For the alternate
carbon source plates, 2% glycerol (Fisher, BP2291) or 2% xylose (Huixian City Hongtai

Foodstuff Chemical Company, HT 100205) was utilized.

2.4 GFP-trap purification and TAP tag immunopurification

Cells were grown, harvested, and lysed as described in 2.1. For GFP IPs, 40ul of
GFP-trap magnetic beads (Chromotek, Germany; Cat. #: GTM-20) were added to 15-20mg
of whole cell lysate and incubated for 2 hours with end over end rotation at 4°C. For TAP

IPs, 15mg of whole cell extract was incubated with 40pul magnetic Dynabeads (catalog no.
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143-01; Dynal, Invitrogen) crossed-linked to rabbit immunoglobulin G (IgG) (catalog no.
PP64; Chemicon) and incubated for two hours at 4°C with end over end rotation. Beads were
collected and washed 3x with 1ml cold wash buffer (lysis buffer + 0.5% NP-40 [vol/vol]).
Proteins were eluted off beads by addition of 20-40 pl loading dye (50 mM Tris, pH 6.8, 2%
SDS, 0.1% bromophenol blue, 10% (vol/vol) glycerol) followed by heating at 65°C for 10
minutes. Loading dye was then transferred to new tubes and boiled at 95°C 10 minutes
followed by addition of B-2-mercaptoethanol to 100 mM. Protein concentration was

determined using Bradford reagent (Bio-Rad, USA; Cat. #: 500-0006).

2.5 Immunoblotting

150pg of proteins from whole cell extracts or The indicated percentage of protein
eluted from beads of immunoprecipitation were separated by SDS-PAGE. Acetylation was
detected using anti-acetyl lysine (Cell Signaling; Cat. #: 9681; dilution 1/500), GFP fusion
protein was detected using o-GFP (Roche; Cat. #: 11814460001; dilution 1/3000), TAP
fusion protein was detected using a-TAP (Thermo Scientific, CAB1001; dilution 1/5000),
MYC fusion protein was detected using a-MYC (Roche Applied Science 11667149001;
dilution 1/800), HA fusion proteins were detected by using a-HA (Covance, MMS-101P;
dilution 1:1000), phosphorylated PKA substrates were detected by a-PKA phosphorylated
substrate (a-sub, 1:5,000, Cell Signaling #9624), Msn2p was detected by a-Msn2 antibody
(1:10,000, gift from Vivien Measday), phosphorylated Msn2p was detected by a-P-CREB
(S133) antibody (1:1000, Cell Signaling), and anti-Pgkl (1:10,000, Invitrogen). Unless
otherwise indicated, G6PDH was used as a loading control and was detected with anti-

G6PDH (Sigma, A9521 1/10,000). HPR coupled secondary antibodies used in this study
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were: goat anti-rabbit IgG (Chemicon, catalog no. AP307P, 1:5000), and goat anti-mouse
IgG (BioRad, catalog no. 170-6516, 1:5000). The fluorescent secondary antibody used was
Alexa Flour 680 goat ani rabbit. Membranes were developed using Western
Chemiluminescent HRP Substrate Detection System (Millipore, catalog no. WBKLS0500)
and imaged using either chemiluminescence imaging on a Molecular Imager ChemiDoc XRS
System (BioRad) or both chemiluminescence and flourecence imaging using a LI-COR

Odyssey Fc (Li-COR Biosciences, USA).

2.6 Fluorescence microscopy of Gds1-GFP and Msn2-GFP

Strains containing endogenouly C-terminally GFP tagged MSN2 or GDSI were
grown to mid log phase (ODgo of 0.5-07) and imaged live in absence of fixation agents. 1ml
of culture was gently spun down (3000rpm, 30seconds) and re-suspended in 50ul synthetic
media. 2ul were immediately spotted onto a glass plate and imaged immediately using
brightfield and FITC filters. Microscopy was performed using a Leica DMI 6000 florescent
microscope (Leica Microsystems GmbH, Wetzler Germany), equipped with a Sutter DG4
light source (Sutter Instruments, California, USA), Ludl emission filter wheel with Chroma
band pass emission filters (Ludl Electronic Products Ltd., NY, USA) and Hamamatsu Orca
AG camera (Hamamatsu Photonics, Herrsching am Ammersee, Germany). Images were
collected and analyzed using Velocity 4.3.2 Build 23 (Perkin Elmer). Nuclear localization of
Msn2-GFP was scored by eye with any visible enrichment of GFP signal in the nucleus
being scored as nuclear Msn2-GFP. ~300-600 cells were counted per strain from three

independent replicates.
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2.7 Quantification of Gds1-GFP protein level

A strain containing endogenously C-terminal GFP tagged Gdslp was grown in a
single culture to an ODgg of 0.5 under non-stress conditions (YPD 25°C). The culture was
split into 25ml fractions and cells were pelleted by gentle centrifugation (3000rpm 3
minutes). Pellets were re-suspended in a volume of 25ml YPD or a variety of stressors
added to the YPD : 37°C, pH 4.1 (75ul 14.3N HCl), pH 9.0 (57.2ul 10N NaOH), 1.5M
sorbitol (6.85g sorbitol), 8.0mM caffeine (0.04g caffeine, Sigma C0750), 7% EtOH (1.75ml
100% EtOH in 23.25ml YPD), 0.4mM H,0, (1.4ul H,0,), 800ng/ml rapamycin (Sigma,
R8781), 0.08% methyl methanesulfonate (MMS, Sigma M4016), and 60pg/ml Benomyl
(Sigma 381586), and 150mM LiCl. Starvation was induced by washing a pellet twice with
synthetic complete (SC) media lacking glucose and re-suspending in 25ml SC media lacking
glucose. Cells were harvested from each condition at 30 minutes and 2 hours, washed in
50ml ice cold ddH,O and flash frozen on dry-ice. Whole cell extracts were separated by
SDS-PAGE and Western blotting was performed as describe above. a-GFP immunoblots
were performed as described above and blots were exposed using a LI-COR system (Li-COR
Biosciences, USA). Band intensity was analyzed using Image Studio V2.0 and standardized
to unstressed Gds1-GFP protein level. Briefly, boxes of equal size were drawn around each
Gds1-GFP protein band and standardized to corresponding loading control bands (Gds1-GFP
band intensity / corresponding loading control band intensity). Total Relative band intensity
corrected to loading control was then used as a measurement of relative Gdsl-GFP

abundance and compared to untreated Gds1-GFP protein level.
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2.8 Quantitative real-time PCR

13ml of cells from 50ml of mid-log-phase culture (ODgoy between 0.6 to 0.8) grown
in YPD at 25°C were collected by centrifugation and washed twice with 5ml of cold water.
Cells were re-suspended in 2ml of Tri-Reagent (Sigma-Aldrich, USA; Cat. #: T9424) and
followed by the addition of Iml of acid-washed glass beads (Fisher Scientific, USA; Cat. #:
35535). The cell pellet was then frozen in liquid nitrogen and store at -80C until ready for
processing the samples. All the centrifugations were performed at 4°C. The samples were
allowed to be thawed at room temperature (RT), vortexed at maximum speed for 5 minutes,
followed by the addition of 500ul of chloroform and vortexed again for 15 seconds. The
samples were incubated for 10 minutes at room temperature and then centrifuged at 3200g
for 20 minutes. The aqueous layer was transferred equally between two RNAse-free
eppendorf tubes. 1ml of isopropanol was added and incubated on ice for 10 minutes. The
RNA was centrifuged at 12000g for 25 minutes. The pellet was washed with 500ul of
ethanol 75% made with DEPC water. The pellet was again centrifuged at 7500g for 5
minutes, dried and resuspended in a final volume of 40ul of nuclease-free water (Ambion,
USA; Cat. #: AM9937). 10ug of RNA (ND-1000 spectrophotometer, NanoDrop
Technologies, USA) was treated with DNAse (RQ1 RNAse-free DNAse, Promega, USA;
Cat. #: M6101) for 30 minutes at 37°C as per the manufacturer’s instructions. The RNA was
precipitated by adding 400ul of Nuclease-free water and 500ul of phenol/chloroform. The
RNA was vortexed at maximum speed for 1 minute and centrifuged at 12000g for 5 minutes.
The aqueous layer was transferred to a new RNAse-free eppendord, and 5yl of NaAc 3M
and 1ml of Ethanol 100% was subsequently added. The precipitated RNA was incubated at -

80°C overnight and centrifuged at 12000g for 30 minutes. The pellet was washed with
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500ul of 70% ethanol made with Nuclease-free water, centrifuged again at 7500g for 5
minutes, dried and resuspended in 20ul Nuclease-free water. The RNA was normalized at
200 ng/pl with Nuclease-free water. RT-PCR was performed as per the manufacturer’s
instructions with 2.5ug of RNA in a final volume of 20ul (High Capacity cDNA RT Kit,
Applied Biosystems, USA; Cat. #: 4368814). qPCR was performed with the cDNA as per
the manufacturer’s instructions in a final volume 10ul (SsoFast EvaGreen Supermix; Bio-
Rad, USA; Cat. #: 172-5201). Primer used for the qPCR:

HSP12 forward 5’-GTCTGACGCAGGTAGAAAAGG-3; HSPI2 reverse 5°-
CTTCTTGGTTGGGTCTTCTTC-3’;

TDH3 forward 5’-CTGTCAAGTTGAA CAAGGAAACCAC-3’; TDH3 reverse 5’-

CAACGTGTTCAACCAAGTCGACAA-3’

2.9 Hsp12-GFP protein level analysis by flow cytometry

Strains containing endogenously C-terminally GFP tagged HSP12 were grown to mid
log (ODggp of 0.5-07) phase in YPD then diluted 1/1000 in ice cold citrate buffer (50mM
sodium citrate pH 7.4 with citric acid). Samples were immediately analysed by flow
cytometry (Beckman Coulter Cyan ADP 9 — Analyzer, USA). GFP was excited by a 488nm
solid state laser and emission was collected through a 540/40nm FITC filter. A minimum of
10,000 cells were counted per sample using HyperCyt Software Interface CyAn softwere and
median fluorescent intensity was extracted from histograms using Kaluza Flow Cytometry

Analysis software.
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2.10 Heat shock viability assay

Viability assays were performed as in (Sadeh et al., 2011) with modifications. Yeast
strains were grown to an ODggp of 0.4 under non-stress conditions (YPD 25°C). Two 250ul
aliquots of each culture was gently pelleted (3000rpm for 3 minutes) and re-suspended in
YPD ceither pre-warmed to 25°C or 48°C. Cultures were incubated at the indicated
temperature for 11 minutes and immediately diluted 1:900. 100ul of dilutions were plated on
YPD in quadruplicate and incubated at 25°C for two days. Colonies were counted manually
and strain viability was calculated as the survival ratio between mutant strain and WT. (#
colonies treated mutant / # colonies untreated mutant) / (# colonies treated WT / # colonies

untreated WT). Experiment is an average of three biological replicates.

2.11 Chromatin Immunoprecipitation-Multiplex PCR

TAP-mChIP was performed as described above but DNA was sheared by sonication
to an average size of 500bp (3x 10sec setting 2 on the Misonix Sonicator 3000). Following
immunoprecipitation, beads were re-suspended in 500ul TE (1M Tris-HCI pH 8.0) and 12.5
ul protein K (Invitrogen, 25530015) and incubated with end over end rotation at 37°C for 2
hours. Phenol-Chloroform extraction was performed to isolate DNA resulting in 50ul DNA
samples dissolved in TE buffer. 1ul glycogen was added to samples followed by Iml ice cold
100% ethanol and two hour incubation at -20°C. DNA was collected by centrifugation at
13000rpm for 15 minutes and pellets were washed with 1ml 70% ethanol followed by air-
drying and re-suspension in 50ul TE buffer. Imnmunoprecipitated DNA was amplified using
multiplex PCR  with the following primer pairs: HSPI2 forward (5°-

CGCAAGCATTAATACAACCC-3’), HSPI2 reverse (5-
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CGCAATTGAGGAAGTAGAAC-3) and no ORF control forward (5'-
GGCTGTCAGAATATGGGGCCGTAGTA-3")

reverse (5'-CACCCCGAAGCTGCTTTCACAATAC-3").

PCR products were resolved on a 3% agarose gel and visualized by SYBR Safe (Invitrogen

S33102).

2.12 Hsp12-GFP flow cytometry mini-screen

Two libraries expressing Hsp12-GFP combined with single or double gene deletions
were constructed by robotic mating techniques using a Singer RoToR HDA (Singer
Instruments, United Kingdom) as previously described (Tong and Boone, 2006; Winzeler et
al., 1999). Briefly, quarry strains constructed expressed either Hsp12-GFP::URA (YKB
3286) or Hspl12-GFP::URA gdsiA::NAT (YKB 3287) (the query strains) were robotically
mated to deletion mutant strains (Tong et al., 2001) corresponding to putative Gdslp
interactors. Gdslp putative interactors were manually picked from the deletion mutant array
(DMA) and cultured in two 96 well plates. Strains were then robotically pinned from the
liquid media onto square YPD plates containing G418 for selection (mini-DMA). The a-
mating type query strains were plated as lawns on square YPD plates and allowed to grow
for one day at 25°C followed by direct robotic pinning of the min-DMA onto the lawns for
mating. Mating was allowed to occur for one day at 25°C and diploids were plated on
appropriate selection (SC-URA + G418 or SC-URA +G418 + cloNAT (Werner Bioagents,
5.0000)). Colonies were then pinned on sporulation media (10g potassium acetate, 1g yeast
extract, 0.5g glucose, 0.1g amino acid supplement powder [2g histidine, 10g leucine, 2g

lysine, 2 g uracil] / liter of media) and allowed to sporulate 5 days at 22°C. To select for
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mating type a haploid progeny, the sporulated strains were plated on SC- HIS ~ARG -LYS +
canavanine (50mg/L) for two days at 25°C. A second round of haploid MATa selection was
performed as above. Finally, to select for strains carrying the appropriate genotype (either
HSPI12-GFP::URA xxxA::KAN or HSP12-GFP::URA gdsIA::NAT xxxA::KAN, were gene
xxx is a putative Gdslp interactor), colonies were pinned on SC —URA —HIS —-LYS —ARG
+MSG + canavanine (50mg/L) + G418 + cloNAT. Strains were allowed to grow two days at
25°C and the selection process was repeated three times. The two libraries (mini-arrays)
produced consisted each of two 96 colony solid media plates and were grown on synthetic
media lacking uracil and containing either G418 (Sigma, A1720) alone or G418 and
clonNAT to select for the presence of Hsp12-GFP and the absence of the gene / genes of
interest. The flow cytometry screen was performed once. Cells from the constructed mini-
arrays were pinned into rich liquid media (YPD) in 96 well plates and grown to mid log
phase at 25°C. Cultures were diluted ~1/1000 into ice cold citrate buffer (50mM sodium
citrate pH 7.4 with citric acid) and immediately analysed by flow cytometry (Beckman

Coulter Cyan ADP 9 — Analyzer, USA) as described above.

2.13 Construction of Gds1p point mutants

Point mutants were constructed using the QuikChange Lighting Site-Directed
Mutagenesis kit (Agilent Technologies, 210518) as per manufacturer instructions. Primers
were designed with a mismatch base pair at the lysine codon to be mutated flanked by ~10bp
complementary DNA on each side. Mutagenesis PCR was conducted as per manufacturer
instructions using 10ng of double stranded plasmid DNA containing WT GDSI. Mutated

plasmid was transformed into 45ul XL10-Gold ultracompetent cells (Agilent Technologies ,
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200314) with 2ul B-mercaptoethanol added. The GDS1 point mutant was then PCR amplified
from the plasmid along with a NAT resistance marker and co-transformed into a gds/A strain
caring a G418 resistance marker as described (Longtine et al., 1998).

Primers:

K87 to R forward;
GAAGGACTTTGGTGCTCCCAAAAGAGACAATCCATTATTAGAA

reverse: TTCTAATAATGGATTGTCTCTTTTGGGAGCACCAAAGTCCTTC

K348, 342, 343 to R forward:
GCCAAGGAGAACCAGAACTACTAGACCTGGCAGACA

reverse: TGTCTGCCAGGTCTAGTAGTTCTGGTTCTCCTTGGC

K345, 351, 354 R forward:
AGAACTACTAAACCTGGCAGACAAACAAGATCCCAATCTTTATC

reverse: GATAAAGATTGGGATCTTGTTTGTCTGCCAGGTTTAGTAGTTCT
K408 to R forward: GCTGCACCAAGGCTTTCTAGGCTTTTGCCGAAAA

reverse: TTTTCGGCAAAAGCCTAGAAAGCCTTGGTGCAGC
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CHAPTER 3: RESULTS

3.1 Gdsl physically interacts with NuA4 and the yeast stress response transcription
factors Msn2p and Msn4p. To begin to uncover the role of Gdslp, a former PhD student,
Leslie Mitchell, applied mChIP (Lambert et al., 2009b) to cells expressing Gds1-TAP and
used mass spectrometry (MS) to identified interaction partners. mChIP is a variant of
traditional TAP purifications that has been successfully applied to a wide range of bait
proteins to increase the depth of protein interactions (Kennedy et al., 2011; Lambert et al.,
2010; Mitchell et al., 2013) and when applied to Gds1-TAP identified interaction partners
largely involved in chromatin-related processes (Figure 1A and Table S1). Confirming
previously studies, Gds1-TAP co-purified 9 out of 13 subunits of NuA4 along with both
Msn4p and Msn2p. In addition the Gdslp interactome was enriched for nuclear localized
proteins (Figure 1B), including co-purification of 13 out of 21 subunits of the SAGA
acetyltransferase complex, stress related transcription factors, a wide range of chromatin
associated proteins and enzymes involved both in glycolysis and fatty acid metabolism
(Figure 1A,B and Table S1). To determine whether Gdslp is required for the co-
purification of NuA4 and Msn4p, | assessed the interaction in the presence and absence of
Gdslp (Figure 1C). I found that the Msn4-TAP can immunopurify the NuA4 specific
component Eaf7-MYC independently of the presence of Gdslp suggesting that Gds1p is not
required for the interaction between NuA4 and Msndp. The Gdslp interactome is evidence
of a physical interaction between NuA4, Gds1lp and Msn2p/Msn4p and suggests that Gdslp
may play a role in transcription or other chromatin processes, including the Msn2p/Msn4p

dependent environmental stress response.
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Figure 3.1: The Gds1 protein interaction network.

A, the Gdsl physical interactome is enriched for the NuA4 and SAGA acetyltransferase
complexes as well as transcription factors involved in the stress response. C-terminal TAP
tagged Gds1 (YKB 2163) and its associated proteins were purified by mChIP and identified
by LC-MS/MS. Interacting proteins are grouped by cellular process (node color/label) and
multiple members of the NuA4 and SAGA complex are circled. Gray lines indicate physical
interactions identified in this study while purple lines represent known physical interactions
listed in The Biogrid (http://thebiogrid.org/). B, Cellular localization of proteins in Gdsl
network. Localization annotation is based on a global study (Huh et al., 2003). C, the
physical interaction between NuA4 and Msn4p is not dependent on Gdsl. C-terminally TAP
tagged Msn4 (YKB 2959) was immunopurified in a strain background containing C-
terminally MYC tagged Eaf7 (YKB 1062) in the presence (YKB1062) or absence (YKB
3018) of GDSI. Immunopreciptations (IPs) and whole cell extracts (WCEs) were analysed
by Western blot and probed with anti-TAP (a-TAP), MYC (a-MYC), or glyceraldehyde-6-
dehydrogenase (a-G6DPH) antibodies. The co-purification between the NuA4 subunit Eaf7p
and Msn4p persists in a gds/4 background.

A, Interactome experiment performed by L. Mitchell. Data analysis and processing
performed by M. Cotrut.
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3.2 Gdslp is not required for growth on alternate carbon sources or for the activation
of the ESR. The Gds1-TAP interactome taken together with initial reports of Gdslp being
required for survival on glycerol as a carbon source (Konopinska et al., 1995) led me to
hypothesise that Gds1p is required for cell stress survival not only related to alternate carbon
sources but also other Msn2p/Msn4p activating stresses. To test this hypothesis I tested the
ability of gdsIA cells to grow and survive under a wide variety of chemical and
environmental stress conditions (Figure 3.2). Surprisingly, I found that Gds1p is not required
for cell growth on glycerol or the five carbon sugar xylose as the sole carbon source (Figure
3.2), nor is it required for growth in the presence of heat stress (37°C), DNA damaging
agents (0.08% MMS, 100mM HU), microtubule stress (60pg/ml Benomyl), ethanol (5%),
oxidative stress (0.4mM hydrogen peroxide), mild acetic stress (S0mM acetic acid), osmotic
stress (0.5M NaCl), metal ion stress (1.5mM Ni+), or 8.0mM caffeine (Figure 3.2). Thus
Gdslp is not required to survive these stresses suggesting it is not involved in the initiation

or maintenance of the ESR, nor is it required for growth on glycerol or xylose.

3.3 NuA4 regulates the acetylation state and protein level of Gds1. Our group previously
determined that Gdslp is acetylated in vivo and is a substrate of NuA4 in vitro (Mitchell et
al., 2013). Therefore, I next sought to determine if Gdslp acetylation state in vivo is
dependent on NuA4. To determine whether Gdsl is acetylated in vivo we
immunoprecipitated Gds1-GFP and probed with an anti-lysine acetyl antibody. As a control
for cross-reactivity of the anti-lysine acetyl antibody to the GFP tag we also immunopurified
GFP-Tubl. While mammalian tubulin is acetylated to stabilize microtubule structures

(LeDizet and Piperno, 1987; Piperno and Fuller, 1985b) this
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Figure 3.2: Gdslp is not required for growth on alternate carbon sources or in the
presence of various stresses.

Wild type (WT, YKB 779) and gds/A (YKB 2644) cells were grown to mid-log phase under
non-stress conditions (rich media, 25°C). Cultures were diluted to an ODggo of 0.1 and 10-
fold serial dilutions were spotted on plates containing the indicated carbon source or YPD in
combination with heat stress (37°C), DNA damaging agents (0.08% MMS, 100mM HU),
microtubule stress (60ug/ml Benomyl), ethanol (5%), oxidative stress (0.4mM hydrogen
peroxide), mild acetic stress (S0mM acetic acid), osmotic stress (0.5M NaCl), metal ion
stress (1.5mM Ni+), or 8.0mM caffeine.
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modified lysine is not conserved in S. cerevisiae and acetylation of Tublp has not been
reported (Henriksen et al., 2012b). Sylvain Huard and I determined that Gdsl1-GFP is
acetylated in vivo as detected by Western analysis (Figure 3.3A), whereas Tubl-GFP
displays a negligible signal. To test whether acetylation of Gdslp is dependent on NuA4, I
introduced two acetylation deficient mutants, esa/-L254P and eafi4, into a Gdsl-GFP
expressing strain and assessed Gds1-GFP acetylation status at 25°C, a condition where both
strains display reduced histone H4 acetylation (Clarke et al., 1999; Krogan et al., 2004).
While the acetylation state of Gds1-GFP is reduced in esal/-L254P (Figure 3.3B), in eafi4
cells we could not assess Gds1-GFP acetylation status as its protein levels in the whole cell
extract (WCE) is dramatically reduced. The reduced Gds1-GFP protein levels are not a
reflection of transcriptional defects in eafiA cells, as GDSI mRNA expression level is
elevated in the absence of EAF1 (Figure 3.3C). Sylvain Huard and I attempted to look at the
acetylated state of Gdsl-GFP at the non-permissive temperature in an esal-L254P
background, but found that the level of Gds1-GFP is dramatically reduced in the whole cell
extract in both wild type and esal-L254P background after four hours at 37°C (data not
shown, but further explored below). This work determined that the in vivo acetylation state
of Gdslp is partially dependent on NuA4, and surprisingly determined that the protein levels

of Gdsl are decreased in mutant backgrounds deficient in NuA4 activity.

3.4 Gds1-GFP is a nuclear protein that rapidly disappears upon stress. As Gdsl co-
purifies with numerous nuclear localized proteins (Figure 3.1B) and protein levels decrease
at elevated temperatures (Figure 3.4A), I next examined Gds1-GFP cellular localization at
both 25°C and after heat shock. I could not detect Gds1-GFP in fixed cells, however in live

cells Gds1-GFP localized to the nucleus in the absence of stress (Figure 3.4A). Supporting

51



the disappearance of Gds1p upon heat shock (see below), Gds1-GFP was undetectable within
30 minutes at 37°C (Figure 3.4A). To further asses Gds1-GFP protein levels in response to
stress, cells expressing Gds1-GFP were grown under stress free conditions (25°C YPD) prior
to being exposed to a wide variety of environmental stress, include those that activate
Msn2p/Msndp and those that likely do not. Msn2p/Msndp activating stresses tested were:
heat stress, glucose depravation, oxidative stress, low pH, 7% ethanol treatment, osmotic
stress through sorbitol, alkaline pH, rapamycin and benomyl (Beck and Hall, 1999; Causton
et al., 2001; Gasch et al., 2000; Lucau-Danila et al., 2005; MartinezPastor et al., 1996; Sadeh
et al., 2011). In fact, Msn2p is required for transcription of ~90% of genes that are induced
regardless of environmental stress applied (Causton et al., 2001). Therefore, while MMS,
caffeine and LiCl have not yet been implicated in the Msn2p/Msndp dependant stress
response, they likely elicit a stress response as msn24 mutants are sensitive to these stresses
(Hillenmeyer et al., 2008). Gds1-GFP protein levels were then assessed by quantitative
Western blot after 30 minutes and 2 hours of stress exposure (Figure 3.4B). Gdsl protein
level depletion varied depending on the stress applied with the most robust and rapid
depletion occurring upon heat stress at 37°C, alkaline stress at pH 9.0, carbon starvation, and
DNA damage by MMS. It is interesting to note that Gds1-GFP is depleted in 30 minutes
when cells are exposed to pH 4.1 or 1.5M sorbitol media, but is restored to ~40% or 90% of
wild type levels respectively after two hours. Of the two non-Msn2p/Msndp implicated
stresses tested; caffeine and LiCl, Gds1-GFP protein levels persist after 30 minutes but are
markedly reduced after 2 hours. Thus, Gdslp is a nuclear protein and environmental stresses
lead to depletion of Gdslp protein level with variable kinetics depending on the nature of the

stress.
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Figure 3.3: NuA4 contributes to Gdslp acetylation in vivo and regulates its protein
level.

A, Gdslp is acetylated in vivo. Gdsl was immunopurified from yeast cells through a C-
terminal GFP tag (YKB2609) as compared to an untagged strain (YKB 779 WT) and an N-
terminal Tubl GFP fusion protein (YKB1189). Immunopurified products and whole cell
extract were subjected to Western blot analysis with anti-acetyl lysine (a-AcK), GFP (a-
GFP), or glyceraldehyde-6-dehydrogenase (a-G6DPH) antibodies. B, Gdsl in vivo
acetylation status is partially dependent on NuA4. Gdsl-GFP (YKB2609) was
immunopurified from two acetylation deficient NuA4 mutant strains eaf/4 (YKB2839) and
esal-L254P (YKB2628) as compared to an acetyltransferase competent strain (YKB2609)
and an untagged control (YKB779, WT). Immunopurification and Western blotting were
performed as in A, except here WCE samples were also blotted for histone H4 acetylation
(a-AcK H4). C, GDS1 mRNA expression is increased in eaflA cells. Yeast cells were
harvested at mid-log phase from cultures grown at 25°C. Wildtype (YKB779, WT) cells
were compared to deletion mutants of EAFI (YKB 42), GDSI (YKB 2644), and the stress
responsive transcription factors MSN2 and MSN4 (YKB 1093). mRNA was isolated and
GDSI mRNA level was assessed by quantitative PCR and standardized to the Wildtype
GDS! transcription level. Three biological replicates were performed with technical
duplicates.

* A, C. performed by S. Huard with strains made by M.Cotrut. B. Western blotting
performed by S.Huard, strains were made and grown by M.Cotrut and IP was performed by
M.Cotrut.

54



Relative Gds1-GFP

protein level

37C

Gds1-GFP

Brig/htﬁeld GFP Merge Brightfield

1.80

Condition

55

GFP Merge

® 30min
120min



Figure 3.4: Gds1-GFP is a nuclear protein that rapidly disappears upon stress.

A, Gds1-GFP is nuclear protein in the absence of stress and rapidly disappears after heat
shock. Cells expressing endogenous C-terminally tagged Gds1 (YKB 2609) grown under
optimal conditions (YPD, 25°C) in the absence of stress were either exposed to a 30 minute
heat at 37°C shock or maintained at 25°C prior to imaging live. B, Gds1-GFP protein level
is reduced in response to a variety of environmental stresses and at variable degrees. Strains
Gds1-GFP (YKB 2609) was treated with a variety of environmental stresses as indicated for
30 minutes or 2 hours prior to lysis. Whole cell extracts were resolved by SDS-PAGE,
subjected to Western blot analysis and probed with a-GFP and a-G6DPH antibodies. Results
are displayed as Gds1-GFP protein level standardized to levels in unstressed cells and are
averages of three experiments. Error bar represents one standard deviation.
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3.5 Gdslp and NuA4 inhibit the transcription of the Msn2p/Msn4p target HSP12 in the
absence of stress. The reciprocal co-immunopurifications between Msn4p, NuA4 and Gdslp
suggest that Gdsl may have a role in regulating the transcriptional stress response.
Therefore we first asked if Gdslp impacts the transcription of the exclusive Msn2p/Msn4p
target gene HSPI2 (MartinezPastor et al., 1996; Schmitt and McEntee, 1996) under non-
stress conditions. We found that similar to eafIA (Mitchell et al., 2008) and esal-L254P
cells, HSP12 expression is derepressed under non-stress conditions in the absence of Gdslp
and that this derepression is completely dependent on Msn2p and Msn4p (Figure 3.5A). A
caveat to this result is that both eaf7/A (Auger et al., 2008; Krogan et al., 2004) and esal-
L254P (Clarke et al., 1999) display growth defects, hence the Msn2p/Msn4p derepression in
these NuA4 mutants could reflect a permanently stressed state. Therefore I also measured the
impact of gds/A and eaf74, a subunit of NuA4 that displays little or no impact on cell
viability (Krogan et al., 2004), on Hsp12-GFP protein expression at 25°C. In agreement with
previous studies (Sadeh et al., 2011), eaf74 displayed increased Hsp12-GFP signal as did
gdslA (Figure 3.5B). As a secondary method to measure the role of Gds1p in Msn2p/Msn4p
repression, I sought to determine if deletion of Gdslp confers protection to extreme heat
shock.  Msn2p/Msndp activity is required to protect cells from extreme stress
(MartinezPastor et al., 1996) and mutants that derepress Msn2p/Msndp activity in the
absence of stress, like that of NuA4 mutant eaf74, display increased stress survival (Sadeh et
al., 2011). Similarly, I discovered that after 11 min at 48°C, either deletion of GDS/ or
ablation of esal acetyltransferase activity promotes cell survival (Figure 3.5C). Similar to
HSP12 transcription, the increased heat shock survival of gdsi/A cells is almost entirely

mediated
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Figure 3.5: Gdslp regulates the yeast stress response through the stress responsive
transcription factors Msn2p and Msn4p.

A, Gdsl negatively regulates expression of HSP/2. mRNA from cells with the indicated
gene mutations wild type (WT, YKB779), msn2A msn4A YKB 1093, esal (esal-L254P)
(YKB860), gdslA (YKB 2644), gdsiA esal (esal-L254P) (YKB 2943), msn2A msn4A
gdslA (YKB 2841) were harvested following growth to mid-log phase at 25°C and analysed
by RT-qPCR. B, Hsp12-GFP expression is increased in GDSI and NuA4 mutants. Flow
cytometry was used to assess mean GFP fluorescence from the indicated strains: HSPI2-
GFP (YKB 3198, WT), HSP12-GFP msn2A msn4A (YKB 3278), HSP12-GFP eaf74 (YKB
3199), HSP12-GFP gdsiA (YKB 3200), and HSPI2-GFP gdslA eaf74 (YKB 3276). C,
Gds1p and NuA4 mutants exhibit increased tolerance to heat stress. The same strains studied
in A, were used in a viability assay to test cell survival following brief exposure (11 minutes)
to extreme heat (48°C) as compared to cells maintained at 25°C. Results are an average of
three experiments and are standardized to the survival rate of wild type cells (YKB 779) D,
GDS|1 is not required for growth under temperature stress and displays a negative genetic
interaction with EAFI. The indicated strains (WT 779, gdsIA YKB 2644, msn2A msn4A
YKB 1093, msn2A msn4A gdslA YKB 2841, eafiA YKB2839, eafiA gdsiA YKB 3075)
were grown to mid-log phase under non-stress conditions (rich media, 25°C). Cultures were
diluted to an ODggp of 0.1 and 10-fold serial dilutions were plated on YPD at the indicated
temperature and allowed to grow three days. The combined eafiA gdsiA shows a stronger
synthetic sick interaction than the single mutants alone at temperatures above 30°C E, Gds1-
TAP does not localize to the HSP12 promoter. Modified ChIP (see Materials and Methods)
was performed using untagged (YKB 779), Msn4-TAP (YKB1035), and Gds1-TAP (YKB
2163) strains. Total or immunoprecipitated (IP) DNA was subjected to multiplex PCR
amplification using primers specific to the promoter of HSP/2 and an intergenic region on
chromosome V (no ORF).

* Student T-test P<0.05

A. Strains made by M. Cotrut, qPCR performed by S. Huard, data analysis and organization
performed by M. Cotrut and S. Huard.

E. Replicate shown preformed by A. Hamza. Two replicates also performed by M. Cotrut
showed the same trends.
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through Msn2p/Msndp function.  While, I found that esal-L254PgdsiA cells and
eaf7Agds1A cells display additive derepression (the combined double mutant has higher
HSP12 transcription than either single mutant) of HSPI2 transcription (Figure 3.5A) and
Hsp12-GFP protein levels (Figure 3.5B) respectively, I did not detected additive ability for
stress survival (Figure 3.5C). Potentially the differences may be attributed to the limitations
in sensitivity of the heat stress survival assay as the two fold increase in stress survival seen
in the single mutants already represents an ~90% survival rate. The observation that there are
additive effects in both HSPI2 transcription and translation suggests that Gdslp and NuA4
act through two separate pathways to inhibit Msn2p/Msn4p. When both pathways are
impeded (gdsi4, NuA4 defective double mutant) the effect seen is greater than in single
mutants were the complementary pathway can compensate for the loss of the other. To
address whether Gdslp and NuA4 repress Msn2p/Msn4p activity through parallel or direct
pathways, I examined synthetic genetic interactions between EAFI and GDSI. Supporting
the hypothesis that NuA4 and GDS! work in parallel pathways, eafi4 gdsiA cells display a
conditional, moderate synthetic sick genetic interaction at temperatures over 30°C (Figure
3.5D). To address whether Gds1p inhibits Msn2p/Msn4p activity directly at promoter sites,
we tested for Gds1-TAP localization at the promoter of HSP/2 using mChIP followed by
PCR (Mitchell et al., 2011). Though we could detect Msn4-TAP on the promoter of HSP12
as expected (Mitchell et al., 2011) we could not detect Gds1-TAP (Figure, 3.5E). Together,
this suggests that Gdslp represses Msn2p/Msn4p activity under non-stress conditions and

though Gdslp is a nuclear protein, its site of action may not be directly at STREs.

3.6 Nuclear exclusion of Msn2-GFP is dependent on Gdslp and NuA4. The major

regulatory mechanism of Msn2p/Msn4p activity is localization; under non-stress conditions
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the majority of Msn2p is localized to the cytoplasm and upon environmental stress it
migrates to the nucleus (Gorner et al., 1998; Gorner et al., 2002; Jacquet et al., 2003).
Therefore, I examined the localization of Msn2-GFP in both wild type and gdsiA
backgrounds at 25°C. While the majority of Msn2-GFP was localized to the cytoplasm in
wild type cells as expected, in gdsiA cells more than 70% of cells displayed Msn2-GFP
enrichment in the nucleus (Figure 3.6A, B). Similar effects were seen for eaf74 cells, a
deletion mutant subunit of NuA4 that though has little impact on cell viability displays
derepression of HSPI2 transcription and improved heat stress survival (Figure 3.5A and
(Sadeh et al., 2011)). My work suggests that both NuA4 and Gdslp are playing a role in
excluding Msn2-GFP from the nucleus under non-stress conditions. While it is possible that
NuA4 and Gdslp promote cytoplasmic retention of Msn2p in the absence of stress, the
majority of both Gdslp (Figure, 3.4A) and NuA4 (Galarneau et al., 2000) are localized to
the nucleus, suggests a role either in impeding Msn2p entry into the nucleus or aiding in its

export.

3.7 Gdslp and NuA4 likely inhibit the Msn2p dependant stress response independently
of PKA. In the absence of stress or once a stress is removed, cells rapidly inhibit
Msn2p/Msndp based transcription. This is largely mediated through PKA dependant
phosphorylation of Msn2p, and presumably Msn4p, leading to nuclear export (Gorner et al.,
1998; Gorner et al., 2002; Jacquet et al., 2003). As Gdslp and NuA4 also appear to act on
Msn2p in the absence of stress, I asked if their deletion resulting in changes in PKA activity.
Using an a-phosphorylated PKA substrate antibody, Lina Mah in the lab of Vivien Measday
lab, probed whole cell extracts from gdsiA, eafld, gdslA eafiA cells and from cells

expressing the overactive allele of the PKA component Ras2 (Ras2"*""- high PKA activity)
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Figure 3.6: Gds1p and NuA4 regulate Msn2p localization.

A, Cells expressing endogenous C-terminally GFP tagged Msn2p in the presence (YKB
2970) or absence (YKB 3085) of Gdslp or the non-essential NuA4 subunit, Eaf7p (YKB
3162), were examined by fluorescence microscopy. B, The localization of Msn2-GFP in each
cell (nuclear or cytoplasmic) expressed as a percentage of total cells counted was determined
from triplicate experimental repeats (300-600 cells per strain per repeat). Error bar represents
one standard deviation. Cells displaying any discernible increase in nuclear GFP signal were
counted as nuclear.

* Student T-test P<0.05
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backgrounds in the absence of stress as a measure PKA activity (Chang et al., 2004;
Deminoff et al., 2006; Ma et al., 2012). They found that neither the absence of GDSI or
EAFI had an effect on the phosphorylation levels of PKA substrates (Figure 3.7A).
Similarly under non-stress conditions, Msn2p phosphorylation levels were not impacted by
deletion of GDSI or EAFI (Figure 3.7B). This suggests that neither deletion of GDSI or
EAF1 result in a decrease in overall PKA activity. Surprisingly, in the double mutant, gds/4
eafl4, there were modest increases in both PKA activity and Msn2p phosphorylation. As
Msn2-GFP nuclear localization increases in both gds/A4 and eaf74 mutants (Figure 3.4A, B),
the increased phosphorylation state of Msn2p and PKA substrates suggests cells are
attempting to counter increased Msn2p nuclear influx by upregulating PKA phosphorylation
of Msn2p. Another possibility is that Gdslp and/or NuA4 are necessary to mediate all or
some of the PKA-dependent localization of Msn2p/Msndp. Alternatively, Gdslp and/or
NuA4 may work in parallel with PKA to exclude Msn2p from the nucleus in the absence of
stress. To assess the latter two possibilities I looked at an Hsp12-GFP reporter gene by flow
cytometry in the presence of underactive or overactive PKA (Figure 3.7C, D). In a strain
constitutively expressing the PKA inhibitor BCY! (low PKA activity) nuclear localization of
Msn2p/Msndp increases resulting in an increase in Hsp12-GFP expression (Cameron et al.,
1988; Gorner et al., 1998; Gorner et al., 2002; Ma et al., 2012). If PKA and Gdslp and/or
NuA4 were working within the same pathway I would expect no additive increase in Hsp12-
GFP expression in a strain combining BCY! overexpression and deletion of GDSI or EAF7.
My results though may show additive affects between PKA downregulation and the gdsiA
and eaf74 mutants suggesting parallel pathways of promoting Msn2p nuclear exclusion

(Figure 3.7C). To ascertain whether the Msn2p/Msn4p activating effects (Msn2p nuclear
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Figure 3.7: Gds1p and NuA4 regulate Msn2 independently of PKA.

A, Deletion of GDSI or EAFI does not impact global PKA activity. The indicated cells
(wild type (WT, YKB 779), eafiA (YKB 42), gds1A (YKB 2644), gds1Aeaf1A (YKB 3075),
msn2A msn4A (YKB 1093), and cells expressing Ras2V*"'? [overactive allele of PKA
component]) were grown to mid log phase, whole cell extracts resolved by SDS-PAGE and
Western analysis was conducted using a-PKA substrate antibodies or a-Pgkl antibodies as a
loading control. Image is representative of three replicates. B, Eaflp and Gdslp do not affect
Msn2p phosphorylation levels in unstressed cells. Whole cell extracts from the same strains
described in A, were probed for Msn2 phosphorylation level using a-CREB antibodies,
Msn2p protein level with a-Msn2 antibodies and Pgklp protein levels as a loading control.
Ratios are mutant:wildtype and standardized to the loading control C, PKA and Gds1p/Eaf7p
work in parallel to suppress Msn2p/Msn4p activity. Relative Hsp12-GFP protein levels were
determined by flow cytometry in the mutant strains: wild type (YKB 3198), gds/A (YKB
3200), eaf74 (YKB 3199) , gdslAeaf7A4 (YKB 3276), and msn2A4 msn4A (YKB 3278),
containing either a vector control (pRS416) or overexpressing the PKA inhibitor BCYI. D,
Hyperactive PKA can suppress gdsi4 and eaf74 induction of Hsp12-GFP. Relative Hsp12-
GFP protein levels were determined by flow cytometry in the mutant strains described in (C)
using either the vector control pRS326 or a vector expressing the hyperactive allele of the
PKA component; Ras2"*""°. For panel C and D, all experiments were performed with cells
grown in the absence of environmental stresses and are averages of three biological repeats.
Error bar represents standard deviation.

A, B performed by L. Ma in the Vivien Measday lab using strains made by M.Cotrut
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enrichment) seen in gds/A and eaf74 cells are dominant to the repressive effects (Msn2p
cytoplasmic enrichment) of PKA, I also assessed Hspl2-GFP expression in a strain
background expressing the overactive allele of the PKA component Ras2 (Ras2"*"'?) (high
PKA activity) (Ma et al., 2012; Ramachandran et al., 2011; Toda et al., 1985) (Figure 3.7D).
In the Ras2VAM"? background, there is almost complete abolition of Hsp12-GFP detection. I
observed that the induction of HSP12-GFP displayed in gdsi4, eaf74 and gdsiA eaf74
mutant cells was decreased by the overactivation of PKA. Together these results suggest
that Gds1p and NuA4 regulation of Msn2p/Msn4p localization and activity may be through a
pathway independent of PKA. Further examination though is still required to definitively

determine if Gds1p plays a role in PKA regulation.

3.6 Hsp12-GFP mini flow cytometry feasibility screen to identify potential mechanism
by with Gdslp inhibition of Msn2p/Msn4p. In an attempt to discern the mechanism
through which Gdslimpacts Msn2/Msn4 activity, I designed a functional genomics screen
based on the Hsp12-GFP flow cytometry screen that I determined was sensitive enough to
detect additive expression defects of gdslA and eaf/A cells (Figure 3.5B). I hypothesized
that proteins of the Gdslp interactome (Figure 3.1A) if they were working within the direct
pathway with Gds1 to suppress Msn2p/Msn4p that when deleted would a) display increase
Hsp12-GFP levels and b) this increase would not be additive in combination with gds/A
(Figure 3.8). Thus, I used robotics-based systematic genetic array methodology techniques
(Tong et al., 2001), to create strains expressing Hsp12-GFP, as a Msn2p/Msn4p activity
reporter, combined with non-essential deletion mutations of all known Gdslp physical

interactors (manually identified from Biogrid as well as this study).
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Figure 3.8 Model for identification of proteins working within the same pathway as
Gdslp.

A, Deletion of a protein “X” working within the same pathway as Gds1p results in an
increase in Hsp12-GDP protein level. The further deletion of GDS1 shows no additive
increase in Hsp12-GFP level as the inhibitory pathway has already been eliminated. B,
Deletion of a protein “X” working within a pathway parallel to Gds1p in combination with
deletion of GDS! results in an additive increase in HSP12-GFP protein level as two parallel
Msn2p/Msn4p inhibitory pathways have been abolished. Although this is a simplified model,
it has been used on multiple occasions to assign proteins to specific pathways and even
identify the pathways or proteins on which drugs work on (Costanzo et al., 2010;
Hillenmeyer et al., 2008; Tong et al., 2001)
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Any deletion mutant changing Hsp12-GFP protein level likely regulates or is involved in the
Msn2p/Msndp stress response. In parallel, I also created a second library expressing Hsp12-
GFP in double mutant background gds/A with deletion mutants of Gdslp interactors (for
example; Hsp12-GFP expression in a gdsiA eaf74 strain). In total I screened 156 deletion
mutants in both backgrounds (HSPI12-GFP, HSP12-GFP gdsiA) by flow cytometry to
identify relative GFP abundance in each strain (Table 3.1). Unfortunately, though I could
detect Hsp12-GFP expression in the query stains prior to mating, and though post mating
procedure I did detect an increase in HSP12-GFP levels in gdslA background (27 vs 37
mean florescent units, Table 3.1), only 44 strains expressed detectable GFP (mean
fluorescence > 5 likely expressing GFP) listed in Table 3.1. Furthermore, two controls that
should have resulted in higher Hspl12-GFP expression, msn54 and tpk34 (Gorner et al.,
1998; Gorner et al., 2002; Sadeh et al., 2011), showed little or no Hsp12-GFP expression
(Table 3.1). Although some errors in strain production are common in large scale screens of
this nature, the unexpected results of the controls combined with many strains having no
Hsp12-GFP expression is an indication of widespread issues in the mating procedure. Thus,
this screen was only performed once and the library will have to be re-constructed with more
rigid selection procedures and controls at multiple steps of the robotic mating process.
During the robotic mating process, I also identified seven negative genetic interactors of
GDS (combination of interactor deletion with gds/A displays slower growth phenotype than
interactor deletion strain alone) and one positive genetic interactor (deletion of GDSI

partially rescues interactor deletion slow growth phenotype) (Table 3.2).
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Table 3.1: Mean Hsp12-GFP fluorescence in Gds1p interactor deletion screen

Strain background
Interactor Hspl12-GFP Hspl12-GFP
deletion gdsiA

Mean fluorescence minus

background
WT 27.19 36.56
ade3A 29.75 29.52
ade5A 8.29 -
apb140A 5.43 -
atplA 17.92 -
bzzlA 10.95 -
for3A 5.06 9.67
gal80A 27.83 17.14
gsfA 22.62 -
hfilA 22.69 -
hselA 52.03 -
hsp82A 12.36 -
iki3A 33.17 10.79
imd4A 22.86 -
ioc2A 8.19 -
iswlA 6.91 -
msn5A 5.75 21.39
numiA 11.76 -
oaclA 6.17 -
paul3A 11.32 5.55
pfkiA 15.62 19.24
pho864A 26.68 -
rbg2A 39.7 -
rnr4A 25.86 13.2
snf2A 8.91 4.26
srs2A 11.36 -
ssd1A - 9.22
vma5A 11.08 -
vma8A 21.53 -
vpslA 23.43 10.86
vtc3A 7.96 -
ypklA 37.44 4.49
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Table 3.2: Gdslp genetic interactors identified in during construction of flow cytometry

screen library

Hsp12-GFP
gds1A
Interactor Gene description Interaction
deletion +/-
ada5A SAGA component required or complex integrity. +
bfriA Component of mMRNP complex involved in secretion and -
nuclear segregation.
eaf3A NuA4 and Rpd3 subunit. May be involved in silencing. -
hfilA SAGA component and transcriptional activator -
npl34 RNA binding protein and inhibitor of elF4G. Protein abundance -
increases upon DNA replication stress. Shuttled between nucleus
and cytoplasm.
sgf73A SAGA component involved in transcriptional pre-activation. -
Shuttled to nucleus upon hypoxia.
srb10A RNA pol Il component and Msn2p inhibitor -

Interactions: + (positive genetic interaction)

- (negative genetic interaction)
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Hence this screen is a preliminary starting point for future exploration of Gdslp pathways
and requires further work and more robust controls. Some possible insights gained from this

preliminary screen are addressed in the discussion section.
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CHAPTER 4: DISCUSSION

Nucleocytoplasmic shuttling is the primary mechanism of Msn2p regulation. In the
absence of stress, Msn2p is cytoplasmic, while in response to stress, it is rapidly shuttled to
the nucleus and becomes transcriptionally active (Gorner et al., 1998; Gorner et al., 2002;
Hao et al., 2013; Jacquet et al., 2003). While PKA mediated phosphorylation of Msn2p has
been identified as the major regulator of Msn2p localization (Gorner et al., 1998; Smith et
al., 1998b), many other factors such as TOR (Beck and Hall, 1999; Mayordomo et al., 2002),
Snflp (De Wever et al., 2005; Mayordomo et al., 2002), Srbl10p (Chi et al., 2001), and
NuA4 (Lindstrom et al., 2006; Mitchell et al., 2008; Sadeh et al., 2011) have also been
implicated in Msn2p shuttling or regulation. Gdslp was originally described as a protein
required for budding yeast growth on glycerol as a carbon source (Konopinska et al., 1995)
but little characterization has been performed since. In this study I assign novel cellular
function to Gdslp as an inhibitor of the Msn2p/Msn4p dependant stress response, likely
through promoting nuclear exclusion of Msn2p in the absence of stress. I show that Gds1p is
a nuclear protein whose cellular abundance rapidly decreases in response to stress and is not
required for growth on glycerol as a carbon source as initially described. Further, I show that
the NuA4 lysine acetyltransferase complex plays a similar role in inhibiting the
Msn2p/Msndp dependant stress response, but likely acts in a parallel pathway with Gdslp.
However, I cannot exclude the possibility of NuA4 also having a role in Gdslp regulation,

likely though direct acetylation.
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4.1 Gdsl1 localization and protein level regulation

Proteomic studies present here (Figure 1A, B) and elsewhere (Lambert et al., 2010;
Mitchell et al., 2013; Mitchell et al., 2008) have determined that Esalp (catalytic subunit of
NuA4), Gdslp and Msn2p/Msndp co-purify each other. In agreement with in vitro studies
showing a direct interaction between NuA4 and Msn4p (Mitchell et al., 2008), Gdslp is not
required to mediate this interaction (Figure 1C). The Gdslp interactome presented here
(Figure 1A) suggests that Gdslp is a nuclear protein with roles in chromatin related
processes as well as the environmental stress response. In agreement, I show that in the
absence of stress Gds1-GFP is a nuclear protein (Figure 3.4A), but when treated with a
variety of stressors, Gds1-GFP protein level is often rapidly diminished (Figure 3.4B).
Interestingly, the rate of disappearance varies with the stress applied suggesting that Gdslp
may be involved in the fine-tuning of the Msn2p/Msn4dp stress response and that the full
disappearance of Gdslp protein level is required for full activation of Msn2p/Msn4p. In
certain conditions (acidic or hyper-osmotic environment as well as LiCl treatment), |
detected a re-emergence of Gdslp protein level after prolonged stress (2 hours). This
suggests that Gds1p may be involved in cellular adaption to prolonged, non-lethal stress with
its re-emergence helping to downregulate Msn2p/Msndp transcriptional activity. In
agreement, studies have shown that Msn2p oscillates between the nucleus and cytoplasm
with variable, but predictable frequency depending on the nature and intensity, and duration
of an applied stress allowing for sustained, but diminished activation of ESR genes (Hao et
al., 2013; Hao and O'Shea, 2012; Jacquet et al., 2003). It is then possible that the fluctuation
in Gdslp protein level upon stress adaptation correlates directly with Msn2p oscillation and

can mediate cellular adaptation to stress. For example, Msn2p rapidly and completely re-
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localizes to the nucleus in response to osmotic shock, but soon after Msn2p is largely
translocated back to the cytoplasm (Hao and O'Shea, 2012). Similarly, upon osmotic shock
Gdslp protein level is rapidly diminished but restored to near stress free levels after two
hours (Figure 3.4B). In contrast, hydrogen peroxide induced oxidative stress leads to
sustained Msn2p nuclear localization (Hao and O'Shea, 2012) and Gdsl1p protein levels are
completely eliminated after two hours of peroxide treatment (Figure 3.4B). As my work is
only correlative, future studies will use real-time cell imaging to explore the localization and
protein levels of Gds1p and Msn2p. These experiments can shed light on whether Gds1p can
fine tune the intensity and duration of Msn2 activity in response to different stress types and

intensities.

4.2 Gdslp and NuA4 inhibit Msn2p/Msn4p transcriptional activity

As Gdslp was initially described as a protein required for growth on glycerol as the
sole carbon source (Konopinska et al., 1995), and displays physical interactions with Msn2p
and Msndp, I first hypothesised that Gds1p was required for activation of the Msn2p/Msn4p
stress response. Figure 3.2 though shows that gds/A cell viability remains normal in
response to growth on alternate carbon sources or under stress. This is in agreement with the
observation that Gdslp protein level is rapidly diminished in response to stress or carbon
source depravation (Figure 3.4B). Rather the disappearance of Gdslp upon stress suggested
a role for Gdslp in the inhibition of the stress response. We show that deletion of GDS! or
perturbation of the NuA4 complex both result in an increase in transcription and translation
of the exclusively Msn2p/Msn4p controlled gene HSPI2 (Boy-Marcotte et al., 2006; Boy-

Marcotte et al., 1998) (Figure 3.5A, B). The increased survival of both GDS/ and NuA4
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mutants in response to sudden, extreme heat stress also suggests their involvement in
repressing a global stress response that may extend beyond Msn2p/Msndp (Figure 3.5C).
This study provided initial clues into the mechanism of Msn2p/Msn4p inhibition by Gdslp
and suggests a novel mechanism of NuA4 involvement as both gds/A4 and eaf74 mutants

display increased Msn2-GFP nuclear localization in the absence of stress (Figure 3.6).

4.3 Do Gdslp and NuA4 work together to inhibit Msn2p/Msn4p?

The physical interaction between NuA4 and Gdslp and the ability of NuA4 acetylate
Gdslp in vitro, suggests that NuA4 may be acting through Gdslp to inhibit Msn2p/Msn4p
(Figure 1A) (Mitchell et al., 2013). Further, we show that Gds1p protein level is dependent
on NuA4 (Figure 3.3B) independently of NuA4 transcriptional regulation (Figure 3.3C).
These results suggested that NuA4 mediated acetylation of Gdslp may be promoting protein
stability and nuclear export of Msn2p in the absence of stress. As NuA4 has been shown to
acetylate and mask ubiquitinatable lysine residues (Lin et al., 2008), one possibility is that
Gdslp deacetylation followed by ubiquitination and proteasomal degradation may lead to
rapid loss of Gdslp protein level upon stress. Contrary to this hypothesis, when I mutated
seven of eight identified Gdslp acetylation sites from lysine to arginine (mimicking
constitutive lack of acetylation), there was no effect on Gdslp protein level and acetylation
state was inconclusive (Supplemental Figure S1, A, B). An increase in stress survival was
observed similar to a gds/A4 (Supplemental Figure S1, C). The increased stress survival
may be due to partial loss of acetylation but may also be due to loss protein function due to
miss folding. Although this result suggests that NuA4 and acetylation play little or no role
in Gds1p function, it is also possible that other key acetylation sites exist and have yet to be

identified. Further, Gds1p may have unidentified SAGA specific acetylation sites as Gdslp
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co-purified the majority of the SAGA complex (Figure 1A). Regardless, the fact that GDS1
mRNA expression is not impacted in NuA4 mutants (Figure 3.3C), suggests that NuA4 is
regulating Gds1p protein levels though a yet to be discerned mechanism.

Despite the physical interaction and potential role of NuA4 regulating Gds1p protein
levels, multiple lines of evidence suggest they are not acting in a simple direct pathway. We
found additive effects in both HSP12 transcription and expression in double gdsiA esal-TS
and gds /A eaf74 mutants (Figure 3.5A, B) and a negative genetic interaction between GDS/
and EAF1 (Figure 3.5D). These results suggest parallel pathways of NuA4 and Gdslp
regulation of Msn2p/Msn4p. The negative genetic interaction may be caused by excess stress
response protein expression resulting from perturbation of two independent repressor
pathways. I also found that the physical interaction between NuA4 and Msn4p is not
dependant on Gdslp and that unlike NuA4 (Mitchell et al., 2008), Gdslp is not localized to
the STRE of the HSP12 promoter (Figure 3.1C, 3.5E). Taken together these results suggest
largely parallel pathways of NuA4 and Gdslp regulation of Msn2p, but the possibility still
remains that unidentified NuA4 mediated acetylation sites regulate Gds1p protein level. See

Figure 4.1 for a proposed model of Gds1p function.

4.4 Gdslp and NuA4 do not promote Msn2p nuclear exclusion
through regulation of PKA

How are Gdslp and NuA4 promoting Msn2p nuclear exclusion? As PKA is the
major promoter of Msn2p/Msn4p nuclear exclusion, I hypothesised that Gds1p and/or NuA4
may inhibit PKA activity in the absence of stress. PKA promotes the Msn5p mediated

export of Msn2p and Msn4p by phosphorylation of their N-terminal NES
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Figure 4.1: possible model of Gds1p function in the absence of stress

In this model NuA4 directly inhibits Msn2p/Msn4p while promoting Gdslp
stability through acetylation in the absence of stress. Gds1p physically interacts
with Msn2p/Msn4p and leading to Msn5p mediated nuclear export.
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(Gorner et al., 1998; Jacquet et al., 2003; Yoshida and Blobel, 2001). We show that neither
deletion of GDSI nor NuA4 mutants impact the general activity of PKA, nor do they impact
the phosphorylation levels of Msn2 in the absence of stress (Figure 3.7 A, B). Further, by
examining protein levels of Hsp12-GFP in strains harboring overactive (overexpression of
RAS2""®) or underactive (overexpression of BCYI) PKA, I show that NuA4 and Gdslp are
regulating Msn2p/Msn4p activity through a pathway distinct from that of PKA (Figure 3.7
C, D). Indeed, in gdsiAdeafiA cells, which like cells deficient in both GDS/ and subunits of
NuA4 display increased HSPI2 expression (data set not shown), Msn2p phosphorylation is
increased (Figure 3.6 B) suggesting the cell is attempting to export Msn2p to counterbalance
its inappropriate nuclear localization. Though our work indicates that Gdslp and NuA4 are
working in a pathway distinct from the primary pathway regulating Msn2p localization
during non stress conditions, it does not exclude the possibility that this novel pathway is
mediating the effects of TOR or Ssn3 (Balciunas and Ronne, 1995; Beck and Hall, 1999; Chi
et al., 2001), also both implicated in Msn2p localization under non stress conditions.
Regardless, as gdsIA and eafiA cells do not display decreased Msn2p phosphorylation
(Figure 3.7 B), it suggests the mechanism maybe distinct from phosphorylation of the NLS
of Msn2p. Further, as endogenous Msn2p protein levels do not substantially change in
eafld, gdsiA or gdsideafiA cells (a-Msn2, Figure 3.7B) it is unlikely that Gdslp is
regulating Msn2p protein levels as is the case with Umplp (Erkina et al., 2008; Sadeh et al.,

2011)

Intriguingly, our interactome (Figure 3.1A) detected a physical interaction between
Gds1-TAP and Msn5p, the karyopherin responsible for Msn2p nuclear export (Durchschlag

et al., 2004; Kaffman et al., 1998a). As Gdsl is exclusively nuclear, and shows physical

81



interactions with nuclear pore proteins, could Gdslp be contributing to trafficking Msn2p to
nuclear pores? It is also possible that Gdslp affects other nuclear pore tethering or export
regulating factors. Many karyopherin exportin proteins exist and may be regulated by Gdslp
including Crm1 (Stade et al., 1997), Kap109 (Cook et al., 2005; Xiao et al., 1993), and
Los1(Hellmuth et al., 1998). This hypothesis is unlikely as Gds1p has not yet been found to
physically interact with any exportin other than Msn5p, and Msn2p nuclear export has only
been tied to MsnS5p (Durchschlag et al., 2004).  Alternatively, Ntf2p and other importin
family karyopherins are required for Ran-GTP nuclear import and may be affected by Gds1p
(Gorlich et al., 1995; Ribbeck et al., 1998; Smith et al., 1998a). This hypothesis though is

unlikely as it would affect global protein shuttling.

4.5 Hsp12-GFP mini-screen provides clues into Gds1p mechanism of
action

To elucidate the pathway through which Gds1p inhibits Msn2p/Msn4p in the absence
of stress, I created two mini libraries of strains expressing either Hsp12-GFP in strains
deleted for individual Gdslp physical interactors with and without gds/A4. The screen
employed flow cytometry to detect Hspl2-GFP fluorescent signal as readout of
Msn2p/Msndp activity where deletions mutants in which GFP signal is increased over WT
likely represent Gds1p physical interactors that also play a role in the inhibition of the ESR.
If the combination of a Gds1p interactor deletion with the deletion of GDS/ caused additive
increase in GFP signal, the likely interpretation of this genetic interaction is that the two
genes share a function but accomplish it by parallel pathways. If, on the other hand, the

double deletion does not cause an additive increase in GFP signal over either single delete, a
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possible interpretation is that the two genes work within the same pathway. Unfortunately,
there were technical issues incorporating the HSP12-GFP gene into the mini-array and the
screen only identified one gene fitting the model for working within the Gdsl pathway:
ADE3. Deletion of ADE3 leads to a slight, and probably negligible, increase in GFP signal
compared to WT (29.7 vs 27.2) while the combined ade34 gdsiA has no additive effect
(Table 3.1). Ade3p is involved in single carbon alteration and amino acid synthesis (Song
and Rabinowitz, 1993) suggesting a role for Gds1p in the amino acid starvation response. As
the screen was only performed once and the difference in mean GFP fluorescence between
WT and the single mutant was slight (27.2 and 29.7), further examination of this phenotype
needs to be done before any conclusions can be made. A far more common occurrence in the
screen were instances were a Gds1p interactor deletion led to a decrease in GFP signal and
the double interactor/GDS! deletion did not recover or increase GFP signal. A possible
interpretation of this scenario is that the Gdslp interactor is involved in the activation of the
stress response, and Gds1p may be involved in its inhibition. SNF2, the catalytic subunit of
the SWI/SNF chromatin remodeling complex, is involved in chromatin remodeling, silencing
events, non-fermentable carbon source metabolism, and activation of the stress response
(including binding to and activating transcription from Hsflp and Msn2/Msn4 mediated
promoters during heat shock) (Abrams et al., 1986; Erkina et al., 2008; Hirschhorn et al.,
1992; Shivaswamy and lIyer, 2008). I found that deletion of SNF2 led to decreased GFP
signal and the additional deletion of GDS! did not alleviate the decrease (Table 3.1). Thus,
Gdslp may be involved in the regulation of the SWI/SNF or in its targeting to stress related
promoters. PAUI3 is a gene of unknown function whose transcription increases upon ethanol

shock (Alexandre et al., 2001; Viswanathan et al., 1994). The decrease in GFP signal in both
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the paul34 and paul3A gdsiA double mutant could shed light on both Gdslp and Paul3p
mechanisms of action during ethanol exposure if further explored.

In conclusion, we have determined that NuA4 and Gds1 are work together to inhibit
Msn2p/Msndp activity under non-stress conditions. The identification of novel regulator
Gdsl1p, emphasises that the cell has develop multiple redundant pathways ensure that

Msn2p/Msn4p stress response pathway is exquisitely in tune at all times.
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Appendix A

Table S1- Strain list

Reference or

Strain Auxotrophies
Source
YKB779 MATa ade2-101 his3-4200 lys2-801 leu2-A1 ura3-52 trpl-463 (Sikorski  and
Hieter, 1989)
YKB 2163 MATa ade2-101  his3-4200 lys2-801 leu2-A1 wura3-52 trpl-463 GDSI- | This study
TAP::HIS3
YKB 440 MATa trpAd ura3-1 leu2-3,112 his3-11,15 ade2-1 canl-100 ESAI-TAP::TRP TAP collection
YKB 2703 MATa ade2-101 his3-4200 lys2-801 leu2-41 ura3-52 trpl1-463 GDSI-HA::KAN | This study
YKB 2705 | MATa ade2-101 his3-4200 lys2-801 leu2-A1 ura3-52 trpl-463 GDSI-HA::KAN | This study
ESAI-TAP::TRP
YKB 1035 | MATa ade2-101 his3-4200 lys2-801 leu2-A1 ura3-52 trpl-463 MSN4-TAP (Mitchell et al.,
2008)
YKB 2959 | MATa ade2-101 his3-4200 lys2-801 leu2-A1 ura3-52 trpl-463 GDSI-HA::KAN | This study
MSN4-TAP
YKB 2609 | MATa ade2-101  his3-4200 lys2-801 leu2-A1 wura3-52 trpl-463 GDSI- | This study
GFP::KAN
YKB 1233 | MATo his3A1 leu2A lys2A ura3A GFP-TUBI1::URA3 This study
YKB 2839 | MATa ade2-101  his3-4200 lys2-801 leu2-A1 wura3-52 trpl-463 GDSI- | This study
GFP::KAN eafIA::KAN
YKB 2628 | MATa ade2-101 his3-4200 lys2-801 leu2-Al ura3-52 trpl-463 esalAHIS3 | This study
GDS1-GFP::KAN esal-L245P::URA3
YKB 42 MATa ade2-101 his3-4200 lys2-801 leu2-A1 ura3-52 trpl-463 eaf1A::KAN (Mitchell et al.,
2008)
YKB 2644 | MATa ade2-101 his3-4200 lys2-801 leu2-Al ura3-52 trpl-463 gdslA::KAN This study
YKB 1093 MATa ade2-101 his3-4200 Ilys2-801 leu2-A1 wura3-52 trpl-463 met1540 | (Mitchell et al.,
msn2A::TRP msn4A::KAN 2008)
YKB 860 MATa  his3-4200 leu2-3,112 trp-141 wura3-52 ade2-101 esalAHIS3 esal- | (Clarke et al.,
L245P::URA3 1999)
YKB 2943 MATa ade2-101 his3-4200 Iys2-801 leu2-Al wra3-52 trpl-463 gdsIAKAN | This study
esal AHIS3 esal-L245P::URA3
YKB 2841 MATa ade2-101 his3-4200 Ilys2-801 leu2-A1 wura3-52 trpl-463 met1540 | This study
msn2A4::TRP msn4::KAN gds1A::KAN
YKB 3075 MATa ade2-101 his3-4200 Iys2-801 leu2-A1 wura3-52 trpl-463 gdslA::KAN | This study

eaflA::NAT

100




YKB 2961 MATa ade2-101 his3-4200 lys2-801 leu2-A1 ura3-52 trpl-A63MSN4-TAP::TRP | This study

YKB 2970 | MATa ade2-101 his3-4200 lys2-801 leu2-A1 ura3-52 trpl-463 MSN2-GFP::HIS | This study

YKB 3085 | MATa ade2-101 his3-4200 lys2-801 leu2-A1 ura3-52 trpl-463 MSN2-GFP::HIS | This study
gdsiA::KAN

YKB 3162 | MATa ade2-101 his3-4200 lys2-801 leu2-A1 ura3-52 trpl-463 MSN2-GFP::HIS | This study
eaf74::KAN

YKB 3198 | MATa ade2-101 his3-4200 lys2-801 leu2-A1 wura3-52 trpl-463 HSPI2- | This study
GFP::HIS

YKB 3199 | MATa ade2-101 his3-4200 lys2-801 leu2-A1 wura3-52 trpl-463 HSPI2- | This study
GFP::HIS eaf74::KAN

YKB 3200 | MATa ade2-101 his3-4200 lys2-801 leu2-A1 wura3-52 trpl-463 HSPI2- | This study
GFP::HIS gdsiA::KAN

YKB 3276 | MATa ade2-101 his3-4200 lys2-801 leu2-A1 wra3-52 trpl-463 HSPI2- | This study
GFP::HIS gds1A::KAN eaf74::TRP

YKB 3278 | MATa ade2-101 his3-4200 lys2-801 leu2-A1 wura3-52 trpl-463 HSPI2- | This study
GFP::HIS msn2A::TRP msn4::KAN gdslA::KAN

YKB 3279 | MATa ade2-101 his3-4200 lys2-801 leu2-Al1 ura3-52 trpl-463 GDSI K 87, 342, | This study
343, 345, 348, 351, 354, 408R —HA:: NAT

YKB 3280 | MATa ade2-101 his3-4200 lys2-801 leu2-A1 wura3-52 trpl-463 GDSI1 K87R — | This study
HA:: NAT

YKB 1690 | MATa ade2-101 his3-4200 lys2-801 leu2-A1 ura3-52 trpl-463 EPLI-HA::KAN | Mitchell et al.,

2013
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Table S2 — Gds1-TAP physical interactome

Mascot # Unique
Gene Name Score Peptide # Peptide Hits % Coverage
YIL111W CCT17 342 2 6 4%
YGL207W SPT16 412 6 7 7%
YDR190C RVB1 235 3 5 7%
YPL235W RVB2 221 2 4 5%
YBR245C ISwi1 465 3 8 4%
YBL0O23C MCM2 251 4 5 5%
YGL201C MCM6 419 3 8 4%
YMRO037C MSN2 87 2 2 3%
YKLO62W MSN4 512 3 10 6%
YBL0O52C SAS3 230 2 4 3%
YFLO39C ACT1 2312 7 42 19%
YJLO81C ARP4 2410 10 40 25%
YDR359C EAF1 9463 29 164 33%
YPR023C EAF3 911 7 16 21%
YFL0O24C EPL1 5573 31 102 38%
YOR244W ESA1 2694 15 49 31%
YHRO090C YNG2 1887 5 31 17%
YHRO99W TRA1 23719 90 414 28%
YGR002C SWC4 2806 14 48 27%
YILO76W NET1 147 2 3 2%
YMR091C NPL6 214 2 4 5%
YBR0O81C SPT7 2282 13 39 11%
YLRO55C SPT8 1192 7 19 14%
YGLO66W SGF73 2229 6 36 14%
YPL254W HFI1 1375 4 21 11%
YDR392W SPT3 384 4 7 16%
YOL148C SPT20 554 3 11 6%
YGR252W GCN5 433 5 8 14%
YDR448W ADA2 474 4 9 11%
YDR176W NGG1 634 3 13 4%
YDR145W TAF12 1983 12 39 28%
YBR198C TAF5 1887 10 33 16%
YGL112C TAF6 1050 6 18 15%
YMLO10W SPT5S 350 3 6 3%
YGR270W YTA7 914 6 16 7%
YPL0O82C MOT1 152 3 3 2%
YDR129C SAC6 625 4 11 8%
YFLO37W TUB2 254 2 5 5%
YKLO54C DEF1 832 4 14 8%
YBR025C OLA1 724 5 13 14%
YJLO08C CCT8 352 4 7 8%
YIL142W CCT2 174 2 3 4%
YJLO14W CCT3 97 2 2 4%
YLLO26W HSP104 653 8 13 10%
YBLO99W ATP1 164 2 3 4%

102



YER177W
YMR246W
YOR355W
YIRO33W
YPL226W
YLR150W
YNLO71W
YMR205C
YDR454C
YPL237W
YKL126W
YERO25W
YGL105W
YGL245W
YDR238C
YGL137W
YFRO51C
YER110C
YNL189W
YOR046C

BMH1
FAA4
GDS1
MGA2
NEW1
STM1
LAT1
PFK2
GUK1
SuIl3
YPK1
GCD11
ARC1
GUS1
SEC26
SEC27
RET2
KAP123
SRP1
DBP5

312
143
12283
643
787
238
282
293

193
155
361
168
1423
266
322
246
1218
248
164
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Figure S1: Gds1p acetylation site point mutants are degraded upon heat shock but
confer increased stress survival

A. Gdslp acetylation site point mutants may retain acetylation. Gds1-HA (YKB 2703),
Gds1K7-HA(YKB 3279)*, Gds1K87-HA (YKB 3280)** and Epll-HA (YKB 1690) were
immunopurified from yeast cells through a-AcK coupled magnetic beads or a-HA coupled
magnetic beads compared to an untagged strain (YKB 779 WT). Immunopurified products
and whole cell extract were subjected to Western blot analysis with antt HA (a-HA) or
glyceraldehyde-6-dehydrogenase (o-G6DPH) antibodies as indicated. Results are
inconclusive as the uncoupled beads control (not shown) immunopurified Gds1-HA as well
as the point mutants. n=1 B. Gds1-HA and Gds1-HA point mutant protein level is reduced
in response heat shock. Strains Gdsl-HA (YKB 2703), Gds1K7-HA(YKB 3279), and
Gds1K87-HA (YKB 3280) were heat shocked at 37°C for the indicated time period prior to
lysis. Whole cell extracts were resolved by SDS-PAGE, subjected to Western blot analysis
and probed with a-HA and o-G6DPH antibodies. n=1 C. Gdsl1-HA point mutants exhibit
increased tolerance to heat stress similar to gds/4 cells. Strain Gds1-HA (YKB 2703), gdsiA
(YKB 2644), Gds1K7-HA(YKB 3278), and msn24 msn44 (YKB 1093) were used in a
viability assay to test cell survival following brief exposure (11 minutes) to extreme heat
(48°C) as compared to cells maintained at 25°C. Results are an average of two experiments
and are standardized to the survival rate of wild type cells (YKB 779).

*Gds1K7-HA refers to a seven lysine to arginine site point Gds1p point mutant — K87, 342,
343, 345, 351, 348, 354R

**Gds1K87-HA refers to a single lysine to arginine site point Gds1p point mutant — K87R
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