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Abstract

Ras proteins are small GTPases that act as molecular switches within cells that link
extracellular stimuli to intracellulaaffectors. Ras proteins play a conserved role in the control

of both cell growth and proliferation. As a result, mutations that induce the constitutive
activation of Ras proteins are often associated with changes in cell behaviour that can lead to
diseasesuch as human cancefhe localisation of Ras is crucial for its function and this is
controlled by postranslational modificationsHowever, the roles for such modifications in
regulating Ras localisation and its activity are poorly understvéel havadentified that the
phosphorylation of Serirté®of Ras2, a protein that is essential for the control of both growth
and proliferationin S. cerevisigglays an important role in the regulation of its localisation
and activity Modification of this resida leads to changes ie distribution of GTHBound

Ra® within the cell. Thisdrives cells towards aovel state ofgrowth cessationthat is
dependent upon the activity of the&eAMP/PKA signalling pathwayWe show that this
guiescent state is characterised by an uncoupling of cytoplasmic and nuclear process that
govern cell growth and divisioWVe suggesthat cells can escapgowth arrestand reengage

in the cell cyclaf the RastAMRPKA pathway activy is reduced, additional nutritional
supplementation is provided or if nutrient uptake processes are elevaldus, the
Seriné®°reside plays an important role in the control of Ras2 localisation and activity that
allows the cell to cardinate nutritional availability with growth and cell division. My thesis
highlights that postranslational modifications in regions outside of thighly conserved Ras
GTPase domain may be targeted to change cell fate, for example by switchingyepth
signalling programme to one that drivesgrowth cessation This has implications for the

development of novel therapeutic approaches for casogriven by oncogenic Ras proteins.
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Chapter 1
Introduction
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1.1S. cerevisia@s a model organism

The exploitation of eukaryotic organisms as biological models has been fundamental for
biological discovery. Model organisms such as yeast, nematodes and flies can be utilized to
rapidly elucidate the function of genes and their role in cellular pathwpyacessesand
compartments. Enhancing the understanding of how genes function is crucial if we are to
understand basic cell biology and why mutation can lead to dysfunction that underlies

disease.

Saccharomyces cerevisig cerevisigas a singleelled eukaryote and therefore shares the
cellular structure and organisation of higher eukaryote cells. Coupled with the relative
simplicity of genetic manipulation, shedioubling time and broad range of molecular tools

and resources availabl&,. cerevisiaes regarded as an important model organighi{2]. In

1996,S. cerevisiabecame the first eukaryote to have its complete genome sequenced and
published[2]. A wide range of genetic and molecular tools have been developed to facilitate
research using. cerevisiad-or instance, a collectioof yeast strains comprising deletions of
non-essential open reading frames (ORF) was generated and made accdS8§ub]e
Furthermore, other collections exist with genomade coverage such as a collection
comprising of GFfRused chimera proteins that aid in the visualisation of endogenous yeast
proteins [5][6]® { dzZLILI2 NI Ay 3 (KSaAasS NBaA2dzNOSaE Aa | FN
{ OOKI NPY&OSa 3ISy2YS RIGlIolFr&aS o{D50¢ SgKAOK
cerevisiaalong with research and analytical tools to enable investigation the relationship

between gene sequence and gene functismiv.yeastgenome.orgl
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The available resourcdsgave enabled the roles of almost 85 % of the 5800 proteading

genes ofS. cerevisia® be determined. Such annotation, coupled with the advantages of the
system as a whole offers an important resource, for example it has sleawnthat ~ 17 %

of yeast genes exist as members of orthologous gene families associated with human diseases
[7]. The expression of human proteimsyieast cells can also be instrumental for the discovery

of chemical or protein inhibitors of their activity using high throughput screening methods
[8]. Such assays are based on the principle that demonstrable functions of hunotms

may be manipulated by chemical compounds or further genetic manipulfift0]. As such
research conducted of. cerevisiadas been instrumental in uncovering the role of many
proteins in higher eukaryotes, including humd@g A good exampleds in the study of small

GTPase proteins of the Ras superfamily

1.2The Ras superfamily

The Ras superfamily comprises of small Guanosine Triphosphate Hydrolases (GTPases), which
range from 20 to 40 kDa in size. The Ras superfamily includes over 150 rsémbhamans

with evolutionary conserved orthologues presentsieveralorganismsncludingDrosophila
melanogasterCaenorhabditis elegarad S. cerevisiaeThe superfamily is divided into five

main branches based on sequence and functional similarities; Ras, Rho, Arf/Sar, Rab and Ran
[11]. While similar to the heterotrimeric G protelh  adzodzy Alda Ay 0A2O0KSYA3
Ras family proteins act asonomeric G proteins, functioning as molecular control switches
[12]. Posttranslational nodifications and structural differences dictate their subcellular
localisation and the proteins that serve as their regulators enable GTPases to function as

efficient modulators of complex cellular processes.
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Rab family proteins make up the largest brarmafhthe Ras superfamily with 61 members
currently identified[13]. Rab proteins are associated with membrane organisation due to
their regulatory role in intracellular vesicular transport between ordmsein both the
endocytic and secretory pathw¥4]. The second branch of the superfamily comprises of the
ADPribosylation factor (Arf) family proteins and like Rabtpios, have been implicated in
the regulation of vesicular transpoitl3][14]. The regulation of Arf GDP/GTP cyclisag

O2yGNRtfSR 0& RABBIAYOUG D9CQ& YR D!t Qa

Rho proteins form the third branch of the superfamily with twenty known Rho proteins
identified with RhoA, Racl and cdc42 being the most studied. Rho proteins function as vital
regulators of extracellulastimulusmediated signalling networks which regulatgene

expression, cell cycle progression and actin organizft®pnMoreover, Rho GTPases are also

involved in cell polarity, cell shape and aakhtrix interactiong17].

The fourth branch encompassing the most abundant small GTPase in the cell, is-tike Ras
nuclear (Ran) protein. Ran is best characterised for its role in nucleocytoplasmic transport of
RNA and protein§l8]. Unlike other small GTPases, Ran activity is dependent ontialspa

gradient of the GT®Bound form of Ran. A single human Ran protein is regulated by a Ran

specific nuclear GEF and cytoplasmic GAP. The resulting effect is a high concentratien of Ran

GTP in the nucleus, facilitating the directionality of nuclear impod export within cell§19].
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1.3 The Ras protein subfamily

The final branch of the Ras superfamily andfibeusfor this study are the Ras proteinBhe
activation of Ras proteins, as with all G proteins, is dependent on the exchange of bound GDP
for GTP and is deactivated through the hydrolysis of GTP tqZeD@igure 1). Rasrpteins
function as intracellular signalling molecules transforming extracellular stimuli into
intracellular responses at a given target via the utilization of complex intracellular signalling

pathways.

All Ras proteins share a conservedd@nain, the furctional domain that binds to GTP/GDP,
therefor it is not surprising that all Ras proteins present a common mechanism of action. Ras
proteins function as binary molecules switching between an inactivelé&ibd state and an

active GThhound state. The actation of Ras proteins leads to subsequent activation of
signalling cascades which differ depending on the organism and specific Ras protein activated
[21][22]. Most proteins who interact with Ras to activate downstream signalling pathways,
share a conserved domain known as the fA&8ing-domain, or RAS association (RA)
domain. The presence of this domain was exploited and used for the identification of novel
Ras effectors which were found via cDNA library screens by probing for the presence of RA
domains[21]. The conserved mechanism of action shared between Ras proteins is reliant on
a conseved sequence consisting of a setyjlof G box GDP/GTBinding motif elements

which begins at the fferminal domain and form a-@omain of approximately 20 kDA in size

[23]. The Nterminal domain contains short sequences of amino acids involved in the
recognition of phosphates and guanine nucleed Important motifs within the @ox
domain include switch | and switch Il, which regulate the conformational changes between

GTPR and GDMhound Ras proteinf24][25]. The conformation®f active and inactive sites
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present significant changes which correspond to the switch | and Il regions with these small
variations leading to different affinities for active or inactive Ras proteins towards Ras

regulators and effectorf20].

As with all Gproteins, Ras activation is dependent on the exchange of bound GDP for GTP

and is deactivated through the hydrolysis of GTP to GDP; this cycling between active and non
FOGA@®S aidl 4dSa Aa NRHgze 1)#65 Fhe GuaninB BxCh@rige RasfoR D! t
(GEFs) regulate Ras activation via the exchange of GDP bound to the Ras nucleotide binding
pocket for GTP and GTPase Activating Proteins (GAPS) regulate the subsequent deactivation
[26]. The cycling between activation and deactivation of Ras proteins is integréhefor

coupling of external stimuli to effector proteins within signal transduction cascades.

An example of such an effector protein found in higher eukaryotic systems is RAF, a serine
threonine kinase which interacts with Ras through the previously mentidRBD, the Rafl
protein binds to active GFBound Ras making it a very useful tool for the investigation of Ras
activation within living cell$27]. Rasland Ras2 guanine nucleotide binding and GTPase
activities have been characterised and the¢e@ninal third of the nucleotide sequence of
yeast Ras displays significant overlap with human RAS. Furthermore, iR&Oppresses

the loss of yeasdRASyenesthus supporting functional similarities between yeast and human

RASyeneg[28].
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Figure 1.Ras protein cycling between active and inactive states through the action of GEF
and GAP proteins.

Active Ras interacts with the downstream targets in signalling cascades to induce a cellular
response.Ras activation is depeent on the exchange of bound GDP for GTP and is
deactivated through the hydrolysis of GTP to GDP; this cycling between active aactinen
aidridSa Aa NB3Idz [2BSR 6@ D9CQ&a FyR D!t a

In S. cerevisiaéwo proteins are expressed which are homologous to human Ras, Ras1 and

Ras2. Th&kRASland RAS2Q)enes are located on chromosome XV and [X®, respectively,

and encode two highly similar proteins of 309 and 322 amino acids if2SE&0].

Ras proteins function a&TPRbinding proteins which regulate the nitrogen starvation
response, sporulation, and filamentous growth in yeasSImerevisigdRAShas a paralog,
RAS 1which arose from the whole genome duplicati@®i]. Raslp and Ras2p share the same

function, but differ in their levels of gene express|[82][33].
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Figure 2.A 3D representation of the crystal structure tife human Ragrotein in itsGDR
bound conformation.
Courtesy ohttp://www.rcsb.org/structure/2ERY

Previously, the yeast Ras proteins were thought to have exclusive roles within the cell as Ras1
was unable to complement growttlefects caused by the deletion BAS2such as reduced
growth on nonfermentable carbon sources and decreased levels of intracellular cAMP
[34][35]. However, these questions havedn explained by the differential regulation of the
MRNA production and protein translation BAS1 The level oRASIMRNA and protein
synthesis are reduced during the rambarithmic growth phase and during growth on Ron
fermentable carbon sourcg82], while RAS2ZnRNA levels are high during all growth phases

on both fermentable and noAfermentable carbon sourcg86][32]. To confirm thaRASkand
RASXiffer only by their level of expressioRASIwas put under the constitutive ADH1

promotor. Here,RASIwas able to fully supress the phenotype ofZms2 strain and the
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hyperactive mutant ofRAS1replicated the phenotypes observed in an constitutively

expressedRAStrain[37].

In humans the Ras protein family is comprised of 25 members, which are predominantly
localised to the plasma membrane. These proteins are highly conserved within the GTPase
domain, but mutations can lead to the constitutive activation of Ras. Investigatiovave
estimated that ~50 % of all tumours are result of mutations involved in the constitutive
activation of Ras signallif@6]. A number of human oncogenes implicated in a variety of

cancers have been identified includiNeRASH-RASINd K-RAF38][39][40][29].

Proto-oncogenes play an essential role in signal transduction and the execution of mitogenic
signals, therefore when ovectivated they beome tumourinducing agents. Ras genes are
examples of proteoncogenes, which encode for proteins involved in the regulation of cell
proliferation and differentiation. Ras plays an important role in the cell cycle and is linked to
severahuman cancers ands such has been extensively researched in recent years. Previous
investigations have identified that mutant alleles of the human Ras protein are linked to a
number of human cancers, further highlighting Ras as an important target for cancer research
[41]. Sequence analyses have revealed the importance of the amino acids at positions 12, 13
and 61 in Ras proteins. Mutations that cause the alternation of residueteadrio the over

activation of Ras via GAP impairmét ].

The protooncogenes-RASH-RASINAN-RAS NB 2FGSy GSNXYSR a GKS
Ras proteoncogenes and as such are the most extensively studied among all the Ras
superfamily members due to their direct involvement in tumorigenddi®R ASmutants are
present in 12 % of cases of bladder carcinoma whekeB#ASnutations are predominantly

found in mdignant melanomas and hematopoietic tumoUy#2]. Mutations inK-RASare the
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most common mutation asxiated with cancer disease with 60 % of pancreatic cancers, 34

% of colorectal and 16 % of lung cancers expressing oncdg&Adsoforms[43].

1.4 Posttranslational modifications of Ras

Posttranslational modifications such as methylation, ubiquitination and most commonly
phosphorylation can diversify protein function and enhance reguldddh The regulation of

yeast Ras proteins is not explicitly regulated by their GTP/GDP binding state, but also by post
translational modifications, which can dictate Ras-sabular localisation. The swdellular
localisation of Ras proteins determines thass of effectors and regulators that are available

and thus determines the downstream signalling actij2%][21].

Ras proteins undergo a series of posttranslational modifications which are important to
control both activation and its localisation to the cytoplasmic side of thenpasiembrane

[21]. The @erminal domain of the Ras proteirontains a CAARC= cysteine, A = aliphatic
amino acid, x + terminal amino acid) motif, which is essential for membrane targeting and
activity [44][45][46][47]. The first posttranslational modification of Ras processing is
farnesylation. The cysteine in the CAAX motif is targeted by farnesyltransferase, which
catalyses the addition of a farnesyl isoprenpi@]. It has beershownthat the addition of
geranylgeranyl isoprenoid to the CAAX motif can substitute farnesylation but only when
farnesyltransferase is blocked by specific inhibi{d&j[49][47]. Following this modification,

Ras membrane interaction is initiated and Ras is targetdddeendoplasmic reticulum (ER)
[50]. After farnesylation the proteolytic removal of the AAX amino acids from the CAAX motif
via the enzyme Recl occurs, leaving a prenyl cysteine at thernthus [51].
Isoprenylcysteine Carboxymethyltransferase (ICMT) performs carboxyl methylation on the
prenyl cysteine, which has been hypothesised to play an essential role in Ras sif@2)ling

32



The previously mentioned posttranslational modifications are the minimum signals required

for movement andenure to the plasma membrane.

1.5 Ras protein trafficking

Ras proteins are most frequently found associated with membranes and research has focused
upon its function at the plasma membrane. Importantly, the site of Ras localisation can dictate

its fundion via its interaction with regulatory partners and downstream effec{@dq[53].

InS. cerevisiaghe precise mechanism of Ras trafficking from cytosol to endomembranes has
yet to be elucidated but in the mammalian system it is known tdtasandH-Rastransit to

the plasma membranes occurs via vesicular transport following palmitoyld&ai55].
Experimental evidence xésts to suggestthat N-Rasand H-Raslocalised on the plasma
membrane can also be depalmitoylated which promotes its translocation back to the golgi
apparatus[56]. Due to the lack of palmitoylation s inK-Ras (Figure 3the mechanisms
controlling its movement to the plasma membrane is unknown but it is known to be
dependent on a polysine region close to the hypervariable region that does not rely on
golgi/lendomembrane trafficking53]. A fluorescent probe consisting of the Ras Binding
Domain (RBD) of Raffused to GFP was develapw confirm that signalling occurs from Ras
proteins on the surface of the golgi apparatus. The probe binds specifically to active Ras
proteins, revealing that Ras activation can be found to occur at both the ER and golgi
apparatug57]. Furthermore, in addition to signalling from the golgi, studies have shown Ras
activation atthe ER compartment wheN-RasandH-Rasproteins deficient in palmitoylation
accumulate on the ER and in the cytofs][50]. Collectively these studies highlight the

importance of the regulation of Ras localisation for its activity.
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Ras hypervariable region (HVR) aa. 166-188/9
K(B}-Ras: HKEKMSKDGKKKKKKSKTKCVIM

Palmitoylated isoforms

HRas: HKLRKLNPPDESGPGCMSCKCVLS
N-Ras; YRMKKLNSSDDGTQGCMGLPCVVM
K(A)MRas: YRLKKISKEEKTPGCVKIKKCIIM

Traficking ! Palmitoylated
molif EBasnc/hydrophobnc oolybasi

Figure 3.The human RasAprotgihAypervegriablAe region (HVR). ) o

Thel +w AYyFf{dzSyoSa uUKS GFENAIFIOAfAGE AYy TFdzyOuAZ2Y
to allow membrane interaction and localisation.

In yeast, Ras proteins also undergo PTM to regulate their localisation and g&0i[68].

The initial PTM observed for both Rasl and Ras2 is the rernbaaimethionine at the N

terminus, followed by @erminal modifications such as carboxyl methylation, farnesylation

and palmitic acid additiofb9][60][61]. Raslp and Ras2p farnesylation at the cystef the

CAAX box motif is catalysed by a farnesyltransferase, compriged df y R i ddzo dzy A U &
by RAM2andDPR1/RAM. Experimental evidence has shown that Ras protein localisation in
mutants of eitherRAM1or DPRIpresent a cytoplasmic localisati¢d2]. InS. cerevisiathe
palmitoylation of Ras proteins is catalysed by Palmitoyltransferase (PAT), encpdbd b
ERF2nd ERF4enes[60]. The protein products of these genes are localised in the ER and

perform palmitoylation usig palmitoy}CoA[62].
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Through the use of fluorescent labelling of Ras proteins and their partners, it hasbeen

GKIFG / ROupEZ LNIH YR /&NM FFINB t20FtAT SR 2y
adenylyl cyclase by Ras2 occurs solely on the plasma membr&neerevisiafs3][64] . Ras

has been shown to be anchored to the ER by the Ras inhibitofsBfiMore current studies
highlightthat the localisation of active Ras is dependent on the activity of Protein Kinase A
(PKA). A feedback regulation on Ras2 localisation has been suggested, based- on PKA
dependent phosphorylation; Ras2 was shown to localize mainly on the plasma membrane in
glycerokgrowing cells, while glucoszddition causes a rapid #lecalisation of large part of

the protein to the cytoplasnji66]. The overexpression of tHEPKIsubunit drives both Cdc25

and Ras2 away from the plasma membr§#i€]. Furthermore, active Ras has been shown to

localise in the nuclear compartme[@8][69].

Other studieseveala potential role for the mitochondria for correct Ras localisafit®]. For
example, an aberrant accumulation of activated Ras at the mitochondria in response to
nutritional depletion was reported in cells lackimghi2, a protein phosphatase activator

involved in the general stress resporigé)].
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Figure 4 Posttranslational modifications play an important role idictating subcellular

Ras trafficking and localisation.

Although the mechanisms of Ras trafficking to many intracellular sites has yet to be
determined.

Despite our extensive knowledge on how Ras protein modifications lead to plasma membrane
localisation we know relatively little on how they are targeted to other compartments of the
cell (Figure 4) This lack of knowledge necessitates future investigations to elucidate which
modifications and mechanisms reguteg Ras localisation within eukaryotic cells and the

significance of localisation for cell function.

1.6 Ras protein phosphorylation

Phosphorylation is an important posttranslational modification and is used to control the
function, localisation,or activity of many proteing71]. Phosphorylation is the chemical

addition of a phosphoryl group to an organic molecaled is catalsed bya kinase. he
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subsequentemoval of a phosphoryl group is called dephosphorylatind is catalysed by
phosphataseProtein phosphorylation can occur on serine, threonine and tyrosine residues
andis widely considered as the most abundant ptrsinslational modification in eukaryotes

[72][73].

In yeast, bothRas1 and Rasare phosphorylated anghosphorylationoccurs exclusivelgn
serine residues[74]. Tryptic phosphopeptide analysisighlighied only two major
phosphorylaed tryptic peptides ofthe Ras2 proteifr4][75]. Furtherinvestigationsshowed
that phosphorylated R&sproteins are predominantly localised in th@asmamembrane,
where the action of these proteins occur#4]. Thus, suggesting that phosphorylatioray

not merelybe a random event butather playa physiologically significant ro[&4][75].

Specific senie residues have been identified withyeastRas1 and Ras?2 proteins that can be
phosphorylated74][75]. Although there are 31 serine residues in the mature Ras2 protein,
it has been shown that onkerine residuesat positiors 6, 198, 202, 207, 214, 22225, 235,
238, 262, 275, 285 and 291 are identified @#ative Ras2 phosphorylation sge[75].
Interestingly,activated alleles of botliRASIand RAS2proteinshave been shown to bkess
stable and less phosphorylated than proteins from cells expressingtypidalleles oRas2

[75].

Seriné'* of Ras2 is the preferred site of phosphorylatidrowever, the protein kinase(s)
responsible for Ras2 phosphorylatioan phosphorylate a vaety of serine residues in the
vicinity of serine** when this siteis altered [75]. When Ras2?'#is replaced by the non
phosphorylatable residue alanine, cells exhibit reduced glycogen accumulation, elevated

cAMP levels and increased activation of cAMP signalling by gldyéd$eFurthermore,
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increased PK#lependent activation of Ras3TP was observed suggesting that

phosphorylation is controlled via feedback regulation of the-&s8IP/PKA pathway.

Amongras gene products, phosphorylation is not limited to yeast proteinshumans, lhe
activity of HHRasmutant proteins can bemodulated by phosphorylatioriThe constitutively
activated HRas®'2¥mutant can develop a second mutation resulting in thebstitution of
alanine for a threonine at position 5&hosphorylation occurs on the HRAS™*mutant
proteins at threonine59 and functionsas a suppressor othe G12V mutation [76].
Furthermore, eperimental evidence also shows that PKC agonists induced phosphorylation
of serine’®! resulting in the fast translocation ofRas from the plasma to endnembranes

[77].

Although e&/idence exists to suggest that Ras proteins can undergo phosphorylation events
which regulate its activity. Surprisingly, the phosphorylation of Ras2p @erevisiahas not
been studied regardings regulaton of intracellular localisation despite significant evidence

existing linking Ras phosphorylation to its localisation in humans

1.7 RAS/cAMP/PKA signalling $1 cerevisiae

In S. cerevisigeRas proteins, once activated, interact with adenylate cyclase at the plasma
membrane, triggering the synthesis of cAMP from AFRure5) [78]. Adenylyl cyclase,
encoded byCYRlis a large protein consisting of 2,026 amino acids. The protein structure
comprises ofour domains:N-terminal, middle repetitive, catalytic and at€minal domain.

The middle repeat consists of a-B&sidue amphipathic leucinech motif called the LRR

domain (6741300 aa). The LRR domain is the principal site of Ras interaction amd the
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terminal domain of the LRR (67&6) has been identified to be a Ras Associating Domain

(RAD).

Upon cAMP production by adenylyl cyclase, cAMP binds to the Bcyl protein, the regulatory
subunit of PKA, activating PKA. The regulation of Ras/CAMP/PKAirsigisgkssential for
orchestrating many cellular processes including growth, proliferation, cell cycle progression,
stress responses and the control of ageing in yeast @&lisire 5]79]. Mutations resulting in
the inappropriate activation of PKA induce cell cycle arrest in Gdoggy accumulation and

prolonged survival when exposed to starvat{@a].

An increase in intracellular cCAMP levels results in the activation of PK#evdéssociation of

the PKA regulatory subunit Bcjg0] and the PKA catalytic subits) encoded byfPK1TPK2

and TPKJ81][78]. The geneIPK1TPK2and TPK3¢ontrol cAMPdependant protein kinase
activity inS. cerevisiaeThe PKA subunits Tpkl, 2 and 3 share overlapping funttidredso

have been shown to be involved in the regulatiorsef/eralseparable functions. Tpkl has
been identified to play a role in the branched chain amino acid biosynthesis pathway,
mitochondrial DNA stability and mitochondrial iron homeostf&®. Whereas Tpk2 has been
shown to impact iron uptake, trehalase synthesis and water hortasis82][83]. However,
constitutive PKA activity can prove deleterious, with the overexpressidrPéf3shown to

inhibit growth [84].

The production of intracellular cAMP is tightly regulated through feedback loops and the
action of phosphodiesterases, which catalyse the degradation of cABB}86].
Saccharomyces cerevisieentains two cAMP phosphodiesteras@)Eland PDE2 which
encode a lowaffinity (Pdel) and a highffinity cAMP phosphodiesterase (Pde2) that are

unrelated in primary sequend8&5][86]. Pde2 is an MgBquiring, zinebinding enzyme with
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a Km for cAMP of 170 ni87][88]. It controls the basal cAMP levels in the cell and thereby

protects it from changes in the extracellular envineent[89].

Glucose
Sucrose

Plasma membrane

CAMP
cAMP
cAMP
cAMP

Figure 5The activation of Ras1 and Ras2 is dependent on nutrient availability

In the presence of glucose Ras proteins are activatedhéaGEF proteingdc25 or Sdc25 which

catalyse the liberation of GDP and the binding of GTP. Adenylate cycle is activated inducing the
production of cCAMP. cAMP functions as a secondary messenger and binds to the inhibitory unit of

PKA, releasing the catalig unit, phosphorylating downstream targets resulting in the activation of

multiple downstream cellular processes or the inhibition of transcription factors that control the stress
response. This pathway is inhibited by the hydrolysis of CAMP via tlemadtPdel and Pde2 and by

GKS D¢t asS OGA@AGeE 2F GKS D!'tQa LNIXmM YR LNIHO®
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1.8 Regulation of RAS/cAMP/PKA pathway activity

In S cerevisiagRas protein activation is finely tuned by two classes of regulatory proteins:
Cdc25 and Sdc25 guanine nucleotide exchange factors (SEf2}1][92], and Iral and Ira2
GTPase activating prins (GAPY)igure 6)93][94] [95]. The molecular mechanism of the
modulation of Ras proteins activity is conserved in higher eukaryotdsghightedby the

functional interchangeability of Ras proteins and their regulators in yeast and marfg6gls

TheCDC29ene ofS. cerevisiaencodes for the Bs protein activator (GEF) and is requited
producecAMP. The Cdc25 gene product is a ~180 kDa polypeptide wHieranfDal highly
conserved RASEF catalytic domain (1,121,573 aa)[97]. Mutants that result in the
constitutive activation of Ras2, such BRa$?°, have beershownto supress the effects of
mutations inCDC25as constitutively activateRag?°does notrequire the exchange factors
for its activation[98]. Furthermore, the genelBC25has also been shown to prevent Ras GEF

activity[90].

Despite Cdc25 being the first Ras GEF characte@®&dthe precise mechanism of how its
activity is regulated and how the Cdc25/Ras/cAMP pathway transduces the signal originated
by nutrients is still unclear. Inconsistent reports have put forward either the necessity
[100][101] or the dispensability102] of Cdc25 for Ras and adenylate cyclase activation upon
glucose stimulation, however Cdc25 was eventually shown as necessary for Rds2dBP

after glucse refeedind103].

The Cdc25 protein is tightly bound to membrafigd4], although protein solubility increases
upon hyperphosphorylationwithin the 114348 amino acid region and results in Cdc25
becoming less available for the association with R#35]. Glucosenduced hyper

phosphorylation of Cdc25 upon glucose addition has been shown to directly inhibit Ras GEF

41



activity rather thanaffinity for Rag106][105]. Cdc25 activity modulation by phosphorylation
is prevented by nutrient starvation and is hypothesized to be a part of a negative feedback

loop resulting from PKA activifffigure 6]105][106].

The IRA proteins, encoded by the geffealandIRAZhave been shown to inhibit Ras activity

in yeast[95].ThelRAland IRA2genes encode large proteins, 3092 and 3079 amino acids
respectively, that share similar amino acid sequence and have related, even if not identical,
functions. A region of approximaieB60 amino acids in the middle of these gene products,
called the GAP domain, is responsible for activating intrinsic GTPase activity @5Rikdas

been shown thatiRA1IRA2gene mutations suppres€DC25mutations, double deletion

Y dzii I y ficfcR5ar®firal/nira2 are viable. Ira2 (Ra&SAP) is regulated by ubiquitination,

a posttranslational modification resulting in protein degradation by the proteasome.

More recent studies have shown that the Ubp3 protein interacts with the Ras GTPase
accelerating protein, Ira2and regulates its level of ubiquitination. Ubp3 is @biquitin-
specific proteasand regulates PKA activity by controlling the ubiquitination status of Ira2p
[107]. It has beersuggestedhat the additionof glucose to the growth media stimulates
ubiquitination and Ira2p inactivation resulting in Ra$P accumulation and therefore
elevated PKA activity. The regulation of Ira2 by ubiquitination is a highly conserved

mechanism in Ras signallifi8].
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Figure 6.Positive and negative feedback in the Ras/cCAMP/PKA pathway.

This schematishows the relationships among the main components of the Ras/cAMP/PKA
pathway. The cycling of the Ras2 protein between its inactive state {&RaB2 and active

state (Rasz5TP) is regulated by Céc) and Ira2 B). RasZ5 TP activates adenylate cyclase

Cyl (C), which induces the synthesis of the second messenger, cCAMP (D). Increased cAMP
levels result in PKA activation (E) through binding to the PKA regulatory subunits and liberating
its catalytic subunits. The degradation of CAMP is catalysed by Pdwid(Bde2 (J), which
functions as a major negative feedback mechanism in this pathway, as both contribute to the
decrease in the intracellular level of the second messenger. The active form of PKA performs
three main regulations in this pathway via the gpborylation of different components: a
positive regulation of Pdel (H) and of Ira2 (G), and a negative regulation of Cdc25 (F). The
increased activity of the phosphorylated forms of both Pdel and Ira2 result in switching off
the signat by either a fastedegradation of cAMP by Pdel (I) or to a diminished fraction of
active Ras2 by Ira2 proteins (B), both positive regulations result in a negative feedback control
of the whole pathway. The negative regulation of Cdc25 by PKA results in a partial inactivation
of the GEF activity (A), and therefore a reduced activation of the Ras2 protein, which results
in a decreased activity of the adenylate cyclase and therefore contributes to lowering the
CAMP level.
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1.9 The GPCR SysteRegulator of the cAMP/PKA pathway

Working in parallel with Ras to activate PKA is the GP{R{&n coupled receptor) glucose
sensing system, composed of the Gprl receptor and its cognate G protein,(Ega&7)
[109]110]. GPRZncodes a sevetransmembrane G protehsoupled receptor that interacts

with Gpa2[111]112], asmall GThinding protein which is homologous to the mammalian

Dh &dzmdzyAl 2F GKS KE&§ BhnBindiNgolglubtieQo Gprl hdhMRtEsS A Y &
Gpaz2, which stimulates adenylate cyclase to increase CAMP levels and thus activation of PKA
[112]. The GpriGpa2 system is responsive to both glucose and sucrose but not structurally
similar sugars including fructose or glucose analogu&4]. The deletion ofGPAZhas been

shown to confer the typical phenotype associated with reduced PKA a¢fiti®y, with GPA2

or GPR1Inactivation slowing several PiKAntrolled processes including the repression of STR
responsive genes and the induction of genes encoding ribosomal prdigib Addition of
glucose to cell®licits a rapid acidification of the yeast cytoplasm inducing PKA signalling
(Figure 7]116]. However the GprGpa2 system is not required for intracellular acidification
induced PKA activian and does not play major role in controlling the basal cCAMP [é&xi€]

[115].

Surpisingly, activation of Ras is dependent on sugar uptake but it does not require the
presence of a functional GPCR syst|7]. The precise mechanisms by which glucose
activates Ras activity is still unknown with no sug@msirg system identified that could
function as an upstream activator of Cdc25 to transmit the glucose signal to the Ras protein
[118]. Evidence suggests that Cdc25 may not itself be the signal receiver for the glucose

induced cAMP response but instead the glucose induced increase in Ras2 activation may be
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mediated through the inhibition of Iral/2 proteins, thus confirming therlgareports

indicating Ras as an important mediator in glucostuced cAMP signallir{@02].

Glucose
—

Adenylate
Cyclase

T/

Intracellular
acidification

Trehalose and
glycogen content

Growth and

v roliferation
Stress resistance Glycolysis P

Gluconeogenesis

Figure 7.Mechanisms of how glucose andtracellular acidification modulate adenylate

cyclase activity.

Glucose binds to the Gprl receptor, activating cAMP synthesis through the Gpa2 protein,
while intracellular acidification functions through the Ras proteins. Gprl and Gpa2 constitute

a glucose sensingsPCR system. The transient cAMP accumulation triggered by glucose
activates PKA, which causes transient changes in several systems containing components
O2yiUNRfftSR o0& tY! nYSRAIFIGSR LIK2aLIK2NEBfFGAZ2Y D
resulting in the activation of multiple downstream cellular processes or the inhibition of
transcription factors that control the stress response. The red arrows represent
downregulated process and the green arrows indicate upregulated processes.
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1.10 Proesses regulated by PKA activity

1.10.1 PKA modulation of ribosome biogenesis

The activation of PKA regulates growth by promoting the expression dd tBdtrénslation
machinery. PKA activates Rapl, which in conjunction with the high mobility protein Hmo1,
recruits the nutrientregulated Fhidfhl complex to RP gene promotors to induce the
expression of the corresponding gendd9][120][121][122]123][124]. Furthermore, PKA
inhibits Yakimediated activation of the transcriptional repressor Crfl, which, following
phosphorylation by Yak1, substitutes the coactivator Ith1 of the fork head transcription factor
Fhll to downregulate RP gene express[@23]124]. In addition to the regulation of
ribosome biogenesis, PKA functions to control the regulation of the elongation step of RNA

Polll-mediated transcriptiorj125].
1.10.2 PKA modulation of the stress response

As well as stimulating growth, PKA also functions to supressasalstress responses, such

as the inhibition of the duadpecificity tyrosine phosphorylatieregulated protein kinase,
Yakl. PKA sequesters Yakl in the cytoplasm through the phosphorylation of?%erine
[126][127]. Whereas the downregulation of PKA, as seen during the transition into the diauxic
shift, enables Yakl to enter the nucleus and upregulatdrésscriptional targets. These
include Pop2 of the Cd&top2Not1-5 complex, which when phosphorylated by Yak1 results in
G: arrest and the activation of the ziffmger transcription factor Msn2, which in combination
with its paralog Msn4, induces the exgsion of ~ 200 stress response elemeaohtaining
genes in response to a multitude of environment stimuli, including glucose depletion during
the diauxic shift(Figure8) [126][128][129]. Moreover, the protein kinase Rim15 has been
shownto mediate growth inhibition in the absence of PKA activation. Rim15, a PAS protein
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kinase family member, positively controls the initiation b&tquiescence program and its

kinase activity is directly inhibited through Ri#diated phosphorylatiofil 30].
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Figure 8.The protein kinase PKA, switches on or off the activities and signals transmitted
through the Sch9 and TOR pathways.

Sch9 positiig controlghe post-diauxic shif{fPDS¥lriven gene expression via Gisl and Rim15.
TOR and PKA contrtble stress response elemer8TREdriven gene expression via Msn2/4
and Rim15. GTF stands for general transcription complex. Arrows and bars rpfsitioe
and negative interactions. Dashed lines refer to potential eregslation.

Lastly, PKA inhibits autophagy through the phosphorylation of the protein kinase Atgl and its
regulator Atgl3. This inhibits the recruitment of the A¢@igl3 complex tothe pre-
autophagosomal structure, the nucleation site from which autophagy pathway intermediates

are formed.
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1.10.3 Regulation of metabolism

Many of the physiological changes that occur as cells approach and/or transition into the
diauxic shift phase ofyrowth are under the postranscriptional control of PKA. PKA
antagonizes the metabolic transition from glycolysis to gluconeogenesis as well as the
induction of trehalose and glycogen synthesis. This is achieved via the activation of the
glycolytic 6phosphofructao2-kinase, Pfk2 and pyruvate kinases Pyk]131]132], the
inhibition of the gluconeogenic fructose ibisphosphatase, Fpl{133], the activation of tle

glycogen phosphorylase Gpfii34]and inhibtion of the glycogen synthase Gy35].

1.11 Ras and the Cell CycleSncerevisiae

Ras activation is dependent on the presence of growth factors anesymaval signals,
specifically growth factors in the case of human Ras and glucose in the case of yeast Ras
[136][137]. Ras stimulates cell cycle progression which is associated with an increale in

size and protein synthesis in ye§$88][139]140].

The RAS/cCAMP/PKA pathway in yeast regulatgeral essential intracellular processes
including the cell cycle, ribosome production, cells size and mass, and growth rate. These
processes are strictly iatdependent109]. The specific growth rate of the cell is determined

by the rate of mass accumulation, which in turn depends on nutrient availability, with cell
cycle progression and cell size both dependent on growth rate and mass accumulation
[141][142][143][144]. The modulation of the cell cycle is also under the influence of the
RAS/cAMP/PKA pathway. Ras activation can lead to a change in the expression of cyclins (Clns)
[145], which form complexes with cyclatependent kinases (Cdks) to promote entry into S

phase of the cell cycle. Ras activation leads to the suppressiGhNfand CLNZexpression
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but not CLNJ145][146]. Moreover, PKA has been shown to directly phosphorylate Whi3, a

negative regudtor of G1 cyclins leading to progression into S Phase of the cel[t4cle

Ras signalling has also been identifées a regulator of DNA damage checkpoint recovery. The
DNA damage checkpoint functions to maintain genome stability by arresting the cell cycle and
promoting DNA repair. Upon the deletion of1/2, PKA regulatory elements are hyper
activated and after abckpoint downregulation cells undergo a permanent mitotic arrest

[148].

1.12 Ras and its involvement in Cell fate in Yeast

1.12.1 The involvement of the Ras/cAMP/PKA signalling network in regulating
guiescence

Cells spend a large proportion of their life in a temporary -pooliferating cellular state,
known as quiescence. Establishing quiescence and maintaining the capacitgriterehe
proliferation cycle are critical for ceBurvival andmust be closely regulated to avoid
pathological proliferation. Quiescence is linked with a number of phenotypes, including a
reduced rate of protein synthesis, thermresistance, and accumulation of storage molesu

[149]. Quiescent cells are often considered asa&ested cells with only 80 % of cells
entering quiescence frorather cell cycles other than d150]. Although, in both yeast and
mammalian systems, a prolonged G1 arrest does not recapitulate the hallmarks of quiescence
establishment{151]. Therdore suggesting that quiescent cells are not wholly-a&®sted

cells, although the molecular mechanisms linking quiescence entry and cell cycle regulation

are still yet to be elucidatefll52].

In S. cerevisigaguiescence entry is initiated by nutrient limitation, and is regulated, at least

in part, by a complex interplay between nutriesénsitive protein kinases , PKA and[168].
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Both PKA and TORCL1 are positive key regulators of cell growth that participate in the cell's
decision whether to transition into quiescence. For exampells with dysregulated,
enhanced PKA activity, such as RASZ''® mutant, characteristically fail to acquire many
physiological features of the quiescence program as they enter stationary phase ¢i®4th
Whereas cells with absent or reduced PKA activity, induce growth arrest and hold cells in a

Go-like state[154][147].
1.12.2 Ras and its role in yeast apoptosis and regulated cell death

The RAS/cAMP/PKA signalling has been shown to be an important regulator of cell death in
yeast[155][156][157]. An increase in Ras signalling has been correlated with an increase in
typical apoptotic markers such as phosphatidylerine extera#ibn, increased reactive
oxygen species (ROS) accumulation and DNA fragmentdts8j159]. There are three
distinct known stimuli that induce RAS/cCAMP/PKA hyguetiivation and subsagent cell death

and these include; changes in actin cytoskeletal dynamics, exposure to ammonium and
osmotin [158][160][161]. Osmotin is a protein synthesized by plants in response to the
presence of pathogenic fungi. When in contact withcereiag osmotic binds to Pho36a

seven transmembrane domain receptlike polypeptide that regulates lipid and phosphate
metabolism, resulting in the inappropriate inactivation of Ras signalling leading to the

induction of regulated cell deatfi62].

An alternate stimulus for Rasediated apoptosis in yeast is mediated by the actin
cytoskeleton. Changes in the actin cytoskeleton caused by either the use of drugs or the
presence of mutations can lead to tiermation of Factin aggregates, which function as a

trigger for the constitutive activation of Ras2 and apopt¢$&3]. Ammonia was also shown
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to cause programmed cell death in ageing yeast cultures via the activation of the

RAS/CAMP/PKA datay[158][160].

InS. cerevisie, the role of mitochondria is fundamental in the regulation of cell death. When
dysfunctional the mitochondria have been shown to be the main source of ROS accumulation
in yeast cell§160]. The accumulation of ROS within cells is a central event in the regulation
of programmed cell death in yeaas$ the addition of antioxidants to yeast cells vgagswnto
supress the apoptotic phenotyd@56][163][164]. The RAS/cCAMP/PKA pathway has also been
shown to regulate cell death in acidic environmefi§4]. Supplementation of acetic acid
induces intracellular acidification, which leads to RAS/cCAMP/PKA activation and subsequent
cell death[164]. Further supporting the integral role of Ras within the regulation of apoptosis,

is that the deletion of theRASyenes has been shown to suppress the apoptopic phenotype
of yeast cells. However, following the suppression the apoptosisose is induced within
these cells. Furthermore, the hyper activation of the Ras pathway by the constitutive active

alleleRASZor by deletion ofPDE2ncreases apoptotic cell deafthi64]165].

1.13 Ras signalling in the regulation of autophagy

Autophagy is the natural, regulated mechanism of the cell that disassembles unnecessary or
dysfunctional cell components allowing the orderly degradation and recycling of cellular
products.In S. cerevisigedboth macroautophagy and microautophagy take plaEggre 9.
Macroautophagy occurs when random cytoplasm and dysfunctional organelles are
sequestered by an expanding phagophore, resulting in the formation of the autophagosome.
Theautophagosome fuses with the vacuole membrane, discharging the autophagic body into

the vacuole lumen and sequestered cargo is broken down by vacuolar hydrolases.
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Microautophagy occurs when cargos are directly taken in by the invagination and exposed to

vacuolar hydrolases for degradation

In S. cerevisiae, Ras proteins mediate autophagy through the activity of PKA. Upon activation,
PKA phosphorylates Rim15 and Msn2/4 which inhibits the translocation of these proteins to
the nucleus to initiate the transiption of autophagy genes [162][163]. Furthermore, PKA
activity also inhibits autophagy via the direct inhibition of ATG13, which is integral for

autophagy initiation [163].
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Figure 9.A schematic illustrating the two predominant types of autophagy in yeast
macroautophagy and microautophagy.

Macroautophay occurs when random cytoplasm and dysfunclororganelles are
sequestered by an expanding phagophore, resulting in the formafitimee autophagosome.

The autophagosome fuses with the vacuole membrane, discharging the autophagic body into
the vacuole lume and sequestered cargo is broken down by vacuolar hydrolases.
Microautophagy occurs when cargos are directly taken in by theination and exposed to
vacuolar hydrolases for degradation.
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The RAS/cAMP/PKA pathway has been shown to be highly interconnected with the TOR
pathways which are also involved in the regulation of autophagy in yeast. Both Tor and Ras
often control overlapping effectors, including effectors involved in autophagy/tiegun a

similar cellular response, such as the inhibition of the stress response, cell cycle progression
and ageingS. cerevisiaencodes for two Tor kinaseEQORIand TORZespectively, witiTOR1
providing the most significant contribution to autophadl66]. Upon the presence of
nitrogen, Torl is activated, resultimg the repression of autophagy via the direct inhibition

of the Atgl complex and sequestration of the transcription factors Rim15 and Msn2/4 in the
cytosol[167][168]. During starvation aaditions or treatment with rapamycin, TOR is inhibited

and autophagy is induceld68]. Moreover, the Torl complex directly phosphorylates and
activates Sch9p, which inhibits the autophagy process. The inactivation of both PKA and Sch9p
is sufficient to initiate autophagy, suggesting that both kinases are synergistically involved in

the negative regulation of the autophagy procg468][169].

1.14 Ras in nutrient acquisition

The availability of key nutrients, suak amino acids, nitrogen compounds, and sugars, dictate
the developmental programs and growth rates of yeast c8lsverabverlapping signalling
networks including the Ras/cCAMP/PKA, AltRivated kinase, and the TOR1 complex, apprise
cells on nutrient ®ailability and influence the cells transcriptional, translational,

posttranslational, and metabolic profiles as well as dictating cell fate.

Much of the glucosenduced signalling in yeast functions through the Ras/CAMP/PKA
pathway. 90 % of the transcriphal changes that occur on the addition of glucose to glucose
depressed cells can be recapitulated by activating this pathway. Conversely, inhibiting this
pathway concurrent with glucose addition eliminates most of the glucose induced responses.
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Thus, Raand the PKA pathway is necessary for the majority of the transcription changes of
the cell in response to glucose additifiti70]. Consideringhe Ras proteins role in glucose
signalling it would not be wrong to postulate that Ras may function within the processes

underpinning other nutritional sensing pathways in yeast, includingige transport.

1.14.1 Di/Tri -peptide uptake mechanisms in S. cerevisiae

Peptides are composed of sequences of amino acids and once catabolized provide the
essential building blocks required for protein synthesis. In addition, certain peptides and
aminoacids can be utilized as a nitrogen source and can act as signalling molecules that alter
cell behaviour. For example, the branchelthin amino acid leucine, has been shown to
control TORC1 activitjl 71][172]. TORCL1 senses and responds to nutrients to promote cell

growth and the inhibiibn of catabolic processes, such as autophagy. Branchath amino

acids such as leucine functiom@ FF FF¥FSOGAY3I (GKS WydzOfE€t2 GARS

fromGo/ 2 YL SEQ 069Dh/ 0 D¢t | &S Sacdaaromydesi derevidideNv
[173][174]. Amongst other TORG&limulating amino acids, arginine abundance in
mammalian cells is proposed to be senseyl the lysosomal transporter SLC38A9 and
conveyed to mTORCL1 via the Rag GTPAS&J176], while glutamine levels appear tme
transduced to control both yeast and mammalian TORCL1 independently of the EGO/Rag

GTPasefl72]

In mammals, amino acids exert a major role on the regulation of protein synthesis through
the control of the kinases mMTOR and Gcn2, which have been shown to have opposing effects
on protein synthesig172]177]. The regulation of Gen2 activity by amino acid availability
relies on the capacity of Gen2 to sense the increased levels of uncharged tRNAs upon amino

acid scarcity[177]. Gecn2 is activated during scarcity of an essential amino acids and
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to the general inhibition of protein synthesis.

Due to the multifaceted role of amino acids and peptides in biokdgystems, it is therefore
not surprising that microbes have evolved a multitude of mechanisms to facilitate peptide
and amino acid uptake. The study of such mechanisms has been extensively examined in

yeast, with amino acid uptake mechanisms presentiigdn conservation in mammals.

Saccharomyces cerevisihias two distinct peptide transport mechanismsdg/tripeptide

(the PTR system) and a tetigentapeptides (the OPT) transport system. The PTR family of
peptide transporters transport a number of Isstrates, including amino acids, nitrates and
di/tri-peptides[179]. PTR2encodes an integral membrane protein (Ptr2p) involved in the

physical translocation of peptides across the plasma membrane.

PTR2ncodesan integral membrane protein of 601 amino acids containing 12 membrane
spanning domains which transport substrates by the means of prototive force[180]. The
transporter is specific for diripeptides, with a preference for peptides containing
hydrophobic amino acids. 8. cerevisiathe regulation ofPTRZxpression is strongly
affected by the compositio of the extracellular environment. In the absence of the preferred
nitrogen sourcesPTR2expression is induced181][182].The import of di/tripeptides
compased of basic or bulky hydrophobictdrminal residues increasd3TR2Zxpression via
reducing cellular levels of Cup9p, the homeodomaintaining transcriptional repressor of
PTR2 Specific di/trpeptides function as both as ligands and regulators of E3eubiquitin
ligase Ubrlp. Ubrlp mediates Cup9p degradation system that is governed by the identity of
N-terminal amino acid$183]184]. Most ditripeptidesare too small to be degraded by the

proteasome and are assimilated as nutrienky intracellular peptidases. However,
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di/tripeptides with basic (Type 1: His, Lys, or Arg) and bulky (Type 2: lle, Trp, Leu, Tyr, or Phe)
N-terminal residues can compete with larger protein substrates and bind at the Type 1 and
Type 2 Ubrlp substratkinding sites. Once bound, Ubridpediated degradation of Cup9p is
allosterically activated via the release of the Ubrlp auto inhibitory domain, revealing a
substratebinding domain that binds an internal degron in Cud2g5]. Relief of Cup9p
repression oPTR2Zesults in enhance®TR2expression. A positive regulatory feedback loop

is created where di/tripeptide uptake perpetuates Ubrfieediated Cup9p degradation,

upregulatingPTR2xpressiorand thus increased di/tripeptide uptake.

Although Ptr2p is the major transporter df/tripeptides inS. cerevisigedi/tripeptides can

also be imported with a low efficacy by Dal5, whose primary function is the import of nitrogen
sources, such as allantoate and ureidosuccindi®6]. As aforementioned, thepeptide
transporters Optl and Opt2, which have partially overlapping functions, import peptides of
4c5residuesLy | RRAGA2Y X hLWim A& + KAIK | FFAYyAGeE |
tripeptide [187]. In the same way abe Ptr2 transporter of di/tripeptides, the expression of

OTP4s downregulated by Cup9p, whereas the expressio®@&T lis independent of Cup9p

[187]. In addition toPTRZ2ndOPT2the Nend rule pathway also controls the expression of

DALS5 but in a manner contrary to that of the other two transporters: whereas Cup9p is a
transcriptional repressor dPTRZNdOPT2 Cup9p upregulates the expression

of DAL5179][187].
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1.15 Ras signhhg in human cells

Human Ras proteins transduce gsorvival signals from the extracellular space to the
intracellular compartment via tyrosine kinase receptors (TKRs). Upon ligand binding, the
dimerization of the receptors triggers a conformational change that activatesaleytic
tyrosine kinase domain, which enables the autophosphorylation of the intracellular carboxy!l
terminal domain and therefore induces its activatid®8]189]. The phosphorylated domain

of the TKReacruits GEFs, activating Ras, allowing it to signal downstf286j. Active Ras
proteins can activate at least 20 different effectors, including the RAF (regudblerate
fibrosarcoma) kinases, phosphatidylinosifkinase (FBK) and RAL guanine nucleotide
dissociation stimulator (RALGD®&)gure D). Other effectors associated with Ras protein
activation includeRIN1, flymphoma invasion and metastasiglucing 1 (Tiam 1), Af6, Norel,

PLCS and PRI®1]192]

Activated RAF kinases phosphorylate and activate the MAPK/ERK kinase. Signal transduction
Ff2y3 GKS wlkFka9YkowyY LI 0Kgl & & -iprbtddicéupleédA i K G K
receptors and/or intergringFigure D) [193]. These membrane proteins form large signalling
complexes upon @ivation and recruit and activate Ras proteins by promoting the exchange

of Rasbound GDP with GTP. The process is regulated by the interaction of Ras with GDP/GTP
exchange factors, such as SOS (son of sevenless). After the siratkiBs recruit theMKKKs

c-Raf (and, if present,-Aand BRaf) to the plasma membrane, where RAF is activating causing
phosphorylation, changes in its conformation and protein interactions gd@8]. The MEK

1/2 serine residues are phosphorylated by RAF leading to MEKctivation. ERH/2 is then
phosphorylated by MEK/2 at threonine and tyrosine residues in the TEY motif of the

activation loop. This dual phosphorylation event is linked with-ERKactivity and can be
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used to measure indirect quantification of the serine/threonine kinase (ERK) actiya8dh
Upon activation, ERK can phosphorylate over 80 different substrates in the cytoplasm and

nucleus.

In the phosphatidylinositeB-kinase PI3K pathway, activated PI3K catalyses the production of
Pip3 (phosphatidylinositeB,4-triphosphate) by the phosphorylation of Pip2
(phosphatidylinosito#4,5-diphosphate). Pip3 activates the phosphatidylinositol dependent
kinase 1 (PDK1), resulting in the activation and recruitment of AKT to the mem{ii@5ile

The primary downstream effecter of activated AKT is mTOR (the mammalian target of
rapamycin), which is a serine/threonine kinase. mTOR can form two distinct complexes,
depending on the proteins it interacts with. The mTOR complex (mTORC1) primarilgrfsinct

to promote the transcription of genes associated with energy metabolism, cell cycle

progression and cell proliferation.

The mTOR complex 2 (MTORC2) mainly functions to phosphorylate AKT which results in cell
survival and proliferation. Furthermore KA phosphorylation promotes telomerase activity,
inhibition of apoptosis and blocking the release of cytochrome C from the mitochondria,
downregulation of preapoptopic factos and proaspase 9, and regulates modulators of

angiogenesis via activation otmd oxide synthasepgl96][137]195].

Ras stimulates the RAL (Rk8), GTPases, promoting the activation of phospholipase DI

(PLD) and CDC42/R&aP RAL binding protein 1 (RALBP1). These, among otksurpial
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functions, promote e progression of the cell cycle, inhibiting transcription factors involved

in then cell cycle arrest, including the FORKHEAD transcription f§t®dig197].

Qs‘keleton
@ Cell Cycle

-~
Proliferation Cell Cycle
Cell Cycle Cell Growth Survival
Survival Metabolism Proliferation

Figurel0. Schematic representation of the multiple effectors activated by human Ras
proteins and the different impact these interactions have on cell fate.

1.16 The use 08. cerevisiador the study of human Ras proteins

Human Ras proteins play a fundamental role in tumorigenesis and exhibit sequence homology
with yeast Ras homologoUi$98][199]. As such efforts have been made to &ecerevisiae

to investigate the molecular mechanisms of Ras proteins with the aim of understanding their
roles and regulation in higher eukaryotes. The us8.aferevisiaas a model to study the role

of Ras proteins has been important for understanding the f@sislational processes
required for the translocation of Ras proteins to the plasma membi2068]. Notably, the

use of theS. cerevisiagnutant, ndprl, revealed that the eylation was not the first
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translational modification in the processing of Ras prot¢#tsl]. Furthermore, the first Ras
effector and first guanin@éucleotide exchnge factor (GEF), adenylate cyclase and Cdc25,
were identified in yeask30] [78]. Such discoveries, particularly that of Cdc25, facilitated the
identification of analogous proteins in humaiag]. In addition to the discovery of GEF
proteins, yeast has been valuable for enhancing our understanding of the GTPase activating
proteins (GAPSs) througihé discovery ofRAlandIRA2 The functions of the GAgbdingNF1

gene, which when mutated is responsible for neurofiboromatosis type 1, were uncovered
thanks to the similarity with théRAgenes ofS. cerevisiaf/8]. Moreover, the expression of

the NF1gene in yeassuppressed the phenotypes associated with the deletioRéfgenes,

such as heat shock sensitivity, demonstrating that the mammalian and yeast GAPs are
interchangeable and therefor highlighting the similarity between yeast and mammalian Ras
protein actvation[38]. Such examplédsighlightthe importance of the use db. cerevisiaas

a model organism in modern biology.

1.17 Aims of this study

The localisation and signalling of Ras on the plasma membrane has been extensively studied.
It has beershownthat Ras undergoes a series of posttranslational modifications that dictate

its subcellular localisation. Evidence exists to suggest that Ra®iggotan undergo
phosphorylation events which regulate its activity. Surprisingly, the phosphorylation of Ras2p
in S. cerevisiadas not been studiedegardingits regulation of intracellular localisation,
despite significant evidence existing linking Blassphorylation to its localisation in humans.

This study aims to further investigate whether Ras2p phosphorylation provides a mechanism

that regulates Ras2p trafficking inside the cell.
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In the laboratory of Dr Campbell Gourlay, previous bioinfornsatigestigationsidentified
potentialkinase angohosphatase enzymes that may influence Ras2 protein phosphorylation
This data was generated usingetPhosphoPefv2.0)databasewhich providesnformation
sourced fromtandem mass spectrometry experimentegarding phosphopeptides and
phosphoproteins The PhosphoPep databaggoposed twelve phosphatase and kinase
enzymeshat effect Ras2p phosphorylation and identified several serine resithasmay

be phosphorylaed (Table landFigure 1)

Tablel. Phosphataseand kinaseenzymes predicted by the PhosphoPep database to effect
Ras2p phosphorylation.

YILO35C Protein kinasefunctionsin cell  2.2-fold DOWN R.NAS*IES*KTG
(CKA1l) growth and proliferation AGNQATNGK.T
YGR262C Protein kinase, required for 2.2fold DOWN R.KMS*NAANGK
(BUD32) tRNA modification N
YILO42C Mitochondrial protein kinase, 1.5fold DOWN R.NAS*IES*KTG
(PKP1) functionsin the negative AGNQATNGK.T
regulation of pyruvate
dehydrogenase
YLLO10C Plasma membrane 3.1-fold DOWN R.NAS*IES*KTG
(PSR1) phosphatase, involved in AGNQATNGK.T
general stress response
YNL307C Protein kinase, involved in 1.6fold DOWN R.NAS*IES*KTG
(MCK1) chromosome segregation, AGNQATNGK.T
mitotic entry, genome stability
YPL042C Cycline dependant protein 1.5-fold UP K.GSGANSVPR!
(SSN3)  kinase, involved in *GGHR.K

phosphorylation of RNA
polymerase, and glucose

repression
YDL047W Phosphatase, required for golg 1.6-fold UP K.NVNSS*TTVVI
(SIT4) to ER trafficlike human PP6 AR.N
YKL126W Protein kinase; phosphorylates 1.6-fold UP K.NVNSS*TTVVI
(YPK1) flippase activator Fpklp, AR.N

homolog of mammalian kinase

SGK

61



YKL139W Catalytic subunit of C terminal 1.7-fold UP K.NVNSS*TTVVI

(CTK1) domain kinase, like human AR.N

CDK12
YPLO42C Cycline dependant protein 2.4fold UP K.NVNSS*TTVVI
(SSN3)  kinase, involved in AR.N

phosphorylation of RNA
polymerase, glucose repressio
YPLO31C Cyclindependent kinase, 1.6fold UP R.NASIES*KTGL
(PHOS85) involved in cellular response tc GNQATNGK.T
nutrient levels and
environmental conditions and

cell cycle
YLRO19W Plasma membrane phosphata: 3.9-fold UP R.KMS*NAANGK
(PSR2) involved in general stress N

response
YARO019C Protein kinase of the mitotic ~ 1.7-fold UP R.KMS*NAANGK
(CDC15) exit network N

MPLNKSH IREYKLVVVGGGGYGESALT IQLTOSHEVDEYDPTIED SYRKQVVIDDEVSIL
DILDTAGQEEYSAMREQ YMRNGEGFLLVY S ITSKSSLOEIMTYYQQILRVEDTDYVP IVV
VGHESDLENERQVSYQDGLMAKOMNARFLETS AKOAINVEEAFYTLARLVRDEGGEYNE

TLTEHDHSKQTSQDTKGsr;An|§|vPRH@G@Hﬂmﬁumcm-wuTWHARJ-IIET
CLAGHOATHGKTOTDRTNIDNSTGOAGQANAQS AN TV IRV NNHSKAGOVS HAROARKQQ
AP GENTSEASKSGSEGOCTTS

Figure 11 A schematic ofthe Ras2 protein sequence indicating the location of the
phosphorylated serine residues.
Residuesircled are thosalentified to be posphorylatedoythe PhosphoPep database

Previous studiesrom the laboratory of Dr Campbell Gourlegported thatthe deletion of
either n & oinnd &lgtldo significant changes @FPRag protein localisation during both
logarithmic and stationary phases of growtinterestingly, the phosphorylation sites that
were predicted to be affected upon the deletion of eithEB6EN3r SIT4were found to be
identical and focussed upon the serine residue asipon 225 of Ras2plwo-dimensional
electrophoresisvas usedo identify whether the deletion of eitheSIT4or SSN3esulted in
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changes tdRas?2 protein phosphorylatiofwo-dimensional electrophoresisf p & Aniana y o
and wild typecellsidentified a putative Ras2phosphorylation evenbccurringin bothpn & A G n
and p a a gelds that was not presentin wild type cells This was represented by the
appearance of a negatively charged spatia Zardn a Acglle which disappeared following
the treatment withalkaline phosphatasé henegatively charged spatccurringin a similar
position inbothp & JZardp & acgllewas hypothesized to be the phosphorylation of setfie

of the Rasp.

In the present study, @ therefor sought to investigate whethenodification of Serin€®led
to any changes in Ras2 protein localisation or activity within the cell and whether this was

accompanied by any phenotypes in cells expressing eRI#&9225or RAS2?25E
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Chapter 2
Materials and Methods



2.1 Growth conditions and media for the culturef Saccharomyces Cerevisiae
and Escherichia coli

A Prestige Medical bendiop autoclave was used to sterilise all media. Media was autoclaved
at 121 °C, 15 Ib/sq.in for 11 mins. All liquid culturesSaicclaromyces cerevisiagere
incubated at 30 °C with constant rotation at 200 rpm. All liquid cultureBsmherichia coli
were incubated at 37 °C with constant rotation at 180 rpm. For solid medium 2 % w/v

granulated agar (Oxoid technical agar No. 3) was dghter to autoclaving.
2.1.1 Water used in study

Pure deionised water (dd) was produced by Thermo Scientific Barnstead NanoPure

Diamond water system. db was then further sterilized via autoclaving.
2.1.2 Yeast extract, peptone, dextrose (YPD) growth media

Ingredientsincluded2 % wi/v glucose (Fisher), 1 % wi/v yeast extract (Oxoid) and 2 % wi/v

bactopeptone (Difco).
2.1.3 Synthetic complete (SC) drop -out medium

This media was prepared as follows; 2 % w/v glucose (Fisher), 0.77 % Yeast Nitrogen Base
without amino acids (Kaiser, Formedium), yeast synthetic complete -dobpmedia
supplement (Formedium).The source of nitrogen folyeast cells grown in this medias

ammonium sulphate

Upon the transformation of cells with plasmid DNA, successful transformants were selected
for using auxotrophic selection media through the addition of the appropriate Yeast Synthetic

Complete DropOut Media Supplement (Formedium).
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Table 2.Percentage of auxotrophic selection draqjut supplement added to media

Amino acid dropout Required %

Uracil 0.19
Leucine 0.164
Uracil and Leucine 0.174

2.1.4 Nitrogen Starvation Media (NS)

The media was prepared as follows; 2 % glu¢bsher), 0.675 % Yeast Nitrogen base without
amino acids and ammonium sulphate (Difco), 0.193 % yeast synthetic dropout Kaiser mixture

without Uracil (Formedium).

2.1.5 Yeast extract and Tryptone (YT) Growth Media

YT growth media was prepared as follo@g; % w/v yeast extract (Oxoid), 1 % w/v analytical

grade sodium chloride (Fisher) and 1 % w/v béacgptone (Difco).

For the selection of successfully transformBd colicontaining the plasmid of interest
antibiotic resistance markers were used. Ampicillin (Sigddsich) was added to the growth
medium after autoclaving to select for successfully transforreedolicontaining plasmids

with the AmpRgene integrated. Ampicillin was added to a final concetigraof 100> 3 kK Y X
from a 100 mg/ml stock solution in sterile deionised water. To selecEfocolicolonies
containing the gene for kanamycin resistance, kanamycin (SAjdrach) was supplemented

to the growth media after autoclaving. Kanamycin was atlttea final concentration of 50

>3kYf FNRY | wmn Y3IxkYE adz201 az2tdziazy Ay &aidSN
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2.2 Saccharomyces cerevisiagrains used in this study

Table 3. The Saccharomyces cerevisiae strains used in this study

Strain Genotype Source/strain 1D

BY4741 MATahipgm f Sdzipn YSi{ CGY424

BY4741n O dzLJg MATa hisf1 leuh0 met15n0 urafi0 KO collection*
P ap9:KANMX

BY4741n dzO0 Ndv MATa hisf1 leuh0 metl;0 urah0 KO collection*
nubrl:KANMX

BY4741n LJO NH MATa hisf1 leuh0 met1510 ura0 KO collection*
nptr2::KANMX

BY474In NJ & H MATa hisfl leuh0 metlH0 urah0 KO collection*
nras2:KANMX

BY474In LIRS H MATa hisf1 leuh0 met150 urah0 KO collection*
npde2:KANMX

KAY836; wt MATa ura 32 leu 2 his%639 CGY370

KAY23n NJ & H NNI aHYYTf Sd#&Rlea2his4 CGY371
539

BY4741 f O2 E a!l ¢l KAdopm ft Sdzvp CGY638
nO2EnNnYY!l L{

KAY836RAS2a18, vall9 KAdopmz f Sdzipx dzNCGY372

RAS2(alal8, vall9)

*Yeast MATa Collection was purchased from Open Biosystems and was produced by the

EUROpean Saccharomyces Cerevisiae Archive for Functional analysis (EUROSCARF).
2.3Escherichiaco 1 N} Aya dziSR Ay GKAA &adGddzRés51 ph

CompetentE. colicells were used in this study, the genotype of these céllendAl ginv44
thim NBO!'m NBf! m 3T&NI dc RS 2-argFyWigo)bsdRly (HRE), OY%n a m

<.
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DB3.1 Competent. colicells were used in this study, the genotype of these cellgyfA462
endAl ginV44 grl-recA mcrB mrr hs820(rB, mB) aral4 galK2 lacY1 proA2 rpsi36nr)
Eé&fp ntSdz YifmD

TOP10CompetentE. colicells were used in this study, the genotype of these cEllsicrA
n@rr-hsdRMSmcr. / 0 lasYynna mlpcu nmecAlara5 m o daral@uy697galU galk rpsL
(StrRendA1nupG.

Strataclone SolopackCompetentE. colicells were used in this study, supplied by Agilent

technologies (Product reference: 200184), the genotype is not published.
2.4 DNA Methods
2.4.1 Plasmids used in the study

Table 4.Plasmids used in the study

Strain Description Selective marker Source
pDONR221 Gateway Entry Vector N/A Addgene
PAG426GPHEEGFPccdB Gateway Destination = URA3 Addgene

Vector
pPAG416GPHEEGFPccdB Gateway Destination = URA3 Addgene
Vector
pCG347Active GFFRas2 PYX212 RBD x3GFP URA3 Leadsham
URA3TPI
pCG46 pPYX142ntGFP LEU2 (Westermann & Neupert
2000)
pCG381 Gateway entry vector URA3 Addgene
PDONR221 RAS2 KAl
pCG502 PDE2 LEU2 CWG plasmid collection
pCG557 Gateway Destination = URA3 CWG plasmid collection
Vector1H2 416GPD
ccdB AMPR?
pCG558 Gateway Destination = URA3 CWG plasmid collection
Vector
1H3 426GPDccdB-
AMP?
pCG565 Gateway Expression = URA3 CWG plasmid collection
Clone Ras??°%416-
GPDEGFPAMP
pCG566 Gateway Expression  URA3 CWG plasmid collection
Clone
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Ras2?%/416-GPD

EGFPAMP

pCG571 Gateway Expression = URA3 CWG plasmid collection
CloneRas2??5%26-
GPDEGFPAMP

pCG572 Gateway Expression = URA3 CWG plasmidollection
Clone Ras??5%426-
GPDEGFP AMP

pCG582 RASIn PCG557 AMP URA3 This study

pCG583 RAS2n PCG558 AMP URA3 This study

pCG586 Ras2??56n PCG558 = URA3 This study
AMPR

pCG587 Ras2??%4n PCG558 URA3 This Study
AMPR

pCG588 Ras2??56n PCG557 URA3 This Study
AMPR

pCG589 Ras22%4in PCG558 URA3 This Study
AMPR

PCG593 N-Ras$'*Ain PCG558 URA3 This study
AMPR

PCG594 N-Ras!"Ein PCG558 URA3 This study
AMPR

PCG595 N-Rasin PCG558 AMP URA3 This Study

PCG597 Gateway Expression = URA3 This Study
VectorN-Ras416-GPD
EGFPAMP

PCG598 Gateway Expression = URA3 This Study
VectorN-Ras'"?416-
GPDBEGFPAMP?

PCG599 Gateway Expression URA3 This Study
VectorN-Ras!"3t416-
GPDBEGFPAMP?

PCG600 Gateway Expression = URA3 This Study
VectorN-Ras426-GPD
EGFP AMP

PCG601 Gateway Expression  URA3 This Study
VectorN-Ras'"3426-
GPDEGFP AMP

PCG602 Gateway Expression = URA3 This Study
VectorN-Ras§173(426-
GPDEGFP AMP

PCG636 Low copy plasmid URA3 Professor Frank Madec
expressingsFRPATGS University of Graz.
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Figure 12Maps of the plasmids used in the Gateway cloning reaction.
A) pAG416®DccdB destination vectds) pAG426GPD destination vect@)pAG426GPD
ccdBEGFP destination vect®)pAG416GPRcdBEGFP destination vector.

2.5 Transformation of plasmid DNA int®. cerevisia@and Escherichia coli

2.5.1 Transformation of S. cerevisiaeusing the lithium acetate method

A sterile inoculation loop was used to pick a fresh colony of yeast. The colony was inoculated

into 5 ml of propriate medium and grown overnight at 3G with shaking at 200 rpm. A 1

ml volume of fresh overnight culture was transferred to a 1.5 ml microcentrifuge tube and
harvested in a benctop centrifuge at 3000 rpm for 4 min at room temperature. The
superratant wasdiscardedand the pellet resuspended in 1 ml of 1x TE buffer at pH 8.0. The

cells were pelleted as previously described and resuspended in 1 ml of 1M lithium acetate
(LiAc) in TE at pH 8. Cells were pelleted again and resuspended in 0.1 inVoflithium
FOSGIGS o[ AT OO Ay ¢9 |0 LI yod mp >f 2F aAy3f
Mmn Y3IkYfo sla FRRSR G2 GKS adzalLlSyaiawhis YR Y
FRRSR G2 GKS YAEGdINB | yR { K& %pblyethydeNdglyddl2 NIi S E
(PEG 4000 [Sigma]) in 0.1 M LiAc in TE was added and the mixture vortexed briefly. The
microcentrifuge tube was then incubated at room temperature for 90 mins with rotation. A

42 °C heat shock for 20 mins followed. Cells were tegllby centrifugation as previously
RS&AONAOSR YR NB&adaALSYRSR AY wnn >f 2F aidSN
spread onto agar plates with the appropriate selective media and incubated at 30 °C for at

least 2 days to allow colony growth.
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2.5.2 Transformation of S. cerevisiae using the lithium acetate method without
heat shock

For some strains that displayed sensitivity to heat shock an alternative protocol was used. In
these cases sterile inoculation loop was used to pick a fresh coldrnyeast. The colony was
inoculated into 5 ml of appropriate medium and grown overnight atG@vith shaking at 200

rpm. A 2 ml volume of fresh overnight culture was transferred to a 1.5 ml microcentrifuge
tube and harvested in a bendbp centrifuge at 800 rpm for 4 mins at room temperature.

The supernatant wasemoved,and the pellet was resuspended, using a bench top vortex, in
the reagent cocktail listed iffable 2.5 The microcentrifuge tube was incubated at room
temperature overnight. The supernatawas removed,and the pellet was resuspended in
Han >t 2F A0SNAES 461 0SNIIYR LXFTGSR 2y GKS

for at least 2ays to allow colonies to grow.

Table 5.Yeast transformation reagents for the heat sensitive transformation protocol

Transformation reagents

37 % polyethylene glycol (PEG)00 from a 50 % wi/v stock
0.1M LiAc from a 1 M stock
0.1mg ssDNA from a 10 mg/ml stock
0.11 M 2Mercaptoethnaol (Sigma16250)
04¢m >3 LI AYAR 5b!

{GSNAES 5SA2yAaSR gl GSNJ G2 |

73



2.5.3 Transformation of Escherichia coli with plasmid DNA

I pn >t FEAldz2d 2F 02 VYLIS( Sy (iMa@rtis and Methads) LINS LJI
Section 2.5 suspensionvas thawed on ice. A volume of plasmid DNA at a concentration of at

least 20 ng/ml was added to the solution of competent cells and mixed gently. The suspension

gl a AyOdomlGdSR 2y A0S F2NI m K2dzNJ I YR (GKSYy Ay
was added and the suspension was incubated at 37 °C for 30 mins. The suspension was then
spread onto YT agar containing the appropriate antibiotic to select for transformants and

incubated at 37 °C overnight. Plates were checked for colony growth the fotjonorning.

2.6 Escherichia cotompetent cell preparation

E.coioStfta 651 ph0 gSNB IAINRgY 2O0SNYAIKG Ay wmn Y
rom. The overnight culture was subcultured and diluted in 28 ml YT media to @o2 O

culturewas incubated at 37 °C with constant shaking at 180 rpm until the culture reached an

ODyoo0 of ~0.7. The time at which the culture would reach the requireddo®as calculated

using the following formula.
[(Log (Olyowanted)¢ Log (Olyoread))/Log2] x dubling time = time to required Qb

A 3.75 ml aliquot of préeated glycerol (35 °C) was slowly added to the culture. The cell
suspension was then incubated on ice for 10 mins. Cells were then harvested by
centrifugation at 4000 rpm for 10 mins at 4 Harvested cells were then resuspended in 28

ml of ice cold Mg@I glycerol solution (0.1 M Mgg&;115 % glycerol [v/v]). After resuspension,
cells were harvested by centrifugation at 3800 rpm for 8 mins at 4 °C and resuspended in 6.25
ml of iced Fsalts stution (0.0075 M Cag;10.006 M MgG| 15 % glycerol [v/V]). A 2@inute

incubation period followed. Cells were harvested via centrifugation at 3600 rpm for 6 mins
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and resuspended in 1.35 ml ofsalts solution. The cell suspension was then aliquot inés pr
chilled microcentrifuge tubes and stored immediately-8® °C. Competent cells were ready

for use after 24 hours.

2.7 Molecular Biology methods

2.7.1 Plasmid DNA purification from Escherichia coli (mini prep )

A sterile inoculation loop was used tapia fresh colony d&. colivhich contained the plasmid

of interest. The colony was inoculated into 5 ml of YT media supplemented with the
appropriate antibiotic and grown overnight at 3 with constant rotation at 180 rpm. Cells
were harvested in a benchtop centrifuge at 8000 rpm for 3 mins at room temperature and

the supernatant removed. The plasmid DNA of interest was extracted from the cell pellet

using a Qiagen QlAprep Spin Minipee & I OO2NRAY 3 (2 GKS Yl ydzFl O

2.7.2 Plasmid purification from S. cerevisiae

To isolate plasmid DNA from a yeast strain, the Invitrogen ChargeSwitch plasmid yeast mini
kit was used. A sterile inoculation loop was used to pick a frelsimg of yeast containing the
plasmid of interest. The colony was inoculated into 5 ml of appropriate medium and grown
overnight at 30 °C with shaking at 200 rpm. A 1 ml aliquot of the overnight culture was taken
and placed in a sterile 1.5 ml Eppendoili€were then spheroplasted and lysed. The lysate

is extracted and placed in a fresh 1.5 ml Eppendorf in a low pH buffer and ChargeSwitch beads
are added. The ChargeSwitch beads bind DNA of specific sizes in a low pH environment. The
sample is then placeidto a magnetic platform (MagnaRack). The beads and DNA are retained

in the Eppendorf tubes containing them, and the remaining lysate is washed through and

discarded. Following the wash phases, the DNA is eluted by the addition of a low salt buffer.
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The aldition of the low salt buffer raises the pH in solution and neutralizes the surface charge
on the beads, causing the DNA to disassociate from the beads. The concentration of plasmid
DNA isolated from yeast using this methodology is relatively low fofignye processing or
downstream applications. Therefore, the extracted plasmid DNA was then amplified by

transforming into bacterial celld/aterials and Methods, Section 2.%.3
2.7.3 Yeast genomic DNA extraction

Following the yeast tranefmation protccol described irMaterials and Methods, Section

2.5.] individual colonies were rstreaked onto separate plates containing the appropriate

media and labelled as individual clonéssterile inoculation loop was used to pick a fresh

colony of the clone ointerest. The colony was inoculated into 5 ml of appropriate medium

and grown overnight at 30C with shaking at 180 rpm. 1 ml of the overnight culture was

aliquot into a fresh 1.5 ml Eppendorf tube and cells were harvested using a benchtop
centrifuge spiming at 13 000 rpm for 1 minute. The supernatant vd&scarded,and cells

were washed with 1 ml of sterile denised water using the same centrifuge settings as
previously described. The supernatant whscardedand cells were réi dza LISY RSR Ay p.
of lysis buffer (100mM Tris pH 8, 50 mM EDTA, 1% SDS). 50 mg of acid washed glass beads
were added to each sample, bringing the sample volume up to 1.25 ml. Samples were then
vortexed for 1 minute to lyse the cells. To separate the lysed cell debris froglabe beads;

a heated needle was inserted into the bottom of the Eppendorf, the existing Eppendorf was
placed into a fresh second Eppendorf and centrifuged at 2 000 rpm for 5 mins. To each sample,
HTp >f 2F Ta FYY2YAdZy | -©BuelinduSation pdriodat65 €} & | R
thenafurther5YAy dzi S Ay Odzol GA2Yy 2y A0S F2f{f26SR® ¢ 2

added, followed by a brief vortestage,and then centrifuged at 13 000 rpm for 2 mins. The
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supernatant was extracted and moved to a fresh Eppendorf tube and 1 ml isopropanol was
added and briefly mixed by inversion and incubated at room temperature for 5 mins. The
sample was then centrifuged at 13 000 rpm for 5 mins and the isopropanol faslitae
precipitation of genomic DNA out of solution. The supernatant dissardedand the pellet

was washed in 70 % ethanol. The ethanol was removed, and the pellet was air dried and
adza LISYRSR Ay pn >f 2F AGSNAtS RSA2yAaSR gl
2.7.4 Whole cell RNA extraction from S. cerevisiae

The extraction of RNA from yeast cells was performed using the E.Z.N.A. Yeast RNA Kit Spin
protocol. A sterile inoculation loop was used to pick a fresh colony of yeast. The colony was
inoculated into 5 ml of appropriate madm and grown overnight at 30 °C with shaking at 200
rpm. The cells were then subcultured and diluted to a calculateghd®D0.1 and grown for

24 hours. 5x10yeast cells were harvested from the overnight culture in a 15 ml Falcon tube
via centrifugatiomat 4 °C for 5 mins at 1000 g. The supernatant eissardedand cells were
resuspended in 480 microliters of SE Buffer/lyticase solution. The pellet was resuspended
using a vortex for 1 minute. The cells were then incubated at 30 °C for 1 hour to ensure
complete lyses of cells. The spheroplasts were then pelleted via centrifugation at 400 g for 5
YAYA G NR2Y GSYLISNIGdzZNBd ¢KS &dzLISNY I G yi
and 50 mg of glass beads was added to the pellet. Using a vortex @013 for 5 mins,

the suspension was mixed to lyse and homogenize the sample. The homogenised suspension
was then centrifuged at 13,000 g for 3 mins at room temperature. The supernatant was
carefully removed and transferred into a new Eppendorf tube. 4oa¢ volume of 70 %
ethanol to the lysate was added and mixed thoroughly using a vortex for 15 secs. The entire

Al YL ST oKAOK ¢gla | NRBdzyR tnann >t 41 & I RRSR
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ml Eppendorf. The sample was then centrifuge at 10 Ofiy §0 secs at room temperature
YR (KS Ff2¢ (GKNRdAK ¢gFa RAAOFNRSR® opn >f

and the sample was centrifuged as above.

A DNA denaturing phase followed to ensure denaturing of any residual DNA in the sample. 75

> pf the DNaseldigestion reaction mixture was added onto the surface of the HiBind RNA
YSYONIYS Ay SIOK O2fdzYy IyR AyOdz:ol SR G NP2
Wash Buffer 1 was added onto the surface of the HiBind RNA membrane and altosasakt

for at least 5 mins. The sample was centrifuged at 10 000 g for 15 secs and the flow through
ga RAAOINRSR® pnn >f 2F wb! 2} &aK . dFFSNI LL
flow through discarded, as in the preceding step. Using the saftecton tube, the spin

cartridge was centrifuged at 10 000 g for 1 minute to dry the HiBind matrix. The column was
OGN} YyAFSNNBR (2 | AGSNAES wblasS FNBS mop Yi
DEPC water. Samples were then storeeBat°C unit required for downstream applications.

2.7.5 lllumina library preparation and sequencing

Before library preparation, the quality and quantification of RNA samples were evaluated with
TapeStation (Agilent) and Qubit (Thermal Fisher) at the Centre mbr@@Enabled Biology
(Aberdeen) by Dr Jin Pu. The samples with the minimum RIN of 8.0 was proceeded. The input
of RNA was based on the specifically measured RNA concentration by Qubit. The&SetRNA
libraries were prepared using TruSq Sample Preparatior{lllumina) according to the

YI ydzF I O dzZNB N a A y-A RNANzEE purffigt drobn SO0NE & Bthl RNA witle f &
1ul (1:100) ERCC spike (Thermal Fisher) as an internal control using RNA purification oligo(dT)
beads, fragmented and retrotransceal using random primers. Complementd»®NAs were

endrepaired, and dadenylated, indexed adapters were then ligated. 15 cycles of PCR
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amplification were performed, and the PCR products were cleaned up with AMPure beads
(Beckman Coulter). Libraries werdigtated for quality on Agilent DNA100O Kit and quantified
with the gPCR NGS Library Quantification kit (Roche). The final libraries were equimolar
pooling and sequenced using the High Output 1X75 kit on the Illumina NextSeq 500 platform
producing 75 bp sgle end reads. For eadibrary,a depth 2030 M reads were generated.

The quality of sequencing was analysed by FastQC and MultiQC.

2.7.6 Analysis of RNA-Seq data

The analysis of RNM8Seq samples was performed using the Galaxy web platform

(www.usegalaxy.org[202]. The quality of the RNA sequencing reads was checked using

FastQC v0.11.p03] with default settings. Low quality ends (Phred score < 20) and any
adaptor sequences were trimmed using TrimGalore! vO[2(4]. Reads which became
shorter than 40 bp after trimming were n@rogressed for further analysis. After trimming,

the quality was checked again using FastQC vO[20Fto ensure correct trimming. There
were no PolyA reads (more than 90 % of the bases equal A), low quality reads (more than 50
% of the bases with a Phred score < 25) or ambiguous reads (containing N). After processing,
the mean Phred score peead was 37. Processed reads were aligned with the refer&nce
cerevisiagenome S288C version RB4._20150113 (SacCer3) using HISAT2 vi2a3)with
singleend reads and reverse strand settings, remainder of settings were set to default. After
alignment, the number of mapped reads which overlapped CDS featuiles gehome (using

S. cerevisiagenome S288C version RB4_20150113 (SacCer3) were determined using
featureCounts plugn v1.6.3 with default settingl206]. Reads aligning to multiple positions

or overlapping more than one gene were discarded, counting only reads mapping

unambiguously to a single gene. Differential gene expression analysis between conditions was
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performed using DESeq2 v1.1807] with default settings. To identify the cellular pathways

which differentially expressed genes are within we conducted Gene Set Enrichment Analysis
(GSEA; Broad Institutgd08jd ¢ 2 O2y RdzO4G | D{9! Iylo@airaz |
differentially expressed genes, ranked from the most upregulated to the most downregulated

were uploaded into the GSEA database and compared to a gene set data base (S288C version

R642-1_20150113_features gtf annotation file).
2.7.7 Quantification of nucleic acid samples

The concentration of DNA in samples was obtained using either a Thermo Scientific
Nanodrop1000, Biophotometer (Eppendorf) or a Spectrostar Nano UV/Vis spectrum
absorbance microplate reader (BMG Labtech). To detaenthe DNA/RNA concentration

from the ODsoreading from the Biophotometer, the following equation was used: DNA/RNA

02y OSy i NI i A 2e/ODgssraHoxdMfion fadtor. Nosdilution of sample was required

for use of the Nanodrofl000 and readingswé&r 206 GF Ay SR FTNRY |y [yl fe@

sample.
2.7.8 Restriction enzyme digest of DNA

Enzymatic scission of DNA at specific sequence points was achisuaglrestriction
endonucleases from New England Biolabs, Promega and Roche. The buffers emsed w

supplied by the manufactures and the recommended protocols were used.
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Table 6.The basic reaction mixture for a restriction digest used in this study

Reagent Volume

Restriction digest buffer (10x) H >f
Bovine Serum Albumin (BSA) nou >f
Restriction Endonuclease Mmoo >t
Plasmid DNA Mmbdp >
Sterile water 'L a2 I FAYLEE O

The reagents listed above were added to the-getermined volume of sterile water required

T2

Z

J I wHH >t NBIOUGA2Y -6 lhcbbatioh & 37RG. B dndlyses dfy’ R S N&

RAISAGSR LINRPRdAzOG&AX mn >t gek (K al YLt S ¢

(0p))

i K

2.7.9 Agarose gel electrophoresis

For the analysis of DNA fragments and plasmids, agarose gel electrophoresis was undertaken.
Typically, agarose gels were composed of 0.8 % (w/v) agarose (Melford, MB12000) in TAE

buffer.

Recipe for 1x TAE Buffefris base 4.84 g, Glacial acetic acid 1.14 ml, 0.5 M EDTA, pH 8.0 2

mL, MillFQ water to 1 L final volume.

For higher percentage agarose gels, up to 1.5 % gels were used to better resolve smaller
fragments. The agarose was dissolved in 1x TAE by heatagnicrowave oven until the

solution became clear. The solution was eatib ~60 °C before ethidium bromide (10 mg/ml)
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g1d I RRSR G I O2yOSYiGNI A2y 2F nodnanmcTt >3IKYH

forming cassette, and a comb was insertelde Gel was left to cool and set for up to an hour.

Once the gel had solidified, it was placed in an electrophoresis tank and 1x TAE buffer was
added in sufficient quantity to cover the gel surface By @m. The comb was then removed.

A Promega 1 kb DNAdder (G57511) was added to the first well and 6x loading buffer
O2yGFrAYyAy3 ONRBY2LIKSy2f o6tdzS 61048 YAESR ™M Ay
sample was loaded into the subsequent wells. For analysis of restriction digestion products,
Mn > impleéwlas ldatled. A voltage of 80 V was applied to the tank f&0BMins until the

DNA bands had migrated the desired distance. The DNA fragments were visualised by short

wavelength(312 nm) UV transillumination.
2.7.10 Polymerase Chain Reaction (PCR)

For the amplification of DNA sequences, the polymerase chain reaction (PCR) was utilized.
¢tKS t/w NBFEOGA2Y 41 a LISNF2NX¥SR dzaiAy3d E6KS w2
3000 thermal cycler.

1p >t 2F LI FAYAR 5b! gl & e BAR rdaciion{TKeSollawdgizNID S

reagents weramixedon ice in an Eppendorf PCR tube:
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Table 7.Standard PCR reaction composition used in this study

Reagent Volume Added Final concentration
(10x) High Fidelity Buffer + p >f 1x (1.5 mMgCh)
15 mL MgCL
Reverse Primer, 100 pmol/ 1lp >f¢ 300 nM
>
Forward Primer, 100 pmol/ 1lp >f¢ 300 nM
> {
Template DNA 1p >t 0.1-250 ng
dNTP mix, 10 mM each dNT Mo > f Han >a Sl Ol
High Fidelity Enzyme Mix Mo > 3.4 Ulreaction
Sterile Deionised water Up to 50> £ -

PCR reactions were conducted using the cycling conditions describbthterials and
Methods, Table 2.7.102 ! FUSNJ 0 KS O2YLX SGAz2y 2F GKS NBI
product was run on an agarose gel. The products of the PCR reactionswidierpvith the

VAIFIASY Wt/ w tdNAFAOFGA2YQ ({AG FOO2NRAY3I G2 Y

Table 8.Standard 3step PCR cycling protocol used in this study

Cycle Step Cycle Time (mins)  Number of Cycles
Temperature (°C
Initial Denaturation 94 °C 5 mins 1
Denaturation and 1) 96 °C 1min 30
2) 52 °C 1 min
Annealing/Extension 3) 72 °C 1min
Final Extension 72 °C 5 mins 5
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2.7.11 Generation of yeast gene knock outs using LoxP marker cassettes

This procedure was taken from Gueldener et al (20@RP]. For the generation of yeast
strains that contained deletions of specific genes, DNA cassettes were created that
recombined with specidi regions of the genome to replace the genes encoded within that
region.

PCR primers were designed to incorporate 19 or 22 nucleotides that are adjacent to the LoxP
aSldzSyoSa TFtlrylAy3a (GKS YIFINJSNE Fa ¢Sttt I a
beginning and end of the target gene to be deleted. The newly designed primers are used in
a PCR reaction to generate a DNA sequence consisting of a selection marker flanked by the
LoxP sites and a sequence corresponding to regions close to the start drud #e ORF of

the target gene. Following the completion of the PCR reaction, the disruption DNA cassette
was purified using the genomic DNA extractidaterials and Methods, Section 2.7.3he
purified disruption cassette was transformed into yeastc@laterials and Methods, Section
2.5.1). The transformation of the disruption cassette leads to a recombination event allowing
the selection marker to replace the target gene. This is achieved due to the recombination
driven specificity of the 45 nucleidies flanking the selection marker that are specific for the

ORF of the target gene. A successful transformation procedure therefore should produce null

mutants of the target gene.
2.7.12 Invitrogen Gateway Cloning Reaction

The Invitrogen Gateway© ahing method was used for the generation of plasmids used in
this study. The Gateway system is a cloning method based upon thespsitéfic
recombination of thelambda bacteriophageTwo types of recombination sites have been
engineered to recombine uniqle between the two ends of a source sequence and a host
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vector. The sites have been constricted to enable the recombination reaction to be
completely reversible using two sets of catalytic proteins. These two reactions are called LR
and BP, so named becauf the recombination sites involved in each reaction: LR
recombines attL and attR sites, BP recombines attB and attP sites. The recombined sites
transform by swapping opposite halves into the opposite set, so attL and attR become attB
and attP and vicearsa. Vectors engineered to contain these sites have been given the names:

Entry Clone, Expression Clone, Donor Vector, and Destination Vector.
2.7.13 BP Cloning Reaction

For the generation of the entry vectors used in this study the Invitrogen GatewaipBRg

reaction was performed. The plasmid containing R&S2ucleotide sequence was extracted

YR LIZNAFASR dzAAy3 | vAlF3ISY { LAY aAyALNBL] YA
GKS LIJZNAFASR LXFAYAR 5b! gl a>tYAEBRC $ Ad &t 7DN
PCR tube. The BP clonase Il enzyme was thawed on ice for ~ 2 mins and then vortexed for 2
asoaoe m >f 2F .t Of2yrasS LL 6Fa |RRSR G2 I
temperature for 1 hour. To terminate the reaction, % 2 F t NRPGSAYy I &S Y az2f
to the reaction mixture. The mixture was then vortexed briefly and incubated at 8 XD

mins. Samples were incubated-20 °C for 24 hours
2.7.14 LR Cloning Reaction

For the generation of the expression clongsed in this study, an Invitrogen Gateway LR
cloning reaction was used. The LR reaction enables the recombination of the gene of interest

contained within an entry clone with a destination vector.
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Table9. LR Cloning reaction

Reagent Volume/Mass
Entry Clone Plasmid DNA Tp Yy3Iak>t
Destination Vector pn y3Ik>ft
LR Clonase I nop >t
LR Reaction Buffer (5x) H >t
TE Buffer pH 8 HOPTp >t

¢tKS [w NBIFOGAZ2Y YAEGdzZNB tAaiSR 020S 61a AyO
proteinase K was added followed by arihute incubation period at 37 °C. All destination

vectors used in this study contain ampicillin and chloramphenicol esist genesRAS2

expression clones with a GPD promotor were sequenced with the GHFD#mmersand the

entry clones with M13F.
2.7.15 DNA sequencing

The sequencing of purified plasmid DNA samples was carried out by Source Bioscience
Lifesciences, based Cambridge. The plasmid DNA was sequenced via the Sanger sequencing
YSGK2R2f 238 t dNAFASR 0@é& LIXFAYAR 5b! &l YLX Sz
aSIdzZSYyOAy3a gA0K (GKS aaz20AFGSR LINAYSNE |4 |
sequencing raction was received electronically and analysis of data was carried using ApE

plasmid editor V.1.17 Copyright © 20@B08 by M. Wayne Davis
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2.8 Biochemical Methods

2.8.1 Whole cell protein extraction for SDS PAGE

The generation of protein sangs required for polyacrylamide gel electrophoresias
achieved using the methodology described von der Haar et al, (2007]210]. The
concentration of cells in a culture was estimated from the optical density. 2 gell® were
harvested via centrifugation for 2 mins at 13 000 rpm. For log phase cultures atsatnoDD

0.7 this was around 10 ml. If quantitative electrophoretic analysis was required, the number
of cells in a culture was counted under a microscope uaihgemocytometer. The volume
containing a defined number of cells was harvested using the centrifugation procedure as

described above.

Harvested cells were resuspendedin200 2F fe&aAa o0dzFFSNI 6ndnp a
SDS, 2% viv-mercaptoethaml) and incubatedat90 /  F2NJ mn YAy ao ! F3iSNJ
4 M acetic acid was added and the sample was vortexed for 30 secs before a seeond 10
YAYydziS AyOdzoldAz2y |G don c/ & pn SHCIpA &8 A0l RAY 3
% bromojenol blue) was added to the sample. The sample was then centrifuged for 90 secs

at 13 000 rpm in a bench microcentrifuge prior to loading.
2.8.2 Polyacrylamide gel electrophoresis

Polyacrylamide gels were prepared using the recipe listédaterials aad Methods, Table

2.8.2 Each gel was composed of a standard 5 % acrylamide stacking gel and2a%.5
resolving gel. SDSPAGE gels were casted in 0.75 mm glass casseRes|) Bide resolving
layer was poured into the cassette and allowed to set foaBR0nins and layered with 1 ml of

isopropanol to provide an even top layer surface after solidification of the gel. The
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isopropanol wagliscarded,and the stacking gel solution was then poured into the cassette

and an appropriately sized comb was inserted. The stacking layer set for 20 mins.

Table10. SDSPage reagents

Stacking gel Resolving gel SDS running buffer
126 mM Tris pH 8.8 240 mM Tris pH 6.8 0.3 % (w/v) TrisiCL
0.1 % SDS 0.1 % SDS 1.44 % (wl/v) glycine
12 %acrylamide (29:1) 4.3 % acrylamide (29.1) 0.15 % (w/v) SDS
0.15 % ammonium 0.23 % ammonium
persulphate persulphate
0.07 % TEMED 0.07 % TEMED

Polyacrylamide gels were mixed in sterile 50 ml falcon tubes. Ammonium persulfate was

freshly dissolved in water at 10% (w/v).

After the final incubation period the comb and gasket were carefidiyjoved, and the
cassette was inserted into a gel tank asehled against the central column. 1x TGS was then
added to the gel tank and wells were submerged in TGS buffer. A protein standard (ColorPlus
marker p7709S, New England Biolabs) was loaded into the first well of each gel. Protein
samples in loading buffewere then loaded into subsequent wells. The electrodes were
connected to a BioRad power pack and a voltage of 90 V was applied until the protein front
entered the resolving layer, at this point the voltage was increased to 130 V. Once the protein
front had migrated through the acrylamide gel to ensure sufficient separation, the voltage
was stopped. Careful notice was taken to ensure the protein front did not run off the gel. The
gel tank was disconnected from the power pack and the cassettes removedelBhesgd in

this process were either used for staining with Coomassie blue, or the western blot protocol

described ifMaterials and Methods, Section 2.8.5
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2.8.3 Coomassie staining of SDSPAGE gels

SDSPAGE gels were visualised following an#ute shakmng incubation phase at room
temperature with Coomassie brilliant blue stain (40 % (v/v) Methanol, 20 % (v/v) Glacial acetic
acid, 0.1 % Coomassie brilliant blue R250), followed byrai@0te shaking incubation phase
with de-stain solution (10 % (v/v) medimol, 10 % (v/v) Acetic acid). Gels were then

submerged overnight in sterile water, shaking at room temperature.

2.8.4 Semi-dry transfer of proteins to PVDF membranes

Proteins were separated via molecular mass by-BRSE. The polyacrylamide gel contagni

the protein samples was removed from the cassette and the stacking layer was discarded.
The resolving gel was removed from the cassette and placed in transfer buffer (0.0058 % w/v
Tris base, 0.0029 % w/v glycine, 0.00004 % w/v SDS, 20 % v/v methanplpidees of
Whatman blotting paper (Thermo Fisher) was cut into 8x9 cm pieces and soaked in transfer
buffer. PVDF western blotting membrane (Thermo Fisher) was wet thoroughly in methanol
(Thermo Fisher) and then placed in transfer buffer to 10 mins. gieces of blotting paper

was placed on the anode plate of a Trddlst SemiDry Transfer cell (BioRad), followed by
the PVDF membrane, the polyacrylamide gel, and the final two pieces of blotting paper. To
ensure that there were no significant air bubble®sent between layers, a roller was used

to roll out any excess air. The cathode plate was place on top and the apparatus was
connected to a power pack. A voltage of 25 V was applied for 30 mins. Upon completion of
the semidry transfer the PVDF membrameas removed for use in the immunoblotting

procedure as detailed iNlaterials and Methods, Section 2.8.5
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2.8.5 Immunoblotting procedure

Following the completion of the serdry transfer protocol, the PVDF membrane was placed

in 6 ml of blocking solution (5 % w/v Dried Skimmed Milk (Oxoid) and PBS/T (Phosphate
Buffered Saline and 0.2 % Tween 20 [Sigma]) and incubated with shaking for &t hmom
temperature. The membrane was briefly washed twice with PBS/T and placed in a 50 ml
falcon tube with 812 ml of blocking solution containing the appropriate concentration of
primary antibody, for details on primary antibodies used bterials aml Methods, Section

2.8.8 A Thour incubation with shaking at room temperature followed. The PVDF was
carefully removed from the 50 ml falcon tube and rinsed briefly with PBS/T. The membrane
was then incubated with PBS/T and washed via shaking for 15 fmllogyed by another two

15 min washes, replacing the PBST/T each time. After the completion of the wash phases, the
PVDF membrane was placed in a fresh 50 ml falcon tube contairl2gn@ of blocking
solution containing an appropriate concentration otsadary antibody conjugated to Horse
Radish Peroxidase, for details on secondary antibodies usedagésrials and Methods,
Section 2.8.8A 30minute incubation period with shaking at room temperature followed. The
PVDF membrane was then washed with PB&/previously undertaken after the primary

antibody straining. The membrane was then placed in PBS.

2.8.6 ECL detection (Enhanced Chemiluminescence)

The PVDF membrane was placed in a clealyethylene terephthalate box and the ECL
solutions, listed irthe table below, were mixed in a 1:1 ration. The PBS used to incubate the
PVDF membrane was discarded and the ECL solution was added and incubated for 1 min with

constant shaking. The ECL solution was discarded and the membrane was removed and
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placed in &haron wrap. The membrane was placed into the SYNGERE&Xel doc system

and blots were visualised.

The GeneSys Software (Version 1.6.5.0) was used to analyse blots and a Synoptics 6MP
camera was used to capture imagda calculate the Ras2p bamutensity relative to the

Pgklp loading control, ImageJ version 1.51n was used. Here the integrated intensity of the
Ras2p band was calculated and divided by the integrated intensity of the Pgklp band and

normalised to the control strain.

Tablell. Recipedor ECL solutions

Solution 1 1 ml luminol 250 mM (@minophthalhydrazide from FLUKA No. 09253
0.44 ml pcoumaric acid 90 mM (Sigma No C9008)
10 ml 1 M Tris.HCL (pH 8.5)
Water to 100 ml

Solution 2 | 64> 30% hydrogen peroxide

10 ml 1 MTris.HCL (pH 8.5)
Water to 100 ml

2.8.7 Stripping of PVDF membrane

Following the completion of an ECL detection on a PVDF membrane, a loading control was
required to ensure an even loading of protein to the gel. Here previously bound antibodies
were required to be removed from the PVDF to allow feprebing with a new atibody. The
Restore Western Blot Stripping Buffer (ThermoScientific) solution and protocol wasTinged.
PVDF membrane was carefully removed from the 50 ml falcon tube and rinsed briefly with
PBS/T. The membrane was then incubated with PBS/T and washstaking for 15 mins,
followed by another two 15 min washes replacing the PBST/T each time. After the completion

of the wash phases, the PVDF was immersed in 10 ml of stripping buffer and incubated for 30
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mins at room temperature with shaking. The strippibuffer was discarded and the PVDF
membrane was washed with PBS/T as previously undertaken before addition of stripping
buffer. Following the completion of the stripping protocol, the PVDF membrane was placed
in 6 ml of blocking solution (5 % w/v Driedir8Bmed Milk (Oxoid) and PBS/T (Phosphate
Buffered Saline and 0.2 % Tween 20 [Sigma]) and incubated with shaking for 1 hour at room

temperature before probing with a fresh primary antibody.

2.8.8 Antibodies used in study

Antibodies were used to performesgtern blot analysis. The antibodies used within this study
are listed below.
Primary antibody used for Ras2p detectio@oat antiRaszoolyclonal IgG was purchased

from Santa Cruz Biotechnology (Santa Cruz BiotechnologyBémgheimer Str. 82,
69115 Heidelberg, Germany) and was used at a dilution of 1/1000.

Secondary antibody for Ras2p detectioAnti-sheep IgG HRP (Sigma, catalogue number
A3415) and was used at a dilution of 1/5000.

Primary antibody used for detection gk1p: Rabbit antiPgklp (Supplied by Professor Mick

Tuite a 1:10 000 dilution and was used as the loading control.

Secondary antibody used for detection PgkJmiti-rabbit (Supplied by Professor Mick Tuite)

a 1:500 dilution was used as the following loagoontrol.

Primary antibody used for GFP detectiorMouse antGFP (Sigma, catalogue number
1181446000) used at a dilution of 1/1000.

Secondary antibody used for Porin and GFP detectidintFMouse IgG HRP (Sigma,
catalogue number #A4416) and was used dtlation 1/5000.
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2.9 Cell biology techniques

2.9.1 Absorbance assays for growth rate analysis of S. cerevisiae cells

A sterile inoculation loop was used to pick a fresh colony of yeast. The colony was inoculated

into 5 ml of appropriate medium and grown overnight at“8with shaking at 200 rpm. The

optical density of the overnight culture was calculated by absorbarc®@qo using an

Eppendorf Biophotometer plus. Cultures were diluted to aned@bf 0.1 in 1 ml of the
appropriate fresh medium in a sterile 4ell plate (Greiner). Alternatively, cultures were
dilutedtoan Oz ¥ nodm Ay pnn >t m2duminfé Sterile U8LSN@ateINRA | G S
(Greiner). Growth was measured using a BMG LABTECH FLUOstar OPTIMA or a BMG LABTECH

SPECTROstar Nano plate reader.

Tablel2. The protocol setting used to measure growth rate

Cycle Time 1800 seconds
Flashes Per Well 3
Excitation 600 nm
Shaking Frequency 400 nm
Shaking Mode Double Orbital
Additional Shaking Time 30 Seconds before each cycle
Temperature 30°C
Positioning Delay 0.5 seconds

For the analysis and processing of the data generated by the plate reader, the BMG LABTECH

MARS data analysis software was used. The data processed in this software was then
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exported to Microsoft Excel for further analysis. Each growth curve assay didpiayteis

thesis is the sum of three biological repeats, each of which includes three technical repeats.

Doubling times for each strain were determined by separately plotting sequenrtiali2data

sets individually, each overlapping by 30 minutes, wiitetin hours or mins {&xis) against

the ORoo(y-axis) using Microsoft Excel 2010. For eatio@r plot, an exponential trend line
equation was generated, y= c*e”(b*x), which is equivalent to In(y) = In(c) + b*x, for which b
represents the slope and IoYrepresents thesaxis intercept. The 2 hour plot with the highest

x value (which represents the slope) in the exponential line equation was selected, and that

x-value was used to generate the doubling time (hours) using the fortxil@)/x.
2.9.2 Cell counting using a haemocytometer

To perform cells counts, a haemocytometer was used. An overnight culture was diluted 1/25
FYyR 23 LIKIFA&aS Odz §dz2NB&a 6SNB SydzySNIX G§SR gAGK
loaded onto the haemocytometer and counted der a light microscope using the 100x
magnification. When counting budding yeast cells, cells with a bud size greater than one third

the size of the mother cell were counted as two cells, if not, buds were not included in the

cell count. Only cells exisgnwithin, or on the bottom odeft-hand line of the box were

counted. A minimum of 300 cells were counted when possible.
2.9.3 Viability assay

A sterile inoculation loop was used to pick a fresh colony of yeast. The colony was inoculated
into 5 ml of apropriate medium and grown overnight at 30 °C with shaking at 200 rpm. The
cell density of the overnight culture was measured using an Eppendorf Biophometer plus.

Cells were diluted to an QB of 0.1 in 5 ml of the appropriate fresh media. Cells were
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incubated at 30 °C shaking at 200 rpm for 24 houfge fumber of cells in a culture was

counted under a microscope using a haemocytome®alls were diluted to 2 x 2@ells/ml

YR mpn >f o6onn OStfao gla LIXFGISR 2y (G2 GKS
was plated onto an agar plate, which, for 100 % viability, should lead to the growth of 300
colony forming units (CFU). Plates were incubated at@@or 24 days before counting to

ensure that slow growing strains had sufficient time to grow. The percentage viability was
RSGSN¥AYSR 060& (0KS RAGARAY3I (KS ydzYoSNI 2F 203
and multiplied by 100.

2.9.4 Di/Tri -peptide suppl ementation viability assay

A sterile inoculation loop was used to pick a fresh colony of yeast. The colony was inoculated
into 5 ml of appropriate medium and grown overnight at 30 °C with shaking at 200 rpm. The
cell density of the overnight culture waseasured using an Eppendorf Biophometer plus.
Cells were diluted to an QB of 0.1 in 5 ml of the appropriate fresh media. Cells were
incubated at 30 °C shaking at 200 rpm for 24 houe fiumber of cells in a culture was
counted under a microscope usiaghaemocytometerCells were diluted to 2 x 2@ells/ml

and 300 cellsvere plated onto either SIRA or SQURA with the addition of a specific-di
peptide at a 1 mM concentration. Thepieptides used in this study; Leuctheucine (Sigma),
AlanineLeucire (Sigma), Tyrosip&lanine (Sigma) or Histadiheucine (Sigma).
Alternatively, cells were plated on media containing a mix of all thgegtides listed above,
added together at a 1 mM concentration. Plates were incubated at 30 °C4ala®s before
counting to ensure that slow growing strains had sufficient time to grow. The percentage
AL oAt AGE 61 a RSUSNNVAYSR o0& (GKS RAGARAY3 (K

A 2 s oA -

SELISOGSR /Cc!'Qa FyR YdzZf GALX ASR ©6& mMnno
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2.9.5 Hydrogen Peroxide Sensitivity Assay

Asterile inoculation loop was used to pick a fresh colony of yeast. The colony was inoculated
into 5 ml of appropriate medium and grown overnight at 30 °C with shaking at 200 rpm. The
cell density of the overnight culture was measured using an Eppendiggh8iometer plus.
Overnight cultures were then diluted to @20.1 in 1 ml of the appropriate medi€ells were
diluted to 1 x 10 cells/ml and were diluted 000-fold over three serial dilutions. Each 1600
fold dilution of the sample was plated onto four different agar plates differing in
concentration of hydrogen peroxide 463). A 3 % percent working stock of hydrogen peroxide
(v/v) was made from a 30 % hydrogen pade stock solution (v/v). From thésock,1 mM, 2

mM, 3 mM, and 4 mM concentrations of hydrogen peroxide was added to 40 ml of agar
media. Plates wereéried and then incubated at 30 °C and checked after 48 and 72 hours.
Following incubation, visual analg was performed to observe the differences in growth.

Images were taken on a scanner (CANOscan 4000), 48 hours after plating.

2.9.6 Copper Sensitivity Assay

A sterile inoculation loop was used to pick a fresh colony of yeast. The colony was inoculated
into 5 ml of appropriate medium and grown overnight at 30 °C with shaking at 200 rpm. The
cell density of the overnight culture was measured using an Eppendorf Biophotometer plus.
Overnight cultures were then diluted to @20.1 in 1 ml of the appropriatsedia. Cells were
diluted to 1 x 10 cells/ml and were diluted 000-fold over three serial dilutions. Each 1600

fold dilution of the sample was plated onto four different agar plates differing in
concentration of CuSOA 100 mM working stock of CuStasmade. From thistock,1 mM,

1.5 mM, 2 mM and 3 mM concentrations of Cu$@s added to 40 ml of agar media. Plates

were died and then incubated at 30 °C and checked after 48 and 72 hours. Following
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incubation, visual analysis was performed to obsenedtiferences in growth. Images were

taken on a scanner (CANOscan 4000), 48 hours after plating.

2.9.7 GFRATGS autophagy assay

A sterile inoculation loop was used to pick a fresh colony of yeast. The colony was inoculated
into 5 ml of appropriate mediurand grown overnight at 30 °C with shaking at 200 rpm. The
cell density of the overnight culture was measured using an Eppendorf Biophometer plus.
Cells were diluted to an QB of 0.1 in 5 ml of the appropriate fresh media. Cells were
incubated at 30 °Chsking at 200 rpm for 24 hours. Following this, 1ml of culture was
transferred to the nitrogen starvation medidMéterials and Methods, Section 2.).kacking
ammonium sulphate to induce autophagy via nitroggarvation andncubated at 30 °C with

200 rpmshaking for 6 hours. Total protein was extracted from cells anel postinduction

of autophagy and subjected to western blottingdterials and Methods, Section 2.8.5

2.9.8 Chronological Ageing Assay

A sterile inoculation loop was used to pick @sin colony of yeast. The colony was inoculated
into 5 ml of appropriate medium and grown overnight at 30 °C with shaking at 200 rpm. The
cell density of the overnight culture was measured using an Eppendorf Biophotometer plus.
The overnight cultures weraub-cultured to a calculated Qb of 0.1 in 10 ml of appropriate
medium in 100 ml conical flasks. Samples were incubated at 30 °C with shaking at 200 rpm.
After 24 hours of incubation, an aliquot of the culture was taken to calculate the colony
forming unts (Materials and Methods, Section 2.9.and for flow cytometry analysis to
measure levels of propidium iodideMéaterials and Methods, Section 2.9)12and
dihydroethidium fluorescenceVaterials and Methods, Section 2.9)1Dnce the aliquot of
culture wes taken, samples were immediately returned to the incubator to minimise sample
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exposure time outside of the incubation parameters. Aliquots of cells were taken from the
same culture sequentially at 2dour intervals for 6 days and colony forming unit cauand
flow cytometry analysis were undertaken. The final measurement was taken after 12 days of

sample incubation.

2.9.9 Clonogenic Survival Assay of wild type cells overexpressing RASZ225A
RASZ2225Eqr a plasmid control

Ly FfAljdz2a 27T cellswas taker2fdm thedofigidd yuRuBeRand diluted in 990

>t 2F A0SNRES ¢6F SN ¢KS RAfdziISR al YL S gt &
sample was then inserted into a CASY cell counter (Scharfe Systemisg amuaitber of cells

in a cultue was calculated. Serial dilutions were performed to ensure that 300 cells of each
sample were plated onto each agar plate, which, for 100 % viability, should lead to the growth

of 300 colony forming units (CFU). Plates were incubated & 30r 48 hows before counting

to ensure that slow growing strains had sufficient time to grow. The percentage viability was
RSGSNX¥AYSR 0& (UKS RAGARAY3I (KS ydzYoSNI 2F 203
and multiplied by 100.

2.9.10 Flow Cytometry

To detet the presence of fluorescence within yeast cells a BD FACSCalibur flow cytometer
wasused,and the BD FACStation data management system was used for acquisition and data
analysis of samples. The system uses ananted argorion laserexciting fluorophoe. The

C!/{ O2dzytSR IyR Iyllfte@aSR mnZnnn OSffta LISN &

~ 2 x 10cells were diluted in 1 ml of 1 M PBS for FACS analysis.
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2.9.11Flow cytometry to monitor DHE fluorescence to detect superoxide radicals

The dihydroethidium (DHE) dye (Invitrogen D23107) was used for the detection of superoxide
radicals. Thélue fluorescenDHE dye is oxidised by superoxide radicals to the red fluorescent
form, hydroxyethidium. The 585 nm band pass filter-Zl-placed inthe light path before
detection was used for red light detection. Approximately 2 x 106 cells wesagpended in

t.{ O2ydFAYyAy3a wmn>a -1%mias befofeRFAGS/aalpEs: § SR T2 NJ mn

2.9.12 Flow cytometry to detect Propidium lodide uptake to assess necrosis

ToOKSO]l F2NJ GKS LINBaSyOS 2F ySONRGAO OStta Ay
added 30 secs before being placed into the FACS. Propidium iodide (Pl) accumulates in
cells when the plasma membrane is compromised and intercalatesutleic acids. Pl

can therefor only penetrate necrotic cells and is excluded by viable cells that have an
intact plasma membrane. When PI is bound to nucleic acids, the fluorescent excitation
maximum is 35 nm and the emission maximum is 617 nm. Propiiddite (PI) binds

to DNA by intercalating between the bases, with little or no sequence preference, and
with a stoichiometry of one dye per¢8 base pairs 0DNAs Pl also binds to RNA,
necessitating treatment with nucleases to distinguish between RNADA staining.

Once the dye is bound to nucleic acids, its fluorescence is enhane¢d 20fold, the
fluorescence excitation maximum is shifted €80 nm to the red, and this is relatively

low, PI exhibits a sufficiently large Stokes shift to allow sanebus detection of nuclear

DNA. A baseline was satingan unlabelled control.
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2.10 Fluorescence Microscopy yeast cells

2.10.1 Fluorescence Microscopy

For the visualisation of fluorescent cells, an Olympus 1X81 inverted microscope was used. The
light source was provided by a Cool LED pE4000 illumination system. All images were captured
dzaAy3a Iy ! yR2NDRA %efl nodu t [ | {sedid obthifimadesY S NI &
was MicreManger, version 1.4.22. A single drop of Olympus Im&8ICC immersion olil

was applied to the surface of the cover slip and an Olympus 60 x objective lens (NA = 1.35)
was used to locate cells within a sample. An Olymg@@sxiobjective lens (NA = 1.4) was used

to visualize individual cells. Cells with G&gged proteins were observable using the GFP
channel with excitation/emission wavelengths of 488/512 nm. DIC images were acquired
using a halogen light source with idésdl settings to GFP imaging. To ensure images were
representative of the whole population each microscopy experiment was repeated in
triplicate. For the analysis and processing of images the ImageJ FIJI software was used. The
counting of cells for phenope characterisation was conducted by eye from images

generated from fluorescent microscopy.
2.10.2 Sample Preparation

A sterile inoculation loop was used to pick a fresh colony of yeast. The colony was inoculated
into 5 ml of appropriate low fluorescee selective medium and grown overnight at 30 °C

with shaking at 200 rpm. The optical density of the overnight culture was measured using an
Eppendorf Biophotometer plus. For stationary phase microscopy analysis, overnight cultures
were diluted to an OBoof 0.1 in 5 ml of fresh media and grown for 24 hours. For the analysis

of cells in logarithmic phase of cell growth, cells were-sultured and grown to O§g00.7.A

o >f FfALdz2d 2F GKS OdzZ GdzZNB ¢4l a LI | OSR 2y |
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mm cover slip. A single drop of Olympus ImriIDCC immersion oil was added to the cover

slip and examination under the microscope was carried out.

2.11 High Resolution Respirometry

The Oroboros O2K Oxygraph High Resolution Respirometer was ustetoine the
consumption of @from mitochondria in cell suspensions. The Datlab 4 software was used for
the analysis and acquisition of data generated by the respirometer. The respirometer
contained two chambers, each of which was maintained at 30 °Chatdd 2 ml of cells
suspended in media without glucose. To calibrate the instrument, the medium from which
the cells were grown in was used. An overnight liquid culture was diluted to a calculagegl OD
of 0.1 and cells were analysed at 24 hours post ifed@n. To ensure that an equal volume

of cells was present in each chamber, cells were counted using a haemocytometer. A 1/80
dilution wasperformed,and a full haemocytometer grid of cells was counted to calculate the
number of yeast cells present in 1 of culture. The samples were diluted to a cell density of
1P cells/ml into 3 ml of appropriate media. 2.5 ml of each diluted culture was inserted into
one of the two chambers to ensure each chamber was full. The chamber stoppers were
inserted into posibn and any residual liquid culture was aspirated away. The exact cell
concentration was then entered into the Datlab4 software for an accurate oxygen flux/cell

reading.

For the analysis of cells mitochondria, a series of drugs were introduced into the chamber
using specifically engineered syringes, which target individual components of the electron
transport chain. The followingdrugs: Triethiltyn bromide (TET)(SigmaAldrich),

carbonylcyanidegrifluoromethoxyphenylhydrazone (FCCP) (Fluka), and Antimycin A (AntA)
(SigmaAldrich) were in added to each sample chamber. The sequence of drug addition was

101



as follows; a 0.2 mM final concentration TET was added to each chambdr (8F NB Y | pn
a0201 a2ftdziAz2y Ay 5a{h0z FT2t1t26SR 0& ndnmH Y
FAYILEt@ noénnwuw Ya !'yia! 6w >t 2F | H Ya aiaz2o0]
of a full respiratory drug response, anfinute intervd was left between the additions of each

drug.
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Chapter 3

Yeast as a model organism to study the
effects ofRAS2 RAS2%>#or RAS 224>
overexpression
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3.1 Introduction

Ras proteins are small GTPases that act as molecular switches within cells that link
extracellular stimuli to intracellular effectors. Ras proteins play a conserved role in the control
of both cell growth and proliferatiof211]. As a result, mutations that induce the constitutive
activation of Ras proteins are often associated with changes in cell behaviour that can lead to
disease, such as human candéi]. The localisation of Ras proteins are reported to be
predominantly to the inner cytoplasmic surface of the plasma membrane, but they can also
0S 20aSNIBSR 2y SYR2YSYONIyYySQaszs &dzOK Fa GKS
outer membrane[65][57][212].

In recent years, the localisation and signalling of Ras on the plasma membrane has been
extensively studied. It has beeshownthat Ras undergoes a series of posttranslational
modifications thatdictate its subcellular localisation. Firstly, farnesylation of the cysteine on
the Gterminal CAAX motif targets Ras to tbgtosolicsurface of the ER where the AAX is
proteolytically cleaved and the-derminus methylated[51][53]. In the majority of Ras
proteins cysteine residues close to the CAAX motif are palmitoylated, facilitating the
translocation of Ras from the ER to the plasma membij&0¢ Evidence exists to suggest
that Ras proteins can undergo phosphorylation events which regulate its activity. Whistler
and Rine identified SE¢ as an important phosphwglation site on the yeast Ras2 protein
where substitution of serine with alanine at this residue lead to increased cAMP levels and
elevated ration of Ras&TP compared to total RasfZ4][213]. Surprisingly, the
phosphorylation of Ras2p i8. cerevisiabas nd been studiedregardingits regulation of
intracellular localisation, despite significant evidence existing linking Ras phosphorylation to

its localisation in humans. For example, the phosphorylation by PKC of the'Seresdue
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within K-Ras, promotesapid dissociation offRas from the inner leaflet of plasma membrane

to other intracellular membranes, including the outer membrane of mitochondi7a.

While phosphorylation is an important posttranslational modification, little is known on its
effect on Ras2 protein activation and localisation. This study aims to further investigate
whether Ras2p phosphorylation provides a mechanism that regulates Ra#f&iking inside

the cell.

In the laboratory of Dr Campbell Gourlay, previous investigations using data obtained from

the PhosphoPep version 2.0 projectvww.phosphopep.org/index.php produced

experimental information regarding putative Ras2 phosphorylation sites that are affected by
the deletion ofSSN&and SIT4respectively. Interestingly, the phosphorylation sites that were
predicted to be affected upon the deletion of eith86Nr SITAvere foundto be identical

and focussed upon the serine residue at position 225 of Ras2p. We therefor sought to
investigate whether modification of Seriffélead to any changes in Ras2 protein localisation
or activity within the cell and whether this was accompani®dany phenotypes in cells

expressing eitheRAS2??5%or RAS2?225E

57.7% identity in 300 residues overlap; Score: 829.0; Gap frequency: 1.0%
ras2 4 NKSNIREYKLVVVGGGGVGKSALTIQLTQSHFVDEYDPTIEDSYRKQVVIDDEVSILDIL
rasl 4 NKSTIREYKIVVVGGGGVGKSALTIQFI Q\\F\DC\DPTAED\\h\Q\\IDDmelLDJL
ras2 64 DTAGQEEYSAMREQYMRNGEGFLLVYSITSKSSLDELMTYYQQILRVKDTDYVPIVVVGN
rasl 64 DTAGQEEYSAMREQYMRTGEGFL LV\b\T RNSFDEL )v\QQIOn\ (DSDYIPVVVVGN
ras2 124 KSDLENEKQVSYQDGLNMAKQMNAPFLETSAKQAINVEEAFYTLARLVRDEGGKYNKTLT
sl 124 Kl D_EVERQ\\\E CLRLAKQL APFLETb»kQMIf\CEMrv>>‘R VRDDGGKYNSMNR

ras2 184 ENDNSKQT--SQDTKGSGANSVPRNSGGHRKMSNAANGKNVNYSITTVWNARNASIESKTG
rasl 184 QLDNTNEIRDSELTSSATADREKKNNGSYVLDNSLTNAGTGS (SAVN-HNGETTKRTD
ras2 242 LAGNQATNGKTQTDRTNIDNSTGQAGQANAQSANTVNNRVNNNSKAGQVSNAKQARKQQA
rasl 243

3 EPV:VTQ‘l'JCGHTb\\>rCJ SNRSDISRGH QJnHLA\h\ Q\HEpop.\>~.MRFE\\

Figure 13.Sequence alignment of the yeast Ras2 and Ras1l
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Interestingly, an independent group identified the Béresidue in Rasl to be an important
residue for Ras1 phosphorylation, as mutating this residue to an alanine drastically diminishes
the level of Rasl phosphorylatig@214]. Upon sequence alignment of yeast Rasl and Ras2
(Figurel3) we show little sequence similarity outside of the GTPase domain. However, the
serine site position in both Rasl and R&s2imilar suggesting that serine residues located

around this position may play a conserved regulatory role within Ras proteins.

3.2 Construction of theRAS2nutant alleles site-directed mutagenesis
substitution of the putative Ras2p phosphorylation siteeriné? by Alanine

or Glutamate

To investigate whether Serif@ phosphorylation is important for the localisation of Ras2p,
growth and viability a site directed mutagenesis approach was adopted. The wildRR&/p2

gene was mutated at Serif®® where the serine was either substituted with alanine to
produce a norphosphoryatable residue or glutamate to produce phosphomimetic residue.
Sitedirected mutagenesis was previously undertaken by Eman Badr of the Ghathaio
replace Serin®® in the Ras2p with alanine or glutamate in the gateway donor vector
PDONZ221. To confirm the correct introduction of the necessary mutations, samples were sent
off for DNA Sequencing as described in Materials and Methods, Section 2.7.15. Expression
vectorswere generated from the donor vector by use of the gateway LR clonase reaction as
described in Materials and MethodSection 2.7.14. f&rminal tagged GFP vectors for the
expression of GFRas2p, GFRas2p?***and GFFRas2p%?*fwere generated to invegjate
fluorescently tagged protein localisation. Vectors expressing untages2, RASZ>*and
RAS2??5Ewere also generated to investigate growth and viability of cells expressing these

constructs.
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3.3 Expression dRAS2RAS222>and RAS222°Falleles inS. cerevisiae

The levels of wild type and mutant Ras2p were determined by western blot analysis as
described in Materials and Methods, Section 2.8. To examine whether the expression of the
Ras2p changed during different phases of cell grosdimples were prepared from log and
stationary cultures. To ensure uniform protein loading, the levels-Bh8sphoGlycerate
Kinase, Pgklp, in each strain were examined as a control. After probing for the Pgklp, the
membrane was stained with coomassie it blue as a further control for protein loading.

To calculate the Ras2p band intensity relative to the Pgklp loading control, ImageJ version
1.51n was used. Here the integrated intensity of the Ras2p band was calculated and divided

by the integrated inénsity of the Pgklp band and normalised to the control strain.

Firstly, the levels of wild type and mutant Ras2p were analysed in a wild type background. As
expected, exponentially growing cells expressing either the wild tygeA@2nutant alleles
preserted an increase in Ras2p expression when compared to the wild type céRigalre
14/15). An increase in Ras2p expression was observed in cells overexpi@aeség> or
RAS$?25Byhen compared to thdRASDverexpression straifFigurel4/15). Furthermore, in

cells overexpressinBAZS%25Aor RAS2??5Ean increase in protein degradation products was

observed when compared to the wild type control and cells overexpre Sh®{Figureld).

As cells reached stationary phase of cell growtth@drs after inoculation, the levels of Ras2p

in all overexpression strains were increased when compared to the wild type c@Rigare

16/17). An increase in Ras2p expression was observed in wild type cells overexpressing
RAS2??5A0r RAS2??5Byvhen compred to theRAS2verexpression straifFigurel6/17). No
significant difference in Ras2p degradation products was observed between wild type cells

overexpressindqRAS2RAS 322> or RAS 22K Figurel6).
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RAS2RASSARASS25E2 NJ |y SYLJG & LI | &Y Arés2saahNdexa®iBe INS & 8 S
the affects that the mutants dRAShave on the levels of Ras2p produced in the absence of
SYyR23ISy2dza wl anlLld b2 wl daskdtrainessedsing the ledptyRS G S O
plasmid backbne control, confirming the deletion &8AS2n this backgroundFigurel8). No

significant difference in the levels of Ras2p in strains were observed in cells overexpressing

RAS222%%0r RAS2??°Bvhen compared to thé&RAS Dverexpression straifFigure18/19).

34k0s — — — Rz

~44 kDa —_— m—— — Peld

Figure 14.A western blot showing the detection of Ras2p in cells overexpressing RAS2,
RAS22254 RAS$22°For an empty plasmid control in a wild type background.

Cells were grown in SJJRA media and sampled during exponential phase of cell growth. To
ensure uniform protein loading, the levels of Pgklp were detected after probing for Ras2p.
This experiment was repeated three times and a representative data sewws s
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Ras2p band intensity relative to the loading control
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Figure 15A bar chart representing the change in Ras2p band intensity relative to the Pgkp
loading control of wild type cells overexpressing RAS2, RAS? RAS2??°Eor empty
plasmid control.

Cells were grown iQURA media and sampled during the exponential phase of growth. The
data shown is an average of three biological repeats and the error bars represent the standard
deviation.
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Figure 16.A western blot showing the detection dRas2p in cells over expressing RAS2,
RAS22254 RAS$225For an empty plasmid control in a wild type background.

Cells were grown in SIURA media and sampled during stationary phase of groWdtensure
uniform protein loading, the levels of Pgklp wertetted after probing for Ras2p. This
experiment was repeated three times and a representative data set is shown.
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Ras2p band intensity relative to the loading control
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Figure 17 A bar chart representing the change in Ras2p band intensity relative to the Pgkp
loading control of wild type celloverexpressing RAS2, R&AZ24, RAS2??5Eor an empty
plasmid control.

Cells were grown iQURA media and sampled during stationary phase of growth. The data
displayed is an average of three biological repeats and the error represent the standard
deviation.
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Figure 18! G SAGSNY o0f 20 aK2gAy3a (KS RSGSOlGAz2Yy 21
RAS2, RASZ> RAS2?25F0or an empty plasmid control.

Cells were grown in SIURA media and sampled during stationary phase of groWdtensure

uniform protein loading, the levels of Pgklp were detected after probing for Ras2p. This
experiment was repeated three times and a representative data set is shown.
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Ras2p band intensity relative to the loading control
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Figure 19 A bar chart representing the change in Ras2p band intensity relativa)F:gkp
f2FRAY3 O2yUNRE 27F n NI a#2KRASH%0r ad entpyPasmiNG & a A y
control.

Cells were grown iQURA media and sampled during stationary phase of growth. The data

displayed is an average of three biological repeats #rel error represent the standard
deviation

3.4 Analysis of the effects of phosphorylation of Serfdaipon Ras2p
localisation

3.4.1 Microscopic analysis of wild type cells expressing GFP -Ras2p, GFR
Ras2pS225A or GFP-Ras2pS225&

We sought to determinehte localisation of Nerminally GFRagged Ras2p, RasZg*and
Ras2p??°Eto determine whether disruption of this site of phosphorylation would affect
localisation. An Merminal GFRag was preferred over a-terminal GFRag, as a @erminal
GFPtag wil be cleaved during Ras2 protein processing and furthermore interfere with-the C
terminal CAAX motif and hinder Ras2p membrane targeting. The localisation of Ras2p was
examined upon overexpression of the mutant constructs in both stationary and logacithmi
phases of cell growth. Plasmids expressing either-R&2p, GFRas2p?*** or GFP

Ras2p?2°fvere transformed into wild type cells and an expression vector containing only the
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GFP label was used as a control. During logarithmic phase of cell growth, a
widespread/diffused GFP signal was observed in wild type cells overexpressing GFP from the
control plasmid. In wild type cells overexpressing either -®&2p, GFRas2§?***or GFP
Ras2p??°Fa strong plasma membrane localisation of fluorescently labeRad2p was seen

(Figure20).

During stationary phase of cell growth wild type cells overexpressing the control plasmid
displayed widespread/diffused GFP signal throughout the cytoplasm of th@-mplke20). In

wild type cells overexpressing either GR#s2p, GHRas2p??>A or GFPRas2p?%°F a
predominant localisation of GHRas2p was observed at the plasma membréfigure20). It

was noted that these strains were also seen to localise-R&2p to intracellular foci which
was not observed in the control strain. However, such an observation was noted infrequently.
To quantify which was the predominant localisation of €&B2p,100 cells for each strain
were counted on three separate days and the number of cells displaying either plasma
membrane, diffused/widespread and nuclear GR#&s2 localisation was calculated and
represented as a percentage of the total number of cells ¢edinin both stationary and
logarithmic phases of cell growth, wild type cells expressing the control plasmid displayed no
nuclear or plasma membrane localisation of @HBure21/22). Whereas 780 % of wild type

cells expressing either GIRas2p, GFRa&2p°22*%0or GFPRas2p?>*Hdisplayed a predominant
localisation at the plasma membrane with a small population of cells displaying a
widespread/diffused GFP signal. No Nuclear localisation ofRBERp, GFRas2p??>*or GFP
Ras2p??°Ewas observed(Figure 21/22). This data set suggest that GRRs2p localises
primarily to the plasma membrane in both log and stationary phase of growth regardless of

the phosphorylation state of Serif.
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Figure20. Images taken byfluorescent microscopy of wild type cells overexpressing either
GFPRAS2, GFRAS2225A0r GFPRAS2225Kduring logarithmic and stationary phase of cell
growth.

The Fluorescent signal represents the presence of Ras2p within cells and a vector containing
only the GFP probe was introduced into wild type cells as a control. Cells were cultured in SD
¢ URA growth media. This experiment was repeated three times agput@sentative data set

is shown. Scale bgrlOpum
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Figure 21.Graphical representation of the localisation of GIRas2p in wild type cells
expressing either GFRAS2, GFRAS22250r GFPRAS2225Kduring logarithmic phase of cell
growth.

A vector containing only the GFP probe was used as a control. Cells were culturedRASD
growth media. To quantify the localisation of GR&s2p, 100 cells for each strain were
counted on three separate daysth a total 300 cells being counted and the number of cells
displaying the different phenotypes observed was calculated and represented as a percentage
of the total number of cells counted. The data represents an average of three biological
repeats and aor bars represents the standard deviation.
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Figure 22.Graphical representation of the localisation of GIRas2p in wild type cells
expressing either GFRAS2, GFRAS22?5%or GFPRASS?25fduring stationary phase otell
growth.

A vector containing only the GFP probe was used as a control. Cells were culturedRASD
growth media. To quantify the localisation of GR&2p 100 cells for each strain were counted

on three separate days with a total 300 cells beiongnted and the number of cells displaying

the different phenotypes observed was calculated and represented as a percentage of the
total number of cells counted. The data represents an average of three biological repeats and
error bars represents the stanahdeviation.

3.5 Analysis of the effects of phosphorylation of Serfdaipon the activation
of Ras

3.5.1 Microscopic analysis of wild type cells expressing Ras2p, Ras2p S225A,
Ras2pS225E co-expressed with an GFP-RBD probe

To investigate whether thenodification of the Serin@® residue of Ras2p influences Ras
activity a construct was introduced that expresses the Ras binding domain of human Rafl
fused to GFIP70]. The RBD domain binds to Ras protainly in their GT#ound state. The

localisation of activéRas proteins was analysed during the stationary and logarithmic phase
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of growth. In these experiments a plasmid overexpressing Ras2p, R&5@pRas2p??>was
introduced into wild type cells ahtheir activity assessed by GRBD localisatiorF{gure23).

In wild type actively growing yeast cells, the GHBD signal is predominantly localised at both

the plasma membrane and the nucleus as has previously been desdibédDuring
stationary phase, Ras activity is reduced as cells stop dividing and accordingly the probe was

seen as a diffuse signal throughout the cell with a faint signal in the nudeéls

Interestingly, during logarithmic phase of growth wild type cells overexpressing either
Ras2p??**or Ras2p??*5sshowed very little plasma membrane or nuclear localisation of the
GFPRBD signdlFigure23/24). Instead the GFRBD probe was observed to accumulate at
the nuclear envelopéFigure23/24). Such nuclear envelope localisation was never observed
in either the control or Ras2p overexpression strains. This provides evidence that the
modification of Serie??®leads to a change in the localisation of the active population of Ras
when compared to the control and Ras2p overexpression strains during logarithmic growth.
As the localisation of GTifbund Ras2p dictates its interaction with its effector proteams

thus downstream signalling pathways, we hypothesize that the change in the localisation of
the active Ras population observed in wild type cells overexpress&8p?2>"or RAS2?25E

may result in significant phenotypic changes when compared to the control Rék82

overexpression strains.

During stationary phase of cell growth, wild type cells expressingctmgrol, or Ras2p
overexpression plasmid presented an RBBP probe signahat was predominantly seen as
a diffused cytoplasmic signal with a faint nuclear sigRajure23/25). In a small percentage
of cells, we observed the RBIDobe signal manifesting in intracellular foci, which was not

observed during logarithmic growitrgure 23).
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Significant differences in RBEFP probe localisation was observed in wild type cells
overexpressing Ras23>or Ras2p?2°fduring stationary phase growtlfrigure23/25). In wild
type cells overexpressing either Ra3Zp"or Ras2p??°% we observed nuclear envelope
localisation of the RBProbe, which again was not seen in the control or Ras2p
overexpression strai{Figure23/25). An increase in the number of intracellular foci in these
mutants was also observed when compared to the corgt@in (Figure25). Here wesuggest
that the modification of Ras2?4eads to changes in active Ras localisation in both logarithmic

and stationary phases of cell growth.
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Figure 23.Fluorescence microscopy images of wild type strains overexpres®A$2,
RAS22254 RAS2??5For an empty plasmid backbone control using a GRBD probe during
logarithmic and stationary phase of growth.

Fluorescence signal represents the presence of active Ras within cells. Cells were cultured in
SDCURALLEU growth meid. This experiment was repeated three times and a representative
data set is shown. Scale batOpm.
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Localisation of active GFP-Ras

Figure 24.Graphical representation of the localisation of actisviRas in wild type cells
expressing either RAS2, R&A%2, RAS22%5For an empty plasmid control during logarithmic
phase of cell growth. Cells were cultured in 8DRALLEU growth media.

To quantify the localisation of active Ras 100 cells for each strain were counted on three
separate days with a total 300 celbeing counted and the number of cells displaying the
different phenotypes observed was calculated and represented as a percentage of the total
number of cells counted. The data represents an average of three biological repeats and error
bars representdte standard deviation.
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Figure 25.Graphical representation of the localisation of actisiRAS in wild type cells
expressing either RAS2, RA&2A RAS$??5Fgr an empty plasmid control during stationary
phase of cell growth.

Cdls were cultured in SEURA/LEU growth media. To quantify the localisation of active Ras
100 cells for each strain were counted on three separate days with a total 300 cells being
counted and the number of cells displaying the different phenotypes @usems calculated

and represented as a percentage of the total number of cells counted. The data represents an
average of three biological repeats and error bars represents the standard deviation.
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3.6 Growth analysis of yeast cells overexpressRyS2RASS2%54or RAS $225E

To investigate the growth of yeast strains that overexpress the yRAS2??5Aor RAS$25E
mutant alleles, growth and viability was compared to wild type cells overexpreRa&gor
an empty plasmid backbone controThe growth ofS. cerevisiagn liquid culture is
characterized into four distincphases:lag, logarithmic (exponential), pesiauxic and
stationary phas€Figure26). Each growth phase reflects the availability of nutrients and the

adaption to changes inutrient levels or exposure to stress.
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shift
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Figure 26 A diagram depicting the growth phases of S. cerevisiae cultivated in rich medium
supplemented with glucose.

The optical density (OD) of yeast cells is measured at 600nm. The logarithmic (log) phase of
growth represents fermentation of glucose. In log phase the presence of glucose suppresses
mitochondrial respiratory function via the mechanism of glucose repression, and cells obtain
their energy requirements from fermentative glycolysis resulting in tbeyztion of ethanol.

The diauxic shift occurs when glucose levels become depleted and cells must shift their
metabolism from fermentative growth to respiratory growth, and the aerobic utilisation of
ethanol. The postliauxic phase occurs when cells hayly fshifted to respiratory growth and

utilise oxidative phosphorylation to support cellular functions. Stationary phase represents a
period of minimal growttbecause ohutrient depletion and high cell densitgolid colours
indicate steady statesliagonal stripes transient states.
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The lag phase represents theriodduring in which cells are adapting to new media addition
or adaption to the environment and represents a period of minimal growth or time spent in
the & phase of the cell cycle. Celinsitioning into the exponential phase of growth
represent actively proliferating cells which in our culture conditions cells preferentially use
glucose to generate energy by fermentation and suppression of oxidative phosphorylation,

the so called Crabte effect[214].

The diauxic shifts represent a shift from glucose utilisation to the usehainel produced
during fermentation and marks a period of glucose-rdpression and upregulation of
mitochondrial biogenesis to support the necessary oxidative phosphorylation. The stationary
phase of cell growth represents a commitment to cell cycleaxit accumulation of storage
carbohydrates[215]. The limited growth that can be detected during stationary phase

requires a functional mitochondrial electron transport chf2a5].

3.6.1 Overexpression of RASZ225A0r RASZ225Ein yeast cells leads to growth
defects

The growth ofS. cerevisiaean be influenced bgeverafactorssuch as temperaturggH,and

the availability of nutrients. To analyse the growth of yeast strains overexpreBRNgP
RAS2?25) RAS2?25F0r an empty plasmid control, a growth assay was performed as described
in Materials and Methods, Section 2.9The growth of both a wild type strain andiaNJ- & H
strain expressing theRAS2mutant alleles were analysed to determine whether the
overexpression of eitheRAS2??>*or RAS2??Eaffects cells in the presence of endogenous

Ras2p.
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In the presence of endogenous Ras2p the overexpression of &i82?2>*or RAS2??°Hed

to a lower final OD, early transition into the pediuxic phase focell growth and extended

lag phase when compared to the control stréifigure27). Furthermore, In the presence of
endogenous Ras2p the overexpressionR#KS2?25Aor RAS2?°¥ |ed to a decrease in the
exponential growth rate when compared to the control strétiigure28). The doubling times
(growth rates) for a wild type control strain and a wild type strain overexpresd#gavas
approximately 180 minutegFigure 28). Wild type cells expressing eitheRAS222%A or
RAS2??Hdisplayed a significant increase in doubling time to approximately 200 minutes

(Figure28).
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Figure 27.Growth analysis of S. cerevisiae wild type cells overexpressing RAS2>RAS2
RAS2225Egr empty plasmid control.

The growth analysisas carried out in SEJRA media as described in Materials and Methods
(Section 2.9.1). This data represents an average of three biological repeats anthas
represent the standard deviation
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Figure 28.Growth rate analysis of S. cerevisiae wild type cells overexpressing RAS2 or
RAS2225%0r RAS2225E

The growth rate analysis was carried out as described in Materials and Methods (Section
2.9.1). The data represents an average of thsedogical repeats and error bars represents
the standard deviation. A Ongay ANOVA using a Duntetmultiple comparison test was
used to determine statistical significance. Nsignificant= NS, * = adjusted-palue O 0.05

and *** = adjustedp valueO0.001.

The alleleRAS2RAS???5"or RAS$?%Bwere overexpressed in @ras2strain to determine
whether the expression of these alleles would result in a growth phenotype in the absence of
endogenous Ras2fphe overexpression of eith&AS22?>or RAS2%?%8n anras2background

leda lower final OD, early transition into the pediauxic phase of cell growth and extended
lag phase when compared to the control strafRigure 29). Without the presence of
endogenous Ras2p the overexpression of eitR&S2?2>*or RAS2??°Fled to a decrease in

the exponential growth rate when compared to the control stréiigure30). The doubling
times (growth rates) for @ NJ cé@dmirol strain and gras2strain overexpressinfRAS2vas

approximately 180 minute@~igure 8). No significant difference in growth rate was observed
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whenRASr an empty plasmid control was overexpressed in either wild type cellpddd a H
backgroundn NJ c&lis overexpressing eith&AS2?2>Aor RAS2?2°Hdisplayeda significant
increase in doubling time when compared to theNJ cdmrol andRAS2overexpression
strain (Figure ). In wild type cells, the overexpression of eitfRAS2?25Aor RASS?25E
presented a doubling time of 200 minuteg$igure 29). In a n NJ Baskground, the
overexpression dRAS2?**Ppresented a doubling time of also 200 minutes with a doubling of
190 minutes observed in thRAS2??>Astrain (Figure30). Suggesting that the growth defects
caused by the overexpression BAS2?25Aor RAS2?°¥ are dominant as defects occur

irrespective of whether endogenous Ras2p is present.
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RAS2225, RAS$22°For an empty plasmid control.

The growth analysiwas carried out in SEJURA media as described in Materials and Methods
(Section 2.9.1). The data represents an average of three biological repeats and esror ba
represents the standard deviation

125



NS

NS

300

*k*k

3 200-
5
=
s
100-
0 -
{1/
S
o
<
2 S
> &
&\

Figure30.Growthratel y I f @ aAad 2F {® OSNBGA&AAIS Ml an OS
RAS2225For an empty plasmid control.

The growth rate analysis was carried out as described in Materials and Methods (Section
2.9.1). The data represents an average of three biolbgeg@eats and error bars represents

the standard deviationA Oneway ANOVA using a Tukewltiple comparison test was used

to determine statistical significance. Naignificant= NS, * = adjusted-palue00.05and ***

= adjusted p valu®0.001.
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3.6.2 Overexpression of either RASZ225Aor RAS2225Ein yeast cells leads to
decreased cell viability

To determine whether the overexpression of eitfeAS2?25Aor RAS2?2%Eaffects viability in

both a wild type anghras2background, aiability assay was conducted. An overnight culture

was reinoculatedto 2x 190Sf t &k Yf YR Ay Odzml SR F2NJ Hn K2
was plated onto selectivelJRA agar plates. These were left to incubate at 30 °C for 36 hours

and the colonies wer¢hen counted to allow quantification of colony forming units (CFUS).

Viability of cells analysed from the inoculated culture represented the viability of cells, or cell

death, during nutrient deprivation. Analysing viability of yeast cells under stresefsas

nutrient deprivation can shed light on whether cells are functioning correctly. A stationary

phase, after 24 hours of growth, wild type strain expressing a control plasmid, had

approximately 40 % viability when grown in &IRA medium.

The overexpession ofRAS2n a wild type anchras2backgroundead to an increase in cell
viability when compared to the control straiiBigure 3). In cells overexpressing the empty
plasmid control theloss ofras2lead to no significant change in viabilififigure31). The
overexpression of eithdRAS2??5%or RAS22%%n both a wild type angiras2backgroundead

to a two-fold reduction in colony forming efficiency when compared to wild type jarak2
background control straing-igure31). We can conclude that the overexpressioR#S2225A

or RAS2??°Heads to both perturbed growth and a reduction in viability when compared to

the control strains in both a wild type agatas2background
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Figure 31. A colony forming FFAOA Sy O& laaleée 2F { o OSNBOAA
overexpressing RAS2, RAZ?2, RAS2??r an empty plasmid control grown in SEURA

media

A) A colony forming efficiency assay of S. cerevisiae wild type cells overexpressing RAS2,
RAS2225, RAS2?25®r an empty plasmid control grown in 8DRA mediaA colony forming

efficiency analysis was carried out as described in Materials and Methods (Section 2.9.3). A
Oneway ANOVA using a Duntemultiple comparison test was used to determine statsbt
significance. Nomignificant= NS, * = adjusted-palue 0 0.05and *** = adjusted p valu®
néaamed .0 ! O2ft2yeée F2NXAy3a SFFAOASyOe | aal e
RAS$22% RAS®?5®r an empty plasmid control, grown in SDRA. The colony forming
efficiency analysis was carried out as described in Materials and Methods (SectionA2.9.3).
Oneway ANOVA using a Tukewltiple comparison test was used to determine statistical

significance. Nomignificant= NS, * = adjusted-palue 0 0.05and *** = adjusted p valu®
0.001.

3.6.3 Overexpression of RASZ225A0r RAS2225E|n a yeast cells leads to a sensitivity
to oxidative stress

Ras activity has been linked to cells ability to adapt to environmental sfgd€. We
investigated the effect of oxidative stress on wild type cells expresRia§2 RARS?2>,

RAS2??5%sing a spotting assay dsscribed in Materials and Methods, Section 2.9.5.

On the control plate a reduction in growth was observed in wild type cells overexpressing

either RAR5225A or RAS2??°> when compared to the control straifFigure 2). This is
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concordant with the phenotypg observed in the growth assélyigure27) and the viability
assay(Figure 3). Interestingly, the overexpressionRAS2n wild type cells led to an increase

in growth when compared to the wild type control in all conditions investig&kedure 2).

As the concentration of hydrogen peroxide increased, the growth of wild type cells
overexpressiniRAS2??5%or RAS2??°fdecreased when compared to the wild type control and
RASDverexpression straind-igure 2). At a hydrogen peroxide concentration of 3 me
observe growth in both the control strain and tRAS2verexpressiostrain,but growth was
absent in wild type cells expressing eitieAR522°2or RAS2??°§(Figure 2). This suggests
that the overexpression of eithd®AS2??>%or RAS2??°Heads to sensitivity to oxidative stress

in wild type cells.

Control- No H,0,
Supplementation

»
v

1mM Ky, 2mM Ky, 3MM Hy,

Wild Type + Control

Wild Type + RAS2

Wild Type + RAS252254

Wild Type + RAS225¢

Increasing Dilution

Figure 32 Spotting assay of wild type cells overexpressing RAS2, RASRAS2??>For an
empty plasmid control.

Cells were serially diluted from 2*1076/ml to 2*10"3/ml and plated onto-BRA plates
supplemented with increasing concentrations of hydrogen peroxide.
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To investigate whether the overexpression of eitliekS2225Aor RAS2?25En wild type cells
leadsto hydrogen peroxide sensitivity in liquid media, growth analysis was conducted when
the media was supplement with 2 mM hydrogen peroxide. As previously obsertrex
expression oRAS2?2%0r RAS22256n wild type cells leads to growth defects when groin
SDcURA mediaFigure 31). However wild type cells overexpressing eiti@AS2224or
RAS222fand grown in 2 mM hydrogen peroxide, presented a further significant increase in
lag time and a decrease in final OD reached when compared to cells expriessi®e> or
RAS2225Egrown without the presence of hydrogen peroxiffeigure 3). Upon additio of
hydrogenperoxide ,we also observed a significant increase in doubling time when compared
to wild type cells expressingAS2??>Aor RAS2??5fgrown without the supplementation of

hydrogen peroxide to the medigigure 3).

2.0

1.5

1.0

ODGOO

" —— Wild Type + Control

- Wild Type + RAS 252254

-~ Wild Type + RAS252%5E

—— Wild Type - RAS2522%4 + 2mM H,0,
-+ Wild Type - Control + 2mM H,0,
-~ Wild Type - RAS25?2%F + 2mM H,0,

0.5

ot
L

Time (Hours, Minutes)

Figure 33.Growth analysis of S. cerevisiae wild type cells overexpressing RAS2,SRAS2
RAS2225Fgr an empty plasmid control.

A growth analysis of wild type cells overexpressing RAS2 >RAFRASP?For an empty
plasmid control was carried out in SDRA or SIRA + 2mM kD, media as described in
Materials and Methods (Section 2.9.1). This data represents an average of three biological
repeats and error &s represent the standard deviation
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Figure 34 Growth rate analysis of wild type cellsverexpressing RAS2, RA%E%,; RAS???5E

or an empty plasmid control

A growth rate analysis of wild type cells overexpressing RASZRARAS??5fr an empty
plasmid control grown in either SIPRA or SQURA+ 2mM kD, was carried out as describe

in Materials and Methods (Section 2.9.1). The data represents an average of three biological
repeats and error bars represents the standard deviato@neway ANOVA using a Tukey
multiple comparison test was used to determine statistical significa¥or-significant= NS,

* = adjusted pvalue00.05and *** = adjusted p valu©0.001.

3.6.4 Overexpression of RASZ225A0r RAS2225E n yeast cells leads to copper
sensitivity

We have previouslghownthat the overexpression of eitheRAS2?254or RAS2?2%Ein wild

type cells leads to oxidative stress sensitivity. We sought to investigate whether the
overexpression of eitherRAS2??°A or RAS2??°Ein wild type cells resulted in other
environmental stress sensitivities, such as heavy metal ion stress. Wi supplemented
copper sulphate (CugQat varying concentrations to the growth media and investigated the

effect of heavy metal ion stress on the growth of wild type cells overexpred®ikg2
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RAS222% RAS2?2°Eor an empty plasmid control using aatping assay as described in

Materials and Methods, Section 2.9.6.

On the control plate a reduction in growth was observed in wild type cells overexpressing
either RAZ522%A or RAS2%?5> when compared to the control straifFigure 3). As the
concentration of CuS0ncreased, the growth of wild type cells overexpressRAS 2225 or
RAS2??°fecreased when compared to the wild type control &&S2verexpression strains
(Figure 3). At a CuS{oncentration of 3 mM, we observe growth in Ihathe control strain

and theRASDverexpressiostrain,but no growth was observed in wild type cells expressing
either RAR52?5Aor RAS2??5E(Figure 3). This suggests that the overexpression of either

RAS222%0r RAS2??°Heads to sensitivity to Cusih wild type cells.

Control- No CuSO, 1 mM CuSO, 1.5 mM CuSO, 3mM CuSO,
Supplementation

Wild Type + Control
Wild Type + RAS2
Wild Type + RAS25225A
Wild Type + RAS252%%

Increasing Dilution

Figure 35Spottingassay of wild type cells overexpressing RAS2, RESRASS??5For an

empty plasmid control.

Cells were serially diluted from 2*10"6/ml to 2*1073/ml and plated onto-8RA plate
supplemented with increasing concentrations of copper sulphate. This experiment was
completed three times and a representative result is shown.
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3.7 Chronological ageing analysis®f cerevisiaeells overexpressing
RAS?ZZSA

3.7.1 Overexpression of RAS2225Ain wild type cells reduces chronological life
span

To further investigate the effects of the overexpression of R&S2225%on both growth and
viability a chronological ageing assay was conducted. Overnight cultures of wild type cells
overexpressing the empty plasmid backbone controlRAS2??>mutant allele were grown

and subcultured to a calculated Gy of 0.1 in SIEURA media. After 24 hours of incubation,

an aliquot of the culture was taken to calculate the colony forming units (Maseaal
Methods, Section 2.9.9) and for flow cytometry analysis to measure levels of propidium iodide
(Materials and Methods, Section 2.9.12) and dihydroethidium fluorescence (Materials and
Methods, Section 2.9.11) to assess necrosis and superoxide pragduespectively. Aliquots

of cells were taken from the same culture sequentially2&thour intervals for 6 days and
colony forming unit counts and flow cytometry analysis were undertaken. The final

measurement was taken after 12 days of sample incubation.
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Figure 36.A chronological ageing assay of wild type cells over expressing RASar an

empty plasmid control grown in SBURA.

The chronological ageing assay was conducted as described in materials and method (Section
2.9.8).The data represents an average of three technical repeats and error bars represents
the standard erroof the mean

After 24 hours of incubation the wild type control shows ~40 % viability compared to ~20 %
in wild type cells overexpressimAS2?25AFigure 8). At day 2 we see an unexpected increase

in viability in the wild type control but see a decrease in viability in cells overexpressing
RAS$2254 Over time we observed an overall decrease in viability when compared to the first
time point in boh strains. At day 12, thRAS2??>"mutant was unable to form viable colonies
whereas the control strain had a colony forming efficiency of ~18TBhtis,under the
conditions used the overexpressionRAS2??>Aeads to a complete loss of viability after 12

days of incubation which was not observed in the wild type cortfigure36).
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3.7.2 Flow cytometry to analyse the levels of ROS in wild type cells expressing
RASZ225A

To investigate the levels of cell dban cells overexpressifgAS222%, fluorescenceactivated

cell sorting (FACS) was utilised. This tgwometry-basedtechnique was used to determine
whether the overexpression ®/@AS2??>results in an increase in ROS. Increased levels of ROS
within cells is indicative of cell stress or programmed cell ddatv]155]218]. The dye
dihydroethidium (DHE) was used to analyse ROS levels within cells. DHE is oxidised by
ddzZLISNPEARS NIRAOIt& 6hHequd ¢KS NBIFOGA2Yy 06Si
output that can be detected using a flow cytometer. ROS accumulation wasiredassing

flow cytometry as described in Matelsaand Methods, Sections 2.9.1A marker (M1) was

set to incorporate the standard peak for the comparison of samples to a control sample grown
without any ROS indicator dye. The M1 marker was set at theeararescence intensity
position on the x axis of all subsequent samples. The second marker (M2) was seigbthe

hand side of the M1marker and incorporated any peaks that represented an increase in
fluorescence intensity. The control had no valuetfee M2 marker as there was no increase

fluorescence detected.
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Figure 37.A bar chart presenting the percentage of DHE positive cells in wild type cells
overexpressing RASZ%or an empty plasmid control.
Strains were grown in SDRA and measurements were taken over ada® period of
continuous incubation. Cells were incubated with DHE in a 96 well plate for 15 minutes to

measure superoxide production. The data displayed is an average obiblegicalrepeats
and error bars represent standard deviation

In both the wild type control and thRAS2??>strain there was a very low percentage of DHE
positive cells after the first day of growth suggesting a small proportion of ROS producing cells
(Figure J). Between days 2 to 6 there was an increase in the percentage of DHE positive in
both strains. At day 6, the percentage of DHE positive cells rose to ~20% in both strains. At
day 12 the percentage of DHE positive cells in the wild type control increag&€d%oand 55

% in wild type cells overexpressiRAS2%?> respectively(Figure J). This data set suggests

that the overexpression of th&RAS2?2> mutant does not lead to a loss of viability that
correlates with an increase in ROS production, a pheretgmmonly linked to forms of cell

death in yeasf217].
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3.7.3 Flow Cytometry to analyse the levels of necrosis in wild type cells expressing
RASZ225A

Toinvestigate the levels of necrosis in the wild type control and wild type cells overexpressing
RAS222%propidium iodide was used. Propidium iodide (PI) intercalates into double stranded
nucleic acids when the cell membrane is compromised. Pl can ther@ioly penetrate
necrotic cells and is excluded by viable cells and so its uptake is a useful marker of this mode
of cell death. A marker (M1) was set to incorporate the standard peak for the comparison of
samples to a control sample grown without any pidium lodide. The M1 marker was set at

the same fluorescence intensity position on the x axis of all subsequent samples. The second
marker (M2) was set to theght-handside of the M1 marker and incorporated any peaks that
represented an increase in fluescence intensity. The control had no value for the M2 marker

as there was no increase fluorescence detected.

In both the wild type control and wild type cells overexpress#s2°254the percentage of

Pl positive cells was negligible at dayFlgure 8). Between days -4 there was a small
increase in the percentage of PI positive cells from 1 to 10% in both strains. This was again
expected, as the number of days of continuous growth increases the population of ageing
cells in the culture will increasedding to an increase in cell death and hence an increase in
the percentage of Pl positive cells. At day 6 we observed a further increase in the percentage
of Pl positive cells in both strains, with the percentage of Pl positive cells in the wild type
control marginally exceeding that of thBRAS2??* mutant strain. At day 12 a significant
increase in Pl positive cells is observed in the wild type control strain when compared to the
RAS2??5Astrain. In the wild type control the percentage of Pl positiviisceaches 50 % of

the population with wild type cells overexpressiRAS2??>*showing 40 % of the population
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being PI positivéFigure 8). This data suggests that the overexpressioRAS2%25Ain wild

type cells does not lead to a loss of viabillat can be explained by an increase in necrosis.
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Figure 38.A bar chart presenting the percentage of Pl positive cells in wild type cells
overexpressing RASZ%or an empty plasmid control.

Strains were grown in SDRA and measurements wetaken over a 12lay period of
continuous incubation Cells were incubated with Pl in a 96 well plate for 15 minutes to
measure cell death. The data displayed is anayeof three technical repeats and error bars
represent standard deviation.

3.8 The overexpression of eith&AS2?2>Aor RAS222%6n wild type cells

presents no significant abnormalities in cells ability to regulate autophagy

In S. cerevisigeRas proteins mediate autophagy through the activity of PHAJ[167]. The
RAS/cAMP/PKA pathway has been shown to be highly interconnected with the TOR pathways
which is also involved in the regulation of autophagy in y§2s9][167][166]. Both Tor and

Ras often control overlapping effectors, including effectors involved in autophagy. We aim to
investigate whether the overexpression of eitfRAS2RAS2??>Aor RAS2??°8n aGFPATGS8

strain leads to changes in cells ability to regulate autophagy. Here we analyse the autophagy
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related ubiquitinlike protein Atg8 as a tool for monitoring and quantifying autophagy upon

the overexpressioRAS2, RASZ%or RAS2%?58n yeast cell§Figure 3).

Atg8 most commonly exists conjugated to the lipdosphatidylethanolamine (PE). $
cerevisiag Atg8PE conjugation is regulated by the nutritional status of the cells. During
nutrient-rich conditions, Atg8 mainly exists in the unconjugated form but upon nitrogen
starvation most of the Atg8 population conjugates to [REO]. During nitrogen starvation
Atg8-PE is recruited to the phagophore assembly site and localizes to both the inner and outer
phagophore membranes, but is generally not detected on the surface of completed
autophagosome$220]. Upon autophagosome completion, At§& localised to the inner
autophagosome membrane is transported to the vacuole where it is degraded by vacuolar
proteases apart of the autophagic bodj220]. The population of Atg8 present on the outer
membrane of the autophagosome is released via teeahjugation of the Atg®E by a Atg4
dependent cleave stef221]. GFPAtg8 shows the same behaviour as Atg8, and autophagic
flux can be followed by monitoring the vacuolar delivery and subsequent breakdown ef GFP
Atg8. When autophagic flux is normal, G&ig8 that is present inside the autophagosome is
cleaved after the autophagic body membrane is lysed and the contents are exposed to the
vascular hydrolases. The proteolysis of @kg8 liberates an intact GFP moiety, which
accumulates in the vacuole as autophagy proceeds. The increase in free GFEaeJsds
detected and quantified by western blot analysis and correlated with the autophagic rate

[222]223]

We transformed plasmids overexpressing eitR&S2RAS2?2>%or RAS2??%fnto aGFPATGS
background to assess autophagic rate. An empty plasmid backbone was transformed into a

GFPATGS8background as a controRTG8GFPcells overexpressing eith&®AS2RAS?2%,
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RAS2?25E or an empty plasmid control were grown in-BBA for 24 hours to stationary
phase. Following this, 1ml of culture was transferred to nitrogen starvation media (Materials
and Methods, Section 2.1.4) to induce autophagy, and incubated at 30 °C with 200 rpm
shaking for 6 hours (Materials and Methods, Section 2.9.7). Total protein was extracted from
cells pre and postinduction of autophagy and subjected to western blotting (Materials and
Methods Section 2.8). We did not observe any significant differencesitophagic flux in
GFPATGSstrains overexpressingAS2RAS2??50r RAS2??5%vhen compared to the control
(Figure 3). In the absence of nitrogen starvation, no significant differences in the detection
of GFPATGS8 or GFP were observed between stréigure39). In the presence of nitrogen
starvation, a significant increase in GFP detection was detected in all strains but no significant
difference in free GFP detection was noted between stréifigure 3). As no significant
differences in GFP libeiah upon nitrogen starvation was observed when compared to the
control strain, we propose that the overexpressionRAS2RAS2??%"or RAS2??5Edoes not

result in abnormalities in autophagic flux in wild type cells.

140



- Nitrogen Starvation + Nitrogen Starvation

© & i 5 o 3 i i
o & » & o ¥ ¥ F
& & g " & $ * "
A v‘\ V«G é() V« 0 ?&6 <0
& R L’ Q& & & & Q&
9 9 & ¢ 9 ¢ ¢ ¢
~42 kDa - - - GFP-ATG8
~30 kDa - R ——— GFP
~44 kDa —— — — — — — e — Pekl

Figure 39.A westernblot showing the detection of GFP in GIRFGS8 cells overexpressing
RAS2, RASZ RAS2??5For an empty plasmid control.

Cells were grown in SINRA media for 24 hours. 1ml of culture was transferred to nitrogen
starvation media to induce autophagy widrogenstarvation andncubated at 30°C with 200
RPM shaking for 6 hours. Total protein was extracted from cellsapcepostinduction of
autophagy and subjected to western blotting. To ensure uniform protein loading, the levels of
Pgklp were detectedfter probing for Ras2p. This experiment was repeated three times and
a representative data set is shown.
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3.9 Analysis of the effects of the overexpressionRAS222>or RASS225E
upon mitochondria morphology

3.9.1 Microscopic analysis of wild type cells overexpressing RASZ2225A4 RASZ2225Eor
an empty plasmid control and co -expressed with a GFP-mitochondria probe

Ras activity has been linked to the regulation of mitochondrial fun{2#][218] [225]. To
investigate the effect of the modification of R&Z upon mitochondria morphology, wild
type cells expressing eitheRAS2?2% RAS2??°E or an empty plasmid control were
transformed with a GFhitochondria probe. During stationary phase of growth, no
significant differences in mitochondrial inheritance or morphology was observed in wild type

cells overexpressinRAS2?25*or RAS2?2°Bvhen compared to the control straifFigure40).
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Figure40. Images taken using fluorescence microscopy of wild type strains overexpressing
RASS2254 RAS$?2Egr an empty plasmid control cexpressed with a GFRitochondria
probe during stationary phase of growth.

Fluorescence signal represents the presence of mitochondria within Taks. GFP
mitochondria probe containshe first 69 amino ads of subunit 9 of the FO ATPase of
Neurospora crassa [Su@@9)] which is amitochondrial matrix targeting sequence and
includes a processing site for the mitochondrial matrix processing pep{désstermann &
Neupert 2000) Cells were cultured in SBURA/-LEU growth media. This experiment was
repeated three times and a representative data set is shown.
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3.10 Respirometry to assess mitochondrial function in wild type cells
overexpressingRAS222>or RAS2225E

Our results indicate that the overexpression of eitfAS2225*or RAS2%?%Ein both a wild
type andn NJ kaekground caread to a loss in viability that is not accompanied by an
increase in either ROS accumulation or Pl stairdmg possibility is thatells overexpressing
either RAS2?25A0r RAS$?%5Egre in fact senescent or quiescent and that the loss of viability
does not represent cell death, but rather an inability to divide. We noted no significant
abnormalities inmitochondrial inheritance or mmphology incells overexpressingither
RAS222%%0r RAS2225E however we did not investigate mitochondrial activity address this,

we measured respiration within wild type cells overexpres§dg 2225 or RAS?25E

A hightresolution respirometer was used to measure respiration by analysing the oxygen
consumption of wild type cells overexpressing eitR&S 2225, RAS2??5%or an empty plasmid
control. The oxygen consumption was measured a$law per cell(Figure4l). The drugs
Triethiltyn bromide (TET), Carbonylcyanidérfluoromethoxyphenylhydrazone (FCCP), and
Antimycin A (AntA) were used to investigate the functioning of individual components of the

mitochondrial respiratory chain.
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Figure 41 A typical respirometryprofile generated from the Oroboros oxygrap2k.

The blue line shows oxygen concentration and the red line represents the oxygen flux per cell
(pmol/s*Mill). The black arrows indicate the steady state oxygen flux (Routine), the induced
mitochondrial resting state (Leak), the maximal capacity of thermedransport system (ETS)

and the noamitochondrial oxygen flux (nmt). For the analyses of individual components of
the respiratory chain specific drugs were added to the chambers. The drug TET was used to
induce leak respiration, FCCP was used to inAibP synthase and therefore allow maximal
electron transport through the ETS and AntA was used to inhibit the ETS.

¢2 YSIadaNBE W[ SIFI1Q NBALANYGAZ2Y 6S dzaSR GKS
ATP synthase produces energy in the form of thféugh the pumping of protons across the
mitochondrial innermembrane space (IMS) into the mitochondrial matrix. Inhibition of ATP
synthase results in the accumulation of protons within the IMS, leading to an inhibition of the
movement of electrons throug the electron transport chain. The activity of ATP synthase
therefore represents an integral control mechanism. Upon the addition of TET, any
respiration that is detected when ATP synthase is inhibited doebesause ofprotons
moving freely across thé/iM independently of the pump, and thus called leak respiration. If

the leak respiration of a strain is higher than that of the control strain, we can conclude that
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more respiration has been detected that is occurring independently of ATP synthase proton

pumping activity and by association, ATP synthesis.

Mitochondrial membrane potential is a major regulator of electron passage, if the membrane
potential is too high electrons cannot passage along the ETC as this requires proton pumping
into the IMS, whichbecomes more difficult as the membrane potential is increased. The
inhibition of ATP synthase stops election movement as the resulting affect is an increase in
membrane potential. When a TET induced drop in respiration is not observed, it suggests that
oxygen consumption and electron movement occurs independently of ATP synthase and
therefor ATP is not synthesized as it requires the movement of protons through the pump;

this is termed uncoupled respiration.

To measure the maximal capacity of the electtcansport system (ETS) the drug FCCP was
used. FCCP is a proton ionophore that forms pores in the IMM rendering it permeable and
permitting the free flow of protons across it. The resulting effect if the disruption of the
membrane potential provided by & proton gradient allowing the ETC to function at its

maximal potential. As such, the higher the ETS detected, the higher the capacity of the ETC.

To measure the nomitochondrial (nmt) origin of respiration the drug Antimycin A (AntA)
was used. AntA Hibits cytochrome C reductase (complex Ill) through binding to the Qi site
and preventing the transfer of electrons. Complex lll is the third phase in the ETC and is
oxidised at the Qi site, therefor inhibition of this site preventsorédation by oxygenAs a

result, any oxygen consumption detected after the addition of AntA is therefor of nmt origin.
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Figure 42 A bar chart showing the routine, leak, ETS and NMT O2 flux values for wild type
cells overexpressing RA%2, RAS2225Fr an empty plasmid backbone control.
The data shown represents one experiment.

A significant reduction in routine respiration was observed upon the overexpresdion
RAS$22%0r RAS22256n wild type cells when compared to the control strélifigure42). The
overexpression odRAS2?**Ppresented the most notable reduction, with a routine respiration

of 0.2 (mt)[pmol/(s*Mill)], compared to 13.1 (mt)[pmol/(s*Mill)] in the wild type control
(Figure4?2). Our results indicate that the overexpression of eitRkS222°or RAS9%?5Ein

wild type cells results in a significant decrease in routine respiration when compared to the
control strain. A significant decrease in leak respiration was also noted upen
overexpression oRAS2??>or RAS2??Byvhen compared to the wild type contr@Figure4?2).
Interestingly, leak respiration was not detected in wild type cells overexpreBASP>2°E As

the leak respiration of strains overexpressR4S222>%or RASZ??%Fs lower than that of the
control strain, we can conclude that the respiration detected in these strains is not occurring

independently of ATP synthase proton pumping activity.
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A significant decrease was observed in the maximal capacity of tbe@idransport system
(ETS) in wild type cells overexpresdRigsS2°25%or RAS222°6when compared to the wild type
control, therefor suggesting that the overexpression of eitR&S2?2>*or RAS2??°fcauses a

reduction in the overall capacity of the E(Fgyure42).

Individual components of the ETC were further analysed to identify whetlwamgponent

was affected by the overexpression of eitHRAS2?254or RAS2?25E This was completed by
comparing the oxygen flux ratios between the Routine and (RIS) and the Leak and ETS
(L/E).The oxygen flux ratios from each strain were compared to the wild type expressing an

empty plasmid backbone.

The ratio obtained from dividing the Routine respiration rate by the ETS respiration rate (R/E)
defines how clos¢o the maximal capacity the mitochondria are functioning during Routine
respiration. The closer to 1 the R/E ratio is, the closer to maximum capacity the ETS is working
in that strain. A higher R/E ratio could suggest more uncoupling of the ETC, aséicrédP

driven respiration or a limitation of the ETC components.

The ratio obtained from dividing the Leak respiration rate by the ETS respiration rate (L/E)
was analysed to determine whether the ETC is uncoupled. The closer to 1 the L/E ratio is, the
higher the levels of uncoupled respiration that are occurring independently of ATP synthase.

Uncoupled respiration is not transformed into energy by phosphorylation of ADP.
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Figure 43The oxygen flux ratios between the Routine and ETS (R/E) antlé¢la& and ETS
(L/E) are shown for wild type cells overexpressing R&52 RAS2??5%r an empty plasmid
backbone control.

The data shown represents one experiment.

The increase in the R/E ratio observed in wild type cells overexpreR#i6§>>>Asuggests
that the mitochondria in these cells are working closer to the maximal capacity when
compared to the wild type contrqFigure43). To determine whether the increase in R/E was
due to uncoupled respiration, the ratio for L/E was analysed. Theatiicwas decreased in
wild type cells overexpressimRAS2?2>, which suggests a decrease in uncoupled respiration,
when compared to wild type contrdlFigure43). As the mitochondria in wild type cells
overexpressindRASS?2are functioning close to their maximal capacity, we can conclude

that wild type cells overexpressimRAS2?2>Aare neither necroticor apoptotic.

The decrease in the R/E ratio observed in wild type cells overexpreRsi8§22°fsuggests
that the mitoctondria in these cells are not functioning close to the maximal capacity when
compared to the wild type contrdFigure43). To determine whether there is an increase in
uncoupled respiration when compared to the control strain, the ratio for L/E was sedly
The L/E ratio was 0 in wild type cells overexpres&A$222° which suggests there is no
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uncoupled respiration preser{Figure43). We suggest that the overexpressionRAS2??5E

in wild type cells results in severe mitochondrial dysfunction,@gsoeed to repression. From

the data generated in this study, we see no evidence of cell death markers even when
respiration is minimal. We therefor conclude that the overexpression of el&$2°2>or
RAS2??Eresults in a deficit of growth resumptiotihat accounts for the loss of viability

observed.

3.11 Sequence alignment between Ras2 and humaR#&$ suggests that
Seriné?is conserved in human {Ras at Sering3

We have shown that the Seriffé residue of the Ras2 protein is important for growth,
viability, and the localisation of Ras. We hypothesized that this residue may be conserved in
higher eukaryotes. To address this, sequence alignment between the Ras2 protein and the
human NRas protein was performegrigure44). Remarkably, although sigitént sequence
divergence between the yeast and human Ras proteins outside of the GTPase domain and C
terminal CAAX box, we discovered that Ras2 S&fimeas conserved in human-Ras at
Seriné’ (Figure44). The conservation of this serine residue in lammRas proteins may
suggest an important role of this residue in higher eukaryotic systems. Plasmids
overexpressing the wild typeRASyene or plasmids containing tiéRASyjene mutated at
Seriné'’3 where the serine was either substituted with alanine to produce a-non
phosphoryatable residue or glutamate to produce phosphomimetic residue, were

transformed into wild type cells and growth analysis was performed.
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SALTIQLTQSHFVDEYDPTIEDS

YNLOS8C_BY474l SLDELMTYYQQILRVEDTDYVPIVV 120

NRas SFADINLYREQIKRVKDSDDVPMVL 113
YNLO98C_BY4741 VGNESDLENEKQVSYQDGLNMAKQMNAPFLETSAKQAINVEEAFYTLARLVRDEGGKYNK 180
NRas VGNKCDLP-TRTVDTKQAHELAKSYGIPFIETSAKTRQGVEDAFYTLVREIR 164
YNLOSS8C_BY474l TLTENDNSKQTSQDTKGSGANSVPRNSGGHREMSNAANGENVNS VVNARNASIESKT 240
NRas QYRM KKLN: 175
YNLOS8C_BY4741 GLAGNQATNGKTQTDRTNIDNSTGQAGQANAQSANTVNNRVNNNSKAGQVSNAKQARKQQ 300
NRas DGTQGCMGLP 185
YNLOS8C_BY474l AAPGGNTSEASKSGSGGCCIIS 322

NRas CVVM- 189

Figure 44.Sequencalignment of theRas2 protein and human #Ras shows that SeriRé®
of Ras2p (circled) is conserved ifRds at Serin€®?,

3.11.1 The expression of NRASNRAS173Aor NRAS173Einduces growth defects in
wild type cells

As sequence alignment revealed conservation of yfhast RasZ?°phosphorylation site in

the human Nras protein, constructs expressing hul&A®r humanNRASnutations at the
equivalent phosphorylation site (Séf) were transformed into wild type cell$o analyse the
growth of yeast strains overexpreing NRASNRAS!3A NRAS3Eor an empty plasmid
control, a growth assay was performed as described in Materials and Methods, Section 2.9.1.
Overexpression of eithelRASNRAS*%or NRAS'"3Ein wild type cells resulted in severe
growth defects whertompared to the wild type contrqFigure45). The expression of either
wild-type or mutated humarNRASed to an increase in lag time, early transition to diauxic
growth and overall lower final biomass when compared to the control s{i@gure45). The

mutated forms of humarNRASwere seen to perturb growth to a greater extent when
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compared to the wildype HumanNRASxpressing straimA significant increase in doubling
time was observed upon the overexpressiliRASNRAS3A NRAS'"3Ein wild type cells

when compared to the control straifiFigure46).

57 -@ Wild Type + Control
Wild Type + NRAS
- Wild Type + NRASST73A
4+

¥ Wild Type + NRAS®'73E

ODGOD

Time (Hours)

Figure 4. Growth analysis of S. cerevisiae wild type cells overexpressing RAS2 SRES?2
RAS2225Egr empty plasmid control.

The growth analysisascarried out in SQURA media as described in Materials and Methods
(Section 2.9.1). This data represents an average of three biological repeats andagsror b
represent the standard deviation
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Figure 46.Growth rate analysis of Scerevisiae wild type cells overexpressing RAS2 or
RAS2225%0r RAS9225E.

The growth rate analysis was carried out as described in Materials and Methods (Section
2.9.1). The data represents an average of three biological repeats and error bars represents
the standard deviation. A Ongay ANOVA using a Dunnets multiple comparison test was used
to determine statistical significance. Naignificant= NS, * = adjusted-palue00.05and ***

= adjusted p valu®0.001.

3.11.2 Expression of NRASNRAS173Aor NRAS173Ein yeast cells leads to a
reduction in viability

To determine whether the overexpression of eithdRASNRAS3Aor NRAS3E |ed to
changes in viability in wild type cells we performed a colony forming efficiency assay, as
described in Matrials and Methods, Section 2.9.8he overexpression of eithddRAS
NRAS!3*or NRAS'"3Ein wild type cells resulted in a significant reduction in viability when
compared to the plasmid control in the wild tyg€igure47). Our data suggests that the

overexpression of HumahRASN yeast cells leads to a significant decrease in viability
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regardless of the status of Sét This data alone, therefor does not allow us to determine the

significance of this residue without finér studies.
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Figure 47 A colony forming efficiency assay of S. cerevisiae wild type cells overexpressing
NRAS, NRAT3 NRAS'3f0r an empty plasmid control grown in SQJRA media.

A colony forming efficiency analysis was carried out as described in Materials and Methods
(Section 2.9.3). This data represents three biological repeats and the error bars represent the
standard deviation. A On@ay ANOVA using a Dunnets multiple conmgar test was used to

determine statistical significance. Neignificant = NS, * = adjusteavalue O0.05and *** =
adjusted p valu®0.001.
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3.12 Discussion of Results

Ras proteins are small GTPases that act as molecular switches within cellBnkhat
extracellular stimuli to intracellular effectors. Ras proteins play a conserved role in the control
of both cell growth and proliferatiof211]. As a result, mutations that induce the constitutive
activation of Ras proteins are often associated with changes in cell behaviour that can lead to
disease, such as human candéi]. The localisation of Ras proteins are reported to be
predominantly to the inner cytoplasmic surface of the plasma membrane, but they can also
be observed on endomembranes, such as émdoplasmic reticulum, and the mitochondrial
outer membrane [65][57][212]. It has beenshown that Ras undergoes a series of
posttranslational modifications that dictate its subcellular localisatioBurpisingly, the
phosphorylation of Ras2p . cerevisiabas not been studied in regards to its regulation of
intracellular localisation, despite significant evidence existing linking phosphorylation to Ras
localisation in human$50][77]. While phosphorylation is an important posttranslational
modification, little is known on its effect on Ras2 protein activation and localisation. Previous
studies conducted by the Kent Fungal Lab, under the supervision of Dr Campbell Gourlay have
identified the residue Séf° of Ras2p as a potential phosphorylation site within the Ras2
protein of S. cerevisiae The present study investigates further whether Ras2p

phosphorylation provides a mechanism that regulates Ras2p trafficking inside the cell.

Thedata presented in this chapter suggests that the modification of thé*Segsidue of
Ras2p is important for both localisation and activity of Ras protéWes.haveshown that
during both log and stationary phases of growth, the overexpression of eRABZ??> or
RAS2??%Ein wild type cells results in significant changes in the localisation of active Ras

populations when compared to tiRASDverexpression strain and wild type control. Actively

155



growing wild type cells localise GIbBund Ras to the plasa membrane and nucleus. In wild
type cells, such localisation results in the activation of the cAMP/PKA pathway, which signals
to the cell to initiate both growth and proliferation. Weuggestthat during exponential
growth, wild type cells overexpressimither RAS2??5%or RAS2??5Esequester active Ras to

the nuclear envelope with reduced activity seen at the plasma membrane and nucleus. We
hypothesize that the miskcalisation and inappropriate activation of Ras at the nuclear

envelope results in aberrant activation of the cAMPARMathway.

Upon nutrient depletion, GFBound Ras populations present a widespread/diffused signal
with a faint nuclear localisation within wild type cells. Interestingly, st®w that the
overexpression oRAS?25Agr RAS2?2°Epresents a nuclear enveleplocalisation of GFP
bound Ras which was not observed in either the contrdRAS2verexpression strains. We
suggestthat the overexpression oRAS$??>*or RAS2??5Eleads to themiss localisatiorof
active Ras to the nuclear envelope and an inappropriate activity during nutrient depletion, a
time in which Ras activity should be minimal. We hypothesize that the resulting localisation
of GTPbound Ras caused by the overexpressiorR&iS2?2°Aor RAZS??°F results in the
inappropriate activation of PKA during a period of growth where its activity should be

reduced.

The localisation of GHRas2p, GFRas2p??>* or GFPRas2p??°Ewas investigated using
fluorescent microscopy. Surprisingly, no sigaificchanges in the localisation of fluorescently
labelled Ras2p was observed between wild type cells overexpreBNG&P RAS2?2%Aor
RAS2?25E The predominant localisation of GRRAs2p was observed at the plasma membrane
in both stationary and exponer phase of cell growth. As previously mentioned, the

overexpression oRAS2??*or RAS2??5Fesulted in significant differences in the localisation
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of active Ras population when compared to the control &®&S2overexpression strain.
Therefor it was suyprising that the overexpression of the mutaRAS2lleles failed to result

in changes in GHRas2p localisation. As tliRBD domain binds to Ras proteins only in their
GTPbound stateand does not differentiate between Rasl1 and Ras2, we hypothesize #at th
modification of Se¥° results in themiss localisatiomf both Ras proteins when only in their

GTPRbound state.

In the current study, e localisation oboth active Rsand GFHRas2pwas investigated
exclusively iwild type cellsFor future investigations, we believe it would be useful to study
the localisation of active Ras populatioasid GFHRas2pin a pras2 background Such
investigations will reveal the effects of the overexpression of eitR&S2 RAS2?25Aor
RAS2??®onthe localisation of active Ras populatidnghe absence aéndogenous wildype
Ras2pSimilarly, wavould like to investigate the localisation GFPRas2p, GFRas2§2%>%or
GFPRas2p%?%6n an NJ baakground to identify whether the presence of endogenous wild

type Ras2p affects the localisation of GRés2p, GFRas2§2%or GFPRas2§2%%%

Western blot analysis confirmed that Ras2, R&$2fand Ras2§7%°fare being overexpressed

in both a wvild type andhras2backgroundThe overexpression &#AS222%%or RAS22%°6n wild

type cells during exponential phase of cell growth led to an increase in Ras2p protein
expression when compared to the control aRdAS2verexpression strain. We hypothesize
that this could be the result of an increase in the stability of the Ras2 protein, although it is
not known whether this is due to an increase in mRNA lewelsslation,or the stability of

the protein itself. The overexpression of eithelRAS2?25A or RAS2??°Ein a wild type

background led to an increase Ras2p expression during stationary phase when compared to
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the control andRASXtrain. Suggesting a putative role of %ein the regulation of Ras2

protein expresion or protein stability.

The overexpression dRAS2?2°Aor RAS2??Eresulted in significant growth defects when
compared to the empty plasmid control in both wild type apnd\J Eekgrounds. Our
findings showthat Ras2??%is important for Ras function and furthermore that the growth
defects induced by the overexpression RAS2??5Aor RAS2??°Eare in fact dominant as
growth defects manifest irrespective of whether endogenous Ras2p is present. Foditegr
we have identifed the importance of Ras2°in the maintenance of chronological lifespan.
We show that the overexpression BAS2224n wild type cells leads to a significant decrease
in chronological life span when compared to the wild type, providing further evielémeat

the Sef?°residue is important for Ras function.

As Ras2p is involved in the regulation of antioxidant defences, we investigated whether the
substitution of Se¥° of yeast Ras2 with glutamate or alanine led to changes in the cells ability
to tolerate the addition of hydrogen peroxide to both liquid and solid media. The addition of
H-O; to liquid media resulted in significant growth defects in cells overexpred:4kP
mutant alleles when compared to the control strain. This effect was also recapitulated on
solid media, with an increased sensitivity to peroxide observed in wild type cells
overexpressindRAS2?25Aor RAS2?2°Bwhen compared to the control strain. Theability of

wild type cells overexpressifgAS2?25Aor RAS222550 recover from this stress response is

an indication that overexpression of eithd®AS2?2A or RAS2??°Ealters the signalling

properties of Ras and leads to a suppression of the oxiglatress response.

To investigate whether perturbed growth was accompanied by changes in culture viability a

colony forming efficiency assay was performed. The expressi®A8822>4or RAS2?25Ein
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both a wild type andhr NJ ackground leads to a significant reduction in viability when
compared to the control strain. The expressionRAS2id not appear to reduce viability in
the n NJ baakground but interestingly increased viability when expressed in wild type cells.
This eduction in viability only observed in cells overexpresBAG222>%or RAS2??5(suggests

that the Sef?® of Ras2 is important for Ras function.

The findings within this chaptesuggesthat the modification of sef® residue of Ras2 leads

to growth defects, changes in the oxidative stressponse andkads to a reduction in viability

in wild type cellsWe therefore investigate whether the overexpression of eitR&S22254n

a wild type background leads to an inase in markers of cell death, such as R@Seased

levels of ROS within cells is indicative of cell stress or programmed cel[22&j155][218].

Using FACS analysis with the dye dihydroethidium (DHE) we measured ROS levels in cells
overexpressindRAS2?254 Interestingly our data indicated the overexpressionRAS?25A
presented no significant increase in the percentage of DHE positive cells when compared to
the wild type controlThis data set suggests that the overexpression ofRAS2%2>"mutant

does not lead to a loss of viability that correlates with an increasBR®S production, a

phenotype commonly linked to forms of cell death in yda4i7].

With no significant elevation in cellular ROS levels in strains assayed, we performed a FACS
analysis using the dye propidium iodide to determineether wild type cells overexpressing
RAS2??5"showed increased levels of necrosis when compared to the wild type control. Our
data suggests that the overexpressionRAS2?2> presented no significant increase in the
percentage of necrotic cells whenropared to the wild type controlThis data suggests that

the overexpression dRAS2??°Ain wild type cells does not lead to a loss of viability that can

be explained by an increase in necrosis.
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In S. cerevisigeRas proteins mediate autophagy througle thctivity of PKA219][167]. The
RAS/cAMP/PKA pathway has been shown to be highly interconnected with the TOR pathways
which is also involved irhé regulation of autophagy in yea@19][167]166]. Both Tor and

Ras often control overlapping effectors, including effectors involved in autophagy. We
investigated whether the overexpression of eitiRAS2RAS2??5%or RAS2??%8ed to changes

in cells ability to regulate autophagWe obseved no significant differences in autophagic

flux upon the overexpression BAS222%0r RAS2?2°Bwhen compared to the control strain,
indicating that the overexpression of eithdRAS2?2°A or RAS2??°Edoes not result in

autophagic flux abnormalities.

We show that the expression 0RAS2??52or RAS2?%°E in both a wild type anch NI & H
background results in a loss of viability but is not accompanied by elevated DHE or PI staining.
An explanation is that cells expressing the mut&#S2alleles are in fact senescent or
guiescent and that the loss of viability does not represent cell death, but rather an inability to
divide. To address this, we investigated levels of respiration within wild type cells
overexpressindRAS?2Aor RAS2??5E We can confirm that wild type cells overexpressing
RAS$22%A0r RAS2??5Fare respiring suggesting these cells are not dead but have an inability

to divide.

The findings in this chapter cleaduggestn important role of the Sé#°residue of Ras2 for

both protein localisation and function. We hypothesized that this residue may be conserved
in higher eukaryotes. To address this, sequence alignment between the Ras2 protein and the
human NRas protein was performed. Interestingly hedtigh significant sequence divergence
between the yeast and human Ras proteins outside of the GTPase domain and C terminal

CAAX box, we discovered that Ras2 Sétfaeas conserved in humanRas at Serifé3. As
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sequence alignment revealed conservatioithe yeast Ras2?°phosphorylation site in the
human Nras protein, constructs expressing hunNRASr humanNRASnutations at the
equivalent phosphorylation site (Séf) were transformed into wild type cells. Growth
analysis revealed that theverexpession of eitheNRASNRAS!*or NRAS3En wild type

cells resulted in severe growth defects and reduced viability when compared to the wild type
control. However, it appears that the overexpression of hurh®ASn the yeast system is
inherently toxic and therefor the importance of tiMRAS!"3is unknown and requires further

investigation.

In this study we observed a loss in viability upon the overexpressiBAB£225%or RAS2?25E
that cannotbe explained by cell death. We therefor propose that the loss of viability observed
in these cells is not attributable to cell death but ratheicessation of cell growthuture
investigations will focus on determining the nature of tip@wth arrestdriven by themiss
localisationof active Ras and to determine under which conditions cellse@mgage in the

cell cycle
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Chapter 4

Probingthe Ras/cAMP/PKA
pathway



4.1 Introduction

The Ras/cAMP/PKA pathway3ncerevisiaplays a major role in the control of growth and
metabolism in response to nutrients. The main positive regulator of the pathway is Cdc25,
which in response to nutrients, activates the redundant small GTPases Rasl arjdgRas2
GTPbound Ras activates adenylate @s#, stimulating the production of cCAMP. An increase

in CAMP results in the activation of Protein Kinase A (PKA) via the dissociation of the PKA
regulatory subunit Bcyl from the PKA catalytic subunit(s) encodélPbil TPK2and TPK3
[81][192]. Upon activation, PKA controls a number of essential cellular and physiological
processes such as gvth, resting state, glycogen and trehalose content, carbohydrate and
nitrogen metabolism, stress tolerance and the expression of genes that are controlled by

STRboxes in their promotor§226]154][216].

The production oEAMP plays an integral role in the transmission and coordination of nutrient
signals into the cell. Extracellular glucose levels in the growth medium are coupled to
intracellular cAMP concentrations that regulate appropriatep@ssed227][228]. Control of
CcAMP levels is essential for yeast cell adaption, for example tpgaton has been shown

to mediate glycogen storage, oxidative metabolism, response to heat shock as well as a
commitment to cell death228][229]230][147]. Ras activity and cAMP levels are also tightly
linked to growth, for example the expression of ribosomal protein genes is increased upon
cAMP elevation to support cell divasi[119]. The production of intracellular cCAMP is tightly
regulated through feedback loops and the action of the phospbstérases, which catalyse

the degradation of CAMBB6][85]. S. cerevisiaeontains two cAMP phosphodiesterasEfE1

and PDE2which encode a lovaffinity (Pdel) and a higaffinity cCAMP phosphodiesterase

(Pde2)[86][85]. Pde2 is an Mg2+ requiring, zibmding enzyme which controls the $a
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CAMP levels in the cell and thereby protects it from changes in the extracellular environment

[88].

Mutations that inhibit the production of CAMP, such as seemadc25mutants, prevent
progression through the cell cycle chguint in late G1 called start, rendering cells arrested

in G1 in a manner closely resembling the cell cycle arrest promoted by nutrient depletion
[231][232]. While mutations that activate the Ras/CAMP pathway, such as activating
mutations in theRAS2yene andBCY Inutations appear to present the opposite phenotype.
Wild type cells perform G1 arrest in response to nutrient deplef88], where cells carrying
activating mutations in the Ras/cCAMP pathway fail to accumulate aar@&kted cells upon
nutrient deprived conditiong115]. Cells with constitutive Ras/cCAMP signalling, such as the

ras’@1¥mutant, fail to adapt to nutriet depletion and rapidly lose viabilifg8].

We haveshownthat the overexpression dRAS2??%"or RAS2?25Ein wild type cells lead to
growth defects, reduced viability, sensitivity to both reactive oxygen species and copper and
reduced respiration. We show that the overexpressioR8S2%?>%or RAS2?25fresults in the

miss localisatiorof active Ras populations to the nuclear envelope during both log and
stationary phases of growth. We hypothesize that such defects are a result of an early
transition into apost-diauxic growthhecause bthe miss localisationf active Ras populations

to nuclear envelope. Previous studies have established a correlation between post
translational processing of Ras, its membrane localization, and its biological activity
[234][235][61]. In S. cerevisigeRas proteins are localised predominantly in the cell in a
membrane compartment, as are other components of the signal transduction pathway with
which Ras interacts, including adenylyl cyclase and J@&8]237]. Mutation of the site of

farnesylation in Ras blocks all pa@sinslational processing, abolishes its biological activity,
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and renders the protein predominantly cytoplasmii¢8]. This has prompted models
suggesting that postranslational modification of & is essential for its biological activity

because it allows ctocalization of Ras with other components of the signal transduction

apparatus.

As the predominant plasma membrane localisation of active Ras during log phase growth was
not observed in céd overexpressing eithdRAS2??>or RAS2?%5E we sought to investigate
whether the premature transition intoreduced growthwas induced through aberrant
Ras/CAMP signalling. To address thRAS2?2°A or RAS??°E mutant alleles were
overexpressed in strains lacking different components of the RAS/CAMP/PKA pathway and

growth andviability were conducted.
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4.2 Growth analysis of the overexpression RASS22>*or RAS22%%8n anpde2
background

Pde2 is a higlaffinity cAMP phosphodiesterase which catalyses the degradation of CAMP
[86]. The deletion oPCE2leads to an elevation in intracellular cAMP, resulting in the over
activation of PKA238][165]. To investigate whether an increase activation of the
Ras/cCAMP/PKA pathwan cells overexpressinBAS2?252or RAS2??Eresulted in further
changes in growth and viability, we overexpressed eifRAIS?25%or RAS2?25Ein an LIR S H

background and conducted both growth and viability assays.

4.2.1 Over expression of RAS2225Aor RAS2225Ein a 3 D A Bapkground leads to
growth defects

The growth of cells overexpressifRAS2?2% RAS??Eor containing an empty plasmid
control in an LJR Baekground was analysed using the growth asdescribed in Materials

and Methods, Section 2.9.1. The growthnhof.JR Srains was comparetb a wild type strain
expressing an empty plasmid control. The overexpressiB®A&2?25%or RAS2?28n an LIR S H
background lead to a significant increase in lag time and reached a lower final biomass when
compared to the control strain in both the witgpe andpde2deletion backgroundFigure

48). When compared to the wild type contrgi, LIR Srains expressing an empty plasmid
control displayed an early transition into the padiuxic phase of cell growth and reached a
lower final biomass after 24 hours of growtfFigure 48). When compared to the
overexpression of eitheRAS2??°Aor RAS2?%% in a wild type backgroundFigure28), a
significant increase in lag time and decrease in overall biomass was observed after 24 hours
of growth when eitherRAS2225Aor RAS2?%Ewas overexpressed in ja LIR Baskground

(Figure 8).
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No significant diffeence in growth rates was observed between wild type celjs IR &lis
expressing an empty plasmid cont(ligure 8). Although, a significant decrease in growth
rate was observed in strains overexpressiRgS222°4 or RAS2??°Ein a pde2 deletion
baclground when compared the wild type aru LJR ontrol strain (Figure 9). When
compared to the growth rate of wild type cells overexpressing eifR@622254or RAS9225E
(Figure29), we observed a 6fninute decrease in growth rate when overexpressRigS22254

or RAS22256n an LJR aekground. Our results imply that a loss in the ability to coritrel
activation of the Ras/cAMP/PK@sults in a further loss in fithess upon the overexpression of
either RAS2??5%0r RAS2??5E as supported by previous plithed observations, Leadsham et

al 2010[224]

207 _e- Wild Type + Control

Apde2+ Control
A Apde2 + RAS2522%A
¥ Apde2 + RASZ52%°E

T T T T T T
0 2.5 5 75 10 125 15 175 20 225 25
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Figure 48.Growth analysis of cells overexpressing RASZ, RAS2?2°Eor empty plasmid
O2yGNREt AY nLIRSH o6FO13INRdzyR®

Wild type cells expressing an empty plasmid control was assayed as an additional control. The
growth analysisvas carried out in SQURA media as described in Materials and Methods
(Section 2.9.1)The experiment was repeated three times and representative data set is
shown. This data represents an average of three technical repeats and error bars represent
the standard deviation.
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Figure 49.Growth rate analysis of cells overexpressifRASS??%, RAS2?25Eor an empty

L FAaYAR o0l O01062yS O2yiU4NRt AY nLIRSH o6F O1 ANRdzy R
Wild type cells expressing an empty plasmid control was assayed as an additional control. The
growth rate analysis was carried out as described in Materials and Methods (52Qid).

The experiment was repeated three times and representative data set is shown. The data
represents an average of three technical repeats and error bars represents the standard
deviation. A Onavay ANOVA using a Dunnets multiple comparison test wsesl to

determine statistical significance. Neignificant NS, * = adjusted-galue00.05and *** =

adjusted p valu®©0.001.

4.2.2 The Overexpression of either RASZ225A0r RAS2225Ein a 3+ B A Bagkground
leads to a further decrease in viability when compared to the overexpression of
RAS2mutants in wild type cells

To determine whether the overexpression of eithRAS2?25Aor RAS2225Ein an LIR S H
background lead to a reduction in viability viability assay was conducted as described in

Materials and Methods, Section 2.9.3. The viability of cells overexpreSs®p>2°A or
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RAS22258n an LIRK&ekground was compared to wild type cells expressingRIA822254or

RAS2?2°R0 attest whether he deletion ofode2further attenuated viability.

An overnight culture was rmoculated to 2 x 19cells/ml and incubated for 24 hours. 300
cells were plated onto selectivdJRA agar plates. These were left to incubate at 30 °C for 36
hours and the colonies were then counted to allow quantification of colony forming units
(CFUs). Viability of cellsapsed from the inoculated culture represented the viability of cells,

or cell death, during nutrient deprivation.

A wild type strain expressing a control plasmid grown for 24 hours, had approximately 40 %
viability when grown on SBJRA medium. The exmsion of an empty plasmid control in a

n LIRExekground lead to no significant change in viability when compared to the wild type
control strain(Figures0). The overexpression 8fAS2?25%or RAS2?258n an LIR&ekground
presented a significant reducin in viability when compared to the wild type amdLJR S H
control strains(Figure50). Upon the deletion oPDE2cells overexpressing eith@&AS22254

or RAS2??5Fyresented a significant decrease in viability when compared to wild type cells
overexpressig RAS2?25%0r RAS222°HFigure50). Indicating that the deletion gfde2in wild

type cells overexpressifigAS2225or RAS2?25Hurther attenuates viability.
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Figure 50.A colony forming efficiency assay of S. cerevisiae wild type andJRSH OSf f &
overexpressing RASZ, RAS2?%%%pr an empty plasmid control, grown in SQJRA.

The colony forming efficiency analysis was carried out as described in Materials and Methods
(Section 2.9.3). The data presented is the average of thisdegical repeats and error bars

represent standard deviatiod Oneway ANOVA using a Tukewyltiple comparison test was

used to determine statistical significance. Nsignificant= NS, * = adjusted-palue 00.05

and *** = adjustedp value00.001.

4.3 Growth analysis of wild type cells eexpressingPDE2and theRAS2
mutant alleles

4.3.1 The co-expression of PDE2in wild type cells overexpressing RASZ225E
rescues growth defects

We have previously observed that the overexpression of eit&B2?25Aor RAS2?2%Fin a
n LIR $ackground further attenuates growth and viability when compared to the
overexpression ofRAS2??°A or RAS2??°Ein wild type cells. We hypothesize that such

observations are a result of an elevatiorthe activity of the Ras/cAMPKApathwaywhich
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is further increased due to the cells inability to degrade cAMP in the abserleB©B2 We
investigate whether reducing theactivation of the Ras/cCAMP/PKAhrough the
overexpression dPDE2will lead to differences in growth and viability in cells overexpressing
either RAS2?%2or RAS2?**Emutant alleles. To analyse the growth of wild type cells co
expressind®DE2vith RAS22254 RAS2225For an empty plasmid backbone, a growth assay was
performed as described in Materials and Methods, Section 2.9.1. The growihs#Estrains

was compared to a wild type strain expressing an empty plasmid control.

All strains overexpressingDEZ2presented an early transition into post diauxic growth and
reached a lower final biomass after 24 hours of growth when compared to the wild type
control(Figures1). Interestingly, the overexpression®DE2n wild type cells overexpressing
RAS%??Elead to no observable growth defects when compared to wild tyedls ce
expressingPDE2with the empty plasmid control. Wild type cells-empressing®?DE2with
RAS%??Apresented significant growth defects when compared to the wild type cells co

expressind®’DE2vith the empty plasmid contrqlFigure51).

A decreased growth rate when compared to the wild type control was observed RD&P
overexpression strains. An increase in growth rate was observed AlREB2was co
expressed wittRAS2?2°Byvhen compared to thd®DE2verexpression control straiFigue
52). However, no significant differences in growth rate were observed WwrieB2vas co
expressed withRAS2?2°Ain wild type cells when compared to theDE2overexpression
control strain(Figure52). Our data indicates that the overexpressiorP&IE2n wild type cells

overexpressing eitheRAS2?25%or RAS2??°Fesults in a rescue of the growth rate defects.
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Figure 51.Growth analysis of wild type cells eexpressing PDE2 with either RA%2"
RAS2225Fgr empty plasmid control.

Wild typecells expressing an empty plasmid control was assayed as an additional control. The
growth analysisvas carried out in SlYURA/LEU media as described in Materials and Methods
(Section 2.9.1). The experiment was repeated three times and representativesataia
shown. This data represents an average of three technical repeats and arsorelpresent

the standard deviation
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Figure 52 Growth rate analysis of wild type cells overexpressing R&&2 RAS2??°For an

empty plasmid backboneo-expressed with PDE2.

Wild type cells expressing an empty plasmid control was assayed as an additional control. The
growth rate analysis was carried out as described in Materials and Methods (Section 2.9.1).
The experiment was repeated three times apgresentative data set is shown. The data
represents an average of three technical repeats and error bars represents the standard
deviation. A Onavay ANOVA using Bukeymultiple comparison test was used to determine
statistical significance. Nesignifiant = NS, * = adjustedyalue00.05 and *** = adjusted p
value00.001.
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4.3.2 The expression of PDEZ2in wild type cells overexpressing RAS2225A0r
RASZ225Erescues viability

To determine whether the overexpressionRIDE2n wild type cells overexpressiAS222%
RAS222%For an empty plasmid control resulted in a change in viabiityiability assay was

conducted as described in Materials and Methods, Section 2.9.3.

The viability of wild type cells overexpressR&5 222> or RAS2?2°(and PDE2vas compared

to wild type cells expressing tHiRASZ2nutant alleles withoutPDE2overexpression. When
compared to the wild type control, no significant differences in viability was observed when
PDE2vas overexpressed in wilgpe cells overexpressifgAS222>4or RAS2??5HFigure53).
Suggesting that overexpression BDE2rescues viability when eexpressed with either
RAS$22%Aor RAS2%?5E In wild type cells overexpressifgAS2225Aor RAS2??5Eonly, the
percentage of viable cells was significantly lower than wRBiE2vas ceoverexpressed with

RAS$22%0r RAS2225§Figure53).
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Figure 53.A colony forming efficiency assay of wild type cells overexpressing RAG2
RAS$2?5%r an empty plasmid backbone eexpressed with PDE2.

Cells were grown in SDRALLEU orURA. The colony forming efficiency analysis was carried
out as described in Materials and Methods (Section 2.9.3). The data presented is the average
of three biological repeats and error bars represent standard deviation. AMAPANOVA

using aTukeymultiple comparison test was used to determine statistical significance: Non
significant= NS, * = adjusted-palue00.05and *** = adjusted p valu€®0.001.
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4.4 Growth analysis of the effects of the deletion 3PK1TPK2or TPK3on
wild type cells overexpressinRAS222%or RASS225E

4.4.1 Deletion of TPK2 or TPK3reduces growth defects in cells overexpressing
RAS2225Agr RAS2225E

PKA is a hetetetramer comprised of two regulatory subunits and two catalytic subunits
[239]. In S. cerevisiae, BC¥hcodes the regulatory subunit and the catalytic subunits are
encoded byTPK]1 TPK2and TPK3[81][78]. The binding of two cAMP molecules to each
regulatory subunit in the holoenzyme triggers the redeaf the catalytic subunits and their
activation. The PKA subunits Tpkl, 2 and 3 share overlapping functions but also have been
shown to be involved in the regulation sfeveralseparable processes. Tpkl has been
identified to play a role in the branchethain amino acid biosynthesis pathway, mitochondrial
DNA stability and mitochondrial iron homeostaf82]. Whereas Tpk2 has been shown to
impact iron uptake, trehalase synthesis and water homeost48B][83]. However,
constitutive PKA activity can prove deleterious, with the overexpressidrPéf3shown to

inhibit growth [84].

We have previouslghownthat the viability of wild type cells overexpressing eitRekS2225A
or RAS$??%fcan be significantly altered though either the deletion or overexpressiGid2
Our results indicate that the overexpressionRASZnutant alleles results in an inability of
cells toappropriatelyregulatethe Ras/cAMP/PKA pathwaye sort to investigite whether
the deletion of one or more of the TPK subunits in strains overexpre$sksP>2>" or

RAS2??°%esults in any significant changes in growth and viability.

To analyse the growth of cells overexpressRgS2°2% RAS2??°Eor an empty plasmid

backbone controlin@ ( LJ] mX n { lbAckgrodndld growthBssay was performed as
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described in Materials and Methods, Section 2.9.1. The growth 6fLJ] M~ p G LI H 2 N

strains was compared to a wild type strain containing an gnptasmid(Figure54).

The overexpression of eithd@AS22254or RAS2?%5Ein an (G LJ] mX p (0 Udkckgroentld pn 4 LA
presented an early transition into post diauxic growth and reached a lower final biomass after
24 hours of growth when compared to all strains expressing an empty plasmid odngnate

54). Strains expressing eith&AS2225Aor RAS22%5Ein ap (i Lijackground presented the
most severe growth defects when compared to control strgfigure54). When compared

to the overexpression oRAS2?2%Aor RAS2??5Ein wild type cells, the expression BAS2
mutant alleles in g0 4 LJ] H  2bAkkgrointdiesented a reduction in the severity of the
growth defectgFigure54). Inboth an (G LJ] 1 datkgroundJiheoverexpression of either
RAS2??5%or RAS2??5Hdisplayed no significant changes in growth rate when compared to the
wild type control(Figure55). Whereasexpression in @ (i LBaakground led to a decrease in
growth rate when compared to the wild type control strgifigure55). This data suggests
that the loss of eitheTPK2or TPK3n cells overexpressingAS2?2% or RAS2??5Heads to a

rescue of growth rate defects, indicating an involvement of the function of Tpk2 and Tpk3 in
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Figure 54.Growth analysis of cells ovexpressing RAS2*%, RAS2??5Eor empty plasmid
O2YyUGNREt Ay nddy| MLINOO 0O&E/ GOGLA H 6. 0

Wild type cells expressing an empty plasmid control was assayed as an additional control. The
growth analysisvas carried out in SQURA media as described Materials and Methods
(Section 2.9.1). The experiment was repeated three times and representative data set is
shown. This data represents an average of three technical repeats and arsorelpresent

the standard deviation
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Figure 55.Growth rate anaysis of wild type cells overexpressing RAS2, RAS$??>for an
SyLlie LXFaYAR o0F0102yS Ay naLidm 06! 0 pidLAN SH
Wild type cells expressing an empty plasmid control was assayed as an additional control. The
growth rate analysis &s carried out as described in Materials and Methods (Section 2.9.1).

The experiment was repeated three times and representative data set is shown. The data
represents an average of three technical repeats and error bars represents the standard
deviation. A Oneway ANOVA using a Duntetmultiple comparison test was used to
determine statistical significance. Neignifiant = NS, * = adjustedymlue00.05 and *** =

adjusted p valu©0.001.

178



4.4.2 Analysis of viability in 3 OB E v h ors @BIsajis overexpressing RAS3225A
or RASZ225E

To determine whether the overexpression of eitf@AS225%or RAS???8nan ( LIy mZ  n 4 LI
2 NJ nhadkraund led to changes in viabiligyyiability assay was conducted as described

in Materials and Methods, Section 2.9.3. The viability of cells overexpreR¢ig§>?>*or

RAS222%En atpkl, tpk2 or tpk3single deletionbackground was compared to wild type or

tpk1-3 deletion strains expressing an @ty plasmid control. The viability of wild type cells
overexpressindRAS2??5Aor RAS2??°Ryas also compared to the viability observed upon the

overexpression oRAS2??>%or RAS2?258n atpkl, tpk2 or tpk3single deletiorbackground.

An overnight cultee was reinoculated to 2 x 19cells/ml and incubated for 24 hours. 300
cells were plated onto selectivdJRA agar plates. These were left to incubate at 30 °C for 36
hours and the colonies were then counted to allow quantification of colony forming unit
(CFUSs). Viability of cells analysed from the inoculated culture represented the viability of cells,
or cell death, during nutrient deprivation. After 24 hours of growth, a wild type strain
expressing a control plasmid, had approximately 40 % viabilitgnwgrown on SDURA

medium.

Upon the deletion ofpklin all strains, a reduction in viability was observed when compared
to the wild type control(Figure56). n (i L3ells expressing an empty plasmid control
presented a significant decrease in viability when compared to the wild type control,
suggesting a putative function of Tpkl in the maintenance of viability under the growth
conditions used. Interestingly, the exgmsion 0fRAS2?254in an i Lbjekgroundead to an
increase in viability when compared fo (i L3elis expressing an empty plasmid control

(Figure56). However, no significant change in viability was observed when compared to wild
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type cells overexpresinRAS2??%A (Figure 56). No significant changes in viability was
observed wherRAS2?258vas expressed inja (i LBaakground whermompared to then i LJ] ™
control strain (Figure56). A decrease in viability was seen in cells overexpre &s48p22%in

an G Lbhckground when compared to wild type strains overexpresRing 2225 Figure56).

Our data suggests that Tpklp and the Ra&s$Z¥mutants are acting within different
pathways, as loss ofPKlleads to a loss in viability which can be improved upon the
overexpression dRAS2?25) However, the loss dfPKlincreases the toxic effects on viability
upon the overexpression ®AS2??5Bwhen compared to the expression BAS2?25En wild
type cels but not when compared to the G Ldbrtrol, providing further evidence to suggest
that Tpk1l andRAS2nutant alleles are functioning independently. This observation aligns with
the data shown irFigure54, suggesting that the toxic effects induced by thesrexpression

of RAS$?2%%0r RAS$?2%Fare not mediated through Tpk1.

Upon the overexpression dRAS2?2Aor RAS222°Ein an (i LHaekground a decrease in
viability was observed when compared to the wild type control andsthi& Ldbrrol strain
(Figure 56). Interestingly, an increase in viability is observeghiii Ldelis expressing an
empty plasmid control when compared to the wild type control suggesting TiRi{2has a
putative function in reducing viability during the post diauxic shift undeg tjrowth
conditions used(Figure 56). The overexpression dRAS22%A or RAS2?%Ein an ( LJ] H
background results in no further decrease in viability when compared to the overexpression
of RAS2225%or RAS2%2%8n a wild type backgroun(Figures6). We therefore propose that the

loss in viability induced by the overexpressiofR@fS2nutant alleles in cells does not depend

on Tpk2 alone. Therefor the role of Tpk2 in exponential growth is separable from the observed

loss of viability during stationgiphase growth.
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Upon the overexpression d®AS2225Aor RAS22%5Ein n (i Ldels a significant decrease in
viability is observed when compared to the wild type gndi Ld&prdrol strains(Figure56).

No significant difference in viability was observed be¢w the wild type angh (i Ldprdrol
strain (Figure56). Indicating the deletion ofpk3 does not play an important function in
maintenance of cell viability under the conditions used. Our data suggests that the deletion
of tpk3 in cells overexpressingAS222>Aor RAS2??°Edoes not rescue viability to wild type
levels. However, a significant decrease in viability was observed upon the deletjgkBaf

cells overexpressingRAS2??°Ewhen compared to wild type cells overexpressing either
RAS2??°E Howeve, no significant difference in viability was observed between the
overexpression oRAS2??5Ain antpk3 or wild type background. Our data indicates that the
loss oftpk3 in cells overexpressinBAS2??Fresults in a further attenuation of viability.
However, the loss apk3 in cells overexpressingAS222°Adoes not present any changes in
viability when compared to expression RAS2?254in wild type cellsOverall,we show tle

loss viability observed pon expression of the RAS mutant alleles used here cannot be

attributed to the activity of any single PKA subunit.
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2N pG LI o 6/ 0 nORASEEH RASHFSHBnemptyiplasink control, grown in

SDCURA.

The colony forming efficiency analysis was carried out as described in Materials and Methods
(Section 2.9.3). The data presented is the average of three biological repeats angbaesror
represent standard deviation. A Om@&y ANOVA using a Tukey multiple comparison test was

used to determine statistical significance. Nsignifiant = NS, * = adjustedyalue 00.05

and ** = adjusted p valu©0.001
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4.5 Growth analysis of the double deletion ¢bk1/tpk2, tpk3/tpk2 or
tpk1/tpk3 on wild type cells overexpressinBAS2nutant alleles

4.5.1 Overexpression of RAS2mutant alleles in tpk 1-3 double deletion
backgrounds leads to no rescue of growth defects

The deletion of TPK1TPK2or TPK3n cells overexpressingAS2?2>*or RAS2?2°Hailed to
result in a complete rescue of viability or growth. We hypothesized that the double deletion
of different Tpk subunits in cells overexpressing R&S2nutant alleles may result in a full

restoration of viability to that of the wild type control.

To analyse the growth of cells overexpressRgS2%2%, RAS2??5Eor an empty plasmid
backbone control in g0 G LIl Mk  p LI HZ p LI HbackgramdJh growshNJ n G L]
assay was performed as described in Materials and Methods, Section 2.9.1. The growth of

mutant strains was compared to a wild type strain expressing an empty plasmid control.

The overexpression BIAS2?25%or RAS22256n allbackgrounds preented an early transition

into post diauxic growth and reached a lower final biomass after 24 hours of growth when
compared to all strains expressing an empty plasmid colEigiure57). When compared to

the overexpression dRAS2?25%or RAS2%?%8n wild type cells, the expression BASInutant
alleles in an (0 LJ] ™ k bagkgrdulidpresented a reduction in the severity of the growth
defects previously observed when expressed in wild type @feligire57). Strains expressing
RAS2225A0r RAS9225Ein an (i LJ| o k bagkdrdufidHpresented the most severe growth
defects when compared to control strains (Figd#@. We observed a marginal decrease in
growth rate whenRAS2??>was overexpressed intpkl/tpk2 when compared to the wild
type control (Figure58). No significant changes in growth rate were observed upon the

overexpression dRAS92250r RAS2?2258n an (i LJ| ™ kbagkgioudid when compared to the
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wild type control(Figure58). However, a significant decrease in growth rate was observed
upon the owerexpression ofRAS?25A or RAS2225Ein n (i LJ| H k bapkgradhdavhen
compared to the wild type contrdFigure58). We suggest that the overlapping functions of
either Tpkl and Tpk2 or Tpkl and Tpk3 is either responsible for the reduced growth rate or
that the combined loss of these subunits can compensate for the toxic effects of the

overexpression o0RAS2?2>%or RAS2?255n wild type cells.
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Figure 57.Growth analysis of cells overexpressing RARZ, RAS2??°Eor empty plasmid
O2YUNRE AY | piliLA mk ogpllJime! pELIhaLBH Meadn LA o
Wild type cells expressing an empty plasmid control was assayed as an additional control. The
growth analysisvas carried out in SQURA media as described Materials and Methods

(Section 2.9.1). The experiment was repeated three times and representative data set is
shown. This data represents an average of three technical repeats and arsorelpresent

the standard deviation
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Figure 58.Growth rate analysis of yeast cells overexpressing RES2 RASS??*Eor an

SyLlie LIXFaYAR o6F0O1062yS Ay | naLAwmk pidLAu o!
background.

Wild type cells expressing an empty plasmid control was assayedaalsigional control. The

growth rate analysis was carried out as described in Materials and Methods (Section 2.9.1).

The experiment was repeated three times and representative data set is shown. The data
represents an average of three technical repeats anmr bars represents the standard
deviation. A Onavay ANOVA using a Dunnets multiple comparison test was used to
determine statistical significance. Naignifiant = NS, * = adjustedymlue00.05 and *** =

adjusted p valu©0.001.
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4.5;2 A.rllalys:,is of viAabiIiEy in cells O\A/eregpress.i.ng‘ RA5‘12322§.Aor RASZ’32§5Ein"a OPEULT
OPEeh 3O0OPEuvY 3ODbDlagkgréuad 3 OPEuv Y 3ODEX

As the overexpression of eith®AS?25%r RAS2?28n an G LJ] m = n ( bickgrodhdJ pn G LI
did not result in a full rescue of viability to wild type levels, ®aS2anutant alleles were
expressed in backgrounds containing the double deletion of the genes encoding the Tpk
subunits to investigate whether the combination of Tpk subusletons restored viability in

wild type cells overexpressing thRAS2mutant alleles. To determine whether the
overexpression of eitheRAS2??2or RAS?®fnan G LIy Mk p O LI HE npd LI mk |
n ( LBaakground lead to a change in viabildyyiahility assay was conducted as described

in Materials and Methods, Section 2.9.3. The viability of cells overexpreR¢ig§>?>*or

RAS$2256n Tpk subunit double deletion strains was compared to wild typetpkit3 double

deletion strains expressing amgty plasmid as a control.

Cells overexpressing an empty plasmid control jn @& LJ] ™ k bagkgrduiid presented no
significant changes in viability when compared to the wild type corffagure59). The
overexpression oRAS22%or RAS22256n an (i LJ| ™ kbagkgrduiid showed a decrease in
viability when compared to the wild type agd(i LJ] ™ kcontral (Eijure59). However, no
significant change in viability was observed when compared to wild type cells overexpressing
RAS2nutant alleles. Our da suggests that deletion of both Tpkl and Tpk2 in wild type cells
expressing the mutarlRAS2lleles does not result in the rescue of viability to wild type levels.
This suggests that the toxicity observed through either the overexpressiétA89?2> or

RAS2?25s not mediated through the combined functions of Tpk1 and Tpk2.

Cells expressing the control plasmid imai LJ] M k bagkgrdufidoshowed a significant

reduction in viability when compared to the wild type control with cells eliciting less 3Ban
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viability (Figure59). This result suggests a putative role for both subunits in the maintenance
of viability in stationary phase of growth under the conditions used. The expression of either
RAS2225%0r RAS222%Ein an (i LJ] ™ K bagkgrduiid alid notead to the formation of viable
colonies, thus indicating that the deletion of bogh (i LAnein i LJh ovild type cells

overexpressingRAS2??>%or RAS2??°Frevents the formation of viable coloni¢Bigures9).

Upon the expression of an empty plasmidaip (i LJ] o kbagkdroudid,-a small decrease in
viability is observed when compared to the wild type confFogures9). Upon the expression
of either RAS9225Aor RAS2?2Emutant alleles in an ( LJ] o Kk bagkgrauidH we see a
significant decrease in viability when compared to theél LJ] o k conirdl ktfhim(Figures
59). When compared to wild type cells expressing eitR&S 225" or RAS22%5E the deletion
of p G LJ] o Kintimesektfhins leads to a furthedecrease in viabilitgFigure59). Suggesting
that the deletion of both tpk3 and tpk2 is important for the maintenance of viability in wild

type cells overexpressifgAS2225%or RAS2?25fmutant alleles.
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grown in SDCURA.

The colony forming efficiency analysis was carried out as describeatanidfs and Methods
(Section 2.9.3). The data presented is the average of three biological repeats and error bars
represent standard deviation. A Ome&y ANOVA using Bukeymultiple comparison test was

used to determine statistical significance. Nsigrificant = NS, * = adjusted-palue O 0.05

and ** = adjusted p valu©0.001.
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4.6 Microscopic analysis of GHpklp, GFHApk2p or GFH pk3p cells
overexpressingRAS222%4 RAS2225Fgr an empty plasmid control

In the mammalian system, PKA anchor proteins (AKAPS) localise PKA holoenzymes to distinct
subcellular localisations. Such targeting facilitates the spgatigporal control of PKA
signalling in order to phosphorylate specific localized effecf@4®]. Considering the wide
variety of PKAontrolled targets irS. cerevisiaat is therefore not surprising that subcellular
localisation of PKA subunits, as in multicellular organisms, occurs in the yeast system.
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In S. cerevisiae wild type cells grown on glucose localise Bycl almost exclusively in the
nucleus during exponential growth, while in stationary phase Bcyl ishdistd in both
nuclear and cytoplasmic compartmen@41]. In wild type yeast growing on glucose, GFP
Tpkl, GFHpk2 and GFPpk3 present a predominated localisation in the nucl@42]241].
GFPTpk2 presents the strongest nucleacalisation with GFFpkl and GFPpk3 showing a
more even distribution over both the nuclear and cytoplasmic compartments. It was shown
by Portela et al (2009), that wild type yeast cells grown to stationary phase showed a
pronounced decrease in nucleacamulation of all PKA subunits with GHbk2 and GFP
Tpk3 concentrated in extrauclear foci[242]. As it has been shown that PKA subunit
localisation has been correlated to intracellular cAMP levels we sdaghtestigate whether

the overexpression oRAS2?2%Aor RAS2%?°Ein wild type cells resulted in changes to the

localisation of GFPpkl, GFH pk2 or GFH pk3.

Toattest whether the overexpression &AS2225%or RAS2??5Hnfluenced the localisation of
either GFPTpkl, GFHpk2 or GFHpk3, fluorescent microscopy was conducted as described
in Methods and Materials (Section 2.10). The localisation of fluorescently labelled Tpk
subunits was examined during both stationary and exponential phases of @etihgiFigure

60). An empty plasmid control was introduced to all fluorescently tagged strains as a control.

In wild type cells grown on glucose, GH#K1 is reported to be mainly accumulated in the
nucleus during exponential growf242]241]. Our findings are concordant with literature
and show that a GFIPpkl strain expressing an empty plasmid control also presents a
predominant nuclear localisatiof@.14A) Such localisation of GHPk1 was also observed in
cellsoverexpressing eitheRAS 222> or RAS2?2°H Figure60/61). No significant changes in the

percentage of cells presenting nuclear localisation was observed upon the overexpression of
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either RAS2?25%0r RAS2?258n a GFPpkl1 background when compared to thentrol strain
(Figure60/61). Our results suggest that the overexpression of eitR&S2?25Aor RAS2?25E

does not affect GFPpk1p localisation during exponential growth.

It has beershownthat during stationary phase growth, a pronounced decreaseuciear
accumulation of all PKA subunit is observed. Our results are not in keeping with such an
observation as the localisation of GFpk1 still presented a predominant nuclear localisation
with no significant loss of nuclear accumulation of GPBR1 obseved between log and
stationary phases of growth in all strai{fSigure60/61). Portela et al (2009), assayed cells
after 7 days of growth, whereas in this study our definition of stationary phase is growth after
24 hours. One explanation is that thedéy time difference between the experiments
conducted in this study and those adurcted by Portela et al (2009), is the cause in the
differences in localisation observed. The predominant localisation of TkP in all strains
assayed is a nuclear localisation with no significant differences in the percentage of cells
presenting a nuelar localisation of GFPpkl observed upon the overexpressionRAS2
mutant alleles when compared to the contr@figure60/61). Our results indicate that the
overexpression of eitheRAS2??>"or RAS2?*?°fdoes not affect GRPpk1 localisation during

stationary phase growth.
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Figure60. Images taken by fluorescent microscopy of GHbk1p cells overexpressing either
RAS22254 RAS2?25%0r an empty plasmid vector control during exponential and stationary

phase of cell growth.

The fluorescent signal represents the presence of TKP within cells. Cells were cultured in
SDc¢ URA growth media. This experiment was repeated three times and a representative data
set is shown. Scale bar = X0Y
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Figure 61.Graphicalrepresentation of the localisation of GFPpklp in cells expressing
either RAS9??5A RASS225Eor an empty plasmid control during the logarithmic (A) or
stationary (B) phase of cell growth.

Cells were cultured in SJURA growth media. To quantify the édisation of GFH pk1, 100

cells for each strain were counted on three separate days with a total 300 cells being counted
and the number of cells displaying the different phenotypes observed was calculated and
represented as a percentage of the total numloé cells counted. The data represents an
average of three biological repeats and error bars represents the standard deviation.

In wild type cells, GFPpk2 is localised in the nucleus during logarithmic growth. Our data
reflects current literature angbresents GFHpk2 localised to the nucleus in the GRHik2p
control strain during log phase growfrigure62/63). We observed no significant change in

GFPTpk2 localisation in cells expressRaS2%?>*or RAS2?258vhen compared to the control,
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suggestig that expression of eitheRAS2?2%4 or RAS2??°Edoes not affect GRPpk2p

localisation in actively growing ce{Bigure62/63).

It has been reported that during stationary phase of growth in wild type cells; TpEP
presents a pronounced reduction in nuclear accumulation and-T3kR localises to extra
nuclear foci. In this study we see a predominant nuclear localisation oiT@&Hn all strains
examined(Figure62/63), however we infrequently noted the presence of extraclear foci.
No significant difference in the percentage of cells presenting nuclear localisation-GfgREP
or the percentage extrauclear foci was observedpon the overexpression of either
RAS222%%0r RAS2?256n a GFPrpk2 background when compared to the control strddig(re
62/63). We therefore propose that the overexpression RAS2?25*or RAS2??°Edoes not

affect GFPTpk2p localisation in stationgphase cells.
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Figure 62Images taken by fluorescent microscopy of GHbk2p cells overexpressing either
RAS$2254 RAS2?25For an empty plasmid vector control during exponential and stationary
phase of cell growth.

The fluorescent signa¢presents the presence of GHbk2p within cells. Cells were cultured

in SD¢ URA growth media. This experiment was repeated three times and a representative
data set is shown.
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Figure 63.Graphical representation of thdocalisation of GFA'pk2p in cells expressing
either RAS9??5A RASS225Eor an empty plasmid control during the logarithmic (A) or
stationary (B) phase of cell growth.

Cells were cultured in SJURA growth media. To quantify the localisation of Gpk2,100

cells for each strain were counted on three separate days with a total 300 cells being counted
and the number of cells displaying the different phenotypes observed was calculated and
represented as a percentage of the total number of cells couritiel.data represents an
average three biological repeats and error bars represents the standard deviation.

In wild type yeast cells grown on glucose, GBR3 accumulates in the nucleus during
exponential growth and sequesters in eximaclear foci in statinary phase. During
exponential growth, a predominant nuclear localisation of GpR3 was observed in all

strains examined with no difference in GFpk3p localisation upon the overexpression of

RAS2??5Aor RAS2??Ewhen compared to the control straifFigure64/65). We therefor
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propose that the overexpression of eithRAS222>*or RAS2?2°Fdoes not lead to changes in

GFPTpk3 localisation during exponential growth.

During stationary phase, all strains examined show a pronounced reduction in trenfagye

of cells with a nuclear localisation of GFpk3 and an increase in GFpk3 localising to the
cytoplasmic compartment was observg€Bigure64/65). GFPTpk3 was seen to localise to
extra-nuclear foci but again this was noted infrequenfligure64/65). The predominant
localisation of GRPpk3 in all strains was cytoplasmic with no significant differences in GFP
Tpk3 localisation observed upon the overexpressioRAB2225%or RAS2?258vhen compared

to control strain noted4.18B) We propose thathe overexpression dRAS2?2>or RAS$?25E
does not result in themiss localisatiorof Tpk subunits in either exponential or stationary

growth.
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Figure 64Images taken by fluorescent microscopy of GHbk3p cells overexpressing either

RAS$2254 RAS2225Fgr an empty plasmid vector control during exponential and stationary
phase of cell growth.

The fluorescent signal represents the presence of TekBp within cells. Cells were cultured
in SD¢ URA growth media. This experiment was repeatedethimes and a representative

data set is shown.
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Figure 65.Graphical representation of the localisation of GHPRk3p in cells expressing
either RAS9??% RASS??5Eor an empty plasmid control during the logarithmic (A) or
stationary (B) phase of cell growth.

Cells were cultured in SJWURA growth media. To quantify the localisation of Gpk3, 100

cells for each strain were counted on three separate days withed300 cells being counted

and the number of cells displaying the different phenotypes observed was calculated and
represented as a percentage of the total number of cells counted. The data represents an
average three biological repeats and error bars espnts the standard deviation.
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4.7 Discussion

S. cerevisialerates diverse environmental conditions through the coordinated regulation
of growth, cell cycle progression and metabolic activities. The Ras/CAMP pathway is
fundamental for the regulation and integration of these proceq4€3][136]243][216]. The
reprogramming of cell metabolism at the diauxic shift, as well as adaptions during both the
postdiauxic phase and entry into stationary phase, are negatively regulated by the
Ras/cAMP/PKA pathwaj216][154]244][153]. Therefore, mutations that activate the
Ras/cAMP pathway, such as activating mutations irRA&2jene andBCY Inutations fail to
undergo correct diauxic reprogramming duringitment depletion [233][115]. Cells with
elevated cAMP levels rapidly lose viability in stationary phase as they fail to activate gene
expression programmes that facilitate storage of carbohydrates, oxidative phodphon

and upregulation of stress response mechanid2%3][115]. Conversely, cells with lower
cAMP/PKA activity, such as seemauc25mutants, exhibit physiological changes associated
with nutrient limitation, hcluding G cell cycle arrest, accumulation of storage carbohydrates

and increased resistance towards heat and depleted oxidative stress resj2B84¢232].

We have previouslghownthat the overexpression dRAS2?25%or RAS222%6n wild type cells
results in themiss localisatiomf active Ras populations to the nuclear envelope, resulting in
significant defects in both growth and viability. We hypothesieg such defects are a result

of the dysregulation of the cell cycleWe sought to investigate whetheessation of growth

was caused through the aberrant signalling of Ras/cCAMP/PKA pathway. To address this,
RAS2?25A or RAS2?2°E mutant alleles were owexpressed in strains lacking different

components of the Ras/cCAMP/PKA pathway.
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The loss ofPDE2in cells overexpressiniRAS2??5A or RAS2??°Eresulted in a further
attenuation of viability and growth defects when compared to the overexpressidRAS?2
mutant alleles in wild type cells. Our results imply that a loss in the ability to control
intracellular cAMP leveland Ras/cCAMP/PKA pathway activatioesults in a further loss in
fitness upon the overexpression of eithBAS2?*? or RAS2??5% as suppted by previous
published observations, Leadsham et al 2(A24]. We hypothesiz¢hat such observations

can beexplained through an elevation in intracellular cAMP leagld increased activity of

the Ras/cAMP/PKA pathwawhich is further increased due to the cells inability to degrade
CAMP in the absence ®DE2To reduce the levels of intracellular cAlsiRd Ra&AMP/PKA
activationin wild type cells overexpressifAS2?25%or RAS2?2°Rye coexpressedPDE2and
performed both a growth and viability assay. The overexpressi®tD&dn cells expressing
either RAS$22%%0r RAS2??5fesulted in a complete rescud wviability and growth rate to that

of wild type levels. We suggest that the growth and viability defects observed are a result of
increased levels of CAMP, and thus activation of PKA, which can be repressed via reducing

CAMP levels via the eexpression 6PDE2.

We hypothesize that the overexpression of eitHeAS2??>*or RAS22255n wild type cells
results in an increase ime activation of theRas/CAMP/PKA pathwaWe therefore sought

to investigate whether the deletion of the genes encoding dowrestndargets of CAMP, such

as the PKA catalytic subunit®K1 TPK2and TPK3n wild cells overexpressingAS222>*or
RAS2??5fesulted in changes in growth and viability in a manner analogous to the deletion or
overexpression oPDE2.0ur results suggeghat TPKIs epistatic with the expression of
the RAS2??>"mutant allele with respect to viability. We conclude this as expression of
RAS2?*?5’rescues viability defects upon loss T#Kin wild type cells Tpk2 function is

responsible for the reduction in viability observed in the wild type but is not involved in the
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loss of viability observed upon the overexpression of eiRAG222>%or RAS2%25%n wild type

cells. We propose that Tpk3 contributes teetmaintenance of viability in cells overexpressing
RAS222%%0r RAS2??°Eas loss of Tpk3 results in a further loss in viability.sipgesthat the

loss in viability upon the overexpressionRASZnutant alleles cannot be attributed to the
activity of any single Tpk, as the deletion of single Tpk subunits does not rescue the viability
phenotype. We therefor investigated the effect of deleting combinations of the Tpk subunits
in wild type cells ovaxpressingRAS2??Aor RAS2?25E We suggest that the overlapping
functions of either Tpkl and Tpk2 or Tpkl and Tpk3 is either responsible for the reduced
growth rate or that the combined loss of these subunits can compensate for the toxic effects

of the overexpression oRAS2225Aor RAS22255n wild type cells.

We conclude that the deletion of PKA subunits in wild type cells overexpreRai6§>>> or
RAS$?%°thas pronounced effects on the growth rate but not viability. A possible explanation
is thatall three subunits contribute to the loss of viability, but the more likely explanation is
that the complexity of PKA function means that the deletion of multiple subunits results in
pleiotropic effects and the loss of viability observed upon the combidelgtion of Tpk
subunits are additive to the toxic effects of the overexpresstG222>Aor RAS2??°E The
single or doubleleletion of the genes encodirtbe downstream targets of CAMP, such as the
PKA catalytic subunil®PK1TPK2and TPK3n wild cells overexpressirRAS2?2>%or RAS?25E

did notresultin changes in growth and viability analogous to the overexpressiBD&RThis
observation does natvholly support ourhypothesis that the effects dRAS2?2>*or RAS2?25E
overexpressio are mediated via the PKA pathway. Buttlaes overexpression dPDE2wvas
sufficient to rescue viability in wild type cells overexpres&AgG2nutant alleles, we propose
that the reduced growthphenotype is mediated by the dysregulated activation of PKA.

However, the genetic approach of deleting Tpk subunits could not dissect the control of PKA
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on the slow growthphenotype observed. We propose the following mo@€igure66) to
explainthe contrd of PKA on the phenotypes observed upon the overexpressiBAG22254
or RAS2??°Ein wild type cells. Further investigations will focus on whether there any
environmental conditions, such as growth in nutrient rich media, which rescue cells

overexpressg RASZnutant alleleso resume normal growth

Tpk1/Tpk3 Reduced
Tpk1/Tpk2 Growth Rate

/

Rag25225) —» CAMP — PKA —— Loss in viability

Nuclear
Envelope

Pde2

Figure 66 A schematic demonstrating how thmiss localisatiorof Ras252%°to the nuclear
envelope effects PKA activity.

The modification of RASZ%results in themiss localisatiorof activeRas to the nuclear
envelope during both log and stationary phase of growitiss localizatiorof Ras to the
nuclear envelope leads to an increased activation of PKA. The redundant functions of Tpk1 and
Tpk2 or Tpkl and Tpk3 are responsible lierreduction in growth rate defects and increased
PKA activity drives a loss in viability that is attributed to a stateetifcycle dysregulation
Viability can be rescue upon the overexpression of PDE2 demonstrating that viability defects
are dependenbn PKA activity.
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Chapter 5

Therole of nutrient
availlability in the growth of
RasZ2°> mutant strains
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5.1 Introduction

In previous chapters wshowthat the overexpression of eithdRAS2?2%4or RAS2?2°Heads

to Rasmisslocalisationand activation at the nuclear envelope. Such localisation results in
growth defects and a loss of viability that we propose is attributabla dysregulation of the
cell cycle We established that thelow growthphenotype observed is linked elevated PKA
activity, as overexpression ®DEZn strains overexpressingAS2??or RAS2?2°Frescued

viability.

Investigations thus far involved the culturing of cells in minimal media to allow for the
selection of plasmids used in this study. W@nsistently observed that overnight cultures of
wild type cells exhibited a viability between 80 % suggesting that the media used is
limiting. However, overexpression BASded to an increase in viability in minimal media,
suggesting that the medidself may not be limiting. It may be the case that the wild type
strain used in this study is unable to access or forage for certain metabolites, leading to
reduced viability, which can be corrected upon the overexpressioRAS2 This finding
suggests aimterplay between Ras activity, utilisation of available nutrition and cell fate. We
sought to investigate whether changing the nutritional composition of growth media would
enable cells overexpressiAS2anutant alleles taesume growthin a manner analgous to

the coexpression wittPDE2.

In this chapter we focus on the effects of difpeptide availability and uptake on cell fate
within the context of Ras activation. Peptides are composed of sequences of amino acids and
once catabolized provide the essential building blocks required fotem synthesis. In
addition, certain peptides and amino acids can be utilizedr@gogen sourceandcan act as

signalling molecules that alter cell behaviour. For example, the brancheth amino acid

204



leucine, has been shown to contrbDRC1 activitp 71][172]. TORC1 senses angpe&nds to

nutrients to promote cell growth and the inhibition of catabolic processes, such as autophagy.
Branchedchain amino acids such as leucine functo® | FFSOGAYy3 (GKS Wy dzC
status of theExit fromGo/ 2 YL SEQ 6 9 Dh/ 0 rlBm Gir2drSacchaloingeysh (& D

cerevisiaepromoting growthj173][174].

In mammals, amino acids exert ajor role on the regulation of protein synthesis through

the control of the kinases mTOR and G¢h22][177]. The regulation of Gcn2 activity by

amino acid availability relies on the capacity of Gcn2 to sense the increased levels of
uncharged tRNAs upon amino acid scarfiffj7]. Upon low levels of essentiamino acids,

DOYH LIK2aLKANMNBAyRSE 2FKSd I NE20AO AYAGAFGAZY

the inhibition of protein synthesig178].

Due to the multifacetedole of amino acids and peptides in biological systems, it is therefore
not surprising that microbes have evolved a multitude of mechanisms to facilitate peptide
and amino acid uptake. The study of such mechanisms has been extensively examined in

yeast, wth amino acid uptake mechanisms presenting high conservation in mammals.

Saccharomyces cerevisibas two distinct peptide transport mechanisms, atdpeptides

(the PTR system) and a teti@entapeptides (the OPT) transport syst¢2#5][246]180]. The

PTR family of peptide transporters transport a number ofsskgtes, including amino acids,
nitrates and di/tripeptides [179]. PTR2encodes an integral membrane protein (Ptr2p)
involved in the physical translocation of peptides across the plasma membrane by the means
of proton-motive force[180]. The transporter is specific for-ripeptides, with a preference

for peptides containing hydrophobic amino acids. $n cerevisiaghe regulation

of PTRZxpression is strongly affected by the composition of the extracellular environment.
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In the absence of the preferred nitrogen souré¢&ER2xpression is inducejd81][182]. The
import of di/tripeptides composed of basic or bulky hydrophobietekminal residues
increase$? TR2Zxpression via reducing cellular levels of Cup9p, the hommeadicontaining
transcriptional repressor oPTR2 Specific di/tdpeptides function as both as ligands and
regulators of the E3 ubiquitin ligase Ubrlp. Ubrlp mediates the Cup9p degradation system
that is governed by the identity of-términal amino acid§l83]184]. Most ditripeptidesare

too small to be degraded by the proteasome and are assimilated as nutrients by intracellular
peptidases. However, di/tripeptides with basic (Type 1: His, Lys, or Arg) and bulky (Type 2: lle,
Trp, LeuTyr, or Phe) Nerminal residues can compete with larger protein substrates and bind
at the Type 1 and Type 2 Ubrlp substrairding sites. Once bound, Ubrhpediated
degradation of Cup9p is allosterically activated via the release of the Ubrlp aulbitampni
domain, revealing a substrat@inding domain that binds an internal degron in Cup®®5].

Relief of Cup9p repression BT R2esults in enhance®TR2xpression. A positive regulatory
feedback loop is created where di/tripeptide uptake perpetuates Ubrigdiated Cup9p

degadation, upregulatind®TR2Zxpressiorand thus increased di/tripeptide uptake.

Although Ptr2p is the major transporter of di/tripeptides$n cerevisigedi/tripeptides can
also be imported with a low efficacy by Dal5p, whose primary function is the ringfo
nitrogen sources, such as allantoate and ureidosuccifa85]. As aforemetioned, the
peptide transporters Optl and Opt2, which have partially overlapping functions, import
peptides of 45 residues. In addition, Optl is a high affinity importer of glutathione, a
Gy 2y Ol y 2y A OHSE7E In the\shndSvajias R&Ptr2 transporter of diftripeptides,
the expression ofOTP2is downregulated by Cup9p, whereas the expressionOHT lis
independent of Cup9g187]. In addition toPTR2and OPT2 the Nend rule pathway also

controls the expression oDAL5 but in a manner contrary to that of the other two
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transporters: whereas Cup9p is a transcriptional repressd?T®®2andOPT2 Cup9p up

regulates the expression &fAL5179]187].

In this chapter we investigate how the availability and uptake of di/tripeptides interplays with
entry andrestore growthin cells overexpressingAS222>%or RAS2?2°fmutant allelesgrown

in-URA
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5.2 Growth on nutrient rich media rescues viability in wild type cells
overexpressingRAS2225Aor RAS 2225

In Chapter 3, wahowthat the viability of wild type cells overexpressing eitliohS22250or
RAS2?25Es significantly reduced after 24 hours of growth in minimal media. We sought to
investigate whether growth on nutrient rich media, such as YPD, rescued viability in cells
overexpressindRAS2?25or RAS2%?5E To address this, a colony forrgiefficiency assay was
performed.An overnight culture was rmoculated to 2 x 19cells/ml and incubated for 24
hours. 300 cells were plated onto either selectiZdRA agar plates or YPD agar platémse

were left to incubate at 30 °C for 36 hours and the colonies were then counted to allow

guantification of colony forming units (CFUS).

All strains replated onto YPD media presented a significant increase in viability when
compared to strains growmmn SDCURA(Figure67). When compared to wild type cells
overexpressingRAS2?%%A or RAS2??°Egrown on SBURA, the replating of RAS2%?5A or
RAS$?%%Estrains onto nutrient rich agar resulted in a significant increase in colony forming
efficiency(Figue 67). No significant differences in viability were observed between wild type
cells overexpressinBAS2?2%, RAS2??5Eor an empty plasmid control when grown on YPD
(Figure67). This data indicates that overexpression of eitR&S2?2>Aor RAS2??°Ein wild

type cells does not lead to cell death but rather a cessation of proliferation. Cells were able
to re-proliferate upon replating on nutrient rich agar, providing further evidence to suggest
that overexpression dRAS2?>>%or RAS2??°Heads toa essation of growtlas opposed to cell

death in the yeast system.
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Figure 67.A colony forming efficiency assay of S. cerevisiae wild type cells overexpressing
RAS$2254 RAS2??5%r an empty plasmid control grown in SEURA media and plated on
either SBURA or YPD.

A colony forming efficiency analysis was carried out as described in Materials and Methods
(Section 2.9.3). A Oneay ANOVA using &ukeymultiple comparison test was used to
determine statistical significance. Neignificant= NS* = adjusted pvalueO0.05and *** =
adjusted p valu©0.001

5.3 Determination of the component of YPD that allou®AS2?25Aor RAS2225E
to escapegrowth cessation

5.3.1 Supplementation of Yeast Extract to minimal media rescues viability in wild
type cells expressing RASZ225A0r RAS2225E

In order to determine which component of the nutrient rich media results in the exit then
reduced growth phenotypebservedin cells overexpressingAS22254or RAS2225 YPD was
broken down into its constituent parts and these were individually added to the B{A agar

at the same concentration as seen in YPD. A colony forming efficiency assay was performed
as described in Bterials and Methods Section 2.9.3, and after 24 hours of incubation g0 SD
URA media cells were plated onto either-SRA or SQURA + Yeast Extract solid media and

the colony forming efficiency for each condition was calculated.

209



Upon growth on SJRA med supplemented with yeast extract, a significant increase in
viability was observed in all strains when compared to strains grown edFR5Figure68).
Again,no significant changes in viability were observed in wild type cells overexpressing
RAS222%0r RAS2??°Ralleles compared to the wild type control grown in @IRA plus yeast
extract(Figure68). We therefor suggest that the supplementation of yeast extract tdJ&A
media rescues viability in wild type cells overexpresBIA$2?2>*or RAS2?2*Emutant alleles

enabling cells teesume normal growth
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Figure 68.A colony forming efficiency assay of S. cerevisiae wild type cells overexpressing
RAS22254 RAS2?%r an empty plasmid control grown in SEURA media and plated on
either SDURA or SBJRA + Yeast Extract.

A colony forming efficiency analysis was carried out as described in Materials and Methods
(Section 2.9.3). A Oneay ANOVA using &ukeymultiple comparison test was used to
determine statistical significance. N@ignficant= NS, * = adjusted-palue00.05and *** =
adjusted p valu©0.001
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5.3.2 Increasing the glucose concentration in the growth media does not rescue
viability in wild type cells overexpressing RASZ2225Aor RAS 2225

It has previously been established that the addition of glucose to nutrient starved cultures
provides the stimulus for cells to exit a quiescent state andprodiferate [247]
[149][226][150]. To attest whether increasing the glucasmcentration in the growth media
would result in an increase in viability in cells overexpressing eRi#39225%or RAS222%6n

a manner resembling that of the 4@ating of cells on YPD, a colony forming efficiency assay
was conductedAfter 24 hours of growth in SPJRA, cells were plated on either-8IRA (2

% glucose) or SDRA (4 % glucose). We observed no significant difference in colony forming
efficiency in the wild type control when qglated on SBJRA containing 4 % glucod&gure

69). No rescue in the viability to that of the wild type control was observeRAS2°25or
RAS222°Emutants when plated on media containing 4 % gluc@Sigure69). We therefor
conclude that increasing the availability of glucose in the growth enelties not rescue
viability in a manner resembling that of growth on YPD. We therefor conclude that the
resumption of normal growthobserved in cells overexpressiRAS2?2>or RAS2?25Eis not

glucose dependent
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Figure 69.A colony formingefficiency assay of S. cerevisiae wild type cells overexpressing
RAS$2254 RAS2??5%r an empty plasmid control grown in SEURA media and plated on
either SBURA(2 % glucose) or SDRA(4 % glucose).

A colony forming efficiency analysis was carriet as described in Materials and Methods
(Section 2.9.3). A Orneay ANOVA using &ukeymultiple comparison test was used to
determine statistical significance. Neignificant= NS, * = adjusted-palue00.05and *** =
adjusted p valu©0.001

5.3.3 Supplementation of Peptone to minimal media increases viability of wild
type cells overexpressing RASZ225A0r RASZ225E

As we have observed that the supplementation of yeast extract tt/ BB was sufficient to
rescue the toxic effects on viability of @essing eitheRAS2??>or RAS22°Ein wild type
cells. We sort to investigate whether the supplementation of peptone, at the same
concentration seen in YPD, to-8IRA media allow cells overexpresskR@ySanutant alleles

to re-engage the cell cycléfoaddress this question, a colony forming efficiency assay was
conducted as previously described and cells were plated on eithedd 5 or SIJRA

supplemented with peptone.
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Upon growth on SIRA media supplemented with peptone, a significant increase iityab
was observed in all strains when compared to growth orURA (Figure70). Again,no
significant changes in viability were observed in wild type cells overexpreRsi8§>2>or
RAS2225Emutant alleles when compared to the wild type control grown incBIRA with the
supplementation of peptonéFigure70). We therefor propose that the supplementation of
peptone to SEURA media rescues viability in wild type cells overexpresRihg2°25*or

RAS222°Eand enables cellsscape growth cessation

NS

100 - NS
S
= o T
o
N Tk
-G ——
E 60 - * k%
'-:1 mm Wild Type + Control
E B3 wild Type + RAS25225A
= 40 : S225E
uO_ = wild Type + RAS2
>
=
o 20+
o 1
” -

0- T T
Grown in -URA Grown in -URA + Peptone

Media

Figure70. A colony forming efficiency assay of S. cerevisiae wild type cells overexpressing
RAS$2254 RAS2??5%r an empty plasmid control grown in SEURA mediaand plated on

either SDURA or SEJRA + Peptone.

A colony forming efficiency analysis was carried out as described in Materials and Methods
(Section 2.9.3). A Oneay ANOVA using &aukeymultiple comparison test was used to
determine statistical signifance. Norsignificant= NS, * = adjusted-palue00.05and *** =
adjusted p valu©0.001
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5.4 Supplementation of Peptone to minimal media increases chronological

life span of wild type cells overexpressifgAS2225A

We have previouslghownthat the overexpression dRAS2?%%Ain wild type cells lead to a
decrease in chronological life span. As the supplementation of peptone to the growth media
was shown to rescue viability in wild type cells overexpressit§3R?>, we sought to
investigate whether supplementation of peptone to SDRA media, at the same
concentration found in YPD, would lead to an increase in the chronological lifespan of cells
overexpressingRAS2?2%4 To test this hypothesis, a chronological life span assay was
conducted & described in Materials and Methods, Section 2.9.8. Cells were grown in and
then plated on SEJRA media or grown in SIRA + Peptone and then plated on media

containing SBURA + Peptone.

All strains grown in the presence of peptone presented a signific&rease in chronological
lifespan when compared to strains grown without peptone supplementaticigure71). On

day 1, the wild type control strain grown in the presence of peptone presented a significant
increase in viability when compared to the ¢l strain grown in SRJRA onlyFigure71).

At day 12, the wild type control grown with peptone supplementation showed ~40 % of the
culture still being able to form viable colonies compared to only ~20 % in the wild type control

grown without peptone(Fgure71).

Wild type cells overexpressimRAS?>>grown in SBURA + peptone, presented a significant
increase in viability after day 1 when compared to B&S222>mutant grown ingURA media
(Figure71). After day 12, wild type cells overexpressRyS2??>were unable to form viable
colonies, however when grown in media supplemented with peptone, ~20 % of cells were

able to form viable colonie@-igure71). We therefor propose that peptone supplementation
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increases chronological lifespan in allagtis and reduces the detrimental effects of the

overexpression o0RAS2?2>on chronological lifespan in wild type cells.

100+

-@- Wild Type + Control
- Wild Type + RAS 252254
-+~ Wild Type + Control + Peptone

80

4 Wild Type + RAS252254+ peptone

40

Days

Colony Forming Efficiency (%)

Figure 71.A chronological ageing assay of wild type cells over expressing RASar an

empty plasmid control grown in SQURA and plated on SDRA or grown in SIDRA +
Peptone and plated on SDRA + Peptone.

The chronological ageing assay was conducted as describe in materials and method (Section
2.9.8). The data represents an average of three biological repeats and arsordpresents

the standard erroof the mean
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5.5 Supplementation of peptone to minimal media protects cells from

necrosis

We have shown that the supplementation of peptone to&IRA increases the chronological
lifespan of all strains examed. We aimed to attest whether an increase in chronological
lifespan was coupled with a decrease in cell death. To address this question, fluorescence
activated cell sorting (FACS) was employed to analyse the levels of cell death markers in wild
type cellsoverexpressindRAS2?25Aor an empty plasmid control when grown in either 8D

URA or SQURA + peptoneloinvestigate the levels of necrosis in the wild type control and

wild type cells overexpressimRAS2??>“propidium iodide was used.

The supplementtion of peptone to SXURA significantly decreased the percentage of Pl
positive cells in all strain&igure72). No significant difference in the percentage of Pl positive
cells between wild type and thRAS2??>Aoverexpression strain were observed after 12 days
(Figures 5.6B)On day 12, cells grown without peptone supplementation presented ~40% of
the cells being PI positive, whereas cells grown in the presence of peptone presented less
than 2 % of the populatiobeing PI positivéFigure7?2). After 12 days of growth in peptone
supplemented media, no significant elevation in cell death was obseffvignire72). We
therefor conclude that peptone addition protects all strains examined from necrosis and that
necrosiscannot explain the loss of viability observed in wild typ&&iS2??>*expressing cells
during the chronological lifespan assay. However, we conclude that necrosis does account for
a significant proportion of dead cells after day 6 of the chronologigalre assay and that

this is prevented by peptone supplementation to the media.
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Figure 72. A bar chart presenting the percentage of Pl positive cells in wild type cells
overexpressing RASZ5or an empty plasmid control grown iHJRA (A) orURA + Peptone

(B)

(A) A bar chart presenting the percentage of PI positive cells in wild type cells overexpressing
RAS$22%0r an empty plasmid control. Strains were grown iAl8EA and measurements were
taken over a 1z2lay period of continuous incubation. Cells were incubated with Pl in a 96 well
plate for 15 minutes to measure cell death. The data displayed is an aveithgeeobiological
repeats. (B) A bar chart presenting the percentage of Pl positive cells in wild type cells
overexpressing RAS2Aor an empty plasmid control. Strains were grown inl8SEA +
Peptone and measurements were taken over aag period of cotnuous incubation. Cells

were incubated with Pl in a 96 well plate for 15 minutes to measure cell death. The data
displayed is an avage of three biological repeats and error represent standard deviation.

5.6 Supplementation of peptone to minimal medieetards ROS accumulation
in cells

The supplementation of peptone to the growth media increased the chronological life span
of all strains examined and reduced the levels of necrosis within the population. We therefor
sort to attest whether the supplemeation of peptone reduced the accumulation of ROS, a
marker attributed to cell death, in all strains examined. To investigate the levels of cell death
in cells overexpressinBAS2??°or an empty plasmid control, fluorescenaetivated cell

sorting (FACSyas utilised. This floveytometry-basedtechnique was used to determine

217



whether the overexpression 0RAS2?%%A results in an increase in ROS. The dye
dihydroethidium (DHE) was used to analyse superoxide levels within cells. During the first six
days of icubation, the addition of peptone to the growth media reduced the percentage of
DHE positive cells in all strains examined when compared to cells grown;lWRSD(Figure

73). Between days 1 and 4 in strains grown in the presence of peptone, less thah thébo

cell population tested positive for elevated DHEgure 73). However, at day 12, the
supplementation of peptone did not reduce the percentage of DHE positive cells when
compared to the strains grown in SDRA onlyFigure73). We propose that theddition of
peptone to the growth media protects all strains examined from ROS accumulation during
the first 6 days of incubation. We suggest that ROS accumulation cannot explain the loss in
viability of cells until the last two time points of the chrongical ageing assay, where

elevated ROS contributes significantly.
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Figure 73.A bar chart presenting the percentage of DHE positive cells in wild type cells
overexpressing RASZ5or an empty plasmid control grown iHJRA (A) orURA + Peptone

(B)

A)A bar chart presenting the percentage of DHE positive cells in wild type cells overexpressing
RAS2?25%or an empty plasmid control. Strains were grown illA and measurements were
taken over a 12lay period of continuous incubation. Cells were incubated with DHE in a 96
well plate for 15 minutes to measure superoxide production. The data displayed is an average
of three biological repeats. (B) A bar chart presenting the percentB¢l& positive cells in

wild type cells overexpressing RB3Zor an empty plasmid control. Strains were grown in
SDURA + peptone and measurements were taken over -day2period of continuous
incubation. Cells were incubated with DHE in a 96 well gated5 minutes to measure
superoxide production. The data displayed is an avedhree biological repeats and error
bars represent standard deviation.

5.7 Supplementation of Peptone to minimal media protects cells from

oxidative stress

We have previouslghownthat the overexpression of eithdRAS2??>*or RAS2?2Ein wild

type cells leads to an increase in hydrogen peroxide sensitivity when compared to the wild
type control andRASverexpression strain. We have shown that the suppatation of
peptone to minimal media resulted in increased chronological life span and overall decrease
in cell death and stress in all strains examined. We sought to investigate whether the
supplementation of peptone to SQURA media containing differertoncentrations of
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hydrogen peroxide would rescue the hydrogen peroxide sensitivity previously observed upon
the overexpression oRAS2??5or RAS2?%5Ein wild type cells. To investigate the effect of
oxidative stress on wild type cells expresSRS2RA522%, RAS2?25F0r an empty plasmid

control, a blotting assay was conducted as described in Materials and Methods, Section 2.9.5.

On the SBURA control plate, which did not contain® or peptone, a reduction in growth

can be observed in cells expressiRg2522>*or RAS2??°kwhen compared to the control
strain (Figure74). Upon the supplementation of peptone to the control plate, the reduced
growth observed in cells overexpressiR2522>*or RAS2??55s rescuedFigure74). In the
absence of peptone, as the concentration of hydrogen peroxide is increased, the growth of
the wild type cells overexpressifiRAS2?2>%or RAS2??5fecreasegFigure74). At a hydrogen
peroxide concentratino of 3 mM, we observed growth in both the control strain and R&S2
overexpressionstrain, but growth was absent in wild type cells overexpressing either
RAR522%40r RAS222K(Figure74). However, in the presence of peptone, all strains assayed
grew on all concentrations of hydrogen peroxidé&igure 74). As the concentration of
hydrogen peroxide was increased, we observed no significant decrease in growth across all

strains (Figur&4). We therefor propose that peptone supplementation is protective against
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peroxide stress in wild type cells overexpressRS2 RAZS??5) RAS2??5Eor an empty

plasmid control.

A) Control- No H,0,
Supplementation

1mM H,0, 2mM H,0, 3mM H,0,

Figure 74. Spotting assay of wild type cells overexpressing RAS2,SRAFRASS??5For an

empty plasmid control grown oRURA (A) orURA + Peptone (B) in the presence of hydrogen
peroxide.

(A) Spotting assay of wild type cells overexpressing RASZE’RARRAS??5Eor an empty
plasmid controlCells were serialliluted from 2*1076/ml to 2*10”3/ml and plated onto SD
-URA plates supplemented with increasing concentrations of hydrogen peroxide. (B) Spotting
assay of wild type cells overexpressing RAS2 RAGRAS??5F0r an empty plasmid control.

Cells were sdally diluted from 2*1076/ml to 2*1073/ml and plated onto SDRA plates
containing peptone and supplemented with increasing concentrations of hydrogen peroxide.

Wild Type + Control
Wild Type + RAS2
Wild Type + RAS25225A

Wild Type + RAS25225E
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Increasing Dilution
Wild Type + Control
Wild Type + RAS2
Wild Type + RAS25225A

Wild Type + RAS25225E

Increasing Dilution

5.8 Leucine supplementation does not rescue viability in wild type cells
overexpressindRASZ2Aor RAS2225E

Certain peptides and amino acids can be utilized as a nitrogen source and can act as signalling
molecules that alter cell behaviour. For example, the branetigain amino acid leucine, has
been shown to controTORC1 activijl 71][172]. TORC1 senses and responds to nutrients to

promote cell growth and the inhibition of catabolic processes, such as autophagy. Branched
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chain amino acids such as leucine functo® | FFSOGAYy3 GKS WydzOf S2i
the Exit fromGo/ 2 Y LJX S E ) GT®&® kubunits Gtrl and Gtr2Saccharomyces

cerevisiag173][174].

We hypothesize that growth o¥iPD and supplementation of either yeast extract or peptone

to SDCURA media increases the concentration of amino acids within the media. As leucine
concentrations have been positively correlated with ggthwth, we investigated whether
increasing the corentration of leucine in the media rescues viability in wild type cells
overexpressindRAS2?252or RAS2??5E A colony forming efficiency assay was conducted as
previously described in methods and materials, Section 2.9.3. Cells were plated on either SD
URA or SBURA supplemented witv p 1 >adfl kel€ibie. The normal levels of leucine
required in the medium for the growth @. cerevisiaé NB 0 n A syhet)t tomplete

6{/ 0 'w! RNRL) 2dzi YAEGdzNBE 2F IYAy2 | OAR& FN
ledzOAYyS® 2SS AYyONBFaSR (KS fS@Sta 2F fSdzOAyYyS
leucine to the SQURA media and investigated whether additional leucine supplementation
resulted in pronounced changes in viability of wild type cells overexpreSA8¢2%>"or

RAS222H Figure75).

We observed no significant difference in colony forming efficiency in the wild type control
whenreplatedon SB w! adzlJLJX SYSY(GSR ¢ A 0K #bpNorescHxinyt 2F
the viability to that of the wild type control was observedRAS2?2>*or RAS 2?26 mutants

when plated on media containing additional leucine (Figifse We therefor conclude that
increasing the availability of leucine in the growth rieedoes not rescue viability in a manner
resembling that of growth on YPD. We therefor conclude that the exit fyomth cessation

observed in cells overexpressiRAS2%?>"or RAS2??°Hs notleucine dependent
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Figure 75.A colony formingefficiency assay of S. cerevisiae wild type cells overexpressing
RAS$2254 RAS2??5%r an empty plasmid control grown in SEURA media and plated on
either SBURAorSB w! b wmMpn >3IkYE 2F fSdzOAySo

A colony forming efficiency analysis was carried oudesribed in Materials and Methods
(Section 2.9.3). A Orneay ANOVA using &ukeymultiple comparison test was used to
determine statistical significance. Neignificant= NS* = adjusted pvalueO0.05and *** =
adjusted p valu©0.001

5.9 Deletion ofthe di/tri -peptide transporterPTRaZloes not further

attenuate viability in wild type cells overexpressingAS222>r RAS2225E

mutant alleles

We suggesthat the supplementation of either yeast extract or peptone to minimal media is
sufficient to allow wild type cells expressiR&S2?2>%or RAS2?2°%0 re-engage the cell cycle

We hypothesized that both peptone and yeast extract may share a common niig¢gbpto

which the increase in the viability observed can be attributed to.

Peptone is produced by the enzymatic digest of proteins, producing vealeble, protein

hydrolysates of northemically defined nature, containing peptides, amino acids, and
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inorganic salts, but devoid of lipids and sugars. Whereas yeast extract consists of the
intracellular content of yeast cells upon removal of the cell wall. Upon the analysis of the two
ingredients, we observed that both ingredients provide a source tfip@ptidesto the cells.

We hypothesized that the increase in viability observed in wild type cells overexpressing the
RAS2?2%A0r RAS2??5Emutant alleles upon the supplementation of either yeast extract or

peptone to the media is a result of elevatedrentellular levels of di/trpeptides within cells.

In S. cerevisige the uptake of diripeptides is predominantly performed by the
transmembrane peptide transporter Ptr2p. We hypothesized that the deletioRTdR2n

wild type cells overexpressingAS22°4 or RAS2?25Ewould further attenuate viability To
attest this hypothesis, plasmids overexpressR§S2??%4 RAS2??5For an empty plasmid
control were introduced into @ LJ{bkdkground and a colony forming efficiency assay was
performed as described in Materials and Methods, Section 2.9.3. The deletforRin wild
type cells expressing the empty plasmid control presented no significant changes in viability
when compared @ the wild type controFigure76). In wild type strains expressing either
RAS$22%40r RAS2?25Ethe deletion ofPTRZesulted in ~20 % of cells within the population
being able to form colony forming uni{Eigure76), presenting no difference in viatyl when
compared wild type cells overexpressiR4S2?25%or RAS2??5fmutant allelegFigure76). We
therefor propose that the deletion dPTRaloes not further attenuate viability in wild type

cells expressing eithd®AS2?>>or RAS2?25E
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Figure 76 A colony forming efficiency assay of S. cerevisiae wild typenptr2 cells
overexpressindRAS5%?%) RASS?2%pr an empty plasmid control grown in SJRA media.

A colony forming efficiency analysigs carried out as described Materials and Methods
(Section 2.9.3). A Omeay ANOVA using a Duntetmultiple comparison test was used to
determine statistical significance. N@ignificant= NS, * = adjusted-yalue00.05and *** =
adjusted p valu©0.001

5.10 Deletion ofCUP9n wild type cells overexpressinBAS22254or RAS2225E
rescues growth defects

Expression of théTR2peptide transporter is induced by dipeptides with destabilizing N
terminal residues. These dipeptides bind to Ubrlp, the ubiquitin ligase of tead\ule
pathway, and allosterically accelerate the Unldpendent degradation of Cup9p, a
transcriptional repressor d?TR2Ubr1p targets Cup9p through its internal degf{@B5]. We
have previously shown that deletion BTRZresented no significant changes in viability in
wild type cells overexpressif@AS2?2°Aor RAS2??Emutant alleles. We hypothesized that

increasingPTR2expression and thus increasing difpeptide transport in wild type cells
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overexpressing eithelRAS2?25A or RAS2?2°E may enhance viabilityTo increase PTR2
expression, we deleted the gene encoding for the transcriptional represseirB2 CUP9
Plasmids encoding eith&AS2??5%or RAS2225For an empty plasmid control were introduced
into apcup9background and a growth analysis was conducted as destin Materials and

Methods, Section 2.9.1.

We observed no significant growth defects ficup9 strains overexpressinRAS2??5Aor
RAS2?2°Emutant alleles when compared to the wild type contr@igure 77) with no
significant differences in growth ratebservedFigure78). Deletion ofCUP9n wild type cells
rescues the growth defects previously observed when overexpreSsh®p?2>or RAS9?25E

in wild type cells.
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Figure 77.Growth analysis of S. cerevisiae wild type agdO dztédfs overexpressing
RAS$2254 RAS9%?5Fgr empty plasmid control.

The growth analysisas carried out in SQURA media as described in Materials and Methods
(Section 2.9.1). This data representsaaerage of three biological repeats and error bars
represent the standard deviation.
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Figure 78.Growth rate analysis of S. cerevisiae wild type jpcup9 cells overexpressing
RAS22254 RAS$?%°For an empty plasmid control.

The growth rate analysis was carried out as described in Materials and Methods (Section
2.9.1). The data represents an average of three biological repeats and error bars represents

the standard deviation. A Ongay ANOVA using a Dunnets multiple comparisstwas used
to determine statistical significance. Nsignificant= NS, * = adjustedyalue00.05and ***

= adjusted p valu®0.001.
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5.11 Deletion ofCUP9n wild type cells expressinRAS2nutant alleles
rescues viability

To determine whether th overexpression of eithdRAS2??5Aor RAS2?25Baffects viability in
ancup9background aviability assay was conducted as described in Materials and Methods,
Section 2.9.3 The deletion GUP9n wild type cells expressing a plasmid control presented
no significant change in viability when compared to the wild type contFajure 79).
Interestingly, the overexpression &AS22%°Ein a ncup9 background lead to a significant
increase in viabtly when compared to the wild type contr@Figure79). Furthermore, the
overexpression oRAS2??%Ain anpcup9background lead to no significant changes in viability
when compared to the wild type contrdFigure79). Our data suggests that the deletion of
CUP9in wild type cells overexpressingAS2*?>Aor RAS2??°Eprevents the toxic gain of
function of the overexpression of eith&AS22?°or RAS2?258n wild type cells and prevents

cells fromdisengaging the cell cycle
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Figure 79.A colony forming efficiency assay of S. cerevisiae wild typenoup9 cells
overexpressindRAS 2225 RAS2?25%r an empty plasmid control grown in SEJRA media.

A colony forming efficiency analysiss carried out as described in Materialsd Methods
(Section 2.9.3). The data represents an average of three biological repeats and error bars
represents the standard deviation. A Gmay ANOVA using a Durtite multiple comparison

test was used to determine statistical significance. iigmifiant = NS, * = adjusted-ypalue
00.05and *** = adjusted p valu©0.001.

5.12 Deletion ofUBR1does not further attenuate viability in wild type cells
overexpressingRAS222%4or RAS 2225E

We have previously shown that the deletion@UPescues the growth defects induced by
the overexpression of eitheRAS2?252or RAS2?%°Ein wild type cells. We hypothesize that
deletion of CUP9 increasesPTR2expression thus increasing the transportation of di
tripeptides into the cell and restoringiability. As Ubrlp degrades cellular Cup9p, we
hypothesize that the deletion dBR1in wild type cells will increase the levels of cellular
Cup9p and thus decrease the expressioR©R2vhich may further decrease viability in wild

type cells overexpressy either RAS2??>Aor RAS2?2°E To attest this hypothesis, plasmids
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encodingRAS2225, RAS225For an empty plasmid control were introduced intguabrl strain
and a colony forming efficiency assay was conducted as described in Materials and Methods,

Section 2.9.3).

The expression of an empty plasmid control imwbrl background lead to no significant
changes in viability when compared to the wild type con{fogure80). The overexpression

of either RAS2??>%0r RAS2?2°6n aUBRdeletion strain lead to a decrease in viability when
compared to the control strain@~igure80). The viability ofiubrl strains expressing either
RAS222%%0r RAS2?2%Rvas ~20%, which mirrors that seen in wild type cells overexpressing the
RAS222%r RAS2225Emutant alleles(Figure30). We therefor propose that the deletion of
UBR1in wild type cells overexpressifgAS2?2>Aor RAS2??5Edoes not lead to a further
attenuation of viability.
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Figure 80.A colony forming efficiency assay of S.reeisiae wild type ornubrl cells
overexpressindRAS 22254 RAS2??5%r an empty plasmid control grown in SQJRA media.

A colony forming efficiency analysvas carried out as described in Materials and Methods
(Section 2.9.3). The data representsauerage of three biological repeats and error bars
represents the standard deviation. A Gmay ANOVA using a Durtte multiple comparison
test was used to determine statistical significance. digmificant= NS, * = adjusted-palue
00.05and *** = adjusted p valued0.001.
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5.13The effects of dpeptide supplementation on the viability of wild type
cells overexpressing thRASZnutant alleles

We haveshownthat the deletionof CUP9n wild type cells overexpressing eith@AS2225A
or RAS2??5Erescues both growth and viability. We hypothesize that the deletio@0P9
relievesPTRZrom repression and increases its expression. We propose that incréaged
expression will lead televatedi/tri-peptide uptake into cells which may result irethrescue

of the growth defects observed in wild type cells overexpresBiA§ 225" or RAS2?25E

It has been previousligevealedthat the regulation ofPTRZxpression irS. cerevisiaes also
influenced by the extracellular environment. In particulatdipeptides have been identified
to induce PTR2expression[185][182][179]. Furthermore, the import of di/trpeptides
comprised of basic or bulky hydrophobict&minal residues have alsbeen shown to
increasePTR2expression via the reduction of cellular levels of i€ER2repressor Cup9p

[185].

In order to increas@®TRZxpression without the deletion of its repressGtJP9n wild type

cells overexpressingAS222%, we proposed to utilize the positive regtiay feedback loop
mediated by di/tripeptide uptake by the supplementation of peptides containing bulky and
basic Nterminal residues to the¢URA growth media. We hypothesize that the
supplementation of these specific thipeptides will upregulatePTR2expression and thus
increase di/tripeptide uptake and enable wild type cells overexpres®R#52?2°Ato exit
growth cessationTo attest this hypothesis, a colony forming efficiency assay was performed
as described in (Materials and Methods, Section 2.9.4) and after 24 hours of incubation in SD

CURA media, cells were plated onto eithe-SRA or SQURA with the addition of a sgific
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di-peptide at a 1 mM concentration. After 36 hours of incubation the colony forming

efficiency for each condition was calculated.

Surprisingly, no significant difference in viability was observed in all strains grown in the
presence of any of the gpplemented dipeptides(Figure81). No increase in viability to that

of the wild type was observed in tHeAS2??> mutant upon supplementation of any of the
di/tripeptidesto the minimal medigFigure81). We therefor conclude that the presence of
either LeuLeu, AlaLeu, TyreAla or HisLeu at a 1 mM concentration does increase viability

in wild type cells overexpressifRAS2??® in the conditions used.
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Figure 81.A colony forming efficiency assay of S. cerevisiae wild type cells overexpressing
RAS222%A0r an empty plasmid control grown in SEURA media and plated on SDRA
supplemented with a dpeptide at a 1 mM concentration.

A colony forming efficiency analysigs carried out as described in Materials and Methods
(Section 2.9.4). The data represents an average of three biological repeats and error bars
represents the standard deviation.
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The supplementation of either Leuckheucine, Alalindeucine, Tyrosinrdlaline or
HistadineLeucine dipeptides to the growth media at a 1 mM concentration did not rescue
viability in wild type cells overexpressiRpS2?2> We hypothesized that combining all the
previously examined dipemies together in the growth media may present changes in
viability of theRAS2?25*mutant, which were not observed previously when dipeptides were
supplemented to the growth media singularly. To attest this hypothesis, a colony forming
efficiency assay wasonducted as previously described in Materials and Methods, Section
2.9.4. Cells were plated onto $DRA media containing the following dipeptides at a 1 mM
concentration, Leucinéeucine, Alalind.eucine, Tyrosindlaline and Histadinkéeucine. The
supdementation of the dipeptide mix did not result in a rescue of viability in wild type cells
overexpressindRAS2??>when compared to the wild type contr@Figure82). We conclude

that the supplementation of the dipeptides examined in this study, eitleteal singularly or
combined together, failed to produce any significant changes in the viability of either the wild

type control or theRAS2?25*mutant when compared to cells grown on-8IRA media.
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Figure 82.A colony forming efficiency assay of S. cerevisiae wild type cells overexpressing
RAS222%A0r an empty plasmid control grown in SBURA media and plated on SORA
supplemented with the dipeptides; Leucind_eucine, Alalind_eucine, Tyrosindlaline and
Histadine-Leucine at a 1 mM concentration.

A colony forming efficiency analysigs carried out as described in Materials and Methods
(Section 2.9.1). The data represents an average of three biological repeats and error bars
represents the standard deviatioA Oneway ANOVA using a Durtite multiple comparison

test was used to determine statistical significance. idigmificant= NS, * = adjusted-ypalue
00.05and *** = adjusted p valu©0.001.

5.14Discussion

In previous chapters weuggesthat the overexpression of eithd®AS2??>or RAS2?*°Heads

to the miss localisatiorof active Ras to the nuclear envelope. Such localisation results in
growth defects and a loss of viability that we believe to be attributableeiegulation in the

cel cycle We established that thelow growthphenotype observed is linked to elevated PKA
activity, as overexpression &DE2n strains overexpressingAS2?2>*or RAS2??°Frescued
viability. We sought to investigate whether changing the nutrition availability would enable
cells overexpressingAS2anutant alleles taestore growth and viabilitjn manner analogous

to the coexpression witHPDEZ2.
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We showthat the growth of wid type cells overexpressimRAS?25%or RAS2?255on nutrient
rich media, such as YPD, rescued viabilte therefore propose that the overexpression of
eitherRAS2??5%or RAS2?258n wild type cells does not lead to cell death but rather a cessation
of proliferation, as cells were able to-proliferate upon replating on nutrient rich agar. This
provides further evidence to suggest that the overexpressioRAE2??°or RAS2??°Heads

to a cessation of growtlin the yeast system opposed to celladb. To determine which
component of the nutrient rich media results in tmeengaging of the cell cycl&PD was
broken down into its constituent parts and these were individually added to the B{A agar

at the same concentration as seen in YPD. Mipbédssays were conducted and the
supplementation of both yeast extract or peptone to 8DRA media resulted in a rescue of
viability in wild type cells overexpressiRAS2?2>*or RAS2?25E Interestingly, increasing the
availability of either glucose or leucine to cells overexpresBiA§22%>*or RAS2?25Kid not
lead to any changes in viability. This indicates that the nature o$linve growth phenotype
seen upon overexpression RAS2nutant alleles is not mediated through glucose and leucine

levels.

The effects of peptone supplementation were investigated further with regards to its effect
on chronological life span, cell death and oxidative stress sensitivity. In wild type cells
overexpressingRAS2?2%A or RAS2?2%) the supplementation of peptone increased the
chronological life span of cells and decreased the levels of both necrosis and ROS in the cell

population.

We showthat the supplementation of either yeast extract or peptone to minimal media is
sufficient to allow wild type cells expressiRAS2??>"or RAS2??°Fto restore growth We

hypothesized that both peptone and yeast extract may share a common metabolite(s) to
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which the increase in the viability observed can be attributed ttipon the analysis of the

two ingredients, we observed that both ingredients provide a source tfipptidesto the

cells. We hypothesized that the increase in viability observed in wild type cells overexpressing
the RAS2??5%or RAS2??5fmutant alleles upon the supplementation of either yeast extract or

peptone to the media is a result of elevated intraceliuvels of di/tripeptides within cells.

In S. cerevisige the uptake of diripeptides is predominantly performed by the
transmembrane peptide transporter Ptr2poreduce the intracellular levels of difpeptides,
PTR2vas deleted in cells overexprasg RAS2nutant alleles. Surprisingly, the deletion of
PTR2presents no significant changes in viability. However, the deletiolCOP9 the
transcriptional repressor dTR2rescued both growth and viability defects. We propose that
the deletion ofCUP9ncreasedPTRZxpression, increases peptide uptake and allowing cells
to reengage in the cell cycl@his data indicates anterplay between Ras activity, utilisation

of available nutrition and cell fate.

To further investigate the effects of diftpeptide uptake on the viability of cells
overexpressing eitheRAS2?25%or RASP®?E the dipeptides; Ledleu, AlaLeu, TyreAla or His

Leu were supplemented to the growth media and viability assays conducted. However, no
significant effects on cell viability were observed upon the addition of any of themtides.

We then hypothesisethat the rescue of viability observed in cells overexpresSAg2?2°4

or RAS2??°fmay not be mediated by a single-piéptide but rather a combination. To attest

this the dipeptides previously examinedere added together in the growth media and
viability assays were conducted. However, no change in viability was recorded in wild type

cells overexpressinBAS2mutant alleles. We therefor propose that the rescue in viability
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observed from growth on YPD, supplementation of either peptone or yeast andatelefti

CUPS3s not wholly attributable to an increase in di/tripeptide uptake.

Although unlikely, it is possible that the growth of wild type cells in nutrient rich media may
result in a reduction of plasmid copy number. In this scenarteduction in cgpy number of
either the plasmids expressingAS222>*or RAS2??5Ein wild type cells could explain the
increase in viability observedhengrown in YPD media when compared to cells grown in SD
CURA media. This is an important considerations and furthewestigations must be
conducted to address this questiolm the next chapterve investigate the global effects of
the overexpression of eitheRAS2??°A or RAS2??°Ein wild type cells via genomeide

transcriptome analysis.
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Chaptel6

Transcriptome analysis of
RAS222°%0r RAS242°F
overexpressing cells
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6.1 Introduction

Quiescence in yeast cells is definedaasemporary norproliferating cellular stateIn S.
cerevisiagquiescent cells display a number of specific characteristics that differentiate them
from proliferating cells: the overall transcription rate is substantially red2a]; the rate

of overall protein synthesis is reduced to approximately 0.3 % of that observed in exponential
cultures [248]; the expression of specific gene sets is severely downregulated e.g. genes

encoding ribosomal proteifig49]; and chromosomes are condensib0].

In previous chapters wesuggestthat the overexpression of eitheRAS2?25#or RAS2%?5Ein

wild type cells leads to gvath defects and a loss of viability that we propose to be attributable
to a dysregulation in the cell cyclé&/esuggesthat the slow growthphenotype is mediated
through the Ras/CAMP/PKA pathway as suppression of this pathway, through the
overexpression oPDEZ2 leads to a complete rescue of viability agwbwth. In addition, we
show that increasing the nutrient availability to cells overexpresdt®S2mutant alleles,
either through growth on nutrient rich media or through deletion@gP9 also resultsn a
rescue of the loss of viability phenotype. We therefore sought to investigate the gene
expression patterns that govern theeduced growthphenotype observed using an RNA

sequencing approach.

6.2 lllumina library preparation and RNA sequencing

After 24 hours of growth,dtal RNA was extracted biological triplicate from wild type cells
overexpressiniRAS22254 RAS2??5For containing an empty plasmigsingthe E.Z.N.AMYeast
RNA Kit as detailed in Materials and Methp8sction 2.7.4After extraction, RNA purity was

estimated using NanoDrop NELOOO spectrophotometer and setd the Centre for Genome
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