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Summary

Gliotoxin is a toxic fungal metabolite that is producedAsgergillus fumigatus,
amongst other species. Gliotoxin contains a disulfide bridge thdideas significantly
implicated in its toxicity. Research has demonstrated thabtogin displays
immunomodulating capacity and anti-viral activity, and induces apopasisiecrosis.
The gli gene cluster responsible for gliotoxin biosynthesis has receedy identified
and is continually being further characterised. In this study, esedenprovided that
strongly suggests gliotoxin exposure causes conditions of oxidags §tryeast cells.
Additionally, theGIiT gene, which is part of the said gliotoxin biosynthesis cluster, is
shown to confer resistance to gliotoxinSsccharomyces cerevisiae.

Prions are infectious proteins that are known to be responsibleniamber of
neurodegenerative disorders in mammals, such as CreutzfeldtDelease (CJD) and
Bovine Spongiform Encephalopathy (BSE). Fungal prions also existhvgiovide a
useful tool for studying the propagation of these non-mendelian gesletnents.
Possibly the most widely-studie®l cerevisiae prion is PS*], which is the prion form
of Sup35p, a protein that functions in translation termination. In this study, the effects
three prion-curing agents, Tacrine, 6-aminophenanthridine and GuanabeR8gn |
have been studied. The ability of all three drugs to de®'] has been demonstrated.
From investigating the Tacrine mode of action, it appears tistdtug may inhibit
Hsp104p, a chaperone that is involved in prion propagation. Differences nmothe of
action of Tacrine, compared to 6-aminophenanthridine and Guanabenz labeeais
highlighted. Additional results suggest that Ltvlp and Yarlp, which coreribut
ribosome stability, are important for regular recovery from heats thus potentially

implicating them in prion propagation.
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Chapter 1 Introduction



Part 1 Using Saccharomyces cerevisiae as a model organism to
investigate the eukaryotic response to the toxic hgal metabolite
gliotoxin

1.1  Aspergillusfumigatus, a pathogenic fungus

Aspergillus fumigatus, one of the sixAspergillus subgenera, is a ubiquitous,
saprophytic fungus described in 1863 by Fresenius following isoldanavian lungs
(Pitt, 1994).Aspergillus species naturally occur in soil and organic matter undergoing
decomposition and their ability to form spores allows for widespadamination
(Hinson et al., 1952). The number of airborne spores has been reported to be more
elevated in winter, with increase in water presence from fthiaf@a decay of plant
vegetation being principal causes suggested for this (Mdials, 1976).

The fact thatA. fumigatus spores are just 2.5-3 um in diameter allows easy
access to mammalian hosts via inhalation followed by accumulatiotodugigh level
of spore thermotolerance (Bateman, 1994). Colonisation by this fungugvearise to
a number of different types of host infections (figure 1.1), uswjyending on host
predisposition. Pulmonary migration leading to allergic bronchopulmasqsrgillosis
(ABPA) has been mainly found to occur in those suffering from pulmyodseases
such as cystic fibrosis and prolonged asthma (Bard@amh, 1975, Louridas, 1976,
Laufer et al., 1984, Soubani and Chandrasekar, 2002). Aspergillomas, fungal masses
composed of mycelia and mucous, were first described by Deve (28d88re also
characteristic of Aspergillus infection. These assemblages form in pre-existing
pulmonary cavities that are often remnant of tuberculosis iofecsarcoidosis and
severe pneumonia (Hinsoet al., 1952, Tomlinson and Sahn, 1987). Invasive
aspergillosis (IA) has been found to affect the immunocompromisedding those
infected with HIV, cancer patients and people who have undergone transytgery

(Meunier-Carpentier, 1983, Weilamtal., 1983, Trullet al., 1985, Marisavlje\d et al.,



1989, Rodriguez-Arrondet al., 1991). IA usually occurs following. fumigatus entry
though the respiratory tract, damaged skin, operative wounds, the #s oornea
(Denning, 1998). This is the most deadly form of colonisation andt ititgreated can
result in a mortality rate of almost 100% (Denning, 1996).

A. fumigatus has the capacity to form biofilm on bronchial epithelial cells and
this form of growth displays increased resistance to drug tezait(Beidlert al., 2008,

Beauvais and Miuller, 2009, Milletal., 2011).
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Figure 1.1 A = Image ofA. fumigatus. B = A. fumigatus biofilm on bronchial
epithelial cells. C = Aspergilloma in lung of child suffering from leulaemia.
Images from www.aspergillus.org.uk

A range of secondary metabolites are producedAbyumigatus that are
contributory factors to fungal pathogenicity, such as restrictoeerruculogen,
fumagillin, helvolic acid, ergot alkaloids, fumitremorgin and impotiangliotoxin

(Dagenais and Keller, 2009). It is thought that mycotoxins sutiieas are produced to



assist the fungus in evading the host immune system and fagjlit@lonisation (Latge,

1999).

1.2  Gliotoxin
1.2.1 Structure and description

Gliotoxin (figure 1.2) is a 326 Da fungal metabolite producedbfumigatus,
in addition to certain strains ofrichoderma and Gliocladium and a number of
Penicillium and Candida species (Weindling and Emerson, 1936, Shah and Larsen,
1991, Richardet al., 1994, Kamei and Watanabe, 2005). This highly toxic
epipolythiodioxopiperazine (ETP) contains a redox-sensitive disulfidelgdari
characteristic of this group of toxins, which is implicatedAinfumigatus virulence
(Trown and Bilello, 1972, Millbachest al., 1986). Diketopiperazines are the smallest
cyclic peptides documented, containing a heterocyclic system, ertdxgi falls into
this group (Martins and Carvalho, 2007, Gressal., 2010). The core ETP moiety
amino acids of this toxin are phenylalanine and serine (SuhadolnilChedowith,

1958, Winstead and Suhadolnik, 1960, Gardanhat., 2005).

Figure 1.2 Structure of gliotoxin.Image from www.aspergillus.org.uk

This nonribosomal peptide is just one of at least fourteen ETPs dotxdrie
date (Gardineet al., 2005). Gliotoxin can occur in the oxidised (natural) form, depicted

in figure 1.2, or in the reduced (dithiol) form if the disulfide bridges lundergone



reduction by a suitable reducing agent such as glutathione, as distatsese(Trown

and Bilello, 1972, Eichneat al., 1988).

1.2.2 Production

In addition toA. fumigatus, the specied\. niger, A. terrus andA. flavus have
been reported to produce gliotoxin, although notAsflergillus species appear to. Of
these specieA. fumigatus was documented as the isolate that consistently produced the
highest level of the toxin (Lewig al., 2005, Kupfahkt al., 2008). Gliotoxin appears to
be heavily involved inA. fumigatus cytotoxicity due to its high production level,
however, in the other strains mentioned above, the low level of the tererajed is
thought to be inadequate to influence cytotoxic effects of the stfdunsfahl et al.,
2008).

During biofilm formation, there is a strong increase in the espresof
gliotoxin by A. fumigatus, while there is a reduction in the level of metabolic activity
(Bruns et al., 2010). A twelve-gene clustegl( cluster) has been identified as being
responsible for gliotoxin production ¥ fumigatus, and has similarity to that culpable
for the generation of another ETP, sirodesmin,eptosphaeria maculans (Gardineret
al., 2004, Gardiner and Howlett, 2005). This cluster, illustrated in figure 1s3bden
predicted to produce a zinc finger transcription factor encodedglig, an
aminocyclopropane carboxylic acid synthase encodeglibhya dipeptidase encoded by
gliJ, a peptide synthetase encoded ghy°, two cytochrome P450 monooxygenases
encoded byliC andgliF, an O-methyl transferase encodeddbyv, a glutathione S-
transferase encoded Ilg/iG, a hypothetical protein encoded bliK, a transporter
protein encoded byliA, a methyl transferase encoded glyN and a thioredoxin

reductase encoded Ig)iT. Interestingly, gliotoxin presence has been shown to induce



upregulation of genes belonging to this cluster (Craeheal., 2006, Schrettkt al.,

2010).

— ke

gliz glil gliJ gliP  gliC gliM gliG glikK gliA gliN gliF gliT

Figure 1.3 12-gene gliotoxin biosynthetic clustegli cluster. Image reproduced from
Gardiner and Howlett (2005).

There is still much to be elucidated on the subject of gliotoxinybtbssis and
release. For gliotoxin to be synthesised\iriumigatus, GliZp must be present, which is
responsible for the transcriptional expression of other genes ghi ttlester (Boket al.,
2006). GliPp has been determined to be a nonribosomal peptide synthe®azg) (N
involved in the formation of the gliotoxin diketopiperazine scaffoldifa and Walsh,
2006, Crameet al., 2006). A shunt metabolite has been identified by Detvas. (2011)
that accumulates in the absence of GliGp and lacks sulfur atomssaeg for disulfide
bridge formation. It has been suggested that the glutathione SetasesfGliGp is
involved in the addition of sulfur to the precursor of this shunt metapdiigd can
subsequently be transformed into gliotoxin (Dastisal., 2011). Disruption of either
GliGp or GliPp renderg\. fumigatus unable to produce gliotoxin (Crameiral., 2006,
Kupfahl et al., 2006, Davist al., 2011). Schretttt al. (2010) predict that prior to efflux,
gliotoxin may undergo importation into intracellular vesicles for storage.

Is has been proposed that another protein, LaeAp, plays an importam role i
secondary metabolism regulationAgpergillus species, impacting on the ability of the
fungus to colonise the host (Bok and Keller, 2004).fumigatus AlaeA exhibits

impaired virulence affiliated with loss of gliotoxin production (Bablal., 2005).



1.2.3 General effects of gliotoxin

There are two principal ways in which gliotoxin has been shown tiseca
deleterious effects in the cell. Firstly, the functionally ipdissible disulfide bridge can
conjugate to proteins that have susceptible thiol residues, leadingtémpnactivation
e.g. the transcription factor NF-kB which plays a key role in imenresponse (Padl
al., 1996, Gardineet al., 2005). Secondly, upon cellular uptake of gliotoxin, redox
cycling can occur, whereby in the presence of a suitable redagerg the disulfide
form of the toxin can be processed into the dithiol form. This can thengmder
oxidation with the return of the disulfide form (Eichretral., 1988). One of the main
initiators of this redox cycling is glutathione and characierist this process is the
production of hydrogen peroxide and superoxide (Waring and Beaver, 1996), as
illustrated in figure 1.4. Oxidative stress and the generatioraaftive oxygen species

in the presence of gliotoxin is discussed further in section 1.4.

Oxidised GT
Natural disulfide form

Reductant
e.g. qutathlone
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Figure 1.4 Redox cycling of GT within the cell induces ROS rpduction and
oxidative stress.



The toxicity of gliotoxin is appears to be heavily influenced bycthecentration
of glutathione. Within SH-SY5Y cells, glutathione presence heightengytotoxicity
of gliotoxin (Axelssoret al., 2006).

Interestingly, gliotoxin has been found at nanomolar concentrationshtbite
anti-oxidant and anti-angiogenic activity itself. The metabacbie mimic peroxiredoxin
function of the thioredoxin redox system whereby it reduc#, itb H,O by accepting
electrons from NADPH (Chaat al., 2007). It has since been suggested that gliotoxin is
an ‘accidental toxin’ and that it was originally synthesisedptotectA. fumigatus

against oxidative stress, such as is caused,®y bchrettlet al., 2010).

1.2.4 The effects of gliotoxin on the immune response

Gliotoxin was first shown three decades ago to have immunosuppressiitg,act
which can aid in host colonisation. This metabolite induces apoptoticdeath in
macrophages (Waring al., 1988, Waring, 1990) and represses macrophage function,
such as phagocytosis, adherence, bactericidal activity and indwdtialoreactive
cytotoxic T cells (Mullbacher and Eichner, 1984, Eicheeal., 1986). Gliotoxin can
target and kill antigen-presenting cells such as monocytes anditderdls, thus
repressing antigen-presentation and appears to actively inhibit res@onse (Stanzani
et al., 2005). NF-kB activation is abrogated in various cell lines under exptstine
toxin, preventing the regulation of inflammatory cytokines, growttofacind receptors
and adhesion molecules (Pahlal., 1996). It has been reported that gliotoxin hinders
the ability of polymorphonuclear neutrophils to generate reactygen species and
carry out phagocytosis (Orciuolet al., 2007) and also inhibits Langerhans’ cell
function and cutanaeous foreign antigen response (Mchiliain, 1990).

Although gliotoxin principally obstructs the host immune response throug

iImmunosuppression to prevent fungal eradication, the toxin has also been shown



to induce inflammation. The presence of a low concentration of gliotoaxenbeen
reported to instigate a decrease in host expression of thaftartimatory cytokine IL-
10 and an increase in production of the pro-inflammatory cytokine o NIBhannessen

et al., 2005).

1.2.5 Gliotoxin anti-viral activity

Many researchers have demonstrated gliotoxin toxicity ageamgius bacteria
and fungi (McDougall, 1969, Aljofamt al., 2009) but it has long been known that
gliotoxin also has anti-viral activity, which is attributed to gpe inhibition of viral
RNA replication (Rightseét al., 1964, Larinet al., 1965, Milleret al., 1968). Some of
the viruses found to be negatively affected by this toxin are polis, herpes simplex
virus, influenza virus, coxsackie virus, Sendai virus, Newcastle diseiass and
measles virus (Rightset al., 1964, Larinet al., 1965, McDougall, 1969, Aljofadt al.,
2009). It has been demonstrated that reduction of the toxin or remfotred sulphur
atoms renders gliotoxin unable to inhibit viral RNA synthesis likenatural disulfide

counterpart (Trown and Bilello, 1972, Rodriguez and Carrasco, 1992).

1.2.6 Gliotoxin-induced apoptosis and necrosis

Beaver and Waring (1994) demonstrated that concentrations of ghiatbave
10 uM favour induction of thymocyte cell death by necrosis, rathem apoptosis,
which is seen during exposure to relatively lower concentratibrisas since been
demonstrated that this applies to other cell lines, with hepatitieégpl, fibroblast and
macrophage cells undergoing apoptosis or necrosis in the presence ofhligh twxin
concentrations respectively (Kweenal., 2003, DeWitte-Orr and Bols, 2005). Reports

have also described how the mode of cell death also may be depenti@nteh type,



as it was observed that gliotoxin preferentially kills fibrotdasnd epithelial cells via

necrosis and macrophages via apoptosis (DeWitte-Orr and Bols, 2005).

1.3 GliTp

GliTp is a FAD-dependent 36 kDa protein that is encoded by a gens et
of the gli cluster, described above (Gardiner and Howlett, 2005, Sehaif, 2010,
Schrettlet al., 2010). Loss ofGliT in A. fumigatus results in a severe increase in
sensitivity to gliotoxin, demonstrating the importance of GliTp wtgxtion against this
endogenous toxin (Schaef al., 2010, Schrettét al., 2010). The introduction dBliT
into the non-gliotoxin producing speci&accharomyces cerevisiae and Aspergillus
nidulans conferred resistance to exogenous gliotoxin application (Scarettl 2010).
From work with A. fumigatus, it appears that GliTp is involved in preventing the
depletion of reduced glutathione in the presence of gliotoxin, as gbnathi
supplementation restored wild-type phenotype inAi€T strain (Schrettét al., 2010).
Importantly, another consequence of GliTp absence is the laekfwhigatus ability to
produce gliotoxin (Schretdt al., 2010). Research has demonstrated that GliTp displays
gliotoxin reductase activity and it has been suggested thatt gjlietoxin reduction
occurs prior to secretion from fumigatus (Schrettlet al., 2010).

It seems thaGliT is differentially expressed relative to the otlgtr cluster
genes assliT expression is induced by gliotoxin, even in the absen@idf encoding
the transcriptional regulator of tlghi cluster. Also, it has been previously shown that
loss of GliZp abolishes expressiongbif cluster genes, except fGtiT (Bok et al., 2006,

Schrettlet al., 2010).



1.4  Oxidative stress
1.4.1 Description

Growth of organisms in oxygen-containing environments results in the
generation of reactive oxygen species (ROS) such as theosiggeranion (@),
hydroxyl radical (OHF and hydrogen peroxide §8,), which are formed inadvertently
when molecular oxygen is reduced during oxidative phosphorylation (Lushchak, 2011).
OH' is more reactive than K,, which in turn is more reactive than, GLushchak,
2011). Q@ can cause enzyme inactivation through oxidising functional iron csusiel
induces aromatic and sulfur-containing amino acid auxotrophy @laht, 1993, Imlay,
2003). HO, can oxidise sulfur atoms, thereby affecting sulfur-containinqharacids
such as cysteine and methionine, while *Qtdn oxidise the majority of organic
molecules and generate protein and lipid radicals (Slump and Schr&@dar Powell,
2000, Imlay, 2003).

Overall, ROS have been shown to display non-specific mutagenic,inprote
modification/damage and lipid peroxidation capacities (fearal., 1986, Halliwell,
1991, Costat al., 2007). Consistent damage by ROS, accompanied by cellular inability
to successfully control the causative agents is termed oxiddtees (OS) (Halliwell,

1994).

1.4.2 Causative agents

Various compounds, such as metals, have the capacity to imposeséacrea
cellular OS. The presence of metal ions facilitates the oxelatodification of proteins
by ROS, which is followed by selective degradation by proteases (Stadtman,ld$90).
can reduce oxygen to,0and catalyse peroxide decomposition resulting in the
production of OH (Fraga and Oteiza, 2002). Thus, an organisms ability to regulate the

separation of iron and molecular oxygen is crucial (Vatka., 2005). Copper can also
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catalyse the generation of OHnd, like iron, can cause DNA damage through strand
breaks (Kawanishiet al., 1989, Kadiiskaet al., 1993). Cadmium has also been
implicated in causing significant levels of cellular OS. Theiaheintal effects of this
heavy metal are mediated by ROS and result in the obstructioxiaddtive DNA
damage repair (Filipic and Hei, 2004). The ability of lead to indD8ehas been well
documented and Ercat al. (2001) evaluated the possible mechanisms employed for
stress imposition; the effect of the metal on cell membrangsinteraction with
haemoglobin, its inhibition of heme synthesis regulation and ROS ggemeand the
metal’s effect on cellular antioxidant defence.

There are also non-metal catalysts that exhibit OS-causpabpitiies, such as
guinones and paraquat. Quinones undergo redox cycling whereby thegwredrdy
cellular reductases and then reoxidised, and this process is atethfby the
generation of by-products ;0and HO, (Brunmark and Cadenas, 1989). Cellular
exposure to paraquat augments the generation of ROS and inducekondtdd

dysfunction (McCarthyt al., 2004).

1.5 S cerevisiae oxidative stress response

Due to the damage that can be caused by OS, organisms continudllyowor
protect cells and maintain redox state, and yeast are no diffeneplioying both
enzymatic and non-enzymatic processes to do so (Jamieson, 1998). Conasbn ye

responses and individual pathways are discussed below in more detail.

1.5.1 Glutathione
Glutathione (Ly-glutamyl-L-cysteinylglycine/GSH) is possibly one of the most
important molecules produced in response to OS. This tripeptide isearddical

scavenger and reduces oxidising species to prevent them causiagedamcellular
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constituents. Upon reaction, peroxide detoxification leads to the formation of G85G
oxidised or disulfide form of GSH (Pompebtal., 2003). The GSH sulfhydral or free
thiol group is thus functionally essential and its ability to cosfability to the thiol has
been recorded (Meister, 1988). Under normal circumstances, less%hahthe total
cellular glutathione content is in the form of GSSG and therefoeasurement of the
GSH:GSSG ratio has been used for decades as an indicationafdhef OS imposed
on cells (Guntherberg and Rost, 1966, Lauterletigy., 1984). The enzymatic function
of NADPH-dependent glutathione reductase is critical for themmegtion of GSH from
GSSG, to maintain cellular antioxidant capacity (Meldrum and, 1£85, Conn and
Vennesland, 1951). Glutathione reductase is encod&LBR{ in S cerevisiae (Grantet
al., 1996). In 1951, Mills reported that there is a factor that works in unibnG&H to
abrogate haemoglobin oxidative breakdown. This factor exhibited pesexatzivity
and employed GSH as hydrogen donor (Mills, 1957). The evaluation aitlgtute
peroxidases has since resulted in the conclusion that these enkagmeescellular
protective abilites and prevent membrane and protein oxidation by rgdr€@6. This
process involves the exploitation of GSH as a cofactor and its madet GSSG
(Meister, 1988). Yeast can synthesise three glutathione peroxiddsels,are encoded
by GPX1, GPX2 and GPX3 (Inoueet al., 1999). GSH can also form mixed disulfides
with cellular protein thiols, a process termed S-glutathiorofatprotecting vulnerable

proteins from oxidation and irreversible damage (Hereeab., 2008).

1.5.1.1 Glutathione biosynthesis

The pathway that leads to the production of this important thiol hasvixeén
documented to date. Glutathione biosynthesis is dependent on the precunsoacds
glutamate, glycine and cysteine, the latter being a produbeduperpathway of sulfur

amino acid biosynthesis (Penninckx, 2002).
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The sulfur amino acid biosynthesis pathway commences with sulfate
assimilation and involves subsequent reduction to sulfide involving the tioma a
number of intermediates. This process is regulatesl garevisiae by proteins encoded
by MET3 (Cherestet al., 1985, Cherestt al., 1987), MET14 (Masselot and De
Robichon-Szulmajster, 1975, Korehal., 1991),MET16 (Thomaset al., 1990),MET5
(Mountainet al., 1991), andMIET10 (Hanseret al., 1994). Sulfide is then implicated in
the generation of homocysteine, which is required for methionine aneireys
production. Homoserine, produced from aspartate, is activated thretgifieation
resulting in the generation of O-acetylhomoserine which is théhysluhlased and
sulfide is incorporated into the carbon chain, giving rise to homoogs(€homas and
Surdin-Kerjan, 1997). This process whereby homoserine and subsequently
homocysteine are formed is catalysed by enzymes encodétDMB (Rafalski and
Falco, 1988)HOM2 (Thomas and Surdin-Kerjan, 1989)OM6 (Yumotoet al., 1991,
Arévalo-Rodriguezt al., 2004),MET2 (Masselot and De Robichon-Szulmajster, 1975,
Baroni et al., 1986) andMET17 (Yamagataet al., 1975, D'Andreaet al., 1987,
Brzywczy and Paszewski, 1993).

Homocysteine can be metabolised to create methionine, or can ackeys
protein in the transsulfuration pathway (Finkelstein, 1998). Biosynthedisedfolate
polyglutamate 5-methyltetrahydrofolate is catalysed NO¢T7 and prerequisite to
methionine biosynthesis (Boyetral., 1996, Cheredt al., 2000, DeSouzet al., 2000).

The MET6 gene product, methionine synthase, then catalyses the transfeneshy

group to homocysteine, yielding methionine (Csaikl and Csaikl, 1986, Garatall.,

1992, Sulimaret al., 2005). S-adenosyl-methionine (AdoMet) can be generated from
methionine by two synthetases encode®hAy1 andSAM2 (Chiang and Cantoni, 1977,
Cherest and Surdin-Kerjan, 1978, Thomas and Surdin-Kerjan, 1991). Both methionine

and AdoMet can then negatively regulate enzymes involved in suBumiégion and
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sulfur amino acid biosynthesis (Cherestal., 1969). Homocysteine retains a vital
function in cysteine biosynthesis, in addition to methionine production. The
transsulfuration pathway i cerevisiae involves the interconversion of homocysteine
and cysteine with the generation of the intermediary, cystathionineg€&teal., 1993).
CystathionineB-synthase, encoded §Y$4, converts homocysteine to cystathionine,
which can then be modified to generate cysteine by cystathigAyase, encoded by
CYS3 (Onoet al., 1988, Cherest and Surdin-Kerjan, 1992, @nal., 1992, Onaet al.,
1994). The opposing side of the transsulfuration pathway sees the genefation
cystathionine from cysteine, catalysed by cystathionisgnthase, encoded [$TR2
and the subsequent regeneration of homocysteine by cystathfielyase, encoded by
STR3 (Cherestt al., 1993, Hansen and Johannesen, 2000).

Cysteine and glutamate have the potential to combine to form L-
glutamylcysteine, under the catalytic function of the synthetaseded byGSH1, the
first step of glutathione biosynthesis (Ohtake and Yabuuchi, 1991, Wu agd- Mo
Rowley, 1994). Thus, the rate-limiting step of cysteine biosyntiesansitself required
for protection against oxidative damage (Williamsen al., 1982). Glutathione
synthetase encoded b§SH2 mediates the formation of glutathione fromyL-
glutamylcysteine and glycine (Gradt al., 1997, Inoueet al., 1998), facilitating the

yeast stress response, as described above.

1.5.2 The thioredoxin system

Thioredoxin is a small protein that can exist in either a reduced or oxidised form
due to a redox active disulfide bridge (Soderbetrgl., 1978, Holmgren, 1985). In
combination with thioredoxin reductase (TrxR) and NADPH, thioredoxir)(iirakes
up the thioredoxin system, which can act as a hydrogen donor for rieotide

reductase (Laurerdt al., 1964, Berglundet al., 1969). Yeast thioredoxin is in fact
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involved in sulfate assimilation and thus sulfur amino acid biosyrsth@sonzalez
Porquéet al., 1970). TrxR reduces Trx, maintaining it in the sulfhydralestasing

NADPH. Trx can then reduce other protein disulfides, including G@8®dberg and
Arnér, 2001). Trx also functions in the reduction of Trx peroxidase (jpedmxin).

Donating electons to Trx peroxidase enables the enzyme to yliredtice peroxides,
such as KO, (Chaeet al., 1994, Kanget al., 1998).

Three S. cerevisiae genes encode thioredoxilMRX1, TRX2 (both cytoplasmic
thioredoxins) andTRX3 (a mitochondrial thioredoxin) (Muller, 1991, Muller, 1992,
Pedrajaset al., 1999). TRR1 encodes a yeast cytoplasmic TrxR, which when absent
results in hypersensitivity to OS (Cheteal., 1994, Machadet al., 1997). The Trrlp,
Trx1p, Trx2p defence system is important not only in protecting a@g@s8sbut also
against reductive stress (Trotter and Grant, 2082¢erevisiae encodes an additional
TrxR, TRR2, which makes up the mitochondrial thioredoxin system in combination with
TRX3. This system plays a role in preservation against respiratwiabolism-

generated OS (Pedrajetsal., 1999).

1.5.3 The glutaredoxin system

The glutaredoxin system comprises GSH, glutaredoxin (Grx), NABRd the
already discussed glutathione reductase (Holmgren, 1979). Like dbxms,
glutaredoxins are heat-stable oxidoreductases and play a glutatiejpeedent role in
delivering electrons to ribonucleotide reductase (Holmgren, 1976). fed dbafore,
proteins containing cysteine residues are particularly vulnerabteodification during
OS. As an OS protection mechanism, Grx can induce reversiblehghatdation
through catalysing mixed disulfide formation between GSH andesgtible protein
thiols (Yoshitakeet al., 1994, Ruoppolet al., 1997, Sheltomt al., 2005). During OS in

mammalian cell lines, Grx interaction with the Asklp candmrupted, activating
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signalling pathways that lead to cell death, demonstrating tleeofolGrx in redox-
sensing in addition to cellular protection (Soeigal., 2002). Two genes encoding
dithiol glutaredoxin were initially found to be presenSircerevisiae, GRX1 andGRX2,

and were reported to be important in protection against OS. Thevgdne& more
prominent role in resisting this stress appears tGRE2 (Ganet al., 1990, Luikenhuis

et al., 1998). Following this, a further five genes were identified as motenis
glutaredoxins GRX3, GRX4, GRX5, GRX6 and GRX7 (Rodriguez-Manzanequet al.,
1999, Pujol-Carrioret al., 2006, Izquierdcet al., 2008, Mesecket al., 2008, Pujol-
Carrion and de la Torre-Ruiz, 2010). An eighth yeast glutaredoxin ¢&RE8
encoding a third dithiol, has since been documented although it does not &ppea

protect against OS (Meseckieal., 2008, Eckerst al., 2009).

1.5.4 Superoxide dismutase

Superoxide dismutases are a group of enzymes that have the ycapacit
dismutate @ yielding & and HO, (McCord and Fridovich, 1968, McCord and
Fridovich, 1969b). Across eukaryotic and prokaryotic species, four niasses of
superoxide dismutase (SOD) have been recorded to date, with diffefaajors. These
are manganese-containing SOD (MnSOD), iron-containing SOD (FeS0pper- and
zinc-containing SOD (CuZnSOD) and nickel-containing SOD (NiS@@)Cord and
Fridovich, 1969a, Carrico and Deutsch, 1970, Keela., 1970, Yost and Fridovich,
1973, Younet al., 1996).S cerevisae has two SOD gene§OD1 and SOD2 which
encode a cytosolic CuZnSOD and a mitochondrial MnSOD respec{iRalyindranath
and Fridovich, 1975, van Loo&t al., 1986, Bermingham-McDonogkt al., 1988,

Changet al., 1991, Liuet al., 1992).
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155 Catalase

Catalase was described by Loew (1900) as an enzyme which yielded a/kBigh le
of oxygen under reaction with,B,, and was thus named. The decomposition £69,H
to O, and HO by catalase has been well documented to date and reactiarkés br
down into stages, dependent on the type of enzyme (Chedikalnj 2004). When cells
find themselves under conditions of OSCHproduced by both redox cycling and the
reduction of @ requires detoxification, illustrating the important role of lega in
protection against OS (Roesal., 1980, Kappus, 1987).

TheS cerevisiae genome contains two catalase ge@@#\1 encoding the yeast
peroxisomal catalase A a@IT1 which encodes the yeast cytoplasmic catalase T (Seah
etal., 1973, Susarat al., 1976, Spevakt al., 1983, Cohemt al., 1985, Hartig and Ruis,
1986, Coheret al., 1988). The functions of Ctalp and Cttlp in surviving exposure to
H,O, overlap to some degree with GSH, as it has been demonstratdtethegsence of
these proteins is required to a) prevent the formation of exa®88$% and b) provide
important resistance against®in Aglrl andAgshl (Grantet al., 1998). Peroxisomal
proteins and fatty acids have been shown to induce Ctalp productiamh(Nsest al.,
1987, Skonecznyt al., 1988), which interestingly, can also scavenge mitochondrial-
derived HO, and undergo mitochondrial importation (Petrostaal., 2004). CTT1
expression on the other hand is positively regulated by OS, osmess,dtieat stress,
nutrient starvation and heme (Spewlal., 1986, Bissingeet al., 1989, Belazzet al.,

1991, Schiilleet al., 1994).

1.5.6 Yaplp-regulated transcription
Yaplp is a transcription factor involved in the regulation of a numbgemés
that are significantly implicated i& cerevisiae OS defence. Yaplp or yeast AP-1 is so

called due to the fact that it binds to the mammalian AP-1 recogrdtement (ARE),
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and is in fact a homologue of the mammalian protein (Harslethah, 1988, Moye-
Rowleyet al., 1988). AP-1 proteins have the ability to regulate the cellecgnd thus
mediate cell proliferation and death (Shaulian and Karin, 2001). Th&t sgapl
mutant exhibits increased sensitivity tg@d (Schnellet al., 1992). In yeast, Yaplp has
been shown to regulate the expressiorG8H1 and GLR1 (Wu and Moye-Rowley,
1994, Grantet al., 1996). It is also known that Yaplp interacts with another
transcription factor Skn7p to contrdRX2 andTRR1 (Kuge and Jones, 1994, Morgan

al., 1997). Yaplp-mediated upregulation of gene assemblages is induced Hy&& (

et al., 1994, Kuge and Jones, 1994, Keyal., 1997, Leet al., 1999).

1.6  Main objectives of this study

As a unicellular eukaryot& cerevisiae has long been a useful model organism.
With a mean generation time of approximately 2 hr. and a $elijyenced genome, this
species was an ideal organism for employment in this study.

We initially wanted to analyse the visible effects of gliotorn yeast growth
and investigate the capacity of different strains to withstandedieles effects of the
toxin. The principal endeavour was to utilise RNA sequencing technotogly
proteomics to analyse the global responseS.oferevisiae to gliotoxin. From these
results, we wanted to assess the efficacy and apply functiematigs to further
investigate the said response and compare it to that induced logl t@f-causing

agents.
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Part 2 Investigation into the mode of action of therion-curing drug
Tacrine

1.7  Mammalian prions

The term prion was first coined by Stanley Prusiner (1982) inntadisease-
causing_prteinaceous ifectious particles. Diseases caused by prions are collectively
known as transmissible spongiform encephalopathies (TSEs) and one exrliest
prion diseases to be documented was scrapie, which affects sheepefD&992). It is
thought that scrapie, so hamed due to infected sheep rubbing agdiosastabjects
(figure 1.5), was reported in Europe as far back as 1732 (Plumme), C8A6r TSEs
include Creutzfeldt—Jakob disease (CJD), Gerstmann—Straussler—Shikselse (GSS)
and Kuru which affect humans, and bovine spongiform encephalopathy {@8i)in

cattle (Gerstmanet al., 1936, Gajdusekt al., 1966, Holt and Phillips, 1988, Prusiner,

1998).

A Do you kuru? : R

Figure 1.5 A = Comedic advertisement warning against the contraicin of Kuru
which can be transmitted through brain consumption. Image rom
www.bizarremedical.com B = Sponge-like legion in the brain tissue of a CJD
patient. Image from Centres for Disease Control_www.cdc.go\C = Sheep
displaying weight loss and behaviour characteristic of scrapienfection. Image
from Ohio State University www.ohioline.osu.edu.com
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TSEs can also cause chronic wasting disease (CWD) in elk ek f
spongiform encephalopathy (FSE) in cats (Williams and Young, 1980, Aldh©96).
Prion diseases are characterised by aggregation of prions whthibrain, forming
amyloid plaques (Prusinest al., 1983) and lead to fatal neurodegeneration which
currently cannot be treated (Trevitt and Collinge, 2006). Amyloid plaguesalso
implicit in non-infectious amyloid diseases such as Alzheimerised¥e and
Parkinson’s Disease (Lansbury, 1999) and are therefore of maearcé interest.
Interestingly, Gimbelet al. (2010) reported that for transgenic Alzheimer mice to

display memory impairment, the mammalian cellular prion protein must benprese

1.7.1 PrP protein

Although prion diseases may be contracted sporadically, by infemtitttough
inheritance, all involve prion protein (PrP) metabolism and accuranl@icKinley et
al., 1983, Prusiner, 1991). Prion replication occurs through the cyclic camverfsthe
normal functional PrP protein (FfPinto a non-functional, disease-causing form {rP
(Prusiner, 1998). Devoid of nucleic acid, Pt the only component of the mammalian
prion (McKinley et al., 1983, Prusiner, 1997). The generation of insoluble protease-
resistant Pr¥® is characterised by the refolding efhelical segments int@-sheets,
which is a posttranslational event (McKinletyal., 1983, Oescht al., 1985, Borchelét
al., 1990, Paret al., 1993). This fully supports the “protein-only hypothesis” first put
forward by Griffith (1967), suggesting that prions are self-replicating.

PrP is encoded by th@RNP gene in humans (Kretzschmar al., 1986).
Twenty PRNP mutations have been identified that appear to give rise to host prion
diseases, thus accounting for the fact that ~10% of CJD easdamilial (Prusiner,
1991, Prusiner, 1997). PtP expressed in the brain and spinal chord is a

sialoglycoprotein and is thought to adhere to the cell surface lgjyitolipid (Boltonet
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al., 1985, Stahkt al., 1987). It it possible that PrRmay function in protecting the cell
against OS, due to reports that the protein displays superoxide agemactivity
(Brown et al., 1999, Brownet al., 2001). It has been demonstrated that“PaRo
appears to be involved in cell signalling and play a role inaciesion (Schmitt-Ulms

et al., 2001, Gaviret al., 2005).

1.8  Fungal prions

Prion studies have not been limited to mammals, as fungal prions|kavzean
identified. [Het-s] is a prion found in the filamentous funéaslospora anserina that
can induce cell death as a protection mechanism to prevent virusigsios, through
mating incompatibility (Coustouet al., 1997, Wickner, 1997). A number of

Saccharomyces cerevisiae proteins have the ability to form prions, as listed in table 1.1.

Table 1.1 A selection of. cerevisiae prions.

Functional Protein Function Prion Form Reference
Sup35p Translation [PS7] (Cox, 1965)
termination
Ure2p Nitrogen [UREJ] (Wickner, 1994)
metabolism
Rnglp Unknown PIN'] (Derkatchet al .,
1997)
Cyc8p Transcriptional co- [OCT] (Patelet al., 2009)
repression
Swilp Transcription [SWM™] (Du et al., 2008)
regulation
Newlp ATP-binding [NU*] (Santoscet al.,
protein 2000)
Sfplp Transcription [1SP7] (Rogozaet al.,
regulation 2010)
1.8.1 [PSI']

In yeast, two proteins work in conjunction with one another to control the
translation termination process. These are Sup35p and Sup45p, which function as

eukaryotic release factors eRF3 and eRF1 respectively (Fratbval., 1994,
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Zhouravleveet al., 1995). Sup45p recognises when a stop codon (TAA, TAG or TGA)
enters the ribosome, while Sup35p is directly involved in translagionination and
binds GTP which is required for polypeptide chain release from pé&tRHA
(Beaudet and Caskey, 1971, Frolaval., 1994, Zhouravlevat al., 1995).

In 1965, Brian Cox discovered a non-mendelian genetic element that was
identified about 30 years later as the yeast prRf’ (Wickner, 1994). PS*] is the
prion form of Sup35p, and thus depends on &H35 chromosomal gene (Ter-
Avanesyanet al., 1994, Wickner, 1994). InPR"] strains, the spontaneously altered
prion protein induces the conformation of soluble, functional Sup35p to the prion for
resulting in PS*] aggregation (Patinet al., 1996). This aggregation and reduction in
functional Sup35p, leads to suppression of nonsense codons, charactettigtifPsf]
phenotype (Tuiteet al., 1987, Coxet al., 1988). PS*] confers strength to weak
nonsense suppressor tRNAs and lethality to strong suppressors (Cox, 1965, Cox, 1971).

Sup35p is a multidomain protein, containing N-, middle- and C-terminal

domains (Kushniroet al., 1988), as illustrated in figure 1.6.

Sup35p - the determinant for [PS/+]

1 125 254 G686 aa
Prion determinant | charged | containg 4 GTP binding consensus sites
2 : 4
Unusual aa composition: Subunit of the translation termination factor (with Sup45)
27% gln, 18% asp, 17% tyr, 17% gly *Deletion is lethal but mutations mimic the effects of [PSI+]
Imperfect repeats of PQGGYQOYN *Overexpression counteracts the effects of [PSI+]

*Qverexpression produces new [FS1+) elements
*Deletion makes cells immune to [PSl+]

Figure 1.6 Structure of the S. cerevisae Sup35p. The prion determinant is the N-
terminal domain. The charged middle-domain is situated between the N- and @siloma
The C-terminal domain responsible for translation terminationgethe GTP-binding
capacity. Image from Lindquist (1997).

The aminoterminal N-domain retains prion activity and is thusrexfdo as the

prion domain (PrD) (Derkatcét al., 1996, Kinget al., 1997). The C-terminal domain is

responsible for the Sup35p translation termination function and is iesSentcell
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viability (Ter-Avanesyaret al., 1994). The highly charged middle-domain assists in
maintaining Sup35p solubility and enabling prion and non-prion state intercramvers
(Liu et al., 2002). Like other yeast prion®9 7] is inherited by daughter cells in a non-
Mendelian cytoplasmic manner (Lindquist, 199PIN’] ([PS"] inducible) creates a
scaffold that must pre-exist to allow the appearanceP&], as the spontaneous
generation of PS*] was observed inAIN’] cells, but not pin] (Derkatchet al., 1997).

[PIN] is the prion form of Rnglp, of which the function is not yet clear.

PrD

.

Figure 1.7 lllustration of aggregated yeast PrD fused to GFP to enébdetection in

a [PSI'] strain. Aggregates are indicated by arrowsnage from Jones and Tuite
(2005).

Simple colour assays are often used to monitor the presen®Sl6f [n S
cerevisae. The introduction of aberrant stop mutations sucltadge?-1 and adel-14
confer adenine auxotrophy to cells. These cells subsequently disptaycolour which
represents the build-up of by-products from the adenine biosyntheBisayatPS*]
can partially suppress the nonsense mutation in the presence dritiezigserting,
weak UAA suppressor tRNAUQ5. This facilitates cellular growth in the absence of

adenine and eradicates the red pigmentation, allowing growth of edideies (Cox,
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1965, Liebmaret al., 1975, Oncet al., 1979). This creates an easy way for the presence

of [PS*] to be monitored; red cells angs[], white cells arePS™].

1.8.2 [PSI"] propagation and the importance of chaperone proteins

As briefly stated abovePB "] yeast cells typically contain a large amount of
aggregated insoluble non-functional Sup35p. As opposed to this, the Sup3sp]in [
cells is soluble and functional. The structural change-bélical content tg-sheets
characteristic of PS*] means protein-folding is inherently associated with prion
propagation (Gloveet al., 1997). In order for the prion to be maintained and passed to
daughter cells,HS*] must be able to propagate efficiently and chaperone proteins play
a key role in this process. Hspl104p (heat-shock protein 104) is esdent@ion
propagation and maintenance 85"] within a yeast cell line (Chernoét al., 1995).
However, close cooperation with other heat-shock proteins, Hsp70p and Hsp4Op is

required for Hsp104p-mediated activity (Glover and Lindquist, 1998).

1.8.2.1Hsp104p

HsplO4p is a heat-shock protein that functions in induced cellular
thermotolerance, enabling yeast cells to survive at high tempesa{Sanchez and
Lindquist, 1990). It has been shown to play a role in the disaggregatpoteins that
are heat-damaged (Parsell al., 1994). Overproduction or absence of HsplO04p
chaperone activity abolisheB$*] (Chernoffet al., 1995). This is because wild-type
levels of Hsp104p are required fa?9*] cleavage, leading to the production of prion
“seeds” which can be passed to daughter cells, enabling prioagatogn (Paushkist
al., 1996).

Recent work has raised the possibility that HsplO4p may regubegte t

transmission of propagons to daughter cells. Erjates. (2007) demonstrated that
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during mitosis, Hsp104p is involved in segregating damaged proteins, pngvirgm
from being passed to daughter cells, through a Sir2p-dependent piddesgoup also
found that overexpression of Hsp104p improves the retention of damagedsrbiei
et al. (2010) have proposed that rather than simply retaining damagethgriotehe
mother cell, aggregates are transported to the emerging bud bedseiidy translocate
back to the mother cell, prior to cytokinesis completion. The polarisnawhinery has
been identified as essential for partitioning of damaged proteing &ad been shown
that this process requires actin cables to act as a scaffoldsp104p and associated
aggregates (Liat al., 2010). As prions are essentially damaged aggregated proteins, it
is quite likely that thegdsi’] phenotype resulting from Hsp104p overexpression occurs
due to lack of prion inheritance through retention of aggregates in the mother cells.
Hsp104p overexpression leads to maintenance of soluble Sup35p, while lack of
this chaperone activity results in reduced prion forming capéeayshkinet al., 1996,
Wegrzynet al., 2001). Thus a balance of Hsp104p activity level is essential ifmm pr
maintenance.HS "] curing mediated by Hsp104p overexpression is dependent upon the
N-terminal domain of the chaperone, although this domain is not reqoirgtifmal
levels of PS*] propagation (Hung and Masison, 2006). It has also been demonstrated
that the presence of Stilp, a Hsp70p and Hsp90p co-chaperone (discussédiwelow
critical for successfulHS*] curing by excess Hsp104p (Moosatial., 2010, Reidy

and Masison, 2010).

1.8.2.2Hsp70 protein family

Hsp70, a 70 kDa protein family comprises a complex key molechépetone
group (Ingoliaet al., 1982). These proteins have a number of different roles in the cell,
from folding nascent polypeptide chains to preventing the aggregatiord afolding

misfolded proteins (Bukau and Horwich, 1998). The Ssadqs sventy subclass )fand
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Ssb (¢ress_sventy subclass )Bproteins make up cytosolic subfamilies of the Hsp70
proteins and are themselves composed of Ssal-4p and Ssbl1-2p respé€riavegdy al.,
1993). In addition to these six cytosolic Hsp70 proteins, a further t8sedp, Sse2p
and Sszlp exist (Ingoliet al., 1982, Craig and Jacobsen, 1984, Craig and Jacobsen,
1985, Werner-Washburret al., 1987, Mukaiet al., 1993, Gautschat al., 2001). Three
mitochondrial Hsp70 proteins Ssclp, Ssqlp and Ecm10p have also been identified
(Craig et al., 1987, Craiget al., 1989, Schilkest al., 1996, Baumant al., 2000), in
addition to two endoplasmic reticulum-associated Hsp70 proteins Ka@p_lass1p
(Roseet al., 1989, Cravemt al., 1996). With reference to yeast prions, the Ssa and Ssb
proteins are of great interest.

The presence of at least one Ssa protein is essential [ferabeity (Werner-
Washburneet al., 1989). Ssalp has been identified as an important protein in prion
maintenance. Ssalp prevents the “curing” &S] mediated by Hspl04p
overexpression, overexpression dSAl increases HS']-regulated nonsense
suppression and mutations in tB8A1 gene have an antagonistic effect &8[]
(Newnamet al., 1999, Jungt al., 2000, Jones and Masison, 2003, Loowts., 2007).

In support of these results, Ssa proteins have been shown to dedume generation

of [PS7] in [psi] cells, and this appears to be dependent on the peptide-binding domain
(Allen et al., 2005). Ssb proteins are not required for cell survival (Nedsah, 1992).
Conversely to Ssa, there is evidence to suggest that Ssb protede [RS"]
propagation. Imssbl andAssb2 strains, there is a 10-fold increase in the appearance of
[PIN*]-dependent spontaneouRd*]. Overexpressed Ssbp facilitatd®y['] curing by
surplus Hsp104p (Chernddt al., 1999) and it has been demonstrated thatsr [cells,
diminished levels of Ssbp increases the level of nonsense suppreisdnmnadestly

(Jone=t al., 2003).
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1.8.2.3The Hsp70p ATPase binding cycle

Hsp70 proteins have two functional domains, an ATPase-binding domain (ABD)
and a peptide-binding domain (PBD) (Flahedyal., 1990, Zhuet al., 1996). As
dictated by ATP hydrolysis, Hsp70p can exist in either a “dbsmnformation,
whereby the substrate is tightly bound to the PBD, or an “open’ogwoafion,
associated with rapid substrate exchange (Liberrak, 1991). ATP-binding results in a
Hsp70p conformational change from a closed to an open state, allowbwjrate
dissociation. Alternatively, the ADP-bound form maintains tightnéffifor substrates
(Schmidet al., 1994). The tight substrate-binding caused by ATP hydrolysis occurs
through the closing of an-helical lid domain that is displaced when ATP is bound
(Zhu et al., 1996). As substrates cycle between the Hsp70p-bound form and the free
form, the functional activity of Hsp70p can be referred to as the/GsgATPase
binding cycle (Mayer and Bukau, 2005). This cycle is illustrated in figure 1.8.

Hsp70 proteins require the cooperation of co-chaperones to function
successfully. One Hsp70p co-chaperone is Stilp, a linker proteifotha a scaffold
between Ssalp and another chaperone protein Hsp90, which has shown to bé a pote
activator of Ssalp ATPase activity (Wegeteal., 2003). Like Stilp, Cnslp acts as a
co-chaperone for both Hsp70p and Hsp90p. This protein also activates SSaapeAT
activity through accelerating ATP hydrolysis (Haieizhl., 2004). Genetic evidence has
been provided to suggest that another Hsp90p co-chaperone Cpr7p stimulates Hsp70p
ATPase (Jones and Tuite, 2005). Sislp, Ydjlp and Apjlp are members cfph@pH
chaperone family and act as cofactors in facilitating Hsp70pitgc(Caplanet al.,

1992, Ohba, 1997, Kryndushkist al., 2002). However, the above named co-
chaperones are not alone in regulating the Hsp70p ATPase binding cycle.

Nucleotide exchange factors (NEFs) are also involved in the ategul of

Hsp70p activity. These proteins, such as Feslp and Sselp (which isna¢sobar of
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the Hsp110 family) stimulate an increase in the ADP dissociéitieey thus catalysing

ATP replacement of ADP (Kabaei al., 2002, Raviokt al., 2006, Kabani, 2009).

Hsp70 ATPase binding cycle

Hsp40, Stil, Cnsl

uﬁ ) 0O

“OPEN?" form (rapid “CLOSED” form (substrate
substrate exchange) tlghtly bound)

Fesl, Ssel

»
>

Alteration of ATPase cycle to favour ADP bound form appears to
impair prion propagation

Figure 1.8 Proposed model illustrating the importance of Hsp70,oechaperones
and NEFs in prion propagation and maintenance within the cellWhen ATP is
bound to the ABD, the PBD exhibits an open conformation and rapid substrate
exchange occurs. When ADP is bound, the PBD lid closes and substtajbtlis
affixed. Co-chaperones and NEFs are required for regulationsofybie. Evidence has
been provided to suggest that disruption of this cycle leads to mmgairof prion
propagation.

It has been suggested that disruption of this cycle impairs prapagation
(Jones and Tuite, 2005). Judapal. (2000) isolated a yeast mutant, containing a single
amino acid change within tH8SA1 gene, designategbAl-21. This mutation was found
in the PBD and significantly weakended*] stability, through reducing the number of
prion seeds produced. Subsequent research demonstrated that Sup35peaggregat
larger in SSA1-21 cells, probably because they contain more polymers (8baf,
2005). This supports previous work in that the loss of Sup35p polymer setdd iA1

mutants is due to their employment in the formation of oversizedegaigs and

highlights a role for Ssalp in prion propagation through prion seed production.
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It has been considered that tI8$A1-21 mutation may negatively affect
communication between the two functional domains of Hsp70p, thus disrupting the
ATPase cycle (Jones and Tuite, 2005). Mutations were also identifigdee Hsp70p
ABD that impair PS'] propagation (Jones and Masison, 2003). This group
hypothesised that these mutations were modifying ATPase wdinat resulted in a
disruption of the open/closed conformational regulation. Needham and Masison (2008)
have since generated mutations in the Ssalp ABD and PBD thgitdiemmunication
between that two domains and alter regulation of the cycle, eogigthhypersensitive
ATPase activity.

Interestingly, it appears that alteration of the ATPase-binciyte to favour the
ADP-bound form impairs prion propagation. Feslp deletion has been shownkenwea
[PS*] stability, as Fes1p absence decreases the rate of ATP-b{ddimgset al., 2004).

Loss of PS] has also been found to be a result of Stilp overexpression, whife Sti
and Cpr7p deletion enhancéS['] maintenance (Kryndushkiet al., 2002, Jonest al.,
2004). The results described above strongly suggest that Hsp70p andpésative
chaperone machinery assist in the highly sensitive regulatiorria propagation

(figure 1.9).

1.9  Anti-prion drugs

Due to the detrimental effects caused to mammals by pricgasis, the
requirement for efficient prion-curing agents remains urgentufnber of drugs
possessing mammalian prion-curing ability have been identifiedvanel reviewed by
Trevitt and Collinge (2006). Yeast models are commonly employehdeirsearch for
therapeutic drugs, as molecular systems, such as Hsp70p are dogkbrved from

yeast to mammals (Jones and Tuite, 2005).
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Figure 1.9 Representation of the importance of chaperone actiyitcooperation in
prion propagation. Red, green and blue clustered circles represent Hsp40p, Hsp70p
and other Hsp70p co-chaperones. Gold circles represent soluble Sup35EdBlacs
representPS*] aggregates.
1.9.1 Guanidine Hydrochloride

Guanidine Hydrochloride (GdnHCI), a powerful denaturing agent (Lestiak,
1963) was identified by Tuitet al. (1981) as aHS*]-curing compound. GdnHCI
efficiently cures yeast prions by abrogating prion propagationjnigahe remaining
prions to be diluted out over time, and eventymsl || appearance (Eaglestoeeal.,
2000). In agreement with this model and in contrast to earlier wotkef\al., 2005),
Byrne et al. (2007) reported that cell division is a certain requirement fdnH&I-
mediated PS*] eradication. PS*] elimination occurs through direct inhibition of

Hsp104p ATPase activity by GdnHCI, although the intracellular lei/éhe chaperone

protein is not affected (Ferreiehal., 2001, Jung and Masison, 2001, Jehgl., 2002).
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Although GdnHCI arrests the cleavage of new prion seeds by Hsp1(f ihdells, it

does induce the decomposition of preexisting Sup35p aggregatesi(sles2002).

1.9.2 6-aminophenanthridine
6-aminophenanthridine is a phenanthridine derivative, that has a modified am
group at position 11 that differentiates the two (Bathal., 2003). Its structure is

depicted in figure 1.10.

|
S

Figure 1.10 Structure of 6AP.Image from Tribouillard-Tanviegt al. (2008b).

Bach et al. (2003) identified 6-aminophenanthridine (6AP) as an anti-prion
agent, using a yeast-based screening assay. They discoverethighdtug alone
inefficiently cures PS*], but in combination with relatively low concentrations of
GdnHCI, 6AP curesAS*] very efficiently (figure 1.11).

Importantly, 6AP has also been shown to be active against the ali@miprion
(Bach et al., 2003), as illustrated by figure 1.12. 6AP interacts with the ribosome

through an RNA-dependent process and hinders the rRNA-mediated doiting
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activity of the organelle, without affecting protein synth€$isbouillard-Tanvieret al.,

2008b).

Figure 1.11 Plate assay showing the effects of different compuals on[PSI*] cells.
The agar contains 500 uM GdnHCI and other drugs were spotted ontpdiiter. The
red zones represent curgmdi[] cells. Image from Bacht al. (2003).

6AP inhibits ribosomal-mediated protein folding by competing with unfolded

proteins for ribosome binding (Ressal., 2011). However, this agent does not directly

interact with prion proteins (Tribouillard-Tanvietral., 2008b).

DMSO 6AP
<

-
5 10 15 20 (uM)

e

Figure 1.12 Representation of 6AP anti-prion activity.The banding patterns depict
protease K resistant PYHrom sheep. It can be seen that with increasing concentrations
of 6AP, the sheep protein becomes sensitive to protease K digestite #evel of
soluble PrB returns. Image from Tribouillard-Tanvieral. (2008b).
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1.9.3 Guanabenz

Guanabenz (GA) is a drug that has been used for decades toypegension
(McMahonet al., 1974). GA was found to display anti-prion activity in both yeast and
mammalian systems (Tribouillard-Tanviest al., 2008a). Although structurally
unrelated to 6AP, like 6AP, GA does not directly interact with ppooteins, but
specifically interacts with ribosomal components in an RNA-dependesuiner
(Tribouillard-Tanvieret al., 2008b). As for 6AP, GA does not affect protein synthesis,
but inhibits rRNA-regulated ribosomal protein folding activity (Triblaud-Tanvieret
al., 2008b). Furthermore, both drugs utilise the same binding sites on ridosoma
components and both impede the action of ribosomal folding modulators (RFMs),
ribosomal components active in protein folding (Tribouillard-Taneiet., 2008b, Reis

et al., 2011). The structure of GA is depicted in figure 1.13.

NH
HI*;IJJ\ NH,
=N
Cl | Cl

Figure 1.13 Structure of GA.Image from Tribouillard-Tanviegt al. (2008b).

1.9.4 Tacrine
Tacrine (1,2,3,4-tetrahydro-9-aminoacridine/THA/TA) is a compound wiaat
identified as a prion-curing agent in a yeast-based assay. Althsiwayvn to be active

against yeast prions, TA exhibited no potency against mammal@msi ribouillard-
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Tanvieret al., 2008a). It may be the case that TA, the structure of which isrshrow
figure 1.14, targets a yeast pathway too far diverged in maamsjstems. However,
the fact that prion curing activity in yeast has been demaedtraeans TA remains an

interesting drug for prion researchers.

Figure 1.14 Structure of TA.Image from Tribouillard-Tanviegt al. (2008a).

1.9.4.1Tacrine as a human drug

TA is a drug which has been prescribed to Alzheimer's patientgdbas
findings that this compound induces an improvement in memory andeskgmptoms
of Alzheimer's dementia (Summees al., 1981, Summerst al., 1986, Daviset al.,
1992). Although opinion has been divided over the effectiveness of TA anHewnloset
not effects of the drug are significantly beneficial (CHizteland Lacomblez, 1990,
Molloy et al., 1991, Wilcocket al., 1994), reviewers have concluded that on cognitive
function, TA has beneficial effects, albeit modest (Byrne and, A884, Qizilbashet
al., 1998).

Since the advent of TA administration, there has been mixed sentiment
Concerns were raised regarding TA toxicity when only two monthsaiical trial,
liver damage was found in one fifth of patients (Marx, 1988). Furinghis, many
groups have demonstrated that hepatotoxicity can result from TA d@saggthet al.,
1989, Molloyet al., 1991, Lagadic-Gossmareh al., 1998) and that clinical hepatitis

can subsequently occur (Molleyal., 1991, O'Brieret al., 1991). However, lack of TA
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mammalian toxicity has also been documented (Féttah, 1987). Accordingly, many
believe that under careful monitoring and regular enzyme levehdeslzheimer's
sufferers can profit from administration of this drug and to supptbelief, in 1993
TA became “the first FDA-approved treatment for Alzheimdisease” (Watkinst al.,

1994, Summers, 2006).

1.9.4.2Tacrine mode of action

In 1951, Dr. Adrien Albert published data referencing TA, “aminacriae’,
aminoacridine compound as a powerful antiseptic and antibacterial. &tge reported
on the chemical and biological properties of the aminoacridinesjditi@an to their
medicinal functions (Browning and Crawford, 1951).

TA is an acetylcholinesterase inhibitor and acts throughtergethe breakdown
of acetylcholine (ACh). This in turn prevents decline in cholinergioateansmission,
which is symptomatic of Alzheimer’'s disease, and due to igh Bplubility level, TA
has easy access to the brain (Weinstock, 1995). More recent wodhban that in
addition to the above, TA, although not an ACh receptor (AChR) agonispetibively
binds to agonist AChR sites “stabilising a non-conducting open chavegtor form”
(Cheffer and Ulrich, 2011). Independent of its acetylcholinesterdmhbitory activity,
TA can also inhibit the neuronal entry of calcium and can block potassnd sodium
channels (Davis and Powchik, 1995, Dolegtall., 1997).

One of the main characteristics of Alzheimer's diseagbdsaccumulation of
amyloid plaques within the brain. These plaques consist of amyltaebbateins which
are derivatives of the secreted beta amyloid precursor prdtestes APP) (Haass and
Selkoe, 1993). TA treatment results in a striking inhibition of beR#® Aecretion and
also in slightly decreased levels of intracellular beta AB&hi(i, 1994, Lahiri and

Farlow, 1996).
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1.9.4.3Tacrine and prion proteins

Recently published data has demonstrated that the mammaliararceliadn
protein functions as a receptor for amyloid beta-proteins, thus playiolg in synaptic
dysfunction. In fact, PrP is not required to be in the infectio@SRsoform for this
intercommunication to occur (Lauréhal., 2009). Significantly, it also appears that for
mammals to show cognitive deficiencies resulting from amylbieta-protein
accumulation, PrPexpression is imperative (Gimbel al., 2010). From this, the link
between Alzheimer’s disease dysfunction and prions has beentlstneed) and for

treatment, TA may be a useful common factor.

1.10 Ribosomal activity as a potential target for prion curing

Evidence has been provided to suggest that the ribosome may playia role
protein folding. Specifically, the domain V of the 23S large ribosm@ublnit appears
to be involved in protein re-and denaturation ([2asl., 2008). As descibed above,
protein folding is significantly implicated in prion propagation and eggngly, it is
this domain V that undergoes specific interaction with the priomgurugs 6AP and
GA (Tribouillard-Tanvieret al., 2008b). It has been proposed th#osome-borne
protein folding activity (RPFA) lies in the preparation of a pre-folded nasceptige
that downstream chaperones will alter further (Fahraeus and €)o2@08). Taken
together, it may be the case that RPFA contributes in someovpgongenesis and
preservation of theS*] phenotype, and may thus be a potential target for prion curing

drugs.

1.11 YARL, LTV], RPL8A and RPL8B
YAR1, LTV]1, RPL8A andRPL8B are four ribosome-related genes identified as

potentially important in prion researchyarl, Altvl, Arpl8a andArpl8b all contain an
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imbalance in the relevant ribosomal subunit and can only display WRSK].
Interestingly, when these strains are exposed to 6AP or GA, ithreiprstabilised (M.
Blondel, personal communicationfARL is not an essential gene but growth of strains
deleted for this gene is significantly retarded, especalipw temperatures (Lycaat
al., 1996). In addition to its role in regulating the rate of cellulariferaition, YARL
transcription is considerably repressed by heatshock (Lgtah., 1996). Physical
interaction between Yarlp and another protein Ltvlp has been documented @loa
2004). Evidence suggests that the latter protein may be an asdaatbiy involved in
the processing of pre-ribosomes (Sché&feal., 2003, Campbell and Karbstein, 2011).
Overall, it is thought that both Yarlp and Ltvlp distinctly function in 408unit
production (Loast al., 2004).

RPL8BA (MAK7) andRPL8B (KRB1) encode the yeast ribosomal protein L4 of
the of the large 60S subunit (Arevalo and Warner, 1990, éfah, 1991, Ohtake and
Wickner, 1995). The nearly identicRPL8A andRPL8B genes are orthologous to the
mammalianRPL7A ribosomal protein gene (Yoet al., 1991). The fact that mutants
deleted for these four genes exhibit a weakeR&I'| may provide an important link

between ribosomal function and prion propagation.

1.12 Main aims of this study

The principal objectives of this study were to assess the yemst-curing
capacites of TA, and to investigate its mode of action. It wasigated that RNA
sequencing technology and proteomics would provide insight into the mad&asf of
TA, through analysis of the glob&l cerevisiae response to the drug. As TA appears to
mediate its effects through a different process to 6AP and GA, these dmegselested
for employment in a comparative study. It was hypothesised thatight enhance the

uptake of GdnHCI and we endeavoured to assess the validity of this sigpposit
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Chapter 2 Materials and methods



Yeast Handling Techniques

2.1 Yeast and bacterial strains used in this study

2.1.1 Saccharomyces cerevisiae strains

Listed below in table 2.1 ai®accharomyces cerevisiae strains which were used

in this study, in addition to genotype description and where strains were sourced.

Table 2.1 S. cerevisiae strains used in this study.

Strain_ hame Genotype Source
G600 MATa/MATa ade2.1 UQ5S kar1-1 his3 leu2 Jonest al.
trpl ura3 (2004)
G600 pRS315 MATa ade2.1 SUQ5 kar1-1 his3 leu2 trpl This study
ura3 pRS315
G600 pRS316 MATa ade2.1 SUQ5 karl1-1 his3 leu2 trpl This study
ura3 pRS315
BY4741 MATa his3 leu2 met15 ura3 Euroscarf
BY4741Acys3 MATa his3 leu2 met15 ura3 cys3::kanM X4 Euroscarf
BY4741Atrr2 MATa his3 leu2 met15 ura3 trr2::kanM X4 Euroscarf
BY4741GlIiT- MATa his3 leu2 met15 ura3 GliT-pC210 This study
pC210
BY4741 pRS315 MATa his3 leu2 metl5 ura3 pRS315 This study
BY4741Acys3 MATa his3 leu2 met15 ura3 cys3:: kanM X4 This study
pRS315 pRS315
BY4741Acys3 MATa his3 leu2 met15 ura3 cys3:: kanM X4 This study
GliT-pC210 GliT-pC210
BY4741 pRS316 MATa his3 leu2 metl5 ura3 pRS316 This study
BY4741GlIiT- MATa his3 leu2 metl5 ura3 GliT-pYES2 This study
PYES2
G600GIiT-pYES2 MATaade2.1 UQ5 kar1-1 his3 leu2 trpl This study
ura3 GliT-pC210
BY4741Ayapl MATa his3 leu2 met15 ura3 yapl::kanMX4 Euroscarf
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BY4741Asodl MATa his3 leu2 met15 ura3 sodl::kanM X4 Euroscarf

BY4741Agshl MATa his3 leu2 met15 ura3 gshl::kanMX4 Euroscarf

BY4741Agshl MATa his3 leu2 met15 ura3 gshl::kanMX4 This study

pRS315 pRS315
BY4741Agshl MATa his3 leu2 met15 ura3 gshl::kanMX4 This study
GSH1-pRS315 GSH1-pRS315
BY4741AcysA MATa his3 leu2 met15 ura3 cys4::kanM X4 Euroscarf

BY4741Agpx2 MATa his3 leu2 met15 ura3 gpx2::kanM X4 Euroscarf

BY4741Afrm2 MATa his3 leu2 met15 ura3 frm2::kanM X4 Euroscarf

BY4741 Ahxt2 MATa his3 leu2 met15 ura3 hxt2::kanM X4 Euroscarf

BY4741 Amet6 MATa his3 leu2 met15 ura3 met6:: kanMX4 Euroscarf

BY4741 Ametl7 MATa his3 leu2 met15 ura3 metl7::kanMX4 Euroscarf

BY4741 Amet32 MATa his3 leu2 met15 ura3 met32::kanMX4 Euroscarf

BY4741 Aald6 MATa his3 leu2 met15 ura3 ald6: :kanMX4 Euroscarf

BY4741 Asaml MATa his3 leu2 met15 ura3 saml::kanM X4 Euroscarf

BY4741Ahbnl MATa his3 leu2 metl5 ura3 hbnl::HIS5 This study
BY4741 MATa his3 leu2 metl5 ura3 frm2::kanMX4 This study
Afrm2Ahbnl hbnl::HIS5
G600Assel MATa ade2.1 SUQ5 kar1-1 his3 leu2 trpl H. Loovers
ura3 ssel::kanMX4
G600Assal MATa ade2.1 SUQ5 kar1-1 his3 leu2 trpl Jonest al.
ura3 ssal::kanMXx4 (2004)
G600Assa2 MATa ade2.1 SUQ5 kar1-1 his3 leu2 trpl Jonest al.
ura3 ssa2::HIS3 (2004)
G600AssalAssa2 MATa ade2.1 SUQ5 kar1-1 his3 leu2 trpl Jonest al.
ura3 ssal::kanMX4 ssa2::HIS3 (2004)
G600Asti1 MATa ade2.1 SUQ5 kar1-1 his3 leu2 trpl Jonest al.
ura3 stil::kanMX4 (2004)
G600Acpr7 MATa ade2.1 SUQ5 kar1-1 his3 leu2 trpl Jonest al.
ura3 cpr7::HIS3 (2004)
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G600ASsti1Acpr7
G600Afesl
74D
74D Ayarl
74D Altvl
74D Arpl8a
74D Arpl8b
G600Ahsp104
74D Ahsp104
74D AltvlAhspl04
74D Ayar1Ahsp104
74D pDCM90
74D Ahspl04

pDCM90

74D Ayarl
pDCM90

74D Altvl
pDCMO90

74D Ayar1Ahspl04
pDCM90

74D Altv1Ahsp104
pDCMO90

MATa ade2.1 SUQ5 kar1-1 his3 leu2 trpl
ura3 stil::kanMX4 cpr7::HIS3

MATa ade2.1 SUQ5 kar1-1 his3 leu2 trpl
ura3 fesl::kanMX4

MATa adel.14 trpl his3 ura3 leu2

MATa adel.14 trpl his3 ura3 leu2
yarl::HISH

MATa adel.14 trpl his3 ura3 leu2
ltvl::kanM X4

MATa adel.14 trpl his3 ura3 leu2
rpl8a::kanMX4

MATa adel.14 trpl his3 ura3 leu2
rpl8b: :kanMX4

MATa ade2.1 SUQ5 kar1-1 his3 leu2 trpl
ura3 hspl04::kanMX4

MATa adel.14 trpl his3 ura3 leu2
hsp104::HISH
MATa adel.14 trpl his3 ura3 leu2
[tvl::kanMX4 hspl04::HIS5

MATa adel.14 trpl his3 ura3 leu2
yar1::HIS5 hspl04::kanMX4

MATa adel.14 trpl his3 ura3 leu2
pDCM90

MATa adel.14 trpl his3 ura3 leu2
hsp104::HISS pDCM90

MATa adel.14 trpl his3 ura3 leu2
yarl::HIS5 pDCM90

MATa adel.14 trpl his3 ura3 leu2
[tvl::kanMX4 pDCM90

MATa adel.14 trpl his3 ura3 leu2
yar1::HIS5 hspl04::kanMX4 pDCM90

MATa adel.14 trpl his3 ura3 leu2
[tv1l::kanMX4 hspl04::HIS5 pDCM90

Jonest al.
(2004)

Jonest al.
(2004)
Marc Blondel
Marc Blondel
Marc Blondel
Marc Blondel
Marc Blondel
Yeast Genetics
Marc Blondel
Marc Blondel
Marc Blondel
This study
This study
This study
This study

This study

This study

Working stocks of regularly used yeast strains were maimtaahe&®C on agar

plates containing suitable growth media. Approximately every tweksjethese strains

were sub-cultured onto fresh agar plates. Long-term stocks sifahs were prepared

by adding a large number of cells to a solution containing 15% rgly¢e'v), 85%

liquid YPD (v/v). These stocks were stored at -70°C.
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2.1.2 Bacterial strain
DH5a was the onlyEscherichia coli strain used in this study. Stocks Efcoli
strain DH% were stored at -7Q in dHO or in 20% (v/v) glycerol to 80% (v/v) liquid

LB.

2.2 Plasmid vectors used in this study
Listed in table 2.2 are plasmid vectors which were used in thig stuatidition

to plasmid description and where plasmids were sourced.

Table 2.2 Plasmid vectors used in this study.

Plasmid Name Description Source
pRS315 CentromericSaccharomyces cerevisiae Sikorshi and
shuttle vectot. EU2 marker Hieter (1989)
pRS316 CentromericSaccharomyces cerevisiae Sikorski and
shuttle vectotJRA3 marker Hieter (1989)
pC210 Vector containingsSAL under control of ~ Schwimmer and
SSA2 promoter EU2 marker Masison (2002)
puG27 Vector containin§chizosaccharomyces Euroscarf
pombe HISE gene
pYES2 URA3-based plasmid containing inducible  Invitrogen
GAL1 promoter
GliT-pYES2 GIliT under control ofSAL1 promoter in This study
PYES2 vector
GliT-pC210 GIiT replacingSSAL in pC210, under This study

constitutiveSSA2 promoter control

YEp13 High-copy plasmid containing gene bank of ATCC
wild-type S. cerevisiae DNA LEU2 marker

pDCM90 URA3-based single-copy plasmid containing Daniel C.
a gene for yeast expression of a thermolabile Masison
bacterial luciferase
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2.3  Chemicals and reagents used in this study
All chemicals, reagents and metabolites were purchased $igma-Aldrich

Chemical Co. Ltd. U.K., unless otherwise stated.

2.4  Drug and metabolite stocks used in this study
Tacrine, Guanabenz and 6-aminophenanthridine were provided by Marc Blondel

University of Brest, France.

Guanidine Hydrochloride (GdnHCI)
100 mM GdnHCI stock was made by adding 0.478 g to 50 ml stery®.dFhis

was then separated into 1 ml aliquots and stored at -20°C.

Tacrine (TA)
100 mM TA stocks were prepared by adding 26 mg TA in powder torm
1106.38 ul DMSO. From this, 10 mM working stocks were aliquoted and stbred a

20°C.

Guanabenz (GA)
100 mM GA stocks were prepared by adding 18.4 mg GA in powder tor

632.3 ul DMSO. From this, 10 mM working stocks were aliquoted and stored at -20°C.

6-aminophenanthridine (6AP)

100 mM 6AP stocks were prepared by adding 15.6 mg 6AP in powdertdorm

804.12 pl DMSO. From this, 10 mM working stocks were aliquoted and stor2a°aL
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Gliotoxin (GT)
1 mg/ml gliotoxin stocks were prepared by adding 25 mg ofaylintto 25 ml

of methanol. This was dissolved, aliquoted and stored at -20°C.

Cystathionine
1 mM cystathionine working stocks were made by adding 4.5 mg to 20 ml of

sterile dBO. This was stored at -20°C.

Ampicillin
To prepare ampicillin antibiotic stock solutions, 5 g of ampiciVas added to
100 ml of sterile dBO to give a concentration of 50 mg/ml. This was dissolved, filter

sterilized, aliquoted and stored at -20°C until usage was required.

2.5 Yeast and bacterial growth media

Bacteriological (bacto-) yeast extract, bacteriologicalactb-) peptone,
bacteriological (bacto-) agar and yeast nitrogen base {¥i@Bout amino acids were
all sourced from Becton, Dickinson and Company, Le Point de Claixc&réBD).

Petri dishes were sourced from Greiner Bio-One.

2.5.1 Media for culturing yeast
|Yeast Peptone Dextrose (YPD)

10 g of bacto-yeast extract, 20 g of bacto-peptone and 20 g afdDsg! were
added to 1 | of dkD. This complete media solution was autoclaved and stored at room
temperature (RT). If solidification was required, 20 g bacto-ags added to the other

components described above, solution was autoclaved and allowed to cool. Agar wa
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then poured into sterile petri dishes under sterile conditions and dlltmveet. Agar

plates were stored at 4°C.

Yeast Peptone Galactose (YPGAL)

10 g of bacto-yeast extract, 20 g of bacto-peptone and 20 g of galactos
added to 1 | of dkD. The solution was autoclaved stored at RT. If solidification was
required, 20 g bacto-agar was added to the other components desbabedsalution
was autoclaved and allowed to cool. Agar was poured into steriiedpgtes, under

sterile conditions. Plates were allowed to set and were stored at 4°C.

YPD-guanidine hydrochloride (GdnHCI)

YPD was made as described above. After autoclaving, media leasedlto
cool to approximately 60°C. GdnHCI stock was added to obtain the required
concentration (table 2.3).

Table 2.3 Volume of 100 mM GdnHCI stock added to 1 | of YPD to odin
concentrations used.

Molarity Required Volume of 100 mM stock added (ml)
3 mM 30
200 uM 2
500 uM 5

If agar had been added, the solution was poured into sterile petrs,distder sterile

conditions. Plates were allowed to set and were stored at 4°C.

YPD-Tacrine/Guanabenz/6-aminophenanthridine

YPD was made as described in section above. After autoclalieg/RD was
allowed to cool to approximately 60°C. Tacrine (TA), Guanabenz (@A9-Amino
phenanthridine (6AP) stock was added to obtain the required concentration (table 2.4).
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Table 2.4 Volume of 10 mM TA/GA/6AP stock added to 1 | of YPD to obtain
concentrations used.

Molarity Required Volume of 10 mM stock added (ml)
5uM 0.5
10 pM 1
15 pM 1.5
20 pM 2
25 uM 2.5
100 pM 10

If agar had been added, the solution was poured into sterile petrs,distder sterile

conditions. Plates were allowed to set and were stored at 4°C.

YPD-GdnHCI-TA/GA/6AP

When a combination of both GdnHCI and TA/GA/6AP was required,
appropriate volumes of both compounds, described above were added simultgnaeousl
to YPD. E.g. to make 200 uM GdnHCI-20 uM 6AP media, 2 ml of 100 mM GdnHC

stock and 2 ml 10 mM 6AP stock were added to 1 | of YPD.

Synthetic Complete (SC)

6.7 g of YNB without amino acids, 20 g of glucose and 2 g of dropout mixture
(table 2.5) were added to 1 | of gB{ This solution was then supplemented, depending
on growth requirements of the strain, with required amino acids @abJeautoclaved
and stored at RT. If solidification was required, 20 g of bacto-agar added to the
other components described above, solution was autoclaved and allowed toheool. T
agar was poured into sterile petri dishes, under sterile conditiates Rere allowed to

set and were stored at 4°C.
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Table 2.5 Composition of dropout mixture. The components below were added
together, ground using a pestle and mortar and stored at RT.

Component Quantity (q)

Alanine
Arginine
Asparagine
Aspartic Acid
Cysteine
Glutamic Acid
Glutamine
Glycine
Isoleucine
Lysine
Methionine
Phenylalanine
Proline
Serine
Threonine
Tyrosine
Valine
Para-aminobenzoic Acid 2

Inositol 2

A RN R S V1L N CR CERE SIS RS

Table 2.6 Amino acid stock concentrations and final concentrationf amino acids
supplemented into SC media.

Amino Amino acid quantity Volume of stock Final amino acid
acid added to addedto 1 | SC  concentration in 1 |
100 ml dH,O to make media (ml) SC media (ug/ml)
stock solutions (q)
Leucine 1 10 100
Adenine 0.2 10 20
Histidine 1 2 20
Tryptophan 1 2 20
Uracil 0.2 10 20

SC Galactose (SCGal)

6.7 g of YNB without amino acids, 20 g of galactose and 2 g of dropoutin@ixt
(table 2.5) were added to 1 | of gB{ This solution was then supplemented, depending
on growth requirements of the strain, with required amino acids @abJeautoclaved
and stored at RT. If solidification was required, 20 g of bacto-agar added to the

other components described above, solution was autoclaved and allowed toheool. T
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agar was poured into sterile petri dishes, under sterile conditiates Rfere allowed to

set and were stored at 4°C.

YPD/SC-Gliotoxin
YPD or SC was made as described above. After autoclaving, the nvedi
allowed to cool to approximately 60°C. Gliotoxin stock was added to obtain the required

concentration (table 2.7)

Table 2.7Volume of 1 mg/ml gliotoxin stock added to 30 ml SCThis made enough
for one agar plate.

Concentration required (ug/ml) Volume of 1 mg/ml stock added (ul)

2 60

4 120
8 240
12 360
16 480
32 960
64 1920

If agar had been added, the solution was poured into sterile petrs,distder sterile

conditions. Plates were allowed to set and were stored at 4°C.

SC-cystathionine

SC was made as described above. After autoclaving, the mesliallaed to
cool to approximately 60°C. Cystathionine stock was added to obtairedoged
concentration (table 2.8). If agar had been added, the solution was patioretierile

petri dishes, under sterile conditions. Plates were allowed to set and were ts48ad a

a7



Table 2.8 Volume of 1 mM cystathionine stock added to 30 ml SCThis made
enough for one agar plate.

Concentration required (UM) Volume of 1 mM stock added (ml)
100 3
250 7.5
350 10.5

SC-cystathionine-gliotoxin

When a combination of both gliotoxin and cystathionine was required,
appropriate volumes of both compounds, described above were added simultgnaeousl
to SC. E.g. to make 16 pg/ml GT-100 uM cystathionine media, 480 plnad/dnl

gliotoxin stock and 3 ml of 1 mM cystathionine stock were added to 30 ml SC.

SC-H0O,
SC was made as described above. After autoclaving, the mesliallaed to
cool to approximately 60°C. J, (30 % (w/w) in BO) was added at the required

concentration (table 2.9).

Table 2.9Volume of 30 % H,O, added to 250 ml SC.

Concentration Required (mM) Volume of 1 mM stock added (ul)

21
42
63
84
105

apbrwnN -

2.5.2 Media for culturing E. cali
Luria Broth (LB)
20 g of Luria bertani broth was added to 1 | ob@Hautoclaved and stored at

RT. If solidification was required, 20 g of bacto-agar was added ttutizebroth, the
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solution was autoclaved and allowed to cool. The agar was poured inte ptdri

dishes, under sterile conditions. Plates were allowed to set and were stored at 4°C.

LB-ampicillin

LB was made as described above and after cooling media, tHzotnti
ampicillin was added. In LB-ampicillin, only bacterial straimsntaining an ampicillin
resistance marker can survive. This enables selectida ofli cells into which an
ampicillin-resistance conferring plasmid has integrated. Iofmf30 mg/ml ampicillin

stock was added to 999 ml of LB, resulting in LB with an ampicillin conceoitrati 50

pg/mil.

2.6  Sterilisation techniques

Sterilisation of growth media and materials required for aségpthniques was
achieved by autoclaving at 1%Z1 for 15 min. Any solutions that were susceptible to
decomposition during autoclaving were filter sterilised using 0.22 pitipdfe
membrane filters. All worktops and benches were washed with 70%etWanhol prior

to carrying out experiments.

2.7  Yeast and bacterial culture conditions
2.7.1 Conditions for yeast liquid culture

Yeast strains required for an experiment were freshly edton suitable agar
plates and grown at 30°C (BD series Binder incubator, Mason Teclhdtog8 hr.
From these plates, liquid cultures were inoculated in 5 ml suitabldia (in 14 ml
round bottom falcon tubes, BD) unless otherwise stated. Cultures nawbated
overnight at 30°C, 200 rpm (Innova 4000 Orbital Shaker, New Brunswick Sicentif

UK).
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2.7.2 Conditions for E. coli liquid culture

E. coli required was freshly cultured on LB-ampicillin agar plates andigrat
37°C for 24 hr., prior to inoculation of liquid culture. Liquid LB-ampigilwas
inoculated with a singl&. coli colony to obtain a 5 ml culture, unless otherwise stated.
These cultures were incubated overnight at 37°C, 200 rpm (Innova 44| Gtateer,

New Brunswick Scientific, UK).

2.7.3 Harvesting yeast andE. coli from liquid cultures
Yeast ancE. coli were harvested from liquid cultures by centrifugation for five

min. at 1258 x g and 3220 x g respectively (Centrifuge 5810R, Eppendorf).

2.8  Determination of yeast cell density

Yeast overnight cultures were diluted 1/100 with sterile@Hnd counted using
a haemocytometer (Bright Line, Hausser Scientific). The eefle counted using a
light microscope (INGENIUS, Bio imaging Syngene) at a magation of X 100.
Other experiments required O.D. values of yeast growth overtancéme period. In
this case cell concentration was determined using a spectrophat¢E@bendorf) at

ODsoonm

2.9 Yeast comparative growth analysis

Yeast were cultured overnight at°80(200 rpm) in 5 ml selective media. The
following morning the cultures were diluted back to dgay= 0.1 in 5 ml of fresh
media and incubated at %D shaking until the cells reached a concentration of 83x10
cells/ml. The cells were harvested by centrifugation and resdsgdéan selective media
to a final concentration of 5xi@ells/ml. 200 pl of cultures were placed in wells in

column 1 in a 96 well plate (Starstedt) and 160 ul of media wasdaddesells in
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columns 2-6. A 1/5 serial dilution was performed on the cells usingilachannel
pipette e.g. by removing and adding 20 pl of culture from wellrddugh to A6. Using

a 96 well metal replicator (Sigma), cells were transtea® spots onto appropriate agar
plates and left to dry on the bench. The plates were incubatefCagB@ in the case of
temperature-sensitive tests plates were also incubate@Gafd 39C. The plates were

incubated for 48 hr. and growth was monitored over that time.

2.10 Yeast transformation
In provision for this technique,
a) 1 M Lithium acetate was prepared by dissolving 10.2 g of Lithium acetate in 100
ml of dH,O, followed by autoclaving the mixture. 100 mM Lithium acetate was
prepared by mixing 1 ml of 1 M Lithium acetate with 9 ml ofriggedH,O.
Stocks were stored at RT.
b) 50% (w/v) polyethylene glycol (PEG) stock solutions were prephyemixing
50 g PEG with 50 ml of d¥0 and adjusting it to a final volume of 100 ml with
dH,0O, followed by autoclaving. PEG Stocks were stored at RT.
c) Carrier DNA was prepared by adding 200 mg of single strandédl iDto 100
ml of 10 mM Tris/1 mM EDTA solution. This gave a final carriBNA
concentration of 2 mg/ml. The 100 ml stocks were separated into 1 umhesl
in fresh 1.5 ml microfuge tubes (Eppendorf) and boiled at@0r 5 min. on
an Accublock Digital Dry Bath (Labnet International.Inc). The #ulveere
subsequently cooled on ice and stored atG20
d) DNA mix was prepared, for transformation into the competentt yesls. For
plasmid DNA transformations, 5 ul plasmid was added to 45 pl maleek®D.
For cloning an insert into a vector, various volumes of both insert arndrvec

DNA were added together for transformation.
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e) 10 mM Tris/1 mM EDTA solutions in which the carrier cDNA wa@issolved
were prepared by making a 100X stock concentration. 12.14 g Tris and 2.92 g
EDTA were added together and adjusted to 100 ml witkOdH he pH was
adjusted to 7.5. The solution was autoclaved and 1 ml was removed and added

to 99 ml sterile dBED to give a final concentration of 10 mMTris/1 mM EDTA.

2.10.1 Preparation of competent yeast

Yeast strains were inoculated as previously described inosegtir.1. The
following morning, the 5 ml overnight cultures were added to 50 ml fresh suitabl@ liqui
media. Yeast cultures were incubated atC38haking for a further 3-5 hr. until cell
concentrations reached 1-2 x’@élls/ml. The cells were harvested by centrifugation at
1258 x g, washed in 25 ml of sterile flHand centrifuged again. The supernatants were
disposed of and pellets were resuspended in 1 ml of 100 mM LithiumeacBte cells
were transferred to microfuge tubes and pelleted in a tableetajpifuge (Centrifuge
5415D, Eppendorf AG, Hamburg) at 15700 x g for 5 sec. and resuspended in 500 pul of
100 mM Lithium acetate. These cells could be stored’@tfdr 1-2 weeks or used

immediately for transformation.

2.10.2 Transformation of competent yeast with DNA
50 pl aliquots of competent yeast cell suspensions were addedcesio fr
microfuge tubes and pelleted for 5 sec. Residual lithium @&cetas removed. The
following components were added to each microfuge tube in the order listed:
240 pl 50% (w/v) PEG
36 pul 1 M Lithium acetate
25 pl single stranded carrier DNA (taken from 2 mg/ml stock)

50 pl mix of molecular ¥ and desired DNA
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The cell suspensions were mixed and incubated®a &% 30 min. The mixtures were
then heat-shocked at #2in an Accublock Digital Dry Bath (Labnet International.Inc)
for 20-25 min. The microfuge tubes were centrifuged at 15700 x g forclzseé the
pellets were resuspended in 200 ul ob@Hand plated onto selective agar plates. These

plates were incubated at’8Dfor 2-3 days.

2.11 E. cali transformation
2.11.1 Preparation of competentE. coli

E. coli DH5a were inoculated in 10 ml of LB media and incubated overnight at
37°C 200 rpm. The following day, the 10 ml culture was added to 1 | of édarand
incubated for 2 hr. at 8€ (200 rpm). This culture was split into 4 x 250 ml
centrifugation tubes and chilled on ice for 10 min. The cells wenérituged at 5000
rpm for 10 min. at 4°C, in a GSA rotor. The pellets were resuspendedl ml RF1
Buffer (table 2.10) and kept on ice for 30 min. The cells were then centrida 2P0 x
g for 10 min. at 4°C and each pellet was resuspended in 3.2 ml RFE2 Ralfle 2.11).
The tubes were kept on ice for 15 min. 100 ul aliquots were trarsfatoepre-cooled

1.5 ml microfuge tubes and the cells were stored 8€-.70

Table 2.10 Components of buffer RF1 used in the preparation of competekt coli.

Component Amount added Final concentration/volume
K-Acetate 14749 30 mM
CaCb.2H,0 (dihydrate) 5mll1M 10 mM
Glycerol 7.5 ml 15%
dH,O Adjusted to 450 ml*
RbCI 69 100 mM
MnCl,.4H,0 495¢ 50 mM
(tetrahydrate)
dH,O Adjusted to 500 ml

* At this point, solution was adjusted to pH 5.92 with 0.2 M acetic &cRIN = 3 g in
250 ml dHO).
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Table 2.11 Components of buffer RF2 used in the preparation of competekt coli.

Component Amount added Final
concentration/volume
RbCI 5mi1M 10 mM
CaCb.2H,0O 55.¢ 75 mM
dH,O Adjusted to 500 ml

All chemicals and solutions were added in consecutive order fronotbpttom, as
illustrated in the table. Both RF1 and RF2 buffers were filemilisied and stored at 4°C

prior to use.

2.11.2 E. cali transformation (long method)

1-20 pl (approximately 1 pg) of plasmid DNA was added to 100 pl ciemide
coli and incubated on ice for 30 min. The cells were subjected to 42°C for. bmma
digital dry bath followed by immediate recovery by adding lomliquid LB to each
1.5 microfuge tube. The tubes were incubated %€ 3haking for 1 hr. and then plated

onto LB-amp agar. These plates were incubated overnight@t 37

2.11.3 E. cali transformation (5 min. method)

To ensure optimum conditions for efficient transformation, LB-ampeplatere
incubated at 37°C for approximately 1 hr. prior to transformation. 50 gdmpetent.
coli were thawed on ice and 1-5 pl plasmid DNA was added. Thesesmiere
maintained on ice for 5 min., then plated onto warm LB-amp plates anbaited at

37°C overnight.

2.12 Yeast genomic DNA isolation

In provision for this technique,
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a) 1 M sorbitol/100 mM EDTA solutions were prepared by dissolving 18.2 g of
sorbitol in 20 ml warm dkD and adding 2.92 g of EDTA. The solutions were
adjusted to 100 ml with diD, autoclaved and stored at RT.

b) Zymolase stocks were prepared by adding 500 mg of zymolase&)Sigr.00
ml of dH,O and filter sterilising. The stocks were aliquoted into lvalumes
and stored at -2C.

c) 1M Tris/100 mM EDTA solutions were prepared by dissolving 2.92 g &fi&D
and 12.1 g of Tris in 20 ml of @@ and adjusting the final volume to 100 ml
with dH,O. The solutions were autoclaved and stored at RT.

d) 10% (w/v) Sodium dodecyl sulfate (SDS) solutions were preparedsbglding
10 g of SDS in 20 ml of di and adjusting the final volume to 100 ml with
dH,O. The solutions were autoclaved and stored at RT.

e) 5 M potassium acetate (KAc) solutions were prepared by dissolving 49 g of KAc
in 20 ml of dHO and adjusting the final volume to 100 ml with,@H The

solutions were autoclaved and stored at RT.

To isolate genomic DNA from a desired strain, yeast waveulated in 2 ml
YPD and incubated overnight shaking at@0The cells were pelleted at 1258 x g for 5
min. and pellets were resuspended in 150 ul of 1 M sorbitol/100 mM EDIDA a
transferred to 1.5 ml microfuge tubes. 12 pul of 5 mg/ml zymolaseasded to each set
of cells and the tubes were incubated for 1 hour & 37he mixtures were centrifuged
at 15700 x g for 5 sec. and resupended in 150 pl of 1 M Tris/100 mM EDTA. df5
10% (w/v) SDS was mixed with the cell suspensions and solutiores inesbated at
65°C for 30 min. 60 pl of 5 M KAc was added to each tube and tubeschiliexd on
ice for 1 hr. The resulting mixtures were centrifuged at 15700foc § min. and the

supernatants were retained. 195 pl of Isopropanol was added to pachasant and
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tubes were maintained for 5 min. at RT, to allow precipitatioBNA. The tubes were
then centrifuged at 15700 x g for 10 sec., supernatants were removpdllatg were
allowed to air dry. The DNA pellets were resuspended in 45 p(Daird stored at

-20°C.

2.13 Isolation of plasmid DNA from yeast

To isolate plasmid DNA from yeast, cells were inoculated ovbtrniig 5 ml
selective media at 30°C, 200 rpm. The cells were harvested bifuggation at 1258 x
g for 5 min. All buffers used in this procedure were purchased irsenmaminiprep kit
from QIAGEN. The cell pellets were resuspended in 250 pl RessispeBuffer in 1.5
ml microfuge tubes and approximately 200 pul of 0.5 mm soda lime glass beads (Biospec
products Inc.) were added to the cell suspensions. The cells wéegedb(Vortex-2
Gene, Scientific Industries) for 5 min. at maximum speed. Atstlaige the glass beads
were at the bottom of the microfuge tubes and the liquid cellun@gtwere carefully
removed. 250 ul of Lysis Buffer followed by 350 ul of Neutralisingf& were added
to the cells, mixed well and centrifuged for 10 min. at 15700 x gsUipernatants were
then removed and transferred to DNA binding columns (QIAGEN)revitieey were
centrifuged for 1 min. at 15700 x g. Flow-through into the catchment twiees
discarded and 750 pl of Wash Buffer was added to each column, thisllwa®d by
centrifugation for 1 min. at 15700 x g. Flow-through was discaahedcolumns were
centrifuged for an additional min. to remove any residual buffem fthe binding
column. DNA was eluted by adding 50 pl of Elution Buffer directiyoithe binding
columns and allowing them to sit for 1-2 min. The binding columns wansferred to
fresh 1.5 ml microfuge tubes and plasmid DNA was isolated Hjna 1 min.

centrifugation at 15700 x g.
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To ensure plasmid DNA was at an ideal concentration for furthpErementation (ideal
amount is 100-500 ng/ul), 17 pul of each DNA elution was transformecEirgoli by
the ‘long’ method of transformation (section 2.11.2). Plasmid DNA finadly isolated

by additional steps that will be discussed in section 2.14.

2.14 Isolation of plasmid DNA from E. coli

Following transformation of plasmid DNA int&. coli, individual bacterial
colonies were isolated from the LB-amp plates. To isolate thi8,a single colony
was inoculated in 5 ml of LB-amp liquid and grown overnight &C32Z00 rpm. The
next day, cells were harvested by centrifugation for 5 mig220 x g. All buffers used
in this procedure were purchased in a plasmid miniprep kit from QMGHe cell
pellets were resuspended in 250 pl Resuspension Buffer. 250 ul of Ryfer
followed by 350 pl of Neutralising Buffer were added to the celixed well and
centrifuged for 10 min. at 15700 x g. The supernatants were then remoded a
transferred to DNA binding columns where they were centrifuged fom. at 15700 x
g. Flow-through in catchment tubes was discarded and 750 ul of Waskr Bu#$
added to each column, this was followed by centrifugation for 1 mih5#00 x g.
Flow-through was discarded again and columns were centrifugeghfadditional 1
min. to remove any residual buffer from the binding column. DNA wata@ by
adding 50 ul of Elution Buffer directly into the binding columns anovafig it sit for
1-2 min. The binding columns were transferred to fresh 1.5 ml micrdfuyes and
plasmid DNA was isolated by a centrifugation at 15700 x g. Plasmid DNA wasl stbr

-20°C.
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2.15 Monitoring the presence of the prion PSI*]in S. cerevisiae
The presence or absence of tR8[] prion can be monitored in yeast strains by

a simple colour assay (figure 2.1).

Figure 2.1 Monitoring the presence/absence oPBl*] using a simple colourassay.
[PS] cells grow as white colonies on media containing limited adenihde [psi]
cells grow as red colonies.

It can thus be determined whether or not the cells containithe (P9 *] cells)
or do not (psi'] cells). The strains that we use to carry out experimentsvimgpthe
monitoring of PS"] contain an ochre mutatiorade2.1) in a gene responsible for
adenine biosynthesis. Sup35p is Sa cerevisiae protein involved in translation
termination and when in its fully functional state, halts trarmstadit this premature stop
codon, leading to the build-up of a red pigment in the cells. Theseacelidearly seen
as red when grown with limiting amounts of adenine. When Sup35p aggréagate
non-functional form it is calledAS"], and there is subsequently reduced translation
termination of theade2 gene and cells appear white on limiting adenine media (figure
2.2).

A second way of monitoring the presence R8I[] is by growth of yeast cells
on medium lacking adenineP$l "] cells grow on medium lacking adenine whergss]|[

cells do not. This is becaused "] cells produce functional Ade2p which is involved in
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the adenine biosynthesis pathway. psi] cells the adenine biosynthesis pathway is

disrupted and cells require supplemented adenine for normal growth.

Monitoring [PSI+]

Yeast strains have an Ade2-1 mutation

AUG UAA UAA
Ade2-1 I ]
MRNA Start Aberrant
stop codon
AUG UAA ion i
Translation is .
Sup35/[PSI-|® ' halted Efé'r'g;’]'f ofred
sup35 W
AUG UAA UAA
[PSI+]
. Product of
Lack of functional ADE2 gene
Sup35 allows fully
readthrough of translated
nonsense codon and colonies

appear white

Figure 2.2 Consequences oPBl*]. Non-functional, aggregated Sup3:9[] allows
readthrough of thade2-1 mutation.
2.16 Thermotolerance Assay

Yeast strains were prepared for comparative growth anadgsidescribed in
section 2.9. On the second day, after cultures were grown and resusperadénal
concentration of 5x10cells/ml in 14 ml round-bottom tubes, cells were exposed to a
temperature of 39°C (200 rpm) for 1 hr. This temperature exposunesahin the
induction of Hspl04p, which is important in conferring cellular thermaalss,
preventing denaturation of proteins when cells are undergoing heat stiessq&ent to
this, cell aliquots were maintained at 52°C (200 rpm) for 0, 10, 2Md@a@@min., or O,
2, 4, 6, 8, and 10 min., with cells undergoing heat-shock. Cells were intetgdia
transferred to ice when removed from incubation. Comparative growtfisaealvere

then carried out by making a 1/5 serial dilution as described tioset9. Cells were
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plated on various plates dicatated by the nature of the exper@ménbcubated for 48

hr. at 36C.

2.17 Luciferase Assay

Prior to carrying out the luciferase assay, strains to lbedi@gere transformed
with the pDCM90 plasmid, following the method described in section 2.10./thimg
cycloheximide stocks were prepared by adding 5 mg of cyclohéitoi5 ml of sterile
dH,O. These were aliquoted and stored afc20

To perform the luciferase assay, yeast strains were atllauernight in 5 ml of
SC —uracil media to select for cells containing the plasmid. féh@wving morning,
cultures were diluted back to @§ 0.2 and incubated for 1 hr. at°87 200 rpm, to
induce expression of heat-shock proteins. Cellular luciferase gaivéach strain was
then measured in triplicate, by adding 10 pl of decanal to 200 pltire in 5 ml
rohren tubes (Sarstedt). An FB 12 Luminometer (Berthold Detectistel®g) was used
to obtain the luciferase activity readings, which were takeh0886 activity readings.
Cells were then incubated at 45°C (200 rpm) for 50 min., after wdyiclkoheximide
was added at a concentration of 10 pg/ml to prevent protein syndoéisisy andde
novo synthesis of heatshock proteins. Cultures were then incubatedCatto4%f further
10 min. After this 1 hr. heatshock, cellular luciferase actiwtyeach strain was
measured as before, in triplicate. If heatshock worked successksigings were at
most 10% of those recorded as 100% activity levels.

Cultures were then shifted to 25°C to let the cells recover femtshock. After
30 min. at 25°C, luciferase activity readings were taken againefase, followed by

readings after 60, 90, 120 and 150 min. at 25°C.
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When testing the effects of drugs on luciferase activity acolvery, cells were
pre-exposed to the drug(s) at an appropriate concentration forafl 360°C (200 rpm),

prior to the 1 hr. 37°C incubation.

2.18 Carbon-14 [**C]-GdnHCI uptake assay

All work requiring the use of'fC] was carried out in a certified radiation suite.
In  preparation forfC] work, the workstation was decontaminated using 2% (v/v)
Decon. A portable Geiger counter (Mini Instruments, Series 900 E#tit&naination
meter, Perspective Instruments) was placed beside the workstatioecord any
airborne radiation. A personal Geiger counter (Perspective Instrs)nveas also worn
to record personal radiation exposure.

Yeast strains were cultured overnight in 10 ml YPD. The followmagning,
cultures were diluted to Qfgy 0.2 in 40 ml fresh YPD. 1 mM GdnHCI was added to the
cultures (50 pl of 200 mM GdnHCI stock) and cultures were transferred ite Heks.

To these flasks,'fC]-labelled GdnHCI (American Radiolabeled Chemicals, Inc.) was
added at a concentration of 0.05 pCi/ml from a 0.1 mCi/ml stock. At this point, (ifi=0)
duplicate, 5 ml samples were removed from flasks and and trauisteriel ml round-
bottom tubes. Samples were centrifuged for 5 min. (1258 x g) andf supernatants
were removed to 1.5 ml microfuge tubes. The remaining supernatantsiiseseded
and pellets were washed and resuspended in 1 ml sterj®. dBbth pellets and
supernatants were stored at 4°C until readings were takefflatke were incubated at
30°C in a hybaid oven contained within in a fume hood. 5 ml samplestakene in
duplicate after 2 and 4 hr. and prepared in the same way as W#&foreto sampling,
ODsoo Was measured using a spectrophotometer. When all samples wpexegs
[**C]-labelled GdnHCI readings were made of all pellets and mafmeTts using a

Beckman Scintillation Counter.

61



Molecular Techniques

2.19 Polymerase Chain Reaction (PCR) analysis
2.19.1 PCR amplification

All primers were purchased from Sigma in the de-salted powden.{fThe
primers were dissolved in molecular-gradgdHo give a final 100 uM concentration.
The volume of water to be added was indicated on the specifiempsticker, as
provided by Sigma. From these, 10 uM working stocks were made updingalO pl
of 100 uM stock to 90 ul molecular-gradeQH(1/10 dilution). All primer stocks were
stored at -20°C. Two enzymes were used, depending on the experimmgntdreied
out, taq polymerase or Platinum/High-Fidelity taq. PCR cycle donditwere thus
adjusted accordingly. PCRs were carried out using a Peltiermgh cycler (MJ
Research) in sterile PCR tubes (Starstedt). Table 2.12tHistspecific PCR reaction
mixtures and cycle conditions for the appropriate product. Tables 2.13-2.pirers

used for PCR.

Table 2.12 PCR reaction mixturesand PCR cycles.

PCR PCR mixture Volume added PCR cycle
component @h conditions

PCR for diagnostic  Taq Buffer (New 2 94°C 4 min.
tests England Biolabs, 94°C 1 min.

NEB) 55°C 1 min.

dNTP mix (Sigma)
Forward primer

72°C 1 min. per kb
Cycle to step 2 x 30

N R R R

Reverse primer times
MgCl, (NEB) 72°C 6 min.
Template DNA 4°C overnight
Taqg Polymerase 0.5
(NEB)
Molecular-grade 115
water
PCR of template Platinum/High 5 94°C 2 min.
DNA for Fidelity Taq Buffer 94°C 30 sec.
cloning/genomic (Invitrogen) 55°C 30 sec.
knockout dNTP mix 2 68°C 1 min. per kb
Forward primer 2 Cycle to step 2 x 30
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Reverse primer 2 times
MgSQ; (Invitrogen) 2 72°C 6 min.
Template DNA 2 4°C overnight
HF Taq Polymerase 0.5
(Invitrogen)
Molecular-grade 34.5
water
Table 2.13 Primers forGIiT cloning.
Primer Oligonucletide sequence
CloningGliT into pC210 F AGATTTTATACAGAAATATTTAT
ACATATGATGTCGATCGGCAAAC
TACTCTCCAAC
CloningGliT into pC210 R TTCCTGATTAAACAGGAAGACAA
AGCATGCCTATAGCTCCTGATCG
AGACGAAAC
CloningGliT into pYES2 F CTGTAATACGACTCACTATAGGG
AATATTAATGTCGATCGGCAAAC
TACT
CloningGliT into pYES2 R CATGATGCGGCCCTCTAGATGCA
TGCTCGACTATAGCTCCTGATCG
AGAC

Table 2.14 Primers for g°PCR.Primers anneal within gene sequence.

Gene name Oligonucleotide sequence
ERGY F GACTTATTTGGCCGGTATCCA
ERGI9 R GCGACACAGCCACGCAAAGTCC
VMAG F GGGGATTTTTGGAGACTGGT
VMAG6 R GTGCGATACATTCTGCAATCCAGG
MET7 F CTAAGTGGGAAGGCAGATGTCAAG
MET7 R TCTGGCGAAACAGATGAGTACAGG
SAM1F TGCCTTCTCCGGTAAGGACTACTCT
SAM1R AGACTTGGTCGCAGTACCATAGGTG
MET6 F ATTCAACAAGGGCACCATCTCTG
MET6 R TGGTCTGGACAAGTCACCAACAA
MET16 F CAATTGGACGTTCGAGCAGGTTA
MET16 R CCCTTCCATCTTCCTGCTCTCTC
MET17 F TCAACTACACGCCGGCCAAGAGA
MET17 R AAACAGCCAAAGCAGCAGCACCA
MET2 F ATTGAATCTCCCGAAGGCCACGA
MET2 R TTCGGCCTCACCAAAGACAGACG
MET14 F TGGTGACAACATTCGTTTTGGATTGA
MET14 R GGGTCCCTTTGCTCAGCGACTTC
MET22 F GGCAACGTTATTGTCCATGAAGC
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MET22 R
HBN1 F
HBN1R
JEN1F
JEN1R
SP18F
SP18R
BDH2 F
BDH2 R
DH2 F
PDH2Z2R
MLS1 F
MLS1 R

CGCATGATGTAGACACCACCAAG
CTAGTTTCGCGGACCATACCTC
GGTCCAAGACTCAGGGATTTTG

GTGTCTTTGGTGTCTGGGGTATC
AGAGCACCAGAGGCATCTCTTT
CATGGACATGGGTATGGGTCAT
ATCGTTCGCAATTCCTCTGC
CATGTGCTACACACACCACGAT
CTCCGTGATTGTTTGGAGTCAG
AAGGATGGAACGGAAGTGCTAC

TGTTCTTGGTTCCACCAGTACG
GTTGCAGTACATGGAAGCTTGG

GGACTTGCCTTAGACAGTCTTTCC

Table 2.15 Primers for cloningGSH 1.

Primer

Oligonucleotide sequence

CloningGSH1 into pRS315 F

CloningGSH1 into pRS315 R

GGTGGCGGCCGCTCTAGAACTAGTGG

ATCCGCTCTTGAATGGCGACAGCC

CCCCTCGAGGTCGACGGTATCGATAA

GCTTTTAACATTTGCTTTCTATTG

Table 2.16 Primers forHBN1 knockout HBN1::HI S5.

Primer

Oligonucleotide sequence

HBNL1 knockout in wildtype F

HBN21 knockout in wildtype R

HBN1 knockout inAfrm2 F
HBN1 knockout inAfrm2 R
DiagnosticHBN1 knockout F
DiagnosticHBN1 knockout R
HIS5 internal F
HIS5 internal R

AGACTGAAGTATCCTATATCAACA
TATATACAAAAAAACAATCCAATA
TCATGCAGCTGAAGCTTCG
GACGTTCGCATTTAATCTATACCTA
TAATTCTGTACTTATATACTGTTCC
TTAGCATAGGCCACTAGTGGATCT
G
CCGCTCCTTCTCCTAACATCAA
TACGAGCCTAGATTGACAGACG
CTAGGGTCTTGGCATTTGCAC
CGATGGATGGTGTCTGGTAGAA
GGGTAGGAGGGCTTTTGTAGAA
GCGCTTTCAGCACGATGATGGT

Table 2.17 Primers for sequencing YEp13.

Primer

Oligonucleotide sequence

Sequencing primer F
Sequencing primer R

GCCAGTCACTATGGCGTGCTGC
CGCCGAAACAAGCGCTCATGAG
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2.19.2 Agarose gel electrophoresis

PCR products were resolved on 0.8% (w/v) agarose gel at 90 V fom4tnna
Biorad electrophoresis power-pack. 0.8% (w/v) agarose was dissohsgdm of 1X
TAE Buffer (Millipore), boiled and allowed to cool. Once cooled, 1 uhd0 mg/ml
ethidium bromide solution was added to make a final concentratior2 pfgdml. Care
was taken when handling the carcinogen ethidium bromide. All raktehat were in
contact with the agent were disposed of in a separate ethidium breastke container.
The molten agarose was poured into a casting rig and allowed to set. PCR prodycts (3 ul
were mixed with 1 pl of 6X Blue Loading Dye (NEB) and 2 ptekO. When set, the
gel was submerged in 1X TAE Buffer and the PCR products were aodbd wells
alongside a 1 kb molecular grade marker (NEB), which had been asegrepahe

same way as the PCR products.

2.20 DNA sequence analysis

Yeast genomic or plasmid DNA was prepared as describedtioree2.12 and
2.13. DNA concentrations were measured using a Nanodrop Spectrophotometer
(Nanodrop 1000, Thermo Scientific). It was ensured that the DNA ntnatiens were
not less than 200 ng/ml. For each piece of DNA to undergo sequerygsisariapl of
DNA and 4 pl forward primer were added to 3 pl moleculg®d kh a microfuge tube,
giving a final volume of 10 ul. This was then repeated using tlherse primer.
Microfuge tubes were tagged with a prepaid barcode and sam@tessent to Agowa
Sequencing Services Berlin, Germany. DNA was sequenced byegeator
sequencing and results were available on the Agowa website. Sequessults were

analysed using the BLAST function on NCBI.
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2.21 Cloning DNA into plasmid vector by homologous recombination
To clone genes into plasmids, yeast were employed to do so bydgoue
recombination/gap repair. In this study, three plasmid clones wesaited Gli T-pC210,

GliT-pYES2 and5SH1-pRS315.

2.21.1 Creating DNA fragment for cloning

Firstly, primers were designed to PCR amplify the region of isttéoebe cloned
into a plasmid e.g. PCR reaction was set up to amg@lfyf from the topovector
plasmid. Primers were designed to create the product with overteoth up- and
downstream which were homologous to regions of the plasmid, into whichetiee
would be cloned. These primers annealed to approximately 30 bp of thefgetezest
coding regions and incorporated approximately 30-40 bp of DNA sequenceheom
plasmid vector as overhangs. The PCR cycle used is describdétei2 tl2 and primers
are listed in tables 2.13 and 2.15. H&¢ has better proof-reading thdaq and so was

used for cloning. The PCR product sizes were confirmed by gel electrophoresis.

2.21.2 Restriction digest of plasmid DNA

Prior to digestion, plasmid DNA was prepared as describedciinise2.14.
When a high concentration of plasmid DNA was obtained (ideally overngQd),
restriction digests of the plasmids were set up.

pC210 vector DNA was digested with enzynigel and Sphl (both NEB) in
order to linearise the DNA and remove 8#A1 gene. 4 pg plasmid was digested using
2 ul of each enzyme. 5 ul of NEB buffer 4 was added to this oeaatid the volume
was brought to 50 ul total with molecular-gradeOH pRS315 was digested with
BamHI and Hindlll (both NEB) to linearise the plasmid. 4 pg plasmid DNA was

digested using 2 ul of each enzyme, 5 ul of NEB buffer 2 was atethe reaction
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volume was adjusted to 50 ul with molecular-grad® HoYES2 was digested with
Xhol andHindlll to linearise the plasmid. 4 pg of plasmid DNA was digestetgu® pl

of each enzyme, 5 ul of NEB buffer 2 was added and the reaction valashadjusted
to 50 pl with molecular-grade ;8. For digestion to occur, reaction mixes were

incubated in 1.5 ml microfuge tubes at 37°C for approximately 3 hr.

2.21.3 Gel extraction and purification of digested plasmid DNA

After plasmids were digested, loading dye was added to the wligestion
reaction and run on an agarose gel (as described in section 2It#®jel was then
viewed under ultra-violet light to determine whether or not the darestad been
successful. After pC210 digestion witidel and Spohl, the products visible under UV
light were of approximately 2.2 kb and 6.7 kb. This demonstratedS84dt had been
removed from the rest of the plasmid, with a linear productirenta The remaining
plasmid fragments were removed for cloning. When pRS315 was digasteessfully
with Bamhl and Hindlll, bands of approximately 6 kb was seen under UV light. These
bands were excised from the gel. When pYES2 was digested Xisah@nd Hindlll,
products of approximately 5.9 kb were seen and gel extracted.

Fragments were excised from the gel under UV light usirigancscalpel. The
pieces of gel were added to 1.5 ml microfuge tubes and weighed oa bafance. If
the agarose gel weighed more than 400 mg then it was splitnateicrofuge tubes.
Using a QIAGEN gel extraction kit, 3 volumes of Buffer QG wddeal to 1 volume of
gel. The gels were then dissolved in the QG Buffer &56r 10 min. The dissolved
samples were applied to QIAquick spin columns and centrifuged for 1 min. at 15700 x g
The flow-through was discarded and 750 pl Buffer PE was added tacelachn. The
columns were centrifuged for 1 min., flow-through discarded and asyedf for an

additional min. 50 ul of Buffer EB was added to the columns and left to stand for 1 min.
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DNA was eluted by centrifugation for 1 min. 3 ul of sample wasyaed by agarose

gel electrophoresis to confirm the presence of DNA.

2.21.4 Homologous recombination of vector and DNA fragment

Prior to cloning, yeast cells were prepared for transformai®imlescribed in
section 2.10.1. The cells acted as vehicles for the cloning to occure @ illustrates
the methodology behind cloning by homologous recombination. Four DNA sample
were prepared as follows: (a) 15 pl digested vector/35 pltjn@8er 5 pl digested
vector/20 ul insert (c) 10 pl digested vector/20 ul insert an@ (d)digested vector/20
pl molecular-grade $#0. Each DNA mix was transformed into separate yeast cell
aliquots as described in section 2.10.2. The cells were selected len@& (pRS315,
pC210) and -uracil (pYES2). Any colonies that grew on these Ehtedd have had an
intact plasmid being expressed, as the wildtype cells usedsisttidy cannot grow in
the absence of these amino acids. When cloning worked succesdielly, were
colonies on plates a, b and ¢ and there were no colonies on platedadsa intact

vector.

5’ overhang 3' overhang

. GIiT from topo vector .
>< >< SSAL

pC210
vector

Figure 2.3 Cloning GliT into pC210. The SSA1 gene which is found in the plasmid
between theNdel and Sphl restriction sites was first digested and removed from the
plasmid. Then th&liT gene with 5" and 3’ overhangs was cloned into the plasmid by
homologous recombination.
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Colonies from cloning plates a, b and/or ¢ were replated onsth Belective plates.
After 48 hr., plasmids were extracted as described in section Zn&3eTwere then
transformed intoE. coli and isolated as described in sections 2.11 and 2.14. Each
plasmid was enzyme digested as described in section 2.21.2 and ekamiagarose
gel electrophoresis. Potential clones should have at least two D&Als, one
corresponding to the linearised vector and the other the sizee @eine cloned. This
depends on where and how often the enzyme cuts.

The plasmids were sent to Agowa for sequencing to confirm #sepce of the
gene of interest. Figure 2.3 illustrates the methodology behind gldyitnomologous

recombination.

2.22 Knockout of genomic DNA by homologous recombination

Certain yeast knockout strains used in this study were purchased f
EUROSCARF. All other strains were made in the laboratorystykaockout strains
were made by homologous recombination. This involves creating a djgmgtion
cassette that encodes a selectable marker. Located atseithef the selectable marker
are segments of DNA homologous to the gene being knocked out. The knockout
cassette incorporates itself into the genome at the correspoimdorgasomal locus by
homologous recombination. GenondBN1 was knocked out in the wildtype BY4741
and Afrm2 backgrounds using the selectable maHks5. To replaceHBN1 with HIS5
in the wild-type background, thelS5 gene, in addition to its promoter and terminator
regions, was isolated from the pUG27 plasmid by PCR. These P&Rigs were
created with overhangs homolgous to flanking regions of the genektmblked out, in
this caseHBN1. Conditions, reagents and primers are documented in tables 2.12 and
2.16. These products (50 pl) were then transformed into competent BY4ld1 c

which were plated on synthetic complete plates lacking histifth@@ —histidine) to
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select for mutants that can survive in the absence of exogenousnhbistidi cells in
which HBN1 was replaced byi1S5. Molecular-grade O was also transformed into

BY4741 as a negative control. Figure 2.4 represents this method.

PCR
Flanking region Flanking region
of HBN1 of HBN1

. HIS5 cassette .

X X
H - W

Genomic DNA

Figure 2.4 Method used to knock out genomiddBN1 in BY4741 with HIS5. It was
then possible to select for knockouts on —histidine plates.

To knock outHBNL in the BY4741Afrm2 background, a similar method was
employed. This time, thEllS5 cassette was isolated from the BY42¢bnl strain by
PCR. Primers were designed that annealed 343 and 264 bp up- and dowo$ttiea
HISH region respectively (table 2.16). These products (50 pl) wensfdraned into
competent BY4741Mfrm2 cells along with a molecular-grade® negative control and

selected on —histidine plates. Figure 2.5 illustates this method.
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Primer 5’-3’ Primer 3'-5’
—> <«

PCR from BY4741Ahbnl | HBN1flanking region H 1S5 cassette HBN1 flanking region

BY4741Afrm2 HBN1

Figure 2.5 Method used to knock out genomieiBN1 in BY4741 Afrm2 with HI S5.
Knockouts were selected for on —histidine plates.

2.23 Real-time/quantitative PCR

Prior to RNA extraction, G600 cells were cultured overnight in 5RID. 1.5
ml of overnight cultures was added to 5@0fresh YPD and gliotoxin was added at
concentrations of 1Ag/ml and 64ug/ml (32l and 128ul of 1 mg/ml gliotoxin stock

respectively). Cultures were exposed to gliotoxin for 1 hr. & 3200 rpm.

2.23.1 RNA extraction

Following 1 hr. gliotoxin exposure, RNA was extracted using the Qiage
RNeasy kit. Cells were harvested by centrifugation °& #1258 x g, 5 min.). Cell
pellets were resuspended in 600Buffer RLT and transferred to 1.5 ml microfuge
tubes. 0.5 mm soda lime glass beads were added at the same voluhe rarmtofuge
tubes were vortexed for 30 sec. and left on ice for 30 sec. Thisepeated 5 times.
Samples were then centrifuged &C4(700 x g, 3 min.) and supernatants were
transferred to new 1.5 ml microfuge tubes. One volume of 70% (\digaular ethanol
(Merck) was added to lysates, mixed, transferred to spin columns and centafuBed
(9300 x g, 15 sec). 700l Buffer RW1 was added to columns and samples were
centrifuged again at°€ (9300 x g, 15 sec). 500 Buffer RPE was added to columns

and centrifuged as above. Further 500Buffer RPE was added to columns and
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centrifuged at 2C (9300 x g, 2 min.). RNA was eluted from columns in molecut® H

through centrifugation (9300 x g, 1 min.).

2.23.2 RNA quantification
RNA concentrations were measured using NanoDrop 1000 Spectrophotometer

(Mason Technologies).

2.23.3 DNAse treatment

DNA was removed using DNase | kit (Sigma). 1 pl 10X buffer antiliNase |
were added to 1 pg RNA and volumes were brought to 10 pl with maldduta
Solutions were incubated at RT for 15 min. Reactions were stoppeddiyg 1 pl

EDTA solution and heated at 70°C for 10 min.

2.23.4 RT-cDNA synthesis

cDNA was synthesized using Superscript Il First-Strand Syisth®gstem
(Invitrogen). To 8 ul DNase-treated RNA (from above reactitn)) 50 uM oligo dT
and 1 pl 10 mM dNTP were added. Solutions were incubated at 65°C faor.,5hen
chilled on ice. 10 pl reaction mix (2 pul RT buffer, 4 pl 25 mMGig 2 pul 0.1M DTT,
1 pl RNase out, pl SSIII) was added and solutions were incubat®Gitfor 50 min.
Reactions were stopped by incubation at 85°C for 5 min. Solutions warehitled on
ice. 1 ul RNase H was added to solutions, followed by incubation atf87ZD min.

cDNA was then stored at -20°C.

2.23.5 gPCR reaction
For each gene, both references and targets, a standard curve was fingtiemhst

Five-sample serial dilutions (1:4) of the control cDNA (from nomitted cells) were
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made and these were used as reaction template. Reaction wasegprepared by
combining 1 pl template cDNA, 1 pl forward primer, 1 ul reversengm, 1 pl
molecular HO (Roche) and 5 pul SYBR Green | Master reaction mix (Rochegse
reactions were prepared in triplicate and loaded onto 96-wéHlsp{Roche). For these
standard samples, concentrations were assigned (table 2.18) and ahsmitifecation
analysis using Lightcycler 480 (Roche) was performed, where oalylubrescence
values measured in the exponentially growing phase of the PCR were takemcautiot ac
during analysis. This analysis was then used to create a staculae where the
efficiency of the amplification reaction was calculated. Whes tlata was generated,
relative quantification analysis was carried out using experagh@@NA from cells
exposed to 0, 16 and 64 pug/ml gliotoxin, in order to compare the leegpodssion of
the gene in question. For this analysis, reaction efficiencyowmasidered which had
been calculated from the standard curve, as this maintains accfird® experiment.
Before preparing reaction mixes using experimental cDNIAGEINA was first diluted
1.1 to ensure that values would fall within standard values. Reazoples were then
prepared as before for standards, in triplicate and loaded onto 9fiatell Absolute
quantification and relative quantification analyses were cardaetl according to
manufacturer’s specifications. PCR conditions used are illudtnateable 2.19. Figure

2.6 depicts a typical example of how a 96-well plate may be laid out.

Table 2.18 Concentrations assigned to standards.

Standard number Concentration

1000
250
62.5
15.625
3.90

abrwnN -
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Figure 2.6 Example of how gPCR 96-well plate may be laid out.

QOO (s

0 pug/ml GT exposure

64 pug/ml GT exposure

Table 2.19 qPCR conditions Conditions below are those used MET7, SAM1,
MET22, MET6, MET16, MET17, MET2 andMET14. Annealing temperature 55°C was
changed to 56°C falfEN1, SP18 andBDH1. Annealing temperature 55°C was changed
to 57°C forSDH2, MLS1 andHBNL1.

Programme No. Cycles Temperature Time
Pre-incubation 1 95°C 10 min.
Amplification 55 95°C 10 sec.

55°C 20 sec.

72°C 10 sec.

Melting Curve 1 95°C 5 sec.
65°C 1 min.

Cooling 1 37°C 1 sec.
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Proteomic Techniques

2.24 Western blot analysis
2.24.1 Preparation of cell lysates

Yeast strains were cultured overnight in 5 ml YPD or seleatinglia The
following morning, cells were diluted in 25 ml fresh YPD to @Dgoo 0.1-0.2 and
incubated as before, until an @p0.6-0.8 was reached. Cells were harvested by
centrifugation at 4°C (5 min., 1258 xay)d pellets were immediately placed on ice.
Pellets were resuspended in 750 ul cell lysis reagent andetmausto chilled 2 ml
capped microcentrifuge tubes (Sarstedt) containing 0.5 mm sodaglase beads.
Tubes were inverted to remove air and additional lysis reagentadaed if space
remained. Cells were then bead-beated using a mini-beater (Bipspeucts) for 20
sec. and chilled on ice. This was repeated three times andvebeshen centrifuged
(10 min., 4300 x g). Supernatants were transferred to pre-chilled 1.tcrofunge tubes

and stored at -20°C.

2.24.2 Protein quantification

5 ul thawed lysates and |d cell lysis reagent (to provide blank) were added to
500 ul Bradford reagent (Quickstart Bradford dry reagent 1X, Biorad)iacubated at
RT for approximately 20 minProtein concentrations were determined using a
Nanodrop  spectrophotometer, Bradford Assay, following manufacturer’s

recommendations.

2.24.3 Preparation of Sodium Dodecyl Sulphate-Poly acrylamide (SDS-PAE
gels

12.5% SDS-PAGE gels were prepared by mixing components listeabliest

2.20 and 2.21. Running gels were prepared first and allowed to set bétveeelean
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glass plates (approximately 70% capacity of plates). 100% &dpyopanol was added
after running gel to ensure gel solidified with a level swfaStacking gels were
subsequently prepared and allowed to set between plates, above rgalsngfter
isopropanol was discarded. Combs were placed between plates duféetlgtacking
gel was added to create wells into which protein samples were placed.

Table 2.20 Composition of polyacrylamide running gelAll components of running
gel stored at RT with the exception of 10% (w/v) APS (4°C).

Reagents and quantities for 1 gel Reagents and quantities for 2 gels

2.5 ml 4X Running Buffer (34.75 g Tris 3.75 ml 4X Running Buffer (34.75 g Tris

base and 4 g SDS dissolved in base and 4 g SDS dissolved in
500 ml dHO and adjusted to pH8) 500 ml distilled HO and adjusted to pH8)
3.3 ml dHO 4.95 ml dHO
4.15 ml Protogel 6.225 ml Protogel
100ul 10% Ammonium persulfate 150 10% Ammonium persulfate
10 ul TeMed 15ul TeMed

Table 2.21 Composition of polyacrylamide stacking geRll components of
stacking gel stored at RT with the exception of 10% (w/v) APS (4°C).

Reagents and quantities for 1 gel Reagents and quantities for 2 gels

1.25 ml 2X Stacking buffer (15 g Tris 2.5 ml 2X Stacking buffer (15 g Tris Base

Base and 0.2 g SDS dissolved in and 0.2 g SDS dissolved in
500 ml dHB0 and adjust to pH 6.8) 500 ml dH0 and adjust to pH 6.8)
0.825 ml dHO 1.65 ml dHO
400pl Protogel 80Qul Protogel
25 ul 10% Ammonium persulfate 5d 10% Ammonium persulfate
2.5ul TeMed 5 ul TeMed

2.24.4 SDS-PAGE

4X protein sample buffer (PSB) was made by mixing 625 pl of 10TmM(pH
6.8), 500 pul of 200 mM EDTA, 15 ml of 20% (w/v) SDS, 10 ml of 100% (w/v) &gt
and a pinch of bromophenol blue. This was adjusted to 50 nf).dl®X protein gel
buffer was made by combining 15 g of Tris, 72 g of Glycine, 5 §[@% and adjusting

to 500 ml with dHO.
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PSB was added to required concentration of protein and boiled at 1008C for
min. in a digital dry bath. The prepared protein gels were placad ielectrophoresis
tank (Biorad) which was filled to appropriate level with 1X protget buffer made
from 10X protein gel buffer. Combs were gently removed from gald 10 ug of
protein samples were loaded onto gel along with protein ladder (Rége plus
prestained protein ladder 10-250 kDa, Fermentas, Life SciencesyiEterent (100

V, 50 mA/gel) was applied to gels (Biorad Powerpac Basic).

2.24.5 Protein transfer to PVDF membrane

Transfer Buffer was prepared by adding 3.03 g of Tris, 14.4 g cfnglyand
200 ml of methanol, and adjusting to 1 | with 0HThis was stored at -20°C for
approximately 1 hr.

For each protein gel, a PVDF membrane and four sheets of Whatman paper were
cut to a similar size of the protein gel. PVDF membranes s@ag&ed in 100% (v/v)
methanol for a few seconds and then in@kr 1 min. Membrane, Whatman paper and
transfer sponges were all soaked in ice-cold transfer buffer for apptekibamin. For
each transfer, sponges were placed on each side of transfefiotased by two sheets
of Whatman paper on each side. The membrane was then placed omitisedel®f the
transfer case and the gel was placed on top of the membranéramkier case was
closed, ensuring that no air bubbles were present and placed in riséertreank
(Biorad), with the clear side of the transfer case to tteside of the tank. The tank was
filled with ice-cold transfer buffer, followed by addition of an lweck and a magnetic
stirrer bar. An electric current was applied (100 V/ 350 mA/gel) for prgciskt. while

the buffer was stirred (Stuart Scientific magnetic Stirrer).
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2.24.6 Protein detection using antibodies

10X TBS was formulated from 100 mM Tris pH 7.5, 1 M NaCl. From, this
TBS-t was prepared by adding 50 ml of 10X TBS, 450 ml of sterii®dkhd 500 pl of
Tween. Both 10X TBS and TBS-t were stored at RT. Blocking solubosisted of 5%
(w/v) Marvel milk powder in TBS-t.

The membranes were washed twice, at 5 min. intervals in 20 8t BBd then
blocked by incubation for 1-2 hr. at RT in 40 ml blocking solution. Follovims, the
membranes were incubated overnight, rocking (Rocker 35A, Labnet)theitbrimary
antibody, diluted in 10 ml TBS-t according to manufacturer's recamiliaa&ons (table
2.22). The membranes were subsequently washed three times, as drefotieen
incubated with alkaline phosphatase-labelled secondary antibodies warehdiluted
in 10 ml of TBS-t according to manufacturer's recommendationse(tal3). The
membranes were probed with the secondary antibody for approxirta2ety., rocking

at RT. Following this, the membranes were washed three times, as before.

Table 2.22 Primary antibodies used in this study.

Name of Antibody Animal of Origin Source Dilution

Hsp70 SPA-822 Mouse Stressgen 1/2,000
(Victoria, BC,
Canada)
Hspl104 Rabbit John Glover 1/150,000
(University of
Toronto)

Table 2.23 Secondary antibodies used in this study.

Name of Antibody Animal of Origin Source Dilution
Anti-Mouse IgG (Fab Goat Sigma-Aldrich 1/2,000
specific) — Alkaline Chemical Co. Ltd.
Phosphatase antibody U.K.
Anti-Rabbit IgG Goat Sigma-Aldrich 1/2,000
(whole molecule) — Chemical Co. Ltd.
Alkaline Phosphatase U.K.
antibody
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2.24.7 Chemiluminescence and developing

The membranes were covered in 5 ml of Chemiluminescence substrate CDP-star
(PerkinElmer) and rocked for 5 min. at RT. The membranes were then placedrbetwee
two acetate sheets and in darkness, placed in an autoradiogemseyte (FBAC 810
FisherBiotech). Kodak film (PerkinElmer) was placed on toghefrhembranes and the
cassette was shut for varying times. The film was idiately transferred to developer
(25 ml Kodak developer and 100 ml of #fp) for approximately 10 sec., or until image
began to appear. The film was then washed ipGdENnd transferred to fixer (25 ml
Kodak fixing solution and 100 ml of @) for approximately 30 sec. The film was

washed in dBO and allowed to dry.

2.24.8 Stripping membrane

In order to probe a membrane with a second primary antibody, ihewssary
to ‘strip’ the membrane to remove traces of the first antibogasesl. The membranes
were firstly washed twice for 5 min. with 5 ml of gbi followed by5 ml of TBS-t.
This was followed by membrane incubation with 0.2 M sodium hydroxid® fmin.,
rocking at RT. Sodium hydroxide was removed by washing with 5 mH® for 5

min.

2.24.9 Coomassie staining of protein gels

Following electrophoresis, polyacrylamide gels were transfemetbbmassie
brilliant blue stain shaking, overnight at RT. The gels were vhsalith dHO and then
incubated with destain solution (10% (v/v) Ethanol, 10% (v/v) Acetic acid and 80% (v/v)

dH,0O) for 2 hr., or until enough stain was removed resulting in a clear band pattern.
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2.24.10 Amido black staining of membrane

PVDF membranes were stained in 10 ml of amido black stain (0.189 (w
Naphthol blue black dissolved in 2% (v/v) acetic acid and 45% (v/v) Md@H]) min.
The membrane were then washed in@Hnd incubated with destain (2% (v/v) acetic

acid and 45% (v/v) Methanol) until a clear banding pattern appeared.

2.25 Two-dimensional gel electrophoresis (2D-GE)
2.25.1 Buffer preparation
In preparation for 2D-GE, buffers were prepared as below (tables 2.24-2.27)

Table 2.24 IEF Buffer constituents. The following were added together and IEF
buffer was stored at -20°C.

Component Concentration Quantity in 50 ml
Urea 8M 24.024 g
Thiourea 2M 7.612 g
CHAPS 4% 249
Triton X-100 1% 500 pl
Tris Base 10 mM 0.0606 g

Table 2.25 Rehydration Buffer (RB) constituentsThe following were added together
and rehydration buffer was stored at -20°C.

Component Concentration Quantity in 50 ml
Urea 8 M 24.024 g
CHAPS 0.5% 0.25¢g
Dithiothreitol (DTT) 0.2% 019
Ampholytes (GE 0.2% 100 pl
Healthcare)

Table 2.26 IPG Equilibration Buffer constituents. The following were added
together and IPG equilibration buffer was adjusted to pH 6.8 and stored at -20°C.

Component Concentration Quantity in 500 ml
Glycerol 30% 150 ml
SDS 2% 10 g
Urea 6 M 180 g
Tris 50 mM 3.03 g
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Table 2.27 10X SDS Buffer constituentsthe following were added together and 10X
SDS buffer was stored at RT.

Component Concentration Quantity in 2 |
Tris 25 mM 60.57 g
Glycine 192 mM 288.82 g
SDS 0.1% 20 g

2.25.2 Trichloroacetic acid (TCA) protein precipitation

Lysates were extracted as described in section 2.24.1. One volur@Aofas
added to four volumes of thawed lysate in 1.5 ml microfuge tubes amobited at 24C
for 10 min. Samples were then centrifuged at 15700 x g, for 7 anish supernatants
were removed. Protein pellets were washed in ice-cold acetoresibgpending in 200
K acetone, followed by centrifugation for 7 min. at 15700 x g and rdrmbezetone.
This wash step was repeated 3 times. Pellets were therbgr@ecing in a digital dry
bath at 95°C for 5-10 min., driving off acetone. Appropriate volumes oblEEr were
thawed and DTT and ampholytes were added at concentrations of 65 mM an@/9)8%
respectively. This was then used to resuspend pellets.

Precipitated proteins were quantified (section 2.24.2) and 10 pug ofnsrotere
run under SDS-PAGE, followed by coomassie staining (2.24.9) to checkqtal
loading. It was ensured that the proteins had been quantified accunadetirat equal

loading was obtained before proceeding.

2.25.3 IPG strip rehydration

400-800 pg of precipitated proteins were added to thawed RB to ¢val af
450 pl, e.g. if protein concentration was 4880 pg/ml, 122.95 ul (600 padees to
327.05 ul RB to give a total of volume 450 pl. It was ensured thatxte same
protein concentration, e.g. 600 ug was added for each sample to.b& pimch of

bromophenol blue was added to these protein samples, which were therd pigette
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lanes in an IPG strip rehydration tray (GE Healthcare). plastic backing was
removed from IPG strips (Immobiline Drystrip, pH3-10, 24 cm, GE Healte) which
were then placed, gel-side down into the lanes containing proteinesanijle strip
codes were recorded to later identify protein samples. Cover(@kdHealthcare) was
added to the lanes in the tray until the the strips were covallgd tb prevent strip
dessication and the lid was closed tightly on the tray. The tesyincubated at RT for
approximately 20 hr. Following this incubation, the strips immediatelgerwent

isoelectric focusing.

2.25.4 Isoelectric focusing (IEF), first dimension

IEF was carried out on protein samples using Ettan IPGphor 3ydiéns (GE
Healthcare), in which up to 12 strips could be run simultaneously. 108 mhefal oll
(GE Healthcare) was added to the IEF tray in the IEF machime rehydrated strips
were placed into the lanes of the IEF tray with gel sidemdagp, ensuring that the
strips were between lane notches and the positive strip endattéeetop of the tray.
Electrode wicks (GE Healthcare) were soaked in MilligDHand placed touching both
strip ends in between lane notches. Electrodes were fixed ont@ayhéntcontact with
wicks and the machine lid was closed. The IEF instrument wasdcéwgk programme

was run under conditions in table 2.28.

Table 2.28 IEF conditions.

Volts (V) Time (hr.)
100 2
500 1.5

1000 1
2000 1
4000 1
6000 2
8000 3
500 4
8000 4
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2.25.5 Preparation of 12% gels

12% gels were prepared by adding 280 ml of Protogel (NationahDs&gs),
182 ml of Resolving Buffer (National Diagnostics), 230.3 ml of stethbO and 2.8 ml
of 10% (w/v) APS. Glass plates (27 x 21 cm, GE Healthcare) gleamed with 70%
(v/v) ethanol, paired and placed into a gel casting systemH&fthcare) with plastic
spacers between plate pairs and filling casting cassettecaBtieg system was sealed
tightly and clamped to prevent leakage. Immediately beforenga280 pl of Temed
was added to 12% gel solution and mixed gently. The gel was poureg sitavthe
caster and 0.1% 10X SDS buffer was sprayed on top to prevent bubhbtifor. The

casting cassette was sealed with clingfilm and left overnight to allbsotidification.

2.25.6 Gel electrophoresis, second dimension

In preparation for second dimension protein separation by electrojshdhes
IPG strips were equilibrated. Appropriate volumes of IPG equiidwabuffer were
thawed and Equilibration Buffer A was made by adding 2% (w/v) Dafile
Equilibration Buffer B was prepared by adding 2.5% (w/v) Idoacetanidemall
amount of bromophenol blue was added to both buffers to act as a trdgkinghe
strips were incubated in equilibration buffer A for 15 min., rocking, foddwby
equilibration buffer B for 15 min., rocking. Agarose sealing solutvas then prepared,
by combining 1.5 g of Trizma Base, 7.2 g of glycine, 0.5 g of SD®I8%f dH,0, 0.5
g of agarose (Electran), adjusting to 100 ml with,@Hand adding a pinch of
bromophenol blue. Each equilibrated strip was placed horizontally on sopadidified
12% gel, gel-side facing backwards and positive side to the leftagammse sealing
solution was boiled and pipetted on to cover the strip completely, sealing it to the gel.

The Ettan DALTtwelve Separation unit (GE Healthcare) wasl dsr second

dimension protein separation by electrophoresis. The DALT wag sgstem circular
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and 7.5 | of 1X SDS (made from the 10X stock) was added. When alaig@lIstrips
were prepared in the above described way, the gels werggedran the DALT and
spaces were filled using plastic spacers. 2.5 | of 2X SDS (ifinragethe 10X stock)
was poured into the filled DALT and the machine was closed yightie gels were run
at 0.5 watt per gel for the first hour and 5 watt per gel fstr @& programme, until the

blue line from the tracking dye was no longer visible.

2.25.7 Coomassie staining (colloidal method)

A colloidal coomassie method was employed to stain the gekr aft
electrophoresis. Immediately after the gels were removedthreralectrophoresis tank,
they were placed in coomassie staining solution made from 80 stbck A (table
2.29), 2 ml of stock B (table 2.30) and 20 ml of methanol.

Table 2.29 Constituents of coomassie stock &tock A was stored at RT following
preparation.

Component Concentration % Amount added before
adjusting to 1 | with
dH.O
Ammonium sulfate 10 100 g
Phosphoric Acid 2 20 ml

Table 2.30 Constituents of coomassie stock Btock B was stored at RT following
preparation.

Component Concentration % Amount added before
adjusting to 100 ml with
dH-.0O
Coomassie (Brilliant Blue 5 59

G250, Serva)

The gels were incubated in the staining solution overnight, rockiRy afThe
following day, the gels were removed from the staining solution amdfénaed to
neutralisation buffer (table 2.31) for 1-3 min. and then washed in 2586or(\gthanol

for less than 1 min.
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Table 2.31 Preparation of neutralisation buffer.Buffer was adjusted to pH 6.5 with
phosphoric acid prior to use and stored at RT.

Component Concentration Amount added before
adjusting to 1 | with
dH-.0O
Tris base 0.1 M 12.114 g

After the methanol wash, the gels were incubated in fixation isoltable 2.32)

overnight, rocking at RT.

Table 2.32 Preparation of fixation solution.Solution was stored at RT following
preparation.

Component Concentration Amount added before
adjusting to 1 | with
dH-.0O
Ammonium sulfate 20% 200 g

This proceedure was repeated 3 times, after which the getdsphsred between two

sheets of acetate and scanned to record images.

2.26 Progenesis
Separated proteins were analysed using Progéflesmme spot software.
Protein spots were identified that showed differential expressguiting from different

treatments.

2.27 Mass spectrometry (LC-MS)
2.27.1 Gel plug extraction

Gels of interest were placed on a clean, illuminated light#d L(ightbox,
Hancock) and spots to be analysed were exised from the gedsausiean sharp scalpel.
These gel plugs were placed in clean 1.5 ml microfuge tubésnvira pre-cleaned

using acetonitrile (ACN).
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2.27.2 Gel destain

395 mg of ammonium bicoarbonate (AB) was added to 50 ml of HPLC-grade
H,O to prepare 100 mM ammonium bicarbonate solution. 5 ml was added to GNnl A
(1:1) and each gel plug was incubated in 100 pul of this with occasiorieking at RT

for approximately 30 min., until the stain was removed.

2.27.3 Tryptic digestion

20 pg of Trypsin (Promega) was reconstituted in 100 pl of recorstitotiffer
(Promega). Aliquots were made and stored at -20°C.
For trypsin digestion, 50 mM AB was prepared by adding 40 mgcABO ml HPLC-
grade HO. 500 ul was combined with 10 pl of reconstituted trypsin and thiswdaed
to each destained gel plug in the 1.5 ml microfuge tube. The plaigstiven incubated
at 4°C for 30 min., after which additional AB was added, ensuring thes plage
covered. The plugs were then incubated for a further 90 min. at 4°Cinglldiffusion
of trypsin into the gel pieces. To ensure efficient tryptic stiga, the gel pieces were

incubated at 37°C overnight.

2.27.4 Peptide recovery

Microfuge tubes were centrifuged for 10 min. (9300 x g) and supersatané
transferred to new 1.5 ml tubes. Extraction buffer was preparediding one volume
of 5% (v/v) formic acid to 2 volumes of ACN and (1:2). 100 pl of extoachuffer was
added to each gel piece and the plugs were incubated at 37°C for 130nnpm(
approx.) Following this, the gel samples were centrifuged for it0 (8300 x g) and
supernatants were added to supernatants isolated at the initidepegtvery step. The
extracts were dried overnight in a vacuum centrifuge (Eppendorf)sabsequently

stored at -20°C.
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2.27.5 LC-MS preparation

Immediately prior to Mass Spectrometry analysis, the drieptiges were
resuspended in 20 ul of 0.1% (v/v) formic acid and placed in a sonicatiorfidb 5 min.
The resuspended peptides were added to 0.22 um centrifuge tube(@tstar) and
centrifuged for 15 min. (9300 x g) at 4°C to remove impurities. 20 ppuoified
peptides were placed in mass spectrometry vials (Agilemtafalysis, which was

achieved using an Agilent 6340 lon Trap Liquid Chromatography Mass Spectrometer.

2.28 Enzymatic assay of gliotoxin reductase activity
2.28.1 Buffer preparation

Prior to performing this assay, buffers were prepared, &ttilised and stored
at £C, unless otherwise stated. 500 mM potassium phosphate buffer wasg@rbpar
adding 8.71 g and adjusting the volume to 100 miQIHThe pH was adjusted to 7.5.
100 mM EDTA was made by combining 0.372 g with 10 ml,@H7 mM [3-
nicotinamide adenine dinucleotide phosphate (reduced forn3-NADPH) was
prepared by adding 8 mg to 1 ml glH This was protected from light and stored at -
20°C. 0.5% (w/v) bovine serum albumin (BSA) was made by combining 25th§ a
ml dH,O. 0.5 mg/ml gliotoxin was prepared in methanol by adding 5 ml meti@aol
mg gliotoxin. The principal reaction buffer was made as described in table 2.33.

Table 2.33 Principal buffer constituents.This buffer was filter sterilised before use
and stored at°€.

Component Volume added (ml)
500 mM potassium phosphate 14
100 mM EDTA 7
0.5% BSA 2
dH,O 26.5

Lysis buffer was prepared as described in table 2.34.
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Table 2.34 Lysis buffer constituents. Lysis buffer was stored at -20 following
preparation.

Component Stock Concentration Amount added to make
lysis buffer (ul)
Tris HCI 1M (1.21gin 10 mi 250
dH,0) pH 7.5

Potassim chloride 1M (0.74gin 10 ml 125
dH,0)

Magnesium chloride 1M ((2.03gin10ml 50
dH,0)

RNase A 10 g/ml (10 gin 1 ml 100
dH,0)

Phenylmethylsulfonyl 200 mM (0.35 g in 10 ml 50

fluoride (PMSF) ethanol)
Protease inhibitor cocktail - 10

2.28.2 Assay procedure

Yeast strains were cultured overnight and lysates were #&dras described in
section 2.24.1, using pre-prepared ice-cold lysis buffer (table 2n3#hei place of
Sigma cell lysis reagent. Proteins were quantified as dedchibsection 2.24.2 and
appropriate dilutions were made to bring all samples to the sasterpconcentration.
Per assay, into a glass cuvette fiRdf the principal buffer was added, followed byl6
of gliotoxin and 50ul of lysate. This was mixed by inversion and measured at 340 nm
using a spectrophotometer. The reading was monitored until stabfecmded. 2Qul
of B-NADPH was added, mixed by inversion and the decrease in abser&aB40 nm
was recorded over 3 min. This decrease represented GliTp yathirough measuring

the oxidation o3-NADPH to3-NADP(+).
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Chapter 3 UsingSaccharomyces
cerevisiae as a model organism to
Investigate the eukaryotic response to

the toxic fungal metabolite gliotoxin



3.1 Introduction

Gliotoxin is an epipolythiodioxopiperazine (ETP) that was firstated in 1936
by Weindling and Emerson, who recorded its potent antimicrobial gcti@iiotoxin
was soon shown to be toxic in higher mammals Aspergillus fumigatus was
identified as one of the strains responsible for its production. Ohtke metabolites
known to be produced by this fungal species by the 1940s, gliotoxin was ddedras
being the most active compound, the most toxic to animals and wffegainst the
widest range of bacteria (Dutcher, 1941, Mergtedl., 1944, Waksman and Geiger,
1944). Structurally characterised by Bell in 1958, gliotoxin and otfi&sEhave been
well studied to date (Gardinet al., 2005). Characteristic of its toxin class, gliotoxin
has an internal disulfide bridge that plays a critical role anyndeleterious effects
imposed by gliotoxin. An example of this is inhibition of NADPH oxelagtivation,
leading to suppression of superoxide production by neutrophils (Yoshala 2000,
Tsunawakiet al., 2004). Superoxide plays an important role in the eradication of
microorganisms, thus abrogation of this response can result in a sthygtiie host to
efficiently deal withA. fumigatus (Miyasaki et al., 1986, Clark, 1990). The disulfide
linkage can also conjugate with free thiols on proteins forrmnged disulfides which
can in turn result in protein inactivation and depletion (Hwtred., 2000, Bernardet
al., 2001).

Gliotoxin has been shown to elicit immunomodulation in mammalian tissue,
contributing significantly téA. fumigatus pathogenicity (Mullbacher and Eichner, 1984).
Gliotoxin disrupts the antigen-presenting process by detectingradita&ing antigen-
presenting cells such as dendritic cells and monocytes (Staazdni2005) and in B
and T cell lines, gliotoxin specifically suppresses ®-activation (Pahkt al., 1996).
This inhibitory effect on NRkeB is also seem vivo, along with that imposed on ILal

resulting in disruption of the natural inflammatory response (Heréagh, 2000).
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Gliotoxin can cause damage to eukaryotic macrophage DNA througtinghe
random fragmentation, but which is in fact symbolic of apoptos@eaded cleavage
and independent of protein synthesis (Eicletet., 1988, Waringet al., 1988, Waring,
1990).

The internal disulfide bond is also key in the ability of gliotoxinutadergo
redox cycling, in doing so producing reactive oxygen specieSjRMunday, 1982,
Waring et al., 1995). Natural gliotoxin in the disulfide form can undergo reduction
giving rise to the dithiol form, which can then in turn reoxidisélie reappearance of
the disulfide bridge. Characteristic of this redox cycle isghmuction of hydrogen
peroxide and superoxide (Eichnet al., 1988, Waring and Beaver, 1996). As
accumulation of ROS through this process can induce cellular asadstiiess (OS)
(Freeman and Crapo, 1982, Nakano, 1992, Sies and de Groot, 1992), the stimulants
which facilitate this cycle are vitally important.

Glutathione (GSH/Ly-glutamyl-L-cysteinylglycine) has long been known to be
important in protection against OS and in detoxification (Spieltetrgl., 1979,
Kaplowitz, 1981, Schulzt al., 2000). Glutathione can exist in the cell in the reduced
form, GSH, or the oxidised form, GSSG, which is generated wHeH &ulfhydral
groups interact with oxidants in an attempt to destroy free atsdicGlutathione
reductase is then responsible for regeneration of GSH and maicgterd the
appropriate GSH:GSSG ratio (Stephen and Jamieson, 1996, Penninckx, 2000). The
synthesis of this tripeptide, as illustrated in figure 3.1, reqgh&smate and cysteine
which combine to form Ly-glutamylcysteine, a process mediated&imerevisiae by y-
glutamylcysteine synthetase (Gshlp) followed by the additionyairgd. Glutathione
synthetase (Gsh2p) subsequently catalyses glutathione formatioglframe and Ly-

glutamylcysteine (Penninckx, 2002).
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Transsulfuration pathway

/

Cysteine

Glutamate\

Gshlp

y

L-y-glutamylcysteine

Glycine \

Gsh2p

y

Glutathione

Figure 3.1 Glutathione biosynthesis pathway in yeasReproduced from Penninckx
(2002).

Bernardoet al. (2001, 2003) reported that for uptake of gliotoxin by macrophage
cells to occur, there must be glutathione present and only the aistdfim of the toxin
can pass through the cell membrane. Inside the cell, the distdfide is actively
converted through reduction to the dithiol form by glutathione, and assegoence of
gliotoxin uptake, GSH levels are reduced and ROS are produced (Eetlaherl988,
Waring and Beaver, 1996).

Thioredoxins are oxidoreductases that function in redox regulation and
protection against OS (Lauredtal., 1964, Arnér and Holmgren, 2000). Interestingly,
the sulfur amino acid biosynthesis pathway which gives rise teingsbiosynthesis is
linked to thioredoxin function. Thioredoxin has been found to activate APSekiaas

function carried out by the yeast Metl4p which is necessary flateswassimilation so
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that sulfur amino acids can be synthesised (Schriek and Schwenn, 1986 sTdmama
Surdin-Kerjan, 1997).

There are many ways in which yeast respond to OS. The wahioh yeast
respond to other oxidative stressors such as hydrogen peroxide and lcappsren
well documented to date. The transcription factor Yaplp (yeast ARnlg a role in the
regulation of genes that encode proteins involved in the OS responsegssiiRK2
which encodes thioredoxirGSH1, which was discussed above aGiiR1, a gene
encoding glutathione reductase that is involved in maintaining ellnér supplies of
reduced glutathione (Moye-Rowleyal., 1989, Kuge and Jones, 1994, Wu and Moye-
Rowley, 1994, Grantt al., 1996). Yaplp also mediates the transcriptiorH8P31,
which encodes a heat-shock protein that may function in scavenging &S,
cooperates with the Skn7p transcription factor to regulate inductiofRRL which
encodes a thioredoxin reductase (Morga&ral., 1997, Skonecznat al., 2007). In
response to OS, yeast also increase expression of superoxide sksnemezoded by
SOD genes, which disproportionates superoxide $@tHand dioxygen (Ravindranath
and Fridovich, 1975, Fridovich, 1978, Bermingham-McDoneigil., 1988).

The generation of cysteine which is required for glutathione bibegi# is
dependent on the sulfur amino acid biosynthesis pathway. Transsulfuratyenapla
major part in this process, whereby proteins such as Cys3p, Cys2p,abd Str3p
regulate the interconversion of cysteine and homocysteine withatlogmine
intermediate formation (Cheredtal., 1993, Thomas and Surdin-Kerjan, 1997). Genes
such asMET1, MET4, MET8, MET18, MET19 and MET22 encode products that are
involved in the regulation of the sulfur amino acid biosynthesis patliMagselot and
De Robichon-Szulmajster, 1975, Thoneaal., 1992a).

To prevent damage by endogenous gliotoxin,Ahiimigatus genome encodes

a protein, GliTp, which confers resistance to the organism. Redeasctlemonstrated
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that the absence of th@liT gene not only renders the fungus susceptible to the
destructive capacities of the toxin, but also prevents gliotoxin ptiodutighlighting

the two-fold function of GliTp, protection and biosynthesis (Sclaaf., 2010, Schrettl
etal., 2010).

Other fungal metabolites also appear to induce conditions of OSupgof
cells. Citrinin is a fungal mycotoxin produced by a variety Aspergillus and
Penicillium species (Bennett and Klich, 2003). Utilisation of DNA microareay
subsequent analysis revealed citrinin to induce OS-mediated yoxiciyeast, and
activate methionine and glutathione biosynthetic pathways to countbeset effects
(lwahashiet al., 2007). Similarly to citrinin, patulin is a fungal food contaminant tha
has been found to induce an increase in expression of sulfur amino agidtless
genes by DNA microarray analysis (Sweeney and Dobson, 1998 dwahal., 2006).
However, patulin was also noted to stimulate proteolytic actanty other antioxidant
defence systems (lwahas#ti al., 2006). Yuet al. (2010) used a similar method to
assess the yeast response induced by allicin, a biologicale acmpound isolated
from garlic to which many anti-microbial characteristicavé been attributed
(Raghunandana Raab al., 1946, Ankri and Mirelman, 1999). It has been reported that
allicin can interact with thiol containing proteins an interactdrch in itself generates
a product that exhibits clear antioxidant properties (RabimkaV., 1998, Rabinkoet
al., 2000). Yuet al. (2010) discovered that yeast sulfur amino acid biosynthesis
pathway genes undergo elevated transcription in response to atkeitmeént, in
addition to many other transcriptional changes that suggeshathay exhibit some
level of toxicity. In 1948, Dunlop reported that under acidic conditions, degvadat
xylose can produce furfural (Palmqvist al., 1999). Furfural was shown using
microarray to stimulate an upregulation of genes involved in thee§$nse, although

not those that play a role in sulfur amino acid biosynthesis. Isaime study, the toxin
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was found to impede the metabolism of a number of chemicals esseniable cells
(Li and Yuan, 2010).

The main aim of the work described in this chapter was to gaighit into the
mode of action of gliotoxin, usin§accharomyces cerevisiae as a tool. To address the
guestion of how yeast respond to gliotoxin, advanced genetics, transccptanmd
proteomics were applied. Previous work has suggested that gliotogoses OS in
various cell lines, thus we endeavoured to determine if such conditenesinduced in

our yeast strains.
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Section 1: Genetic and biochemical analysis of gtaxin using S.

cerevisiae as a model organism
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3.2  Assessing the ability of gliotoxin to inhibit wild-type yeast growth
3.2.1 The effect of gliotoxin on wild-type yeast cell growth on solid medium

The first experiments performed in this study involved assesisengrowth of
wild-type S cerevisiae in the presence of gliotoxin. As a model organiSnterevisiae
is commonly employed to study many aspects of the biology of entkaryBotsteiret
al., 1997). The genome is fully sequenced and data, along with resourceslarae

readily available orSaccharomyces Genome Database (www.yeastgenome.oFgr

these assays, yeast were grown on different types of medtairing gliotoxin, to
assess the ability of gliotoxin to inhibit yeast growth. Additiynawo different wild-

type strains were tested to determine the most useful for future asgays &i2).

BY4741 G600

B - -
. - -

SC+0 pg/ml GT R

o - -

Figure 3.2. Gliotoxin inhibits the growth of S. cerevisiae. Cells were grown in culture
to ODsp0 0.2 and 200 ul of each culture was plated on YPD and SC plates cantinin
and 8 pg/ml gliotoxin. The images above are sections of these pftee 48 hr. at 30°C.
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Results from single colony assays depicted in figure 3.2 showglibaixin can
exhibit an inhibitory affect on yeast growth at a concentration ofg@nit and S
cerevisiae growth is considerably retarded under exposure to gliotoxin.

The G600 background strain generally did not grow as well as the BY4741
strain and appeared to be more easily inhibited by gliotoxin. Frora theslts, it was
decided that for the majority of future gliotoxin plate assay$4 81 and mutants in
this background would be employed. YPD is a nutrient-rich broth, wgyilghetic
complete (SC) has minimal nutrients and amino acids required dovtlgr It soon
became clear that SC would be the medium of choice for gliotogayssas inhibition
of both wild-type strains was seen to a greater degree on S@méuan YPD, thus
lower concentrations of gliotoxin would be needed to yield results (figure 3.2).

Comparative growth analysis was performed (figure 3.3) in addtbothe
single colony assays. Growth @& cerevisae was inhibited by gliotoxin, again
illustrating the detrimental effects the toxic metaboliteotgkin has on yeast cell

growth.

SC + 0 ug/ml GT
I

SC + 8 ug/ml GT
—
Figure 3.3 Gliotoxin suppresses yeast growthComparative growth analysis assays
were carried out using the wild-type BY4741 strain. The cellevwéated on 0 and 8

png/ml gliotoxin SC plates to compare growth. The above imagesseayr cellular
growth after 48 hr. at 30°C.
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3.2.2 The effect of gliotoxin on wild-type yeast cell growth in liquid cultue

The question of whether gliotoxin has a similar affect on yeasttg in liquid
culture was also addressed. Gliotoxin was added to BY4741 and G600 scwture
concentrations of 0, 16 and 64 pg/ml. These concentrations were used tteg to
significant inhibitory effects documented in previous plate assagslts as shown in

figure 3.4.

YPD

0 pg/mi 16 pg/ml O pug/ml 64 pg/mi
gliotoxin gliotoxin gliotoxin  gliotoxin

Figure 3.4 Inhibitory effect of 16 and 64 pg/ml gliotoxin on BY4741 growt Results
indicated that on SC medium, 16 pg/ml gliotoxin is sufficient tobimhjeast growth
and on YPD medium 64 pg/ml gliotoxin yields the same result. Dogeaimages
represent cellular growth after 48 hr. at 30°C.

The cultures were incubated at 30°C and samples were taken agd OD
determined every 30 min. over a total 180 min. Figure 3.5 shows that BY4741
consistently grows more efficiently than G600 in liquid culture, irnlboé absence and
presence of gliotoxin. At an exposure level of 64 pg/ml, neither strain undergagh g
to any significant extent over a period of 3 hr. After 3 hr. exposure to 16 pg/ml ghiotoxi
BY4741 has almost doubled, while G600 has grown at a considerably slower rate.
The toxicity of gliotoxin can clearly be seen in figure 3.5 fré@hmin. onwards. There

is an extensive difference between the growth in the control esl@nd that in the

gliotoxin cultures.
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Yeast Growth in Gliotoxin Liquid Culture

3.5
e
3 i .
25 e 0BY4741 (control)
£ B & : 8 G600 (control)
g8 ° e § B BY4741 16 pg/ml GT
8 1.5 : - : B G600 16 pg/ml GT
o ' : B BYA741 64 pg/ml GT
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Figure 3.5 Growth of wild-type strains in liquid culture containing gliotoxin.
Throughout the experiment, BY4741 grew better than G600. There is are seve
inhibition of growth in general by gliotoxin and this is more acuta ebncentration of
64ug/ml than 16pg/mil.

The experiment illustrated in figure 3.6 depicts the rapiddssth induced by
gliotoxin. Cells incubated with 16 and 64 pug/ml gliotoxin for 1 hr. gige to a much

smaller number of colonies than untreated cells.

Yeast Growth Under Gliotoxin Exposure
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Pre-GT 1 hrOpg/ml 1 hr 16pg/ml 1 hr 64ug/mi
exposure GT GT GT

Conditions

Figure 3.6 The ability of BY4741 to grow after gliotoxin exposure in ¢uid culture.
BY4741 was cultured in liquid YPD containing 0, 16 and 64 pg/ml gliotoxirerAdtl

hr. incubation at 30°C, 200 pul of cells were plated on YPD, along with 200 pl of the pre-
exposed culture. It should be noted that the 0 pg/ml sample gave aseunusually

high number of colonies after 1 hr. incubation, which may indicate acurecy in the
assay results.
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3.3 Investigation into the importance of oxidative stress response iges in yeast
growth under gliotoxin exposure
3.3.1 Comparative growth analysis of BY4741Acys3, Ayapl and Asodl

Previous studies have reported that gliotoxin causes OS through gratgen
of ROS (Eichnegt al., 1988, Waringet al., 1988, Zhouwet al., 2000, Orret al., 2004).
Chamiloset al. (2008) carried out a genome-wide screen in an attempt to pinpoint yeas
genes involved in conferring increased sensitivity or increasgdtance to gliotoxin.
One of the genes they found to be important in protection agaiaogixgh wasCYS3,
when this gene was disrupted the resultant phenotype showed idcseasgivity to
the metabolite. ThEYS3 gene encodes the cystathionjnlyase enzyme which plays a
role in the transsulfuration pathway that is characterised byntanconversion of
cysteine and homocysteine (Omebal., 1984, Onoet al., 1992). Cysteine plays an
essential role in the biosynthesis of glutathione, along with ther @iimeno acids
glycine and glutamate. As glutathione plays a critical pamamtaining an appropriate
redox state and preventing oxidative damage, it can be said th@a¥8egene has a
valuable part to play in protection against OS, through its production of cysteinet(Ono
al., 1992, Penninckx, 2002).

In agreement with Chamilogt al. (2008) it was determined from comparative
growth analysis (figure 3.7) of BY4741 and the isogekigs3 strain, thatAcys3 is
indeed more sensitive to gliotioxin exposure than wild-type. Thistnriites the
importance of Cys3p in protection against gliotoxin exposure and suggestettatinh
may be eliciting effects through OS.

Both Yaplp and Sod1p play key roles in modulating yeast resistance to OS.
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Acys3

YPD 12 pg/ml GT

Figure 3.7 Comparative growth analysis of BY4741 and\cys3. Acys3 is more
sensitive to gliotoxin than wild-type. The above images represdiotac growth after
48 hr. at 30°C.

Yaplp is a transcription factor which upon activation, undergoes relodadim
the cytoplasm to the nucleus and regulates the expression of a noingmares that
contribute to stress tolerance, includid§H1l (Wu and Moye-Rowley, 1994, Kugat
al., 1997). TheSOD1 product is a copper, zinc-superoxide dismutase, involved in the
conversion of superoxide radicals to oxygen and hydrogen peroxide whigin inan
be rendered harmless to the cell (Fridovich, 1978, Bermingham-Mchahaty, 1988,
Gralla and Kosman, 1992). Given that gliotoxin has been reported to icelldar OS,
the sensitivity ofYAP1 andSOD1 deletion strains to gliotoxin was tested. In figure 3.8
it can be seen that botksodl and Ayapl show increased sensitivity to gliotoxin, in

comparison to wild-type.
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SC + 0 pg/ml GT SC + 8 ug/ml GT

BY4741

Asodl

Ayapl

Figure 3.8 Comparative growth analysis of BY4741Ayapl and Asodl. At 8 pg/ml
gliotoxin exposure, both mutants are more sensitive to gliotoxin thidrtypie. Ayapl
is the most sensitive strain. The above images represent cellalath after 72 hr. at
30°C.

3.3.2 Analysis of Agshl sensitivity to gliotoxin
3.3.2.1Comparative growth analysis of BY4741 and\gshl

As previously discusse®YS3 is involved in the superpathway of sulfur amino
acid biosynthesis, that can lead to the production of glutathione. Afstadgby
Williamson et al. (1982), the principal contributing factor fxys3 sensitivity may be
absence of glutathione, through disruption of the said pathway. This bjimipated
that increased cysteine results in a higher level of toxin gratethrough boosting
glutathione concentration. Thus, we decided to assess the growth pmetence of
gliotoxin of a yeast strain unable to produce glutathiagehl. TheGSH1 gene is vital
for glutathione synthesis, as the first functional enzyme in theyrtiossis pathway
(Grant, 2001). Surprisingly, comparative growth analysis showe®¥W#r41 Agshl
strain to be more resistant to gliotoxin than wild-type, it grewebeat 16 pg/ml

gliotoxin than BY4741.

3.3.2.2Complementation study

To confirm that this result was real we performed a compi¢atien study that
demonstrated how the re-introduction@®H1 into BY4741Agshl restored the wild-
type phenotype (figure 3.9). The 2,036 KgBH1 region, plus 500 bp upstream
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containing the promoter sequeneegs amplifed from BY4741 via PCR. The 2.5 kb
GSH1 amplicon, depicted in figure 3.9, contained at both 5’ and 3’ ends overhangs

homologous to regions within pRS315.

3kbh —

«— 25kb

2kb —

Figure 3.9 PCR amplified GSH1. GSH1 was amplified from BY4741 by PCR for
cloning into pRS315.

The GSH1 gene sequence and promoter region were cloned by homologous
recombination into the pRS315 vector, which contains UBE)2 gene marker. To
achieve this, pRS315 was digested usingBaeH| and Hindlll restriction enzymes,
giving a linear product of approximately 6 kb. The regions immelgiatp- and
downstream of the cleavage sites were homologous to the sequéheecats of the
G3H1 amplicon. Therefore, when both digested vector and insert wereotraesf into
BY4741 simultanaeously, homologous recombination occurred, giving rise toeloni
containing the newsGSH1-pRS315 plasmid. The new construct was extracted and a
diagnostic PCR was carried out to ensure tB&tl1 had been cloned into the said
plasmid effectively. PCR amplified a fragment of approxima®eb/kb (as seen for that
in figure 3.9) from the vector, a region which in normal pRS315 is oatupie?4 bp,
demonstrating thabSH1 had been cloned efficiently. Figure 3.10 illustrates the plasmid

maps for pRS315 afd@SH1-pRS315.
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Figure 3.10 Plasmid maps constructed for pRS315 arf@SH1-pRS315.pRS315 was
digested usin@amHI andHindlll. 30 bp were removed and tl&SH1 coding sequence
and promoter were cloned into the plasmid by homologous recombination. Both
plasmids contain leucine and ampicillin resistance marker gandsa number of
restriction sites as depicted above.

Comparative growth analysis confirmed that the absenc&Sbfl confers

increased yeast resistance to gliotoxin and revealed Absitl complementation

restores wild-type phenotype (figure 3.11)

SC —LEU + 0 pg/ml GT SC -LEU + 8 pg/ml GT

BY4741
Agshl

Agshl
GSH1-pRS315

Figure 3.11 Comparative growth analysis of BY4741Agshl and Agshl GSH1-
pRS315.BY4741 andAgshl harbour the pRS315 vectaxgshl GSH1-pRS315 is the
mutant complemented witSH1 within the pRS315 vector. The absenceG8H1
confers increased resistance to BY4741. When this gene isodtioéd on a plasmid
to the deletion strain, wild-type phenotype is restored. The abosgesnrepresent
cellular growth after 72 hr. at 30°C.
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3.3.3 Summary of mutant phenotypic response to gliotoxin exposure

Previous proteomic studies in Prof. S. Doyle’s laboratory, NUIMri{€ay,
2008) usingA. fumigatus resulted in the identification of a number of proteins that are
differentially expressed in the presence of gliotoxin. In theemt®s of exogenous
application of the toxin, Sodlp was undetectable. Conversely, when glioi@s
added to cultures, there was a significant increase in productibrs girotein as Sod1p
was expressed at a detectable level. This data supports ous,résgiilighting the
importance oB80DL1 in gliotoxin resisitance.

Similar trends were seen for Tef (translation elongation faghateins inA.
fumigatus. TEF3 and TEF4 are S. cerevisiae genes with homology to those encoding
Tef proteins inA. fumigatus and so we tested the sensitivity to gliotoxin of single
mutants lacking these genes. The yédsE3 and TEF4 genes encode a translation
elongation factoreEF1By, although Tef3p and Tef4p do not function in the same
manner suggesting that they encode different isoforms with elitfespecialised
capacities (Kinzyet al., 1994, Jeppesed al., 2003). eEF1B has been shown to be
involved in the OS response and it appears that downregulatibBFR® and TEF4 is
important in the OS response (Godaral., 1998, Olarewajet al., 2004, Carberrgt
al., 2006). However, ountef3 and Atef4 strains exhibited a wildtype phenotype (data
not shown).

Work in Prof. Doyles’ laboratory also documented the decrea8efumigatus
mycelial catalase | in the presence of gliotoxin (Carhet®98). The yeasETT1 gene
is the equivalent homologue and encodes a cytosolic catalase I fwhations in the
detoxification of HO, (Hartig and Ruis, 1986, Gramt al., 1998). From the data
obtained fromA. fumigatus work, it was hypothesised that without Cttlp, there would
be less gliotoxin reduction leading to free radical production and tinerafphenotype

displaying increased resistance to the toxin. Despite this, thieeh cerevisiae mutant
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Acttl was grown in the presence of gliotoxin, it grew in a similanner to wild-type
(figure 3.12).

Growth of the yeast straifitrx2 was also assessed in the presence of gliotoxin.
Thioredoxin encoded byRX2 functions in the stress response through repairing
proteins which have been damaged by OS and regulating sulfur metaliélige and
Jones, 1994, Grant, 200TIRR1, a thioredoxin reductase which plays an essential role
in facilitating thioredoxin function, is induced by Yaplp under OS (Mogjal., 1997,
Pedrajaset al., 1999). AlthoughTRX2 appears considerably influential in the OS
response, the deletion strain grew as wild-type under gliotoxin esgosuggesting
Trx2p is not essential in survival in the presence of this toxin.

Ace2p was an additional protein identified in Prof. Doyles’ lalmwyags being
key in A. fumigatus response to exogenous gliotoxin. This protein is involved in
delaying daughter cells in;Gorior to entering S phase of the cell cycle (Laetbal.,
2003), and in its absence, yeast cells displayed no change in sgnsitigiiotoxin.
Other strains that underwent phenotypic analysis were those ddébetglutathione
synthetas€5SH2 and the glutathione reductaS&R1, which function in the final step
of glutathione synthesis and maintaining a high level of intraeelltdduced GSH
respectively (Grangt al., 1996, Grantkt al., 1997, Inouest al., 1998, Grant, 2001). In
this study bothAgsh2 and Agirl were found to exhibit a wild-type phenotype under
gliotoxin exposure.

In figure 3.12 theActtl, Aace2, Agsh2, Aglrl andAtrx2 phenotypic responses to
gliotoxin can be seen. The variety of deletions strains tested for sensdigiigtoxin

and their respective phenotypes are depicted in table 3.1.
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Figure 3.12 Comparative growth analysis of BY4741Acttl, Aace2, Agsh2, Aglrl
and Atrx2 under gliotoxin exposure.The above images represent cellular growth after
72 hr. at 30°C.

Table 3.1 Summary of strains tested through comparative growth aalysis for
altered phenotype under gliotoxin exposurelR indicates increased resistance. IS
indicates increased sensitivity.

Strain Phenotype
Agshl IR
Asodl IS
Ayapl IS
Agsh2 WT
Aace? WT
Acttl WT
Aglrl WT
Atrx2 WT
Atef3 WT
Atefd WT

3.3.4 Comparison of mutant response to gliotoxin and hydrogen peroxide
As a comparison, the mutants which showed a divergent phenotype to that of

wild-type on gliotoxin plates were assessed under the exposwaeottier common
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oxidative stressor. Growth of BY474Agshl, Ayapl and Asodl was assessed in the
presence of 0, 1, and 3 mM®b (figure 3.13). Under 1 mM ¥D, exposure there was a
clear difference in growth capacities of the strains. Whilld-type is virtually
unaffected by this concentrationyapl cannot grow at all and the growth ability of
Agshl is clearly impaired. HoweveAsodl does not appear to be greatly inhibited by 1
mM H,0,. 3 mM H,0O, considerably inhibits wild-type growtiAgshl andAyapl cannot

grow in the presence of this concentration Asatll grows to a small degree.

SC +0 mM H,0, SC +1 mM H,0, SC +3 mM H,0,
>

BY4741
Agshl
Ayapl
Asodl
Figure 3.13 Comparative growth analsysis of BY4741Agsh1, Ayapl and Asodl in

response to various concentrations of #D,. The above images represent cellular
growth after 72. hr at 30°C.

3.4  Conferring S. cerevisiae resistance to gliotoxin by expressing thAspergillus
fumigatus GIliT gene

3.4.1 Cloning of GIiT into pC210

GliT is a gene found iAspergillus fumigatus. It is part of a biosynthetic 12-gene
cluster that was identified due to its high level of sequence a@tiger with that of the
Leptosphaeria maculans biosynthetic gene cluster (Gardirgtral., 2004, Gardiner and
Howlett, 2005, Gardinegt al., 2005). Using the CADRE resource described by Mabey

et al. (2004) http://www.cadre.man.ac,ukeGliT gene has been annotated as 1005 bp

in length (figure 3.14) and the 334 amino acid GliTp is 36 kDA in weight. This gene has
been shown to be paramount in enabadumigatus to protect itself from exogenous

gliotoxin (Schrettlet al., 2010).
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ATGI CGATCGGCAAACTACT CTCCAACGGAGCCCT GCTCGT CGACGT GCTCATCATCGG
CGCCGGT CCCGCTGGT CTCTCGACAGCCACCGECCT GECCCGT CAACT GCACACGGECAG
TCGTCTTCGACTCTGGECGT CTACCGCAAT GCAAAGACCCAGCACATGCACAACGTCCTC
GGATGGGACCACCGCAACCCGECCGAGCT GCGCGECCECGEGT CGCGCCGACCTGACCAC
CCGCTACT CCACCAT CCAGT TCCAGAACAGCACGAT CGAGGCGAT CCGCCAGGT CGAGA
CCAACCAGCT GI' TCGAGGECGCGCCGACAACGAGEECCACAGCTGGTACGGT CGCAAGGTC
GTI'GCT GECGACCGECGT CCGCGACAT CCCCCTCGACAT CGAGEGATACT CGGAGT GCTG
GGCGAACGGECATCTACCACTGICTCT TCTGCGACGGECTACGAGGAACGT GECCAGGAGA
CCGTGEGT G CCTGECT CTGEEECCCAT CECGAACCCTGCECECECTCTGCAT TTGECT
CGCATGGECCCTCCGECT TTCCGAGT CCGT CACCAT CTACACGAAT GGCAAT GAGCAGCT
GGCCAAGGAGAT CCAGCAGGCCGCCGAGGAAT CCCCT GT CEGT GCCTCGEGACT GAAAT
TCGAGGCTCGACCCAT CCGECGAT TCGAAAAGGGECGATGI CGCCAAGACCGT CATTGT T
CATCT TGECGAGT CGGAGT CGAAAACGGAGEECTTTTTGGTACGT TGTCCAGI TTACTC
GACAGAGATATCCTTGCTAACCGCGECAAACCGCT CAGGT GTACAACCCCCAAACGGAG
GICAATGGACCGT TTGCCAAGCAGCT CGCCTTGAATAT GACAGAAGGAGGEGGATATCCT
GACCACGCCGCCCTTCTATGAGACCAGT GTGCCCCGAGTATTTGCCGT GEEEGATTGTI G
CCACGCCGT TAAAGGCCGT CACGCCCECEGT GTCGATGEGATCT TTGECCECT GECEGT
CTCGT GECTCAGCT GCAGGCT CAGGCAT TGCCCGAGI TTCGT CTCGATCAGGAGCTATA
G

Figure 3.14 Genomic sequence @liT. This gene is made up of two exons, separated
by a 58 bp intron. Blue depicts coding region. Red depicts intron.

GIliT was cloned by homologous recombination into pC210 yeast vector. pC210
is a plasmid 8,928 bp in size containing a leucine markel,Eh® gene. It contains
the yeastSSA1l gene, under the control of the constitut®A2 promoter. Prior to
cloning, the plasmid was digested at sites surroun884d, usingNdel andSphl. The
digested plasmid was run on an agarose gel and the remaining lescking the 2,210
bp SSAL gene plus terminator region, was gel extracted and puri@ed@.cDNA within
TOPOvectof was obtained from Dr. Markus Schrettl and was amplified by, RGIR
overhangs homologous to regions within pC210 up- and downstream of where the
plasmid had been cut. Subsequent transformation of Bbth and digested pC210
simultanaeously led to recombination and the formation of a newryecotaining
constitutively expresse@liT. Cells containing the new construct were selected on SC
plates lacking leucine and plasmids from the selected clorees wolated to confirm
presence o6GliT-pC210. Figure 3.15 illustrates the plasmid maps for pC210G4iid

pC210.
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Figure 3.15 Plasmid maps constructed for pC210 anliT-pC210. pC210 was
digested usingNdel and Sphl. The SSA1 region including terminator sequence was
digested from pC210 and replaced wiBhiT. Both plasmids contain leucine and
ampicillin marker genes and a number of restriction sites as depicted above.

To confirm thatGliT had been cloned into pC210, the plasmid was digested
using Ndel and Sphi resulting in fragments of approximately 6.7 kb and 1 kb, pC210

andGliT respectively. This provided evidence t@iT had been successfully cloned.

Figure 3.16 Agarose gel illustratingGliT cloned into pC210 vector.The new
construct was digested yielding products of approximately 7 kb and 1 Ri0p&hd
GIiT respectively.

110



To obtain further proof thaBliT was cloned and also to check for mutations

within theGIiT sequence, the plasmid was sequenced (figure 3.17).

CCATTTCCTACGCATCGAGGT TTTGACGACATTTCATTCTTAAGCACTATGEGAAGGT G
TGGACGAATTGT TATATATAAGCCGCAATTGEECTGEGT TTTCTCCAAAAAATGT TGAA
AATATAATACTCTCTTATTTAAGT TACTTCTATTCTTCAATTGATTAATTCCAACAGAT
CAAGCAGATTTTTATACAGAAATATTTATACATATGAIET CGATCGGCAAACTACTCTC
CAACGGAGCCCT GCT CGT CGACGT GCTCAT CAT CGECECCGGT CCCECTGGT CTCTCGA
CAGCCACCGECCT GECCCGT CAACT GCACACGECAGI CGTCTTCGACTCTGECGTCTAC
CGCAATGCAAAGACCCAGCACAT GCACAACGT CCT CGGAT GGGACCACCGCAACCCGEC
CGAGCT GCGCGCCGCEEGET CGCGCCGACCT GACCACCCGCTACT CCACCATCCAGI TCC
AGAACAGCACGAT CGAGGCGAT CCGCCAGGT CGAGACCAACCAGCT GT TCGAGGCGECEC
GACAACGAGGEGCCACAGCT GGTACGGT CGCAAGGT CGT GCTGECGACCGECGT CCGCGA
CATCCCCCT CGACAT CGAGGGATACT CGGAGT GCT GEECGAACGECATCTACCACTGIC
TCTTCTGCGACGECT ACGAGGAACGT GECCAGGAGACCGT GEGT GTCCTGECTCTGEEG
CCCAT CGCGAACCCT GCGCGCGECT CTGCAT TTGGCT CACATGECCCTCCGECT TTCCGA
GI'CCGT CACCAT CTACACGAAT GGCAAT GAGCAGCT GGCTAAGGAGAT CCAGCAGGECCG
CCGAGGAAT CCCCT GI CGGT GCCT CGGGACT GAAAT TCGAGGCT CGACCCAT CCGGCGA
TTCGAAAAGGGECGAT GT CGCCAAGACCGT CATTGI TCATCT TGGGEGAGT CGGAGT CGAA
AACCGAGGECT TTTTGGT GTACAACCCCCAAACGGAGGT CAATGGACCGT TTGCCAAGC
AGCTCGCCTTGAATAT GACAGAAGGAGEGCGATAT CCTGACCACGCCGCCCTTCTATGAG
ACCAGT GI GCCCGGAGTATTTGCCGT GGEEGAT TGT GCCACGCCGT TAAAGGCCGT CAC
GCCCCCGGT GTCGATGEGATCT T TGECCGECT GECGGT CTCGT GECTCAGCT GCAGECTC
AGGCATTGCCGGAGT TTCGT CTCGAT CAGGAGCTAIBBBGCATGCTTTGICTTCCTGI TT
AATCAGGAAGT CGCCCAAAGCGAGAAT CATACCACTAGACCACACGCCCGTACTAATTG
ATGTCTTCCTTTTCGGATAGATGTATATATATACAAATTGGTCAGATTGCTTTTGECTC
CCTTTCGTACGTAACTCATTTAGACTACGAAGCTTATCGATACCGT CGACCT CGAGGGA
CTTTGACCCA

Figure 3.17 Agowa sequencing resulfThe start and stop codons are highlighted in
purple. The result revealed one mutatior, T at position 594, highlighted in yellow.
When translated, this mutation was shown not to alter the Gliipoaatid sequence
and was therefore suitable to use in experimentation.
3.4.2 The effects of constitutiveGliT expression on yeast growth

To assess the effects of constituteT expression on the growth of both wild-
type and mutant yeast strains, the newly created constructhdesatbove containing
the GIiT gene was transformed into BY4741 andys3 and comparative growth
analysis was carried out on these strains in the presenceotmixgli As controls, the
pRS315 plasmid containing tHeEU2 gene was transformed into the two strains to
enable an accurate growth comparison to be made on SC —LEU gliotates.pAt a

concentration of 16 pg/ml, gliotoxin completely inhibited the growtbaih wild-type

and Acys3. However, when these strains expressed GliTp, a significantaserns
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resistance to the toxin was observed (figure 3.18). It was thusludedc that

constitutive expression of ti&iT gene confers resistance to gliotoxirSircerevisiae.

SC —LEU + 0 pg/ml GT

|

BY4741 pRS315
BY4741GliT-pC210

Acys3 pRS315

Acys3 GliT-pC210

SC —-LEU + 16 pug/ml GT

|

BY4741 pRS315

BY4741GliT-pC210

Acys3 pRS315

Acys3 GliT-pC210

Figure 3.18 Comparative growth analysis of BY4741 andcys3 under gliotoxin
exposure.The presence dBliT conferred resistance in both strains. SC plates lacking
leucine were used to select for cells containing the pC210 plagmdidhas those
expressingsliT. The above images represent cellular growth after 36 hr. at 30°C.

This result was further verified by assessing single colgrowth under
exposure to gliotoxin. Figure 3.19 illustrates this gliotoxin rasse afforded bl T

expression and shows the considerable increase in cellular suigal cells express

GliTp.
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Figure 3.19 Single colony growth assay of BY4741 under gliotoxin exposufiénere
is increased survival under gliotoxin exposure of cells expmgssSiiTp. The above
images represent cellular growth on SC —Leu media after 48 hr. at 30°C.

3.4.3 Detecting GliTp when constitutively expressed
Due to the fact that the presencezhfT under a constitutive promoter conferred
gliotoxin resistance t&. cerevisiae, an attempt was made to detect GliTp production in

yeast cells.

3.4.3.1Coomassie stain of SDS-PAGE geG(iT-pC210)

Lysates were extracted from BY4743liT-pC210, BY4741 pRS315, G600
GliT-pC210, G600 pRS315, BY474cys3 GliT-pC210 and BY474Ncys3 pRS315.
10 pg of each lysate sample was run on a SDS-PAGE gel and ssierstained in an
attempt to observe possible GliTp bands in the protein samples fraimsstontaining

theGIiT gene (figure 3.20).
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Figure 3.20 Coomassie stain of SDS-PAGE gel with protein fronstrains
containing GliT-pC210. 1 = BY4741GliT-pC210; 2 = BY4741 pRS315; 3 = G600
GliT-pC210; 4 = G600 pRS315; 5 = BY474tys3 GliT-pC210; 6 = BY4741Acys3
pRS315No discrepancy in band intensity at 36 kDA.

GliTp has a molecular mass of 36 kDa, however no bands representéting of

protein were visible. Coomassie-stained 1-dimensional gels do natl rdifferences

between proteins from yeast strains withGUT andGliT transformant strains.

3.4.3.2Enzymatic assay of gliotoxin reductase activityGliT-pC210)

Gliotoxin can cause an inhibition of NADPH oxidase activity (Yoshetal.,
2000, Tsunawaket al., 2004). Schrettit al. (2010) demonstrated the ability of GliTp to
cleave the gliotoxin disulfide bridge (gliotoxin reductase agfiviwhich has been
shown to play a key role in the deleterious activity exhibitedhkytdxin (Trown and
Bilello, 1972, Millbacheet al., 1986). Thus, NADPH oxidase activity can be used as
an indirect measure of gliotoxin activity. This NADPH assays warried out in an
attempt to observe a difference in NADPH oxidase activity inhibiby gliotoxin, in
the absence and presence of GliTp. The assay was carried oscabedein section
2.28 and comparisons were made between BY4741 and BY&Ii4land G600 and

G600GIiIT. Figure 3.21 represents a typical graph observed from the data obtained.
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Figure 3.21 NADPH oxidase activity in BY4741 whe®liT is present.This graph is
representative of the typical trend seen over time.

To enable more accurate comparisons to be made, the absorbames fig
obtained during the 3 min. following NADPH addition were converted to percentdge
the initial reading. This allowed us to examine the oxidaswitgctn each sample

relative to the others (figure 3.22).

—e—BY4741 pRS315
Gliotoxin Reductase Activity —=—BYA741 GIiT-pC210
—a— G600 pRS315
—e— G600 GliT-pC210
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Figure 3.22 NADPH oxidase activity in BY4741 and G60@{iT-pC210)

The results from this assay show that expression of GliTp imffe ability of

gliotoxin to inhibit NADPH oxidase activity. In both BY4741 and G600, wiT is
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present along with gliotoxin, there is more rapid oxidation of RADIt appears based
on the observations in figure 3.22 that the GliTp is inactivating gliotoxin to some,extent
probably by exhibiting gliotoxin reductase activity, thus alleviatithg toxin’'s
inhibition of NADPH oxidase activity. This suggests that ther&idp production
within GIiT transformant cells, albeit a low level.

Further to this, we wanted to quantify the amount of GliTp in thielysates.
From here, gliotoxin reductase activity, and subsequent inability dbiue to inhibit
NADPH oxidase activity, was taken to represent GliTp. We usefbthrila below and
figures recorded in this assay to calculate the units of NADRIdase per mg of
protein.

Units/ml enzyme =AA340 nmSample -AA3z40 nmBlank)(0.7)/(6.22)(0.05)

0.7 = volume of assay (ml)

6.22 = extinction coefficient gi--NADPH

0.05 = volume of enzyme added (ml)

Units/mg = Units per ml enzyme/mg protein per ml enzyme

For each sample, the assay was performed in triplicate. Uit8DPH oxidase per ug
of protein were calculated using the equation above and the averageivdiaehree

was taken. These values are shown in table 3.2.

Table 3.2 Calculated units of NADPH oxidase representing thestimated amount
of gliotoxin reductase/GliTp, per pg of protein for BY4741 and G600 samples.

Sample Units NADPH oxidase/ug of protein
BY4741 pRS315 3.08
BY4741GIliT-pC210 6.74
G600 pRS315 10.59
G600GlIiT-pC210 19.63

Table 3.2 shows that iGliT transformants there is a higher level of NADPH
oxidase and thus gliotoxin reductase activity. BY4741 and G600 constiyutivel

expressingsliT exhibit approximately double the gliotoxin reductase than wild-type.
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3.5 AssessingGliT expression in yeast under an inducible promoter
3.5.1 Cloning GIiT into pYES2

After the discovery that constitutive expression of Ahdumigatus GliT gene
confers increased resistance to gliotoxin in yeast, we wante@rease the level of
GliTp in vivo by galactose induction. To this end, we cloned @iel gene by
homologous recombination into the pYES2 vector which contai®sld promoter and
the URA3 gene marker. pYES2 was digested using Xhel and Hindlll restriction
enzymes, gel electrophoresed and extrac@dl was amplified, as before, from
topovector with overhangs homologous to regions approaching the cleatesgefs
PYES2. Simultanaeous transformation of linear pYES2@nd followed by selection
on SC plates lacking uracil resulted in colonies contai@hd-pYES2. Figure 3.23

represents the plasmid maps constructed for pYESZhAmMepYES?2.

pYES2
5856 bp

GHTpYES2
6779 bp

Mol Apall

Apall

Figure 3.23 Plasmid maps constructed for pYES2 an@®liT-pYES2. pYES2 was
digested usindgdindlll and Xhol. 82 bp was removed an@liT was cloned into the
plasmid by homologous recombination. Both plasmids contain uracil maakersa
number of restriction sites as depicted above.
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To confirm that cloning had been achieved, PCR was performed on sineighla
the results are shown in figure 3.24. The primers used bound to pYES2 30 dpdup-
downstream ofGliT, resulting in a product of 1,065 bp (lane 1). No product was
observed for the negative control, in which digested pYES2 was usechplsite DNA.

As the primers contained sequence homologo@ it GliT was amplified fronGIiT-

pC210 as a positive control giving a product of 1 kb (lane 3).

<+«— 1kb

Figure 3.24 Diagnostic PCR depicting the cloning o6liT into pYES2. 1 = GIiT-
PYES2; 2 = pYES2; 3 &liT-pC210

The PCR product amplified from the new construct was sent to Adowa
sequencing to check for mutations. The sequencing data retriepededetheGliT
sequence containing the same mutation as was se&@hiTepC210 (section 3.4.1). No

other mutations were found.

3.5.2 Examining the effects of galactose-induce@liT expression on yeast growth

To assess the effects of galactose-induced GliTp on the gro&lcekvisiae,
we transformed the new construct GfiT under the control of the induciblBAL1
promoter in pYES2 into BY4741 and G600. We selected for cells containing the

plasmid on SC plates lacking uracil and used both glucose and galtmtosetabolism.
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Gliotoxin was added to these plates enabling us to compare and caititzestcellular
growth when different carbohydrate sources were used and b)dtleetpre abilities of
GIiT in response to gliotoxin when induced by galactose metabolism. Ast@l¢c an
empty pYES2 vector was used to allow comparative growth. Figurer8/2als how

BY4741 utilises galactose much more efficiently than G600.

-URA o -URA gal

BY4741 GIiT-pYES2

BY4741 pYES2

G600 GIiT-pYES2

G600 pYES?2

Figure 3.25 Comparative growth analysis of wild-type strains durig metabolism
of glucose and galactose (48 hr. 30°CY5600 cannot metabolise galactose as
efficiently as glucose.

In figure 3.26 it can be seen that at 8 pg/ml gliotoxin exposwd/B1 grew
notably better than G600. When glucose was metabolised and cellexpesed to 8
pag/ml gliotoxin,GliT-pYES2 transformants grew as wild-type,G§T expression was
not induced. Under 8 pg/ml gliotoxin exposure when galactose was @$se a
carbohydrate source, overall growth was largely diminishedzhidexpression, rather
than exhibiting protective effects actually appeared to confer an incressesitivity to
gliotoxin in yeast. The cells containing the empty pYES2 vectewgnore efficiently
than those expressing galactose indudiilé.

These plates were incubated at room temperature for a furtheout8 after
which a clearer difference in growth of BY47@&liT-pYES2 and pYES2 was observed

(figure 3.27). The strain containing the empty vector grew bett@n the GIiT
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transformant, suggesting galactose inductionGbil increasingly sensitises yeast to

gliotoxin.

-URA + 8 pg/ml gliotoxin -URA gal + 8 pg/ml gliotoxn
— —

BY4741 GIiT-pYES2 [

BY4741 pYES2

G600 GIiT-pYES2

G600 pYES2

Figure 3.26 Comparative growth analysis of wild-type strains durig metabolism
of glucose and galactose with 8 pg/ml gliotoxin addition (48 hr. 30°C)8 ug/ml
gliotoxin caused a strong inhibition of G600 when glucose was metatholi3n 8
png/ml gliotoxin galactose plates, G600 does not grow.

BY4741 GIiT-pYES2
BY4741 pYES2
Figure 3.27 Comparative growth analysis of BY4741 during galactose metalizm

with 8 pg/ml gliotoxin addition (48 hr. 30°C + 48 hr. RT).Galactose induction of
GliT appeared to further sensitise yeast to gliotoxin.
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3.5.3 Detecting GliTp under galactose induction

Following the findings described above, we attempted to detecp @Giels in
cell lysates. Our results demonstrated that@hd gene displays different effects in
yeast, depending on regulation of its expression, thus we wanted te bssds of

GliTp that could be detected when induced by galactose.

3.5.3.1Coomassie stain of SDS-PAGE geG{(iT-pYES?2)

To investigate if controlled induction time is relevant to GliTp préiduc the
levels of detectable GIliTp was assessed after chronic and galatetose exposure.
SDS-PAGE and coomassie staining was performed as describexdiaom s£4.3.1. For
chronically galactose-exposed lysates, cells were culture@ HURA gal liquid media
overnight and grown in the same liquid media on the day of lysataceah. For
acutely exposed lysates, cells were cultured in SC —URA overaigh6C —URA gal
on the day of lysate extraction. This allowed us to compare how chaodiacute
metabolism of galactose (and thus inductioGbT expression) impact on the ability to

detect GliTp (figure 3.28).

g -
i -

~40 kDa m—p
~30 kD@ ==—>

<+— ~36 kDa

Figure 3.28 Coomassie stain of SDS-PAGE gel with protein fronBY4741
containing GliT-pYES2 and pYES2 (chronic and acute galactose metabolisrh)=
GliT-pYES2 (acute); 2 = pYES2 (acute); 3GlT-pYES2 (chronic); 4 = pYES2
(chronic).
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10 pg of each lysate sample was run on a SDS-PAGE gel and ceostassed
in an attempt to observe possible GliTp bands in the protein samplasstrains
containing theGliT gene. Figure 3.28 showns that there was no protein expression at 36
kDa, therefore GliTp detection in yeast appears to be difficeljaRlless of chronic or
acute galactose metabolism and controlled inductio®lof expression, GliTp could

not be identified.

3.5.3.2Enzymatic assay of gliotoxin reductase activityGliT-pYES2)

Again we wanted to compare GliTp detection after chronic and gealdetose
metabolism. The enzymatic gliotoxin reductase assay was pedoas) described in
section 3.4.3.2. For chronically galactose-exposed lysates, cellsculareed in SC —
URA gal liquid media overnight and grown in the same liquid media ordalyeof
lysate extraction. For acutely exposed lysates, cells weleired in SC —-URA
overnight and SC —URA gal on the day of lysate extraction. Tlowed us to compare
how chronic and acute metabolism of galactose (and thus induct@lnToéxpression)

impact on GliTp detection (figure 3.29).

———BY4741 pYES2 chronic gal

. . L —=—BY4741 GliT-pYES2 chronic gal
Gliotoxin Reductase Activity —a— BYA741 pYES2 acute gal

—e— BY4741 GliT-pYES2 acute gal

100.5
100
99.5+
99
98.5
98
97.5
97

% Reduced NADPH Remainin

96.5
96 |

95.5 T T T T
0 0.5 1 15 2 25 3
Time (minutes)

Figure 3.29 NADPH oxidase activity in BY4741GliT-pYES2).
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There is no clear trend seen in figure 3.29. After three minutedjighest level of
NADPH oxidase activity is seen for the pYES2 acute galactetabolism sample. The
GliT-pYES2 acute galactose metabolism sample showed the second hayeésif|
activity and both the chronic galactose metabolism samples shiowed levels of
NADPH oxidase activity. However, these results were not consiateall time points
during the three minutes. Thus, due to the lack of consistency withimrégd, no
accurate conclusions can be made about the detectable level of GliTp.

We calculated the units of NADPH oxidase as before and thésesvare presented in
table 3.3. It is again clear from this table that there is noifspérend, GliT under
controlled galactose induction does not produce a detectable levelTpf Ghe same

was apparent for both chronic and acute galactose-induced expression.

Table 3.3 Calculated units of NADPH oxidase representing thestimated amount
of GliTp, per pg of protein from BY4741 samples.

Sample Units of NADPH oxidase/ug of protein
pYES2 chronic gal 13.96
GliT-pYES2 chronic gal 21.27
PYES2 acute gal 30.39
GliT-pYES2 acute gal 17.78
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Section 2: Investigation into the global responsetgliotoxin exhibited

by S. cerevisae
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3.6 Investigation into the global response 0$. cerevisiae to gliotoxin

To gain further insight into the deleterious effects caused lioyogin, we
investigated the global yeast response to the toxin. To do this, wedapphscriptomic
and proteomic techniques, RNA sequencing analysis and two-dimensiohal ge

electrophoresis respectively.

3.6.1 Using transcriptomics to explore the mechanism of action of gliotoxin

G600 wild-type yeast were exposed to gliotoxin at concentrationsld and
64 pg/ml for 1 hr., RNA was extracted from the cells and residdBd was removed.
Approximately 8 mg of total RNA from each sample underwenueecpd using
lllumina® technology, whereby the total RNA was converted into a libratgroplate
molecules which were quantified to give figures representafivexpression levels of
genes. Thus, for each treatment, data was obtained listing aeylgd was transcribed
and its expression level detected.

On retrieval of transcriptome data for each treatment, congpariwere made
between the data from samples that were exposed to a) 0 and 1@licgbrin, and b)
0 and 64 pg/ml gliotoxin. The genes from lists returned weredmatped into those
upregulated and downregulated, and then sub-grouped depending on their figiel. cha
The groups that underwent further analysis were those that had thasre2-fold

increase or decrease in expression.

3.6.1.1Analysis of the effect of 16 pug/ml gliotoxin exposure on global trangption
in yeast cells

In response to 16 pg/ml gliotoxin exposure, 172 genes showed irttrease
expression of more than 3-fold and 423 2-3-fold. From this, analysipevéeemed on

the 595 genes that underwent more than 2-fold upregulation in responseugpni6
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gliotoxin exposure. In contrast, 318 and 335 genes underwent more tblahaBd 2-3-
fold downregulation repectively, thus 653 genes which exhibited more ZHald
downregulation were analysed.

Each of these genes that showed a noteworthy change in the level of
transcription was assigned GO Identities reflective of tmeegfunction. Most genes
were designated more than one GO Identity due to multiple functibwese Bre three
GO Identity categories which were used, Molecular Function, Bicdbd?rocess and
Cellular Component, see table 3.4.

Table 3.4 GO Identity terms used to characterise genes andaqgpeins (taken from
Saccharomyces Genome Database).

Biological Process Terms

Molecular Function Terms

Cellular Component Terms

None
Biological process unknown
DNA metabolic processes
RNA metabolic processes
Cell budding
Cell cycle
Cellular amino acid metabolic processes

Cellular aromatic compound metabolic
processes
Cellular carbohydrate metabolic processes

Cellular component morphogenesis
Cellular homeostasis
Cellular lipid metabolic process
Cellular membrane organization
Cellular protein catabolic process
Cellular respiration
Chromosome organization

Chromosome segregation
Cofactor metabolic process
Conjugation
Cytokinesis
Cytoskeleton organization
Cell wall organization

Generation of precursor metabolites and
energy
Heterocycle metabolic process

Meiosis

Mitochondrion organization
Nucleus organization
Peroxisome organization
Protein complex biogenesis
Protein folding
Protein modification process
Pseudohyphal growth
Response to chemical stimulus

None
Molecular function unkmo
DNA binding
RNA binding
Enzyme regulator activity
Helicase activity
Hydrolasieity
Isomerase activity

Ligaseityc

Lipid binding
Lyase activity
Motor activity

Neucleotidyltraraderactivity

Oxidoreductativity
Peptidase activity

Phosphoprotein phosphatase

activity
Protein binding

Protein kinase activity
Signal transducer activity
Structural molecule activity
Transcription regulatdivity
Transferase activity
Translation regulator activity

Transporter activity

Triplet codon-amino acid
adaptor activity

None
Cellular component unknown
Golgi apparatus
Cell cortex
Cell wall
Cellular bud
Chromosome
Cytoplasm
Cytoplasmid membrane-bounded

vesicle
Gigweton

Endomembrastesy
Eoplasmic reticulum
Extracellular region membrane

Membrane fraction
Microtubolganising centre
Mitochondrial envelope

Mitochomdrio
Nucleolus
Nucleus
Peroxisome
Plasma membrane
Ribogom
Site of polarizedgth

Vacuole
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Response to stress
Ribosome biogenesis
Signaling
Sporulation
Transcription
Translation
Transport
Transposition
Vacuole organization
Vesicle organization
Vesicle-mediated transport
Vitamin metabolic process

Thus, each gene was categorised respective to its biolog@tahalecular functions, in
addition to the cellular component affected by the expression gfete For both up-
and downregulated genes, the number of genes in each categorymesptessed as a
percentage of the total transcriptional changes. For examghesghat underwent a
more than 2-fold increase in transcription were classified baseithean molecular
function. Four genes were found to have helicase activity, ergo thass gecupy
0.7% of the total molecular function activity carried out by the said genes.

It must be noted however that there are limitations in analysing gene pgeent
in each of the three categories. For example, the proportion of ropénd vacuole-
associated genes that exist may not be the same across the genome. Thusntageer
change outcomes are likely to be skewed to reflect the proportigenes in the entire

genome that are associated with a particular component/function/process.

Summary of the overall effects of gene uprequlation on cells

Figures 3.30-3.32 illustrate the overall effects on cells inducedydnes

upregulated more than 2-fold in response to 16 pg/ml gliotoxin exposure.
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Figure 3.30 The percentage of each cellular component catego(L6 pg/ml
upregulated genes).Genes upregulated more than two-fold were assigned cellular
component categories. The number of genes in each categoryxpessed as a
percentage of the number of total genes.
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Figure 3.31 The percentage of each molecular function category (16g/ml
upregulated genes)Genes upregulated more than two-fold were assigned molecular
function categories. The number of genes in each category waessegras a
percentage of the number of total genes.
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Figure 3.32 The percentage of each biological process category (16 pg/m
upregulated genes)Genes upregulated more than two-fold were assigned biological
process categories. The number of genes in each category was expressectestage

of the number of total genes.
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In order to further analyse the cellular response to gliotoxirfjieenost highly
upregulated biological processes, molecular functions and associaiédarc

components were further examined. These are illustrated in figures 3.33-3-35.

Cellular Components
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cytoplasm nucleus ribosome membrane mitochondrion

Associated Component

Figure 3.33 The five associated cellular components most highlypregulated by
exposure to 16 pug/ml gliotoxin.
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Figure 3.34 The five molecular functions most highly upregulatedthy exposure to
16 pg/ml gliotoxin.
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fold increase in transcriptior

Figure 3.35 The five biological processes most highly upregulated lexposure to
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16 pg/ml gliotoxin.

Table 3.5 lists the fifty genes, and their respective functionsutiderwent the

RNA metabolic transport ribosome response to
process biogenesis stress

Process

highest increase in transcription in response to 16 pg/ml gliotoxin.

Table 3.5 The fifty genes most highly upregulated in response 1.6 pg/ml gliotoxin

exposure.Gene functions were obtained from www.yeastgenoméEP).

Gene

Fold Change

Gene Function

MET3

RPS29B

BTN2

MET14

RPL28

RPSOB

RNR1

RPL2B

RPL31A

11.70

9.36

9.13

7.44

6.64

5.98

5.86

5.67

5.61

ATP sulfurylase, catalyzes the primary steiptoacellular
sulfate activation, essential for assimilatory retéhn of sulfate
to sulfide, involved in methionine metabolism
Protein component of the small (40S) riboscsnalunit; nearly
identical to Rps29Ap and has similarity to rat $2@ E. coli
S14 ribosomal proteins
v-SNARE binding protein that facilitates sgiegprotein
retrieval from a late endosome to the Golgi; mothdarginine
uptake, possible role in mediating pH homeostasig/den the
vacuole and plasma membrane H(+)-ATPase
Adenylylsulfate kinase, required for sulfassieilation and
involved in methionine metabolism
Ribosomal protein of the large (60S) ribososugdunit, has
similarity to E. coli L15 and rat L27a ribosomabpgins; may
have peptidyl transferase activity; can mutateytdaheximide
resistance
Protein component of the small (40S) ribosasualnit; nearly
identical to Rps9Ap and has similarity to E. coli &d rat S9
ribosomal proteins
One of two large regulatory subunits of ribcieatide-
diphosphate reductase; the RNR complex catalyzedinaiting
step in dNTP synthesis, regulated by DNA replicatomd DNA
damage checkpoint pathways via localization of smdunits
Protein component of the large (60S) ribosmublnit,
identical to RpI2Ap and has similarity to E. col land rat L8
ribosomal proteins; expression is upregulated\at lo
temperatures
Protein component of the large (60S) ribos@ublnit, nearly
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RPP1B

MET17

YFR032C

RPS26B

RPL8A

RPL34B

RPS30B

PAU18

PAUG

SPH1

RPL6B

RPS24B

RPL17A

TOS3

RPL2A

RPL26B

MET16

RPS24A

5.55

5.54

5.42

5.17

4.99

4.98

4.94

491

491

4.87

4.80

4.77

4.70

4.67

4.67

4.66

4.63

4.62

identical to Rpl31Bp and has similarity to rat L3dosomal
protein; associates with the karyopherin Sxm1ps twfhoth
Rpl31p and Rpl39p confers lethality
Ribosomal protein P1 beta, component of thesomal stalk,
which is involved in interaction of translationdbegation
factors with ribosome; accumulation is regulated by
phosphorylation and interaction with the P2 stalknponent
Methionine and cysteine synthase (O-acetyldsamine-O-
acetyl serine sulfhydrylase), required for sulfmimo acid
synthesis
Putative protein of unknown function; non-esise gene
identified in a screen for mutants with increasackls of rDNA
transcription; expressed at high levels during giaion
Protein component of the small (40S) riboscsualunit; nearly
identical to Rps26Ap and has similarity to rat $S@somal
protein
Ribosomal protein L4 of the large (60S) ribmabsubunit,
nearly identical to Rpl8Bp and has similarity t6 lcda
ribosomal protein; mutation results in decreaseduarts of free
60S subunits
Protein component of the large (60S) ribos@ublnit, nearly
identical to RpI34Ap and has similarity to rat LBdosomal
protein
Protein component of the small (40S) riboscsnlunit; nearly
identical to Rps30Ap and has similarity to rat Si@somal
protein
Protein of unknown function, member of thepsrperin
multigene family encoded mainly in subtelomericioeg;
identical to Pau6p
Member of the seripauperin multigene familgaeted mainly in
subtelomeric regions, active during alcoholic fentation,
regulated by anaerobiosis, negatively regulatedXygen,
repressed by heme; identical to Paul8p
Protein involved in shmoo formation and bipdiad site
selection; homologous to Spa2p, localizes to sitgmlarized
growth in a cell cycle dependent- and Spa2p-dependanner,
interacts with MAPKKs Mkk1p, Mkk2p, and Ste7p
Protein component of the large (60S) ribosmublnit, has
similarity to Rpl6Ap and to rat L6 ribosomal pratgbinds to
5.8S rRNA
Protein component of the small (40S) ribosasualunit;
identical to Rps24Ap and has similarity to rat $i$somal
protein
Protein component of the large (60S) ribos@ublnit, nearly
identical to Rpl17Bp and has similarity to E. do?2 and rat
L17 ribosomal proteins; copurifies with the DamIndex (aka
DASH complex)
Protein kinase, related to and functionaljuredant with EIm1p
and Sak1p for the phosphorylation and activatioSmfLp;
functionally orthologous to LKB1, a mammalian kieas
associated with Peutz-Jeghers cancer-susceptigyiitsirome
Protein component of the large (60S) ribos@ublnit,
identical to Rpl2Bp and has similarity to E. coft and rat L8
ribosomal proteins
Protein component of the large (60S) ribos@ublnit, nearly
identical to RpI26Ap and has similarity to E. co#i4 and rat
L26 ribosomal proteins; binds to 5.8S rRNA
3'-phosphoadenylsulfate reductase, redugasa3phoadenylyl
sulfate to adenosine-3',5'-bisphosphate and friéigesusing
reduced thioredoxin as cosubstrate, involved ifatail
assimilation and methionine metabolism
Protein component of the small (40S) ribosasualunit;
identical to Rps24Bp and has similarity to rat $iBésomal
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ZPS1

RPS10A

RPL26A

RPS28B

MCD4

RPP2A

RPL34A

RPL8B

RPS0OB

BNA3

RPSOA

VEL1

MET10

RPS29A

RPS/B

RPL16A

RPL7B

GAT4
RPL37A

RPL15A

4.61

4.60

4.58

4.56

4.52

4.39

4.38

4.37

4.33

4.33

4.32

4.32

4.30

4.30

4.27

4.26

4.21

4.21
4.19

4.18

protein
Putative GPl-anchored protein; transcript®mduced under
low-zinc conditions, as mediated by the Zap1p tepdon
factor, and at alkaline pH
Protein component of the small (40S) riboscsualunit; nearly
identical to Rps10Bp and has similarity to rat dbmal protein
Protein component of the large (60S) ribos@ublnit, nearly
identical to Rpl26Bp and has similarity to E. dok4 and rat
L26 ribosomal proteins; binds to 5.8S rRNA
Protein component of the small (40S) ribosasualunit; nearly
identical to Rps28Ap and has similarity to rat $®®somal
protein
Protein involved in glycosylphosphatidylinos{GPI) anchor
synthesis; multimembrane-spanning protein thatlivesito the
endoplasmic reticulum; highly conserved among euitas
Ribosomal protein P2 alpha, a component ofidesomal stalk,
which is involved in the interaction between tratisinal
elongation factors and the ribosome; regulatestice@mulation
of P1 (Rpp1Ap and Rpp1Bp) in the cytoplasm
Protein component of the large (60S) ribos@ublnit, nearly
identical to Rpl34Bp and has similarity to rat Liddosomal
protein
Ribosomal protein L4 of the large (60S) ribmabsubunit,
nearly identical to RpI8Ap and has similarity td kZa
ribosomal protein; mutation results in decreasedunts of free
60S subunits
Protein component of the small (40S) riboscsualnit, nearly
identical to RpsOAp; required for maturation of 1&NA along
with RpsOAp; deletion of either RPSO gene reducesth rate,
deletion of both genes is lethal
Kynurenine aminotransferase, catalyzes foomaif kynurenic
acid from kynurenine; potential Cdc28p substrate
Protein component of the small (40S) ribosasualunit, nearly
identical to RpsOBp; required for maturation of I&NA along
with RpsOBp; deletion of either RPSO gene reducewtth rate,
deletion of both genes is lethal
Protein of unknown function; highly inducedzinc-depleted
conditions and has increased expression in NAPdtidal
mutants
Subunit alpha of assimilatory sulfite reduetashich converts
sulfite into sulfide
Protein component of the small (40S) ribosasualunit; nearly
identical to Rps29Bp and has similarity to rat 328 E. coli
S14 ribosomal proteins
Protein component of the small (40S) ribosasualunit, nearly
identical to Rps7Ap; interacts with Ktillp; deleticauses
hypersensitivity to zymocin; has similarity to &t and
Xenopus S8 ribosomal proteins
N-terminally acetylated protein componenth&f karge (60S)
ribosomal subunit, binds to 5.8 S rRNA,; has sinityaio
Rpl16Bp, E. coli L13 and rat L13a ribosomal progein
transcriptionally regulated by Rap1p
Protein component of the large (60S) ribos@ublnit, nearly
identical to Rpl7Ap and has similarity to E. coBQ and rat L7
ribosomal proteins; contains a conserved C-ternthalleic
acid Binding Domain (NDB2)
Protein containing GATA family zinc finger nifet
Protein component of the large (60S) ribos@ublnit, has
similarity to Rpl37Bp and to rat L37 ribosomal peiot
Protein component of the large (60S) ribos@ublnit, nearly
identical to Rpl15Bp and has similarity to rat Lribosomal
protein; binds to 5.8 S rRNA
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RPS9A 417 Protein component of the small (40S) ribosasualunit; nearly
identical to Rps9Bp and has similarity to E. cali&hd rat S9
ribosomal proteins
RPL13B 417 Protein component of the large (60S) ribos@ublnit, nearly
identical to Rpl13Ap; not essential for viabilityas similarity to
rat L13 ribosomal protein
RPSH 4.16 Protein component of the small (40S) riboscsualunit, the
least basic of the non-acidic ribosomal proteimggphorylated
in vivo; essential for viability; has similarity . coli S7 and rat
S5 ribosomal proteins

One of the first significant observations made was that out ofgéni2s that
underwent a more than 3-fold increase in transcription, 107 were rmtedcbde
components of either the small or large subunit of the ribosome. lalg@asliscovered
that many genes involved in sulfur amino acid and glutathione biosyntivests
upregulated in response to gliotoxin, in addition to a number of genes idvimive

glucose fermentation. These will be discussed in detail later.

Summary of the overall effects of gene downrequlation on cells

Genes which were transcriptionally repressed under 16 pg/mghogxposure
were subsequently assessed. Figures 3.36-3.38 illustrate the offexdh en cells
induced by genes downregulated more than 2-fold in response to 16 glighokin

exposure.

134



vacuole

site of polarized growth
ribosome

plasma membrane
peroxisome

other

nucleus

nucleolus
mitochondrion
mitochondrial envelope
microtubule organizing center
membrane

membrane fraction
extracellular region
endoplasmic reticulum

endomembrane system|

Cellular Componen

cytoskeletoni

cytoplasmic me mbrane-bounded vesiclé
cytoplasm )

chromosome

cellular bud

cell wall

cell cortex

Golgi apparatus

[\ 1.62
fo.32
W% %%3.25

ExN179
A3 0.65
SRRLRNNN]6.25

1 A A o A A A A W A A A A A A AR S A R RN 20.45
O

| B T T T R M ] 13,72

NO0.32
h%N1.54

N0.41
‘No.41
Yo.s1
Doss

AANN2.84

0.08

0.16

2.52

L% 0.73

o.41

0.08
T T T W N N e 2

H0.24

0 5

10 15 20 25

% Total Expression

30

35

Figure 3.36 The percentage of each cellular component categof6 pg/ml
downregulated genes).Genes downregulated more than two-fold were assigned
cellular component categories. The number of genes in each categoexpvassed as

a percentage of the number of total genes.

transporteractivity [X X X X X X L X I X L L Ll I . L I I I I I I I Il 1]1561

translation regulator activity

¥ ¥730.84

transferase activity

transcription regulator activity

12.03

Y Y YYYYpky

structural molecule activity
signal transducer activity
protein kinase activity
protein binding 1
phosphoprotein phosphatase activity;
peptidase activity
oxidoreductase aclivityi
other 1
nucleotidyltransferase activity
motor activity 1

lyase activity

Molecular Function

lipid binding
ligase activity 1
isomerase aclivilyi
hydrolase activity 1
helicase activity
enzyme regulator activity 1

RNA binding

L L L L L L L L L i X22184
[F¥¥1.05
F¥FFFFF¥FI205

FY Y Y P Y YT Y Y Y XYY ¥ YLYL

[ 0.63

[T10.63

e e e e e il al l l  , l  ,  ,  BUN )
(&5 & 888858316

l40.21

[10.21

FYFY¥Y¥Y¥¥9274

[9%40.84

rYYYYYYY Y Yy LRl

[30.21

e e il il il s il il il s, il s il il il il s, il i, i, s, s, il il il s il il il i s o il il il o o o BCTS0)
M0.21

FYYY¥YYYYy¥pil)

[ d & & & & 41253

DNA binding

YT YTy ¥TyTTy3.80

0 2 4 6 8

10 12 14 16

% Total Expression

18

Figure 3.37 The percentage of each molecular function category (16g/ml
downregulated genes).Genes downregulated more than two-fold were assigned
molecular function categories. The number of genes in each categorymessed as a

percentage of the nu

mber of total genes.
135



vitamin metabolic process | ]
vesicle-mediated transport [~ -]
vacuole organization |- : -]
transport [ il i ]
translation [ - T T T e
transcription [f-i-T-T-T-7-7- 7]
sporulation resulting in formation of a cellular spore [~ - 7272 - 77
signaling [-i-i-i-7-7-]
ribosome biogenesis| - |
responsetostress{i-i-r-l-7-ier-T T Tl T Tt D0 ]
response to chemical stimulus{ == 7=+ 7= T T2~ T- T -7 T ]
pseudohyphal growth [ -]
protein modification process [-2-t-T-T-T- T -1 1o 0T 7]
protein folding ]
protein complex biogenesis|:-i-1-7- 71T 1T 1T 1]
peroxisome organization [~ ]
other [-:-7-:-:]
nucleus organization [ ]
mitochondrion organization [~ i-iri-ioio i ittt ]
meiosis [ -t
heterocycle metabolic process - : - : Tel-lelelelelelelilels
generation of precursor metabolites andenergy - -~ - -~ T - T T T T T T T T T T T T

fungal-type cell wall organization [:-:-:-:

Biological Process

cytoskeleton organization [ =+ -]

conjugation [-:-]

cofactor metabolic process|--i-i-7- - -7 T -t T 7]

chromosome segregation - : 1]

chromosome organization [ - -+ -]

cellularrespiration {<: :t:iie il el Tl T

cellular protein catabolic process [ -+ :-7- ]

cellular membrane organization [-+- -ttt tele ]

cellular lipid metabolic process [Z- - -t - -t o]

cellular homeostasis [+ -~ - . -]

cellular component morphogenesis[ -2 *:*: "]
cellular carbohydrate metabolic process|-:-:

cellular aromatic compound metabolic process|]

cellular amino acid metabolic process|:-2- -1+t 1-1- ]

cellcycle [- 2= 7ttt T

cell budding [J

RNA metabolic process [-t-T- T+ - - 7-7-T- 7 T- 1]

DNA metabolic process [:- i+ i+ -]

0 2 4 6 8 10 12
% Total Expression
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As for the transcriptionally upregulated genes, the the five trensscriptionally
repressed biological processes, molecular functions and associai&d cemponents

were investigated. These results can be observed in figures 3.39-3.41.
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Figure 3.41 The five biological processes most highly downreguldtéy exposure
to 16 pg/ml gliotoxin.

Table 3.6 lists the fifty genes, and their respective functionsutiterwent the
highest decrease in transcription in response to 16 pg/ml gliotoxin.

Table 3.6 The fifty genes most highly downregulated in responde 16 pg/ml
gliotoxin exposure.Gene functions were obtained from www.yeastgenomé&35&Ep).

Gene Fold Change Gene Function
YILO57C -204.79 Protein of unknown function involved in ememetabolism

under respiratory conditions; expression inducedkurarbon
limitation and repressed under high glucose

YDR119W- -186.53 Putative protein of unknown function; materact with

A respiratory chain complexes Il (ubiquinol-cytoctme c
reductase) or IV (cytochrome c oxidase)

PGl -136.45 Protein required for survival at high tenapere during

stationary phase; not required for growth on nanéartable
carbon sources; the authentic, non-tagged pratedetected in
highly purified mitochondria in high-throughput dtes

YIG1 -106.67 Protein that interacts with glycerol 3-ghluetase and plays a
role in anaerobic glycerol production; localizeghe nucleus
and cytosol
S-C1 -67.46 Mitochondrial succinate-fumarate transpott@ansports

succinate into and fumarate out of the mitochondniequired
for ethanol and acetate utilization

SP18 -62.65 Phospholipid-binding protein; expressiomduced by osmotic
stress
PG4 -50.52 Protein required for survival at high tengtere during

stationary phase; not required for growth on nanéarttable
carbon sources

YGRO67C -36.99 Putative protein of unknown function; contaa zinc finger
motif similar to that of Adrlp
MLSL -34.38 Malate synthase, enzyme of the glyoxylatde;ynvolved in

utilization of non-fermentable carbon sources; espion is
subject to carbon catabolite repression; localizgseroxisomes
during growth in oleic acid medium
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ACH1

JEN1

SDH2

YMR175W-
A
ADY2

HXTS

SOH1

POT1

GRE1

cavi4

YNL195C

CAT2

FMP43

IDP2

YAT1

ACSL

NDE2

FBP1

-33.96

-33.65

-33.01

-31.16

-30.94

-26.87

-23.57

-21.95

-20.69

-19.85

-17.62

-17.44

-17.03

-16.68

-16.51

-15.69

-15.18

-14.95

Protein with CoA transferase activity, parkarly for CoASH
transfer from succinyl-CoA to acetate; has minat@eCoA-
hydrolase activity; phosphorylated; required foetate
utilization and for diploid pseudohyphal growth
Lactate transporter, required for uptakiactiate and pyruvate;
phosphorylated; expression is derepressed by tiptisaal
activator Cat8p during respiratory growth, and esged in the
presence of glucose, fructose, and mannose
Iron-sulfur protein subunit of succinate yiifogenase (Sdhlp,
Sdh2p, Sdh3p, Sdh4p), which couples the oxidaticuccinate
to the transfer of electrons to ubiquinone as pkithe TCA
cycle and the mitochondrial respiratory chain
Putative protein of unknown function

Acetate transporter required for normal glation;
phosphorylated in mitochondria
Hexose transporter with moderate affinityglucose, induced
in the presence of non-fermentable carbon souirdsced by a
decrease in growth rate, contains an extendedmittaf
domain relative to other HXTs
Flavoprotein subunit of succinate dehydragen(Sdhlp,
Sdh2p, Sdh3p, Sdh4p), which couples the oxidaticuccinate
to the transfer of electrons to ubiquinone as pkithe TCA
cycle and the mitochondrial respiratory chain
3-ketoacyl-CoA thiolase with broad chaingignspecificity,
cleaves 3-ketoacyl-CoA into acyl-CoA and acetyl-Giuking
beta-oxidation of fatty acids
Hydrophilin of unknown function; stress iced (osmotic,
ionic, oxidative, heat shock and heavy metals)ulaed by the
HOG pathway
Protein required for accurate chromosomeegagjon during
meiosis; involved in meiotic telomere clusteringyiquet
formation) and telomere-led rapid prophase movement
Putative protein of unknown function; shaagsomoter with
YNL194C; the authentic, non-tagged protein is dietgén
highly purified mitochondria in high-throughput dtes
Carnitine acetyl-CoA transferase presebbih mitochondria
and peroxisomes, transfers activated acetyl grauparnitine
to form acetylcarnitine which can be shuttled asnoembranes
Putative protein of unknown function; exgies regulated by
osmotic and alkaline stresses; the authentic, aggetd protein
is detected in highly purified mitochondria in hitffiroughput
studies
Cytosolic NADP-specific isocitrate dehydrogse, catalyzes
oxidation of isocitrate to alpha-ketoglutarate;disvare elevated
during growth on non-fermentable carbon sourcesraddced
during growth on glucose
Outer mitochondrial carnitine acetyltranager, minor ethanol-
inducible enzyme involved in transport of activatayl groups
from the cytoplasm into the mitochondrial matrix;
phosphorylated
Acetyl-coA synthetase isoform which, alonghwhAcs2p, is the
nuclear source of acetyl-coA for histone acetlyatiexpressed
during growth on nonfermentable carbon sourcesuaier
aerobic conditions
Mitochondrial external NADH dehydrogenassatyzes the
oxidation of cytosolic NADH; Ndelp and Nde2p aredlved
in providing the cytosolic NADH to the mitochondria
respiratory chain
Fructose-1,6-bisphosphatase, key regul@azyme in the
gluconeogenesis pathway, required for glucose mésaub;
undergoes either proteasome-mediated or autophagyated
degradation depending on growth conditions; intsradth
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YGL188C

RIP1

YNL194C

YMLO87C

SDHA4

CRC1

COX5A

YAT2

NDI1

ODC1

CBP4

SDH3

FOX2

GLG2

CAT8

OM45

CYT1

HXT6

-14.63

-13.42

-13.09

-12.53

-12.15

-12.10

-11.78

-11.07

-10.41

-10.27

-10.14

-9.77

-9.72

-9.63

-9.51

-9.06

-9.02

-8.94

Vid30p
Putative protein of unknown function; YMR2U8s not an
essential gene
Ubiquinol-cytochrome-c reductase, a Rieste-sulfur protein
of the mitochondrial cytochrome bcl complex; trensf
electrons from ubiquinol to cytochrome c1 duringpieation
Integral membrane protein required for sfadian and plasma
membrane sphingolipid content; has sequence sityitar
SUR7 and FMP45; GFP-fusion protein is induced spoase to
the DNA-damaging agent MMS
Putative protein of unknown function, highbnserved across
species and orthologous to human CYB5R4; null ntutan
displays reduced frequency of mitochondrial gentoes
Membrane anchor subunit of succinate delygirase (Sdhlp,
Sdh2p, Sdh3p, Sdh4p), which couples the oxidaticuccinate
to the transfer of electrons to ubiquinone as pkithe TCA
cycle and the mitochondrial respiratory chain
Mitochondrial inner membrane carnitine tporger, required
for carnitine-dependent transport of acetyl-CoAnfro
peroxisomes to mitochondria during fatty acid betatation
Subunit Va of cytochrome ¢ oxidase, whicthésterminal
member of the mitochondrial inner membrane electransport
chain; predominantly expressed during aerobic dnomtile its
isoform Vb (Cox5Bp) is expressed during anaerobasugh
Carnitine acetyltransferase; has similddtyatlp, which is a
carnitine acetyltransferase associated with theahindrial
outer membrane
NADH:ubiquinone oxidoreductase, transfeestebns from
NADH to ubiquinone in the respiratory chain but so®t pump
protons, in contrast to the higher eukaryotic nsubiunit
respiratory complex I; phosphorylated; homolog aifrtan
AMID
Mitochondrial inner membrane transportepogts 2-
oxoadipate and 2-oxoglutarate from the mitochomhdniztrix to
the cytosol for lysine and glutamate biosynthenis lgsine
catabolism; suppresses, in multicopy, an fmc1 muitation
Mitochondrial protein required for assemifyibiquinol
cytochrome-c reductase complex (cytochrome bcl &oip
interacts with Cbp3p and function is partially radant with
that of Cbp3p
Cytochrome b subunit of succinate dehydrogeii&dhlp,
Sdh2p, Sdh3p, Sdh4p), which couples the oxidatf@uccinate
to the transfer of electrons to ubiquinone as pfitie TCA
cycle and the mitochondrial respiratory chain
Multifunctional enzyme of the peroxisomakyadcid beta-
oxidation pathway; has 3-hydroxyacyl-CoA dehydraggnand
enoyl-CoA hydratase activities
Self-glucosylating initiator of glycogen siasis, also
glucosylates n-dodecyl-beta-D-maltoside; similam@mmalian
glycogenin
Zinc cluster transcriptional activator neegggor derepression
of a variety of genes under non-fermentative grovathditions,
active after diauxic shift, binds carbon sourceossive
elements
Protein of unknown function, major constituehthe
mitochondrial outer membrane; located on the ofggiosolic)
face of the outer membrane
Cytochrome c1, component of the mitochonagapiratory
chain; expression is regulated by the heme-actiyafieicose-
repressed Hap2p/3p/4p/5p CCAAT-binding complex
High-affinity glucose transporter of the maacilitator
superfamily, nearly identical to Hxt7p, expressetigh basal
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levels relative to other HXTs, repression of expi@s by high
glucose requires SNF3
HXT7 -8.88 High-affinity glucose transporter of the maacilitator
superfamily, nearly identical to Hxt6p, expressetigh basal
levels relative to other HXTSs, expression repregsetligh
glucose levels
RPM2 -8.63 Protein subunit of mitochondrial RNase P, fiadess in nuclear
transcription, cytoplasmic and mitochondrial RNA@essing,
and mitochondrial translation; distributed to mitoadria,
cytoplasmic processing bodies, and the nucleus
HAP4 -8.62 Subunit of the heme-activated, glucose-reeeks
Hap2p/3p/4p/5p CCAAT-binding complex, a transcdpél
activator and global regulator of respiratory gerpression;
provides the principal activation function of thengplex
YKL187C -8.61 Putative protein of unknown function; thetearitic, non-tagged
protein is detected in a phosphorylated stateghlfipurified
mitochondria in high-throughput studies
COXx4 -8.53 Subunit IV of cytochrome c oxidase, the terhimember of the
mitochondrial inner membrane electron transportrgha
precursor N-terminal 25 residues are cleaved during
mitochondrial import; phosphorylated; spermidinbamces
translation

3.6.1.2Analysis of the effect of 64 pg/ml gliotoxin exposure on global transption
in yeast cells

In response to 64 pug/ml gliotoxin exposure, 246 and 493 genes underwent more
than 3-fold and 2-3-fold upregulation respectively. Thus, analysis wasmed on the
739 genes that underwent more than 2-fold upregulation in response to 64 pg/mi
gliotoxin exposure. In contrast, 475 and 530 genes underwent more tblahaBd 2-3-
fold downregulation repectively, and these 1,005 genes which exhibitesl thaor 2-
fold downregulation were analysed. The same procedure was carried out on tlesse ge
as for the previous set. These genes were allocated GO kreatidl categorised under
the headings of Molecular Function, Biological Process and Qelidanponent, see
table 3.4. Gene number in each category was subsequently expresgeet@ntage of

the total transcriptional changes, as before.

Summary of the overall effects of gene uprequlation on cells

Figures 3.42-3.44 Illustrate the overall effects on cells inducedydnes

upregulated more than 2-fold in response to 64 pg/ml gliotoxin exposure.
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Figure 3.42 The percentage of each cellular component catego($4 pg/ml
upregulated genes).Genes upregulated more than two-fold were assigned cellular
component categories. The number of genes in each categoryxp@ssed as a
percentage of the number of total genes.
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Figure 3.44 The percentage of each biological process category (64 pg/m
upregulated genes)Genes upregulated more than two-fold were assigned biological
process categories. The number of genes in each category was expressectestage
of the number of total genes.

To further analyse the cellular response to the toxin in questierfie most

highly upregulated biological processes, molecular functions and associlular

components were examined. These are illustrated in figures 3.45-3.47.
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Figure 3.45 The five associated cellular components most highlypregulated by
exposure to 64 pg/ml gliotoxin.
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Figure 3.47 The five biological processes most highly upregulateq lexposure to
64 ug/ml gliotoxin.

Table 3.7 lists the fifty genes, and their respective functionsutigerwent the

highest increase in transcription in response to 64 pg/ml gliotoxin.

Table 3.7 The fifty genes most highly upregulated in response 64 pg/ml gliotoxin
exposure.Gene functions were obtained from www.yeastgenoméEP).

Gene Fold Change Gene Function
CUP1-2 171.19 Metallothionein, binds copper and mediagsgstance to high

concentrations of copper and cadmium; locus isabdyi
amplified in different strains, with two copies, €W-1 and
CUP1-2, in the genomic sequence reference stra&88G2
CUP1-1 171.19 Metallothionein, binds copper and mediagegstance to high
concentrations of copper and cadmium; locus isabdyi
amplified in different strains, with two copies, €1 and
CUP1-2, in the genomic sequence reference stra&88G2
YFR032C 18.63 Putative protein of unknown function; nonesgml gene
identified in a screen for mutants with increasatls of rDNA
transcription; expressed at high levels during gladion
FRM2 15.75 Protein of unknown function, involved in thégration of lipid
signaling pathways with cellular homeostasis; esgign
induced in cells treated with the mycotoxin patulins
similarity to bacterial nitroreductases
MET16 13.57 3'-phosphoadenylsulfate reductase, reduggs3phoadenylyl
sulfate to adenosine-3',5'-bisphosphate and frifieesusing
reduced thioredoxin as cosubstrate, involved ifatail
assimilation and methionine metabolism

MET14 13.56 Adenylylsulfate kinase, required for sulfassimilation and
involved in methionine metabolism
MET3 13.15 ATP sulfurylase, catalyzes the primary steiptoacellular

sulphate activation, essential for assimilatoryurihn of sulfate
to sulfide, involved in methionine metabolism
HBN1 11.00 Putative protein of unknown function; similabacterial
nitroreductases; green fluorescent protein (GFBipfuprotein
localizes to the cytoplasm and nucleus; proteirobess
insoluble upon intracellular iron depletion
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8.03

7.77
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6.47

6.43

5.87

5.83
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Putative protein of unknown function

Inosine monophosphate dehydrogenase, cataheeate-
limiting step in GTP biosynthesis, expression duiced by
mycophenolic acid resulting in resistance to thegdexpression
is repressed by nutrient limitatio
Transcriptional repressor that mediates gkicepression and
negatively regulates filamentous growth; has sintyiao Nrglp
S-adenosylmethionine synthetase, catalyzesfénaof the
adenosyl group of ATP to the sulfur atom of metimenone of
two differentially regulated isozymes (Saml1p anth3p)
High-affinity glucose transporter of the mafacilitator
superfamily, expression is induced by low levelglotose and

repressed by high levels of glucose
Identified by gene-trapping, microarray-basegression
analysis, and genome-wide homology searching
Cobalamin-independent methionine synthasejyad in
methionine biosynthesis and regeneration; reqain@snimum
of two glutamates on the methyltetrahydrofolatesstatte,
similar to bacterial metE homologs
Cystathionine beta-lyase, converts cystathmnito
homocysteine
Protein of unknown function; mobilized intolygomes upon a
shift from a fermentable to nonfermentable carbmuree;
potential Cdc28p substrate
Putative protein of unknown function; expressnduced in
cells treated with the mycotoxin patulin, and ats® quinone
methide triterpene celastrol; green fluorescentging GFP)-
fusion protein localizes to the cytoplasm
RNA-binding protein that interacts with thee&@minal domain
of the RNA polymerase Il large subunit (Rpo21pgferentially
at phosphorylated Ser5; required for transcriptegmination
and 3' end maturation of nonpolyadenylated RNAs
Methionine and cysteine synthase (O-acetyldsamine-O-
acetyl serine sulfhydrylase), required for sulfmi@o acid
synthesis
Cystathionine gamma-lyase, catalyzes oneedtitb reactions
involved in the transsulfuration pathway that ygetysteine
from homocysteine with the intermediary formatidn o
cystathionine
3-phosphoglycerate dehydrogenase, catalyedshstep in
serine and glycine biosynthesis; isozyme of Ser3p
Protein component of the small (40S) ribosasualunit; nearly
identical to Rps29Ap and has similarity to rat $2@ E. coli
S14 ribosomal proteins
Putative protein of unknown function; small ©identified by
SAGE; deletion strains are moderately sensitivia¢o
radiomimetic drug bleomycin
Biotin synthase, catalyzes the conversiorettidbiotin to
biotin, which is the last step of the biotin biotysis pathway;
complements E. coli bioB mutant
Phospholipid hydroperoxide glutathione perag@induced by
glucose starvation that protects cells from phokpiao
hydroperoxides and nonphospholipid peroxides dusiigative
stress
Mitochondrial aldehyde dehydrogenase, invoineggulation
or biosynthesis of electron transport chain comptand
acetate formation; activated by K+; utilizes NAD&s-the
preferred coenzyme; constitutively expressed
Low affinity methionine permease, similar taplp
Bud neck-localized, SH3 domain-containing @rotequired for
cytokinesis; regulates actomyosin ring dynamics seftin
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ADHG6

OYE2

SAM2

TRR1

MET8

YLR460C

MMT1

DBP2

YKLO70W

RPL29

ADES5

YGR271C-
A

PHO89

ILV3

SAH1

ECM17

YAP7
MFAL

YLR146W-

5.73

5.56

5.55

5.50

5.48

5.46

5.42

541

5.38

5.25

521

5.15

5.04

5.03

4.99

4.96

4.94
491

4.87

localization; interacts with the formins, Bnilp aBdrlp, and
with Cyk3p, Vrplp, and Bni5p
NADPH-dependent medium chain alcohol dehydrage with
broad substrate specificity; member of the cinnafaylily of
alcohol dehydrogenases; may be involved in fuseltadl
synthesis or in aldehyde tolerance
Conserved NADPH oxidoreductase containingrilav
mononucleotide (FMN), homologous to Oye3p with atint
ligand binding and catalytic properties; may beoimred in sterol
metabolism, oxidative stress response, and progezhuall
death
S-adenosylmethionine synthetase, catalyzesfarof the
adenosyl group of ATP to the sulfur atom of metimenone of
two differentially regulated isozymes (Saml1p anth3p)
Cytoplasmic thioredoxin reductase, key regueénzyme that
determines the redox state of the thioredoxin systehich acts
as a disulfide reductase system and protectsagdilsst both
oxidative and reductive stress
Bifunctional dehydrogenase and ferrochelaiase)ved in the
biosynthesis of siroheme, a prosthetic group usesulite
reductase; required for sulfate assimilation anthiorine
biosynthesis
Member of the quinone oxidoreductase famiyregulated in
response to the fungicide mancozeb; possibly upkaged by
iodine
Putative metal transporter involved in mitauthgal iron
accumulation; closely related to Mmt2p
Essential ATP-dependent RNA helicase of th&Dbox
protein family, involved in nonsense-mediated mRigkay and
rRNA processing
Putative protein of unknown function; expressnduced in
cells treated with mycotoxins patulin or citrinthe authentic,
non-tagged protein is detected in highly purifiedochondria in
high-throughput studies
Protein component of the large (60S) ribosmublnit, has
similarity to rat L29 ribosomal protein; not essahtor
translation, but required for proper joining of fhege and small
ribosomal subunits and for normal translation rate
Bifunctional enzyme of the 'de novo' purinelaatide
biosynthetic pathway, contains aminoimidazole it
synthetase and glycinamide ribotide synthetaseitiet
Essential protein required for maturation 5 XTRNA; null
mutant is sensitive to hydroxyurea and is delaypegcovering
from alpha-factor arrest; green fluorescent prot&RP)-fusion
protein localizes to the nucleolus
Na+/Pi cotransporter, active in early growtlage; similar to
phosphate transporters of Neurospora crassa, tipiisa
regulated by inorganic phosphate concentrationdPdnedip
Dihydroxyacid dehydratase, catalyzes thirg giehe common
pathway leading to biosynthesis of branched-chaima acids
S-adenosyl-L-homocysteine hydrolase, cataé®l&-adenosyl-
L-homocysteine which is formed after donation & #ttivated
methyl group of S-adenosyl-L-methionine (AdoMetgio
acceptor
Sulfite reductase beta subunit, involved imnanacid
biosynthesis, transcription repressed by methionine
Putative basic leucine zipper (bZIP) transmipfactor
Mating pheromone a-factor, made by a celtsyacts with alpha
cells to induce cell cycle arrest and other respsifsading to
mating; biogenesis involves C-terminal modificatibhterminal
proteolysis, and export; also encoded by MFA2
Putative protein of unknown function
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PHO12 4.78 One of three repressible acid phosphatagggcaprotein that is
transported to the cell surface by the secretotiyvpgay; nearly
identical to Phol1p; upregulated by phosphate atinv
MET22 4.73 Bisphosphate-3'-nucleotidase, involved intsddtrance and
methionine biogenesis; dephosphorylates 3'-phosidmusine-
5'-phosphate and 3'-phosphoadenosine-5'-phosphtesulf
intermediates of the sulfate assimilation pathway

Summary of the overall effects of gene downrequlation on cells

Genes which underwent more than 2-fold transcriptional repressioressliof
exposure to 64 pg/ml gliotoxin were also assessed. Figures 3.48{8ditatié the
overall effects on cells induced by genes downregulated more tludah i2-fesponse to

64 ng/ml gliotoxin exposure.
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peroxisome 7@ 1.48
other 75 0.71
nucleus 7 7.84
nucleolusi 0.15
mitochondrion 7 17.40
mitochondrial envelope 7 6.46
microtubule organizing centerii 0.25
membrane RSSSSSSSNNNNNNNNNNNN 1435
membrane fraction 7333 2.14
extracellular region | 0.15

endoplasmic reticulum 1.83

Cellular Component

endomembrane systemw41.17
cytoskeletoniﬁ 0.61
cytoplasmic membrane-bounded vesicléi 0.25
cytoplasm 7 31.86
chromosomeig 0.92
cellular bud 7:3 0.56
cell wall 7@ 0.97

cell cortex []0.71

Golgi apparatus [¥0.51

0 5 10 15 20 25 30 35
% Total Expression

Figure 3.48 The percentage of each cellular component catego($4 pg/ml
downregulated genes).Genes downregulated more than two-fold were assigned
cellular component categories. The number of genes in each categoexpvassed as

a percentage of the number of total genes.
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Figure 3.49 The percentage of each molecular function category (64g/mi
downregulated genes).Genes downregulated more than two-fold were assigned
molecular function categories. The number of genes in each categorymessed as a
percentage of the number of total genes.
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Figure 3.50 The percentage of each biological process category (64 pg/m
downregulated genes).Genes downregulated more than two-fold were assigned
biological process categories. The number of genes in eaclomateas expressed as a
percentage of the number of total genes.

The five most common functions in each GO Identity categorhexdet genes

downregulated at a high degree were assessed (figures 3.51-3.53).
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Figure 3.51 The five associated cellular components most highlpwinregulated by
exposure to 64 pug/ml gliotoxin.
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Figure 3.52 The five molecular functions most highly downregulate by exposure
to 64 pg/ml gliotoxin.
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Figure 3.53 The five biological processes most highly downreguldtéy exposure
to 64 pg/ml gliotoxin.
The fifty genes that underwent the highest level of downregulation areatkdt
in table 3.8

Table 3.8 The fifty genes most highly downregulated in responde 64 pg/ml
gliotoxin exposure.Gene functions were obtained from www.yeastgenomé¢Ep).

Gene Fold Change Gene Function

SP18 -131.20 Phospholipid-binding protein; expressiomdiced by
osmotic stress

SPG1 -124.46 Protein required for survival at high tenapere during

stationary phase; not required for growth on nanémtable
carbon sources; the authentic, non-tagged prateietected

in highly purified mitochondria in high-throughpstudies
YILO57C -92.27 Protein of unknown function involved in egyemetabolism

under respiratory conditions; expression inducedkeun
carbon limitation and repressed under high glucose

PG4 -70.25 Protein required for survival at high tengtere during
stationary phase; not required for growth on nanéarttable
carbon sources

GRE1 -50.50 Hydrophilin of unknown function; stress icéd (osmotic,

ionic, oxidative, heat shock and heavy metals)ulagd by
the HOG pathway

YMR175W- -49.45 Putative protein of unknown function
A
S-C1 -44.99 Mitochondrial succinate-fumarate transpottansports

succinate into and fumarate out of the mitochondrio
required for ethanol and acetate utilization

YGRO67C -44.01 Putative protein of unknown function; contaa zinc finger
motif similar to that of Adrlp
NDE2 -43.64 Mitochondrial external NADH dehydrogenassatyzes the

oxidation of cytosolic NADH; Ndelp and Nde2p are
involved in providing the cytosolic NADH to the
mitochondrial respiratory chain
YDR119W- -43.47 Putative protein of unknown function; matemact with
A respiratory chain complexes Il (ubiquinol-cytocime c
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FMP45

HXTS

YIG1

POT1

ECM13

JEN1

PCK1

ADY2

HSP12

YNL195C

ACH1

YALO18C
CRC1

YERO53C-
A

YAT1

YRO2

CAT2

NQM1

ACSL

-43.06

-41.98

-41.75

-39.33

-33.03

-32.82

-32.46

-30.61

-29.47

-27.34

-26.62

-26.38

-24.63

-24.00

-22.93

-22.66

-21.61

-21.32

-19.01

reductase) or IV (cytochrome c oxidase)
Integral membrane protein localized to nfitowdria
(untagged protein); required for sporulation andntaaning
sphingolipid content; has sequence similarity tdR3land
YNL194C
Hexose transporter with moderate affinitydglucose,
induced in the presence of non-fermentable carbarcss,
induced by a decrease in growth rate, containsxeeméed
N-terminal domain relative to other HXTs
Protein that interacts with glycerol 3-phuegjase and plays a
role in anaerobic glycerol production; localizeghe nucleus
and cytosol
3-ketoacyl-CoA thiolase with broad chaingignspecificity,
cleaves 3-ketoacyl-CoA into acyl-CoA and acetyl-CoA
during beta-oxidation of fatty acids
Non-essential protein of unknown functiotced by
treatment with 8-methoxypsoralen and UVA irradiatio
Lactate transporter, required for uptakiactiate and
pyruvate; phosphorylated; expression is derepresged
transcriptional activator Cat8p during respiratgrgwth, and
repressed in the presence of glucose, fructosemnamiose
Phosphoenolpyruvate carboxykinase, key eaagm
gluconeogenesis, catalyzes early reaction in cadrale
biosynthesis, glucose represses transcription ecelerates
MRNA degradation, regulated by Mcm1p and Cat8mtkxt
in the cytosol
Acetate transporter required for normal glation;
phosphorylated in mitochondria
Plasma membrane localized protein that ptotmembranes
from desiccation; induced by heat shock, oxidasivess,
osmostress, stationary phase entry, glucose dep|atieate
and alcohol; regulated by the HOG and Ras-Pka mathw
Putative protein of unknown function; shaaggomoter with
YNL194C; the authentic, non-tagged protein is dettén
highly purified mitochondria in high-throughput dtes
Protein with CoA transferase activity, partarly for
CoASH transfer from succinyl-CoA to acetate; hasani
acetyl-CoA-hydrolase activity; phosphorylated; reed for
acetate utilization and for diploid pseudohyphalvgh
Putative protein of unknown function
Mitochondrial inner membrane carnitine t@orger, required
for carnitine-dependent transport of acetyl-CoAniro
peroxisomes to mitochondria during fatty acid betadation
Putative protein of unknown function; gréeorescent
protein (GFP)-fusion protein localizes to the erdemic
reticulum
Outer mitochondrial carnitine acetyltrana$er, minor
ethanol-inducible enzyme involved in transport ctiated
acyl groups from the cytoplasm into the mitochoaldri
matrix; phosphorylated
Putative protein of unknown function; théhauntic, non-
tagged protein is detected in a phosphorylatee statighly
purified mitochondria in high-throughput studies;
transcriptionally regulated by Haalp
Carnitine acetyl-CoA transferase presebbith
mitochondria and peroxisomes, transfers activatetyh
groups to carnitine to form acetylcarnitine whiemde
shuttled across membranes
Transaldolase of unknown function; trangiipis
repressed by Motlp and induced by alpha-factordamithg
diauxic shift
Acetyl-coA synthetase isoform which, alonthwAcs2p, is -
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YMR118C

GLG2

YNL194C

HSP30

POX1

FMP16

YMR206W

SDH2

MLSL

HBT1

YKLOGSW-

A

RTN2

GUT2

YDR018C

RIP1

IDP2

NCE102

-18.66

-18.58

-18.55

-18.46

-18.40

-18.28

-18.27

-18.19

-17.93

-17.74

-17.37

-16.36

-16.17

-14.94

-14.94

-14.87

-14.78

the nuclear source of acetyl-coA for histone aeiiy;
expressed during growth on nonfermentable carbaorces
and under aerobic conditions
Protein of unknown function with similarity succinate
dehydrogenase cytochrome b subunit; YMR118C isanot
essential gene
Self-glucosylating initiator of glycogen s$iyesis, also
glucosylates n-dodecyl-beta-D-maltoside; similar to
mammalian glycogenin
Integral membrane protein required for sladien and
plasma membrane sphingolipid content; has sequence
similarity to SUR7 and FMP45; GFP-fusion protein is
induced in response to the DNA-damaging agent MMS
Hydrophobic plasma membrane localized, stresponsive
protein that negatively regulates the H(+)-ATPas&aPp;
induced by heat shock, ethanol treatment, weaknicgeid,
glucose limitation, and entry into stationary phase
Fatty-acyl coenzyme A oxidase, involvedhia tatty acid
beta-oxidation pathway; localized to the peroxisbmatrix
Putative protein of unknown function; progadso be
involved in responding to conditions of stress; dl¢hentic,
non-tagged protein is detected in highly purified
mitochondria in high-throughput studies
Putative protein of unknown function; YMR2U8s not an
essential gene
Iron-sulfur protein subunit of succinate ylilogenase
(Sdhi1p, Sdh2p, Sdh3p, Sdh4p), which couples traatirin
of succinate to the transfer of electrons to uliqoe as part
of the TCA cycle and the mitochondrial respiratomain
Malate synthase, enzyme of the glyoxylatde;ynvolved in
utilization of non-fermentable carbon sources; espion is
subject to carbon catabolite repression; localizes
peroxisomes during growth in oleic acid medium
Substrate of the Hub1p ubiquitin-like protiiat localizes to
the shmoo tip (mating projection); mutants are ckdfe for
mating projection formation, thereby implicatingttip in
polarized cell morphogenesis
Putative protein of unknown function

Protein of unknown function; has similatitymammalian
reticulon proteins; member of the RTNLA (reticullike A)
subfamily
Mitochondrial glycerol-3-phosphate dehydmagse;
expression is repressed by both glucose and cAMP an
derepressed by non-fermentable carbon sourceSiiilap,
Rsflp, Hap2/3/4/5 complex dependent manner
Probable membrane protein with three predict
transmembrane domains; homologous to YbrO42cp|agimi
to C. elegans F55A11.5 and maize 1-acyl-glycerol-3-
phosphate acyltransferase
Ubiquinol-cytochrome-c reductase, a Rieste-sulfur
protein of the mitochondrial cytochrome bcl complex
transfers electrons from ubiquinol to cytochromedating
respiration
Cytosolic NADP-specific isocitrate dehydrogse, catalyzes
oxidation of isocitrate to alpha-ketoglutarate;disvare
elevated during growth on non-fermentable carbamcss
and reduced during growth on glucose
Protein of unknown function; contains traesmrane
domains; involved in secretion of proteins thaklatassical
secretory signal sequences; component of the deterg
insoluble glycolipid-enriched complexes (DIGs)

154



FMP43

PHM7

COX4

MSC1

-14.70

-14.54

-14.46

-14.35

Putative protein of unknown function; exgies regulated
by osmotic and alkaline stresses; the authentitstagged
protein is detected in highly purified mitochondiriahigh-
throughput studies
Protein of unknown function, expressioreigulated by
phosphate levels; green fluorescent protein (GEBiph
protein localizes to the cell periphery and vacuole
Subunit IV of cytochrome ¢ oxidase, the ieahmember of
the mitochondrial inner membrane electron transgloain;
precursor N-terminal 25 residues are cleaved during
mitochondrial import; phosphorylated; spermidin&amces
translation
Protein of unknown function; mutant is défexin directing
meiotic recombination events to homologous chrodsathe
authentic, non-tagged protein is detected in highisfied
mitochondria and is phosphorylated

3.6.1.3Comparison of the yeast transcriptomic response to 16 and 64 png/

gliotoxin exposure

It would be reasonable to expect a similar yeast response aodl64 pg/ml

gliotoxin exposure, to some degree. If these reactions ardhread, should be overlap

in the data when comparing the response to 16 and 64 pg/ml gliotoximveBbigate if

this is the case, correlation was searched for by comparingoatidsting the five most

highly up- and downregulated molecular functions, biological processessaadiated

cellular components. Figures 3.54-3.59 illustrate these comparisons.

The Five Most Common Biological Processes

Carried out by Genes with >2-fold Upregulation

16 pg/ml GT

64 pg/ml GT

RNA Metabolic Process

Ribosome Biogenesis Cellular Amino Acid

Response to Stress Metabolic Process

Translation

Transport

Figure 3.54 Comparison of the five most common biological processperformed
by genes with >2-fold upregulation.
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From the above figure it can be seen that four out of the toprfogt common
upregulated biological processes characteristic of respondmtiaxiop are induced by
the two concentrations, these are RNA metabolic process, ribosamgenéesis,
translation and transport. However, the response to stress is time st common
processes performed by cells under 16 pg/ml gliotoxin exposurepb6é pug/ml. At
the same time, cellular amino acid metabolic process is hgiimhulated by the latter

concentration but not the former.

The Five Most Common Cellular Components
Associated with Genes with >2-fold Uprequlation

16 pg/ml GT 64 pg/ml GT

Cytoplasm

Ribosome

Membrane

Mitochondrion

Nucleus

Figure 3.55 Comparison of the five most common associated celulcomponents

of genes with >2-fold upregulation.

Under exposure to both concentrations of gliotoxin, genes associated heith t
cytoplasm, ribosome, mitochondrion and nucleus are all highly upreguliedede
3.55). Membrane-associated genes fall into the most commonly upesjcktegory
only under exposure to 16 pg/ml gliotoxin, not under 64 pg/ml. On the b#met,
genes associated with the nucleolus were upregulated to aduggbe when cell were

treated with 64 pg/ml gliotoxin, but not with the lower concentration.
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The Five Most Common Molecular Functions
Carried out by Genes with >2-fold Upregulation

16 pg/ml GT 64 pg/ml GT

Transferase Activity

Structural Molecule Activity i
Oxido-

Protein Binding RNA Binding Activity reductase Activity

Hydrolase Activity

Figure 3.56 Comparison of the five most common molecular funicins performed

by genes with >2-fold upregulation.

In relation to molecular function, protein binding was one of the highestibns to be
stimulated by the lower concentration of gliotoxin, but not by thédrigin contrast,
oxidoreductase activity was very highly stimulated by 64 pgliotaxin exposure, but
not by 16 pg/ml. Transferase activity, structural molecudgvity, RNA binding
activity and hydrolase activity were all stimulated to thénbgy degree under exposure

to the toxin at both concentations (figure 3.56).

The Five Most Common Biological Processes
Carried out by Genes with >2-fold Downregulation

16 pg/ml GT 64 pg/ml GT

Transport

Translation

Protein Modificatio
Process

Cellular Carbohydrate
Metabolic Process

Mitochondrion Organization

Generation of Precursor
Metabolites and Energy

Figure 3.57 Comparison of the five most common biological processperformed
by genes with >2-fold downregulation.
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Downregulated gene GO identities were also compared and cedtré&xt all
the biological processes inhibited by exposure to 16 pug/ml gliotaxily, one, the
cellular carbohydrate metabolic process was unique to this coaib@mfrthe rest were
shared with the response to 64 pg/ml exposure; transport, translatioohandrion
organisation, generation of precursor metabolites and energy. Proteitfication
process genes were strongly repressed by exposure to the bagieantration of

gliotoxin, but not to the lower (figure 3.57).

The Five Most Common Cellular Components
Associated with Genes with >2-fold Downrequlation

16 pg/ml GT 64 png/ml GT

Cytoplasm
Mitochondrion
Membrane

Mitochondrial Envelope

Nucleus

Figure 3.58 Comparison of the five most common associated celulcomponents
of genes with >2-fold downregulation.

Figure 3.58 outlines how the five most common cellular components a@gsbevith
>2-fold downregulated genes are highly transcriptionally repdesader exposure to
both gliotoxin concentrations. The cellular components inhibited by tha toei the
cytoplasm, mitochondrion, membrane, mitochondrial envelope and nucleus.
Regarding molecular function, the five most common transcriptiomddibited
categories were identical when considering gliotoxin exposwelsleof 16 and 64
png/ml.  Structural molecule activity, oxidoreductase activitygngporter activity,

transferase activity and hydrolase activity were all extremehessed.
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Overall, good correlation of GO identities indicating the yeasponse to two

different gliotoxin exposure concentrations was observed.

The Five Most Common Molecular Functions
Carried out by Genes with >2-fold Downreqgulation

16 pg/ml GT 64 ng/ml GT

Structural Molecule Activity

Oxidoreductase Activity

Transporter Activity

Transferase Activity

Hydrolase Activity

Figure 3.59 Comparison of the five most common molecular funicins performed
by genes with >2-fold downregulation.
3.6.1.4Exploration for pathways transcriptionally altered by gliotoxin exposure
Organisation and categorisation of data allowed us to examineehall effects
that gliotoxin imposes ots. cerevisiae. Further to this | was able to compare and
constrast the cellular transcriptional responses to different coneamsraf the toxin. In
addition, the data was examined in an attempt to pinpoint pathwaysydinelticed or
repressed by gliotoxin. One such pathway identified was the supggyatsf sulfur
amino acid biosynthesis. All but one gene in this pathway was found to be transtribed
an elevated level in response to gliotoxin. As depicted by figub@, the superpathway
of sulfur amino acid biosynthesis begins with a sulphate ion. Follotwanéprmation of
four intermediates, the resultant hydrogen sulfide combines @tAcetyl-L-
homoserine to form homocysteine (Thaeteal., 1977, Setyat al., 1996, Berndtt al.,
2004). Homocysteine goes on to play a role in methionine biosynthesisibuiso

enter the transsulfuration pathway. This involves the interconversicgsteine and
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homocysteine with cystathionine acting as an intermediate (ThangaSurdin-Kerjan,

1997, Finkelstein, 1998).

SO
MET3
L-aspartate
APS 1
1 HOM3
MET14
L-aspartyl-4-P
PAPS |
0 HOM2
MET16 L-aspartate-semialdehyde
SO, '
- HOM6
5-methyl-THF(glu),, METS5, MET10 Homoserine
H,S MET2
METY A MET17
—_——————————————" O-Acetyl-L-homoserine

Homocysteine
STR3 cYs4 MET6
Cystathionine
STR2 CYS3 L-methionine
v SAM1, SAM2
L-cysteine
u GSH1 S-adenosyl-L-methionine

L-y-glutamylcysteine

u GSH2

Glutathione

Figure 3.60 The superpathway of sulfur amino acid and glutathion®iosynthesis

(reproduced from SGD). Gene names are depicted in red. Thesserggdie enzymes
involved in conversion of one intermediate to another.

L-cysteine produced from the transsulfuration pathway is thersadilialong with L-

glycine and L-glutamate, in glutathione biosynthesis. This mak&®ing a potential

rate-limiting amino acid in the OS response (Arretkl., 1982, Williamsoret al., 1982,

Anderson, 1998, Dickinson and Forman, 2002). Furthermore, it has been deradnstrat
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that the sulfur amino acid biosynthesis structural system mustritional before
GSH1 can be expressed under OS (Doretel., 2000).

Every gene illustrated above, with the exceptionSBIR2, undergoes an increase in
transcription level when yeast cells are exposed to gliotoxia.fdld change in level of
transcription is outlined in table 3.9.

Table 3.9 Fold change in level of transcription of genes involved sulfur amino

acid and glutathione biosynthesis in response to two concentrans of gliotoxin. @
depicts no increase in transcription level.

Gene Name Fold increase in level of Fold increase in level of
transcription under 16 ug/ml  transcription under 64 ug/ml
gliotoxin exposure gliotoxin exposure

MET7 1.5 15
MET3 11.7 13.2
MET14 7.4 13.6
MET16 4.6 13.6

MET5 (ECM17) 3.9 4.9
MET10 4.3 3.5
MET17 55 8.5
HOM3 2.4 4.1
HOM2 1.7 2.3
HOM®6 1.9 1.5
MET2 2.9 4.2
STR3 4 8.7
STR2 1] %)
CY3 4.1 8
Cr+4 1.6 3.8
MET6 2.9 8.7
SAM2 3.8 5.6
SAM1 1.8 9.5
GH1 1] 2.2
GH2 1.2 1.8

This demonstrates that under the stress imposed on cells byiatoxin, S
cerevisiae cells rapidly upregulate the transcription of genes involvedilifursamino
acid and glutathione biosynthesis. Other genes exist that enaddmgithat play a role

in mediation of the sulfur amino acid biosynthesis pathway.MB&1, MET4, METS,

MET18, MET19 and MET22 , MET28, MET30, MET31, MET32 gene products are
involved in this regulation (Masselot and De Robichon-Szulmajster, 1975, a5em
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al., 1992a).MET1 and MET8 and MET18 encode proteins that have been shown to
exhibit sulfite reductase activity, in the same mannévig$5 andMET10, depicted in
figure 3.60 (Masselot and De Robichon-Szulmajster, 1975, Thamnak, 1992a).
Met4p modulates transcriptional activation of the pathway (Thoehas., 1992b).
Metl19p is required for functional sulfur amino acid biosynthesis asthemutant
depends on organic sulfur supplementation for survivalNIB@19 deletion has led to
increased sensitivity to OS (Thomatsal., 1991, Kremst al., 1995). TheMET22 gene
product is also required for sulfate assimilation in addition tgimdaa role in salt
tolerance (Glaseet al., 1993, Murguiaet al., 1995). MET22 deletion gives rise to
methionine auxotrophs (Masselot and De Robichon-Szulmajster, 1975). Met31p and
Met32p are additional transcription factors involved in the regulaticsaiof pathway
and the transcription dIET3 andMET14 is dependent on the presence of at least one
of these proteins (Blaiseaa al., 1997). In contrast, Met30p negatively regulates the
sulfur amino acid biosynthesis pathway, through repressing Metl9p lad t
transcriptional activities of Met4p in the presence of high S-agéheasethionine
(SAM/AdoMet) levels, a product of the said pathway (Thoetas., 1995). Expression
of the above mentioned genes in response to two concentrations of gliegoxin
illustrated in table 3.10MET4, MET19 andMET30 are not upregulated in response to
gliotoxin exposure, unlikeMET1, MET8, MET18, MET22, MET31 and MET32.
Upregulation of these genes has been observed in response to twotredioos of
gliotoxin, demonstrating overlap and supporting results and conclusionscahat
subsequently be made.

Genes involved in glucose fermentation were also seen to be upedguldahe
presence of gliotoxin. Depending on the availability of oxygen, yestabolise

glucose by fermentation or respiration. From the RNA sequencitey dabecame
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apparent that gliotoxin exposure induces increased transcription ofyereest involved
in the glucose fermentation pathway.

Fermentation, illustrated in figure 3.61, involves the formation otiygte, which is
then converted to acetaldehyde under the control of pyruvate decad®xydc)
(Zhanget al., 1995, Bongerst al., 2005).

Table 3.10 Fold change in level of transcription of genes involvad regulation of

the sulfur amino acid biosynthesis pathway in response to twooncentrations of
gliotoxin. @ depicts no increase in transcription level. N/A depicts no test result

Gene Name Fold increase in level of Fold increase in level of
transcription under 16 pg/ml transcription under 64 pg/ml
gliotoxin exposure gliotoxin exposure

MET1 2.5 3.8
MET4 %] %]

MET8 3.1 55
MET18 1.3 15
MET19 %] %]

MET22 2.9 4.7
MET28 N/A N/A
MET30 %] %]

MET31 1.7 2.0
MET32 1.6 2.9

Although not all genes involved in the glucose fermentation pathwasg weegulated
under gliotoxin exposure, the majority did undergo an increase nactigtion. Five
genesHXK1, GLK1, PYK2, PDC6 andALD4 were downregulated to some degree by

the presence of gliotoxin.
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B-D-glucose

HXK1
GLK1

HXK2

Glucose-6-phosphate

ﬂ PGI1

Fructose-6-phosphate
ﬂ PFK1, PFK2

Fructose-1,6-bisphosphate

AAAL TPI1

Glyceraldehyd_e—3—phosphate Glycerol biosynthesis

TDH1, TDH2, TDH3

3-phospho-D-glycerol-phosphate

PGK1
\Y
3-phosphoglycerate

GPM1
2-phosphoglycerate

ENO1, ENO2

Phosphoenolpyruvate

PYK2, CDC19
\Y
Pyruvate
PDC6, PDC5, PDC1
\Y
Acetaldehyde
| ADHS5, ADH4, ADH3, ADH2, ADH1
ALD4, ALDS, ALD6
V Ethanol
Acetate

Figure 3.61 Glucose fermentation pathwayreproduced from SGD). Gene names are
depicted in red. These represent the enzymes involved in conversion of one intermediate

to another.
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Table 3.11 Fold change in level of transcription of genes involveah iglucose
fermentation in response to two concentrations of gliotoxind depicts no increase in
transcription level.

Gene Name Fold increase in level of Fold increase in level of
transcription under 16 ug/ml transcription under 64 pg/mi
gliotoxin exposure gliotoxin exposure
HXK1 4] 1)
HXK?2 2.3 2.5
GLK1 %) 1]
PGI1 1.9 2.1
PFK1 1.9 1.9
PFK2 1.9 1.9
FBA1 1.7 2.8
TPI1 2.5 2.7
TDH1 1.9 1.9
TDH2 2.9 3.4
TDH3 2.7 2.2
PGK1 2.5 2.2
GPM1 2.3 2.8
ENO1 1.9 2.2
ENO2 2.6 3.4
PYK?2 1] 4]
CDC19 2.6 3.3
PDC6 4] %)
PDC5 3.0 2.3
PDC1 3.2 1.9
ADH5 1] 1.7
ADHA4 1.4 %]
ADH3 1] 1.1
ADH2 1.5 2.8
ADH1 1.7 3.0
ALD4 %] 4]
ALD5 1.8 5.9
ALD6 1.1 3.8

Gluconeogenesis, the synthesis of glucose is fundamentallppihesite of
glycolysis, an intricate part of the fermentation process amgsg@volved in this

process are listed in table 3.12
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Table 3.12 Fold change in level of transcription of genes involved In
gluconeogenesis in response to two concentrations of gliotoxi@ depicts no
decrease in transcription level.

Gene Name Fold decrease in level of Fold decrease in level of
transcription under 16 ug/ml transcription under 64 pg/mi
gliotoxin exposure gliotoxin exposure
MAE1 1.2 %]
MDH2 4.7 10.5
PYC1 6.9 5.9
PYC2 1.7 1.1
PCK1 80.1 32.5
ENO1 1] 4]
ENO2 %) 1]
GPM1 1] 4]
PGK1 4] 1]
TDH1 1] 4]
TDH2 %] 1]
TDH3 1] %)
FBA1 %] 1)
FBP1 14.9 13.2
PGI1 %) 1)

Many of the genes involved in gluconeogenesis also play a motgucose
fermentation and these are transcribed at a higher level jrésence of gliotoxin as
this toxin appears to “switch on” the latter pathway. Intemgbti the other genes
involved in gluconeogenesis are all transcriptionally downregulatedd@arsuggests
these two antithetical processes are both affected by cediyparsure to gliotoxin in
that the glucose fermentation pathway is “switched on” and gluconesigeis

“switched off”".

3.6.1.5Comparative evaluation of the effects of gliotoxin and other mycotoxins
Previous studies have utilis&dcerevisiae to investigate the global expressional
response to other toxins, including mycotoxins. Transcriptomic dateesexging the
global response to gliotoxin was compared and contrasted with thatriioin, patulin,
allicin and furfural obtained from lwahas#ial. (2007), lwahashét al. (2006), Yuet al.
(2010) and Li & Yuan (2010) respectively. Genes which undergo an incmgase
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decrease in transcription in response to the mycotoxins were peaingrad similarities
were investigated. Table 3.13 illustrates the upregulated genes of interest.

Table 3.14 lists the downregulated genes of interest. Tables 3.13 ardkemtdstrate
significant overlap in genes that undergo up- and downregulation in respmike
different toxins listed above. Analysis of results using other noyxaod may help us
build a bigger picture of the yeast response to gliotoxin. Discregsaimcgenes up- and
downregulated were also investigated and are listed in table 3.X5cditrast could
provide insight into differences in mycotoxin targets etc. For @@nARO9 is
upregulated in response to gliotoxin, furfural and allicin exposure. Catygelt is
downregulated when cells are exposed to citrinin. Thus, the fohmes toxins may
exert a particular type of stress on the cell that reqéireSp response to resist the

toxin, the same stress may not be elicited by citrinin.

3.6.1.6Utilisation of quantitative PCR to confirm transcriptome data

To assess the efficacy of our RNA sequencing expression datatajuenPCR
(gPCR) was performed. Total RNA was extracted from yeasiresl exposed to 0, 16
and 64 pg/ml gliotoxin. cDNA was synthesised as described irosee23.4 and was
used as reaction template for gqPCR. The expression level of iogeees in response
to gliotoxin exposure was analysed. Genes were chosen based ampwiance in
pathways identified and also due to pronounced up- or downregulatiordedcin
transcriptomic data.

VMAG6 and ERG9 were selected as reference genes based on the fact that the
RNA sequencing data did not record a significant change inttaascription levels in

response to gliotoxin exposure.
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Table 3.13 Comparison of genes that are upregulated in the presenof the respective compoundX denotes upregulatiorisene function data
was recorded from SGD. Genes listed show an upregulation in response to one or imare tox

Gene

Gene Function

FRM2

AAD16

AADG

AAD4

FLR1

OYE3

AAD15

AAD10

AAD14

GRE2

AAD3

YLLO56C

GTT2
ECM4

Protein of unknown function, involved ingtintegration of lipid signaling pathways with cddir homeostasis; expression
induced in cells treated with the mycotoxin patutias similarity to bacterial nitroreductases

Putative aryl-alcohol dehydrogenase wittnigarity to P. chrysosporium aryl-alcohol dehydrngse; mutational analysis has not
yet revealed a physiological role

Putative aryl-alcohol dehydrogenase witinigrity to P. chrysosporium aryl-alcohol dehydrogse, involved in the oxidative
stress response; expression induced in cells tredth the mycotoxin patulin

Putative aryl-alcohol dehydrogenase withikinity to P. chrysosporium aryl-alcohol dehydrogee, involved in the oxidative
stress response; expression induced in cells tredth the mycotoxin patulin

Plasma membrane multidrug transporter ef tiajor facilitator superfamily, involved in efflwf fluconazole, diazaborine,
benomyl, methotrexate, and other drugs; expressituced in cells treated with the mycotoxin patulin

Conserved NADPH oxidoreductase containilagifh mononucleotide (FMN), homologous to Oye2phwdtfferent ligand
binding and catalytic properties; has potentia¢sah oxidative stress response and programmedeszgh

Putative aryl-alcohol dehydrogenase withiknity to P. chrysosporium aryl-alcohol dehydrogse; mutational analysis has not
yet revealed a physiological role

Putative aryl-alcohol dehydrogenase withinity to P. chrysosporium aryl-alcohol dehydrogse; mutational analysis has not
yet revealed a physiological role

Putative aryl-alcohol dehydrogenase wittnigarity to P. chrysosporium aryl-alcohol dehydrogse; mutational analysis has not
yet revealed a physiological role

3-methylbutanal reductase and NADPH-dependeecthylglyoxal reductase (D-lactaldehyde dehydnage); stress induced
(osmotic, ionic, oxidative, heat shock and heavyafsg regulated by the HOG pathway

Putative aryl-alcohol dehydrogenase withiknity to P. chrysosporium aryl-alcohol dehydrogee; mutational analysis has not
yet revealed a physiological role

Putative protein of unknown function, traription is activated by paralogous transcriptioctéas Yrmlp and Yrrlp and genes
involved in pleiotropic drug resistance (PDR); esgwmion is induced in cells treated with the mycotgatulin

Glutathione S-transferase capable of homediization; functional overlap with Gtt2p, Grx1pda@rx2p

Omega class glutathione transferase; natre&d; similar to Ygrl54cp; green fluorescent pimt(GFP)-fusion protein localizes
to the cytoplasm
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YKLO70W

MET1

MET10
MET14
MET16

MET17

MET2

MET22

MET3

MET30

MET32

MET8

CYs3

Cys4

NQ2

ARN1

TRX2

X X X X

X X X X

X X X X

X X X X

Putative protein of unknown function; expsis induced in cells treated with mycotoxins patok citrinin; the authentic, non-
tagged protein is detected in highly purified mitoodria in high-throughput studies

S-adenosyl-L-methionine uroporphyrinogehttansmethylase, involved in the biosynthesisiabheme, a prosthetic group used
by sulfite reductase; required for sulfate assitiaiteand methionine biosynthesis
Subunit alpha of assimilatory sulfite rextase, which converts sulfite into sulphide

Adenylylsulfate kinase, required for sule assimilation and involved in methionine metesnol

3'-phosphoadenylsulfate reductase, reddggosphoadenylyl sulfate to adenosine-3',5'Hiisphate and free sulfite using
reduced thioredoxin as cosubstrate, involved ifageibssimilation and methionine metabolism

Methionine and cysteine synthase (O-achtyioserine-O-acetyl serine sulfhydrylase), reglioe sulfur amino acid synthesis

L-homoserine-O-acetyltransferase, catalyhesconversion of homoserine to O-acetyl homosenihich is the first step of the
methionine biosynthetic pathway

Bisphosphate-3'-nucleotidase, involvedsalt tolerance and methionine biogenesis; dephoglaltes 3'-phosphoadenosine-5'-
phosphate and 3'-phosphoadenosine-5'-phosphositfeienediates of the sulfate assimilation pathway

ATP sulfurylase, catalyzes the primarystf intracellular sulfate activation, essential &ssimilatory reduction of sulfate to
sulfide, involved in methionine metabolism

F-box protein containing five copies of D40 motif, controls cell cycle function, sulfur tabolism, and methionine
biosynthesis as part of the ubiquitin ligase comyplateracts with and regulates Met4p, localizethimithe nucleus

Zinc-finger DNA-binding protein, involved itranscriptional regulation of the methionine biatketic genes, similar to Met31p
Bifunctional dehydrogenase and ferrochedatanvolved in the biosynthesis of siroheme, athietic group used by sulfite
reductase; required for sulfate assimilation anthraeine biosynthesis

Cystathionine gamma-lyase, catalyzes ontheftwo reactions involved in the transsulfuratiathway that yields cysteine from
formation of cystathionine

Cystathionine beta-synthase, catalyzeshssis of cystathionine from serine and homocystéreefirst committed step in
cysteine biosynthesis; responsible for hydrogefideugjeneration; mutations in human ortholog cawmmocystinuria

Plasma membrane ATP-binding cassette (AB&)dporter, multidrug transporter involved in ndritig resistance and resistance
to singlet oxygen species

Transporter, member of the ARN family ofisporters that specifically recognize sideroplivane-chelates; responsible for
uptake of iron bound to ferrirubin, ferrirhodin,carelated siderophores

Cytoplasmic thioredoxin isoenzyme of theotigidoxin system which protects cells against okidand reductive stress, forms
LMA1 complex with Pbi2p, acts as a cofactor for Tizarequired for ER-Golgi transport and vacuolesiitance
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MXR1

PST2

RADS59

UBC13

MAG1

HPA2

RPT1

DDR48

RFAL

DDC1

TRX1

RAD23

RFA2

SSL2

RAD7

RADS52

Methionine-S-sulfoxide reductase, involvedie response to oxidative stress; protects inffiwsclusters from oxidative
inactivation along with MXR2; involved in the reation of lifespan

Protein with similarity to members of a fdynof flavodoxin-like proteins; induced by oxida¢istress in a Yaplp dependent
manner; the authentic, non-tagged protein is dedecthighly purified mitochondria in high-throughtstudies
Protein involved in the repair of doublé@nd breaks in DNA during vegetative growth vieambination and single-strand
annealing; anneals complementary single-strandedi; bmologous to Rad52p

Ubiquitin-conjugating enzyme involved in teeror-free DNA postreplication repair pathwayeirgicts with Mms2p to assemble
ubiquitin chains at the Ub Lys-63 residue; DNA dae&iggers redistribution from the cytoplasm te thucleus

3-methyl-adenine DNA glycosylase involvedprotecting DNA against alkylating agents; ingsbase excision repair by
removing damaged bases to create abasic siteasréhatibsequently repaired

Tetrameric histone acetyltransferase withikirity to Gen5p, Hatlp, Elp3p, and Hpa3p; aceggeahistones H3 and H4 in vitro
and exhibits autoacetylation activity

One of six ATPases of the 19S regulatorytipker of the 26S proteasome involved in the dedgiadaf ubiquitinated substrates;
required for optimal CDC20 transcription; interasfth Rpn12p and Ubrlp; mutant has aneuploidy &wiee

DNA damage-responsive protein, express®imcreased in response to heat-shock stressabmiats that produce DNA
lesions; contains multiple repeats of the amind aefquence NNNDSYGS

Subunit of heterotrimeric Replication Prioté\ (RPA), which is a highly conserved single-attad DNA binding protein
involved in DNA replication, repair, and recombioat

DNA damage checkpoint protein, part of a PCGlke complex required for DNA damage responsguieed for pachytene
checkpoint to inhibit cell cycle in response toepaired recombination intermediates; potential @dcubstrate

Cytoplasmic thioredoxin isoenzyme of théotiedoxin system which protects cells against akigaand reductive stress, forms
LMA1 complex with Pbi2p, acts as a cofactor for Tjsarequired for ER-Golgi transport and vacuolesiitance

Protein with ubiquitin-like N terminus, subiti of Nuclear Excision Repair Factor 2 (NEF2) wRhd4p that recognizes and
binds damaged DNA; enhances protein deglycosylatabinity of Pnglp; homolog of human HR23A and HR23

Subunit of heterotrimeric Replication Pratéi (RPA), which is a highly conserved single-sttast DNA binding protein
involved in DNA replication, repair, and recombioat

Component of the holoenzyme form of RNA pubrase transcription factor TFIIH, has DNA-dependerPase/helicase
activity and is required, with Rad3p, for unwindimgmoter DNA,; involved in DNA repair; homolog ofiiman ERCC3

Protein that recognizes and binds damaged i\an ATP-dependent manner (with Rad16p) duringeotide excision repair;
subunit of Nucleotide Excision Repair Factor 4 (MEE&Nnd the Elongin-Cullin-Socs (ECS) ligase complex

Protein that stimulates strand exchangedgjlifating Rad51p binding to single-stranded DNneals complementary single-
stranded DNA,; involved in the repair of double-sttdreaks in DNA during vegetative growth and misios
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MND2

RADS0

cavl

NCA3

RPT2

RPNG6

MGT1
SAM2

STR3
PDR16

AHP1

TSAL

LAP4

PRE6

TRP3

TRP5

ILSL
AROS8

Subunit of the anaphase-promoting compleR@); necessary for maintaining sister chromaticesan in prophase | of meiosis
by inhibiting premature ubiquitination and subsedwiegradation of substrates by the APC(Amal) utigligase

Subunit of MRX complex, with Mrel1p and X, involved in processing double-strand DNA breakgegetative cells,
initiation of meiotic DSBs, telomere maintenanag] aonhomologous end joining

Nucleolar protein that forms a complex witfs4p and then Mam1p at kinetochores during meidsisnediate accurate

homolog segregation; required for condensin rewreiitt to the replication fork barrier site and rDpeat segregation

Protein that functions with Nca2p to regelatitochondrial expression of subunits 6 (Atp6pd 8r(Atp8p ) of the Fo-F1 ATP
synthase; member of the SUN family; expressiondedun cells treated with the mycotoxin patulin

One of six ATPases of the 19S regulatorytipke of the 26S proteasome involved in the degiadaf ubiquitinated substrates;
required for normal peptide hydrolysis by the c20& particle

Essential, non-ATPase regulatory subunthef26S proteasome lid required for the assemlayaativity of the 26S
proteasome; the human homolog (S9 protein) partiaicues Rpn6p depletion
DNA repair methyltransferase (6-O-methylgireaDNA methylase) involved in protection againdi®alkylation damage

S-adenosylmethionine synthetase, catalyzessfer of the adenosyl group of ATP to the sudfiom of methionine; one of two
differentially regulated isozymes (Sami1p and Sam2p)

Cystathionine beta-lyase, converts cystathionit@fiomocysteine

Phosphatidylinositol transfer protein (PITéntrolled by the multiple drug resistance regui@drlp, localizes to lipid particles
and microsomes, controls levels of various lipiday regulate lipid synthesis, homologous to Pdr17p

Thiol-specific peroxiredoxin, reduces hydeppxides to protect against oxidative damage; fanéh vivo requires covalent
conjugation to Urm1p

Thioredoxin peroxidase, acts as both a rilnos-associated and free cytoplasmic antioxidalftaseociates to form a high-
molecular weight chaperone complex under oxidattvess; deletion results in mutator phenotype

Vacuolar aminopeptidase yscl; zinc metalipinase that belongs to the peptidase family Mft@n used as a marker protein in
studies of autophagy and cytosol to vacuole targdCVT) pathway

Alpha 4 subunit of the 20S proteasome; meplace alpha 3 subunit (Pre9p) under stress conditb create a more active
proteasomal isoform; GFP-fusion protein relocatemfcytosol to the mitochondrial surface upon otiidastress

Bifunctional enzyme exhibiting both indolegBycerol-phosphate synthase and anthranilate agpthctivities, forms
multifunctional hetero-oligomeric anthranilate dyase:indole-3-glycerol phosphate synthase enzymlea with Trp2p

Tryptophan synthase, catalyzes the last steégptophan biosynthesis; regulated by the garentrol system of amino acid
biosynthesis

Cytoplasmic isoleucine-tRNA synthetase, &rgf the G1-specific inhibitor reveromycin A

Aromatic aminotransferase |, expressioregulated by general control of amino acid biosysithe

171



SER33 X X 3-phosphoglycerate dehydrogenase, catalymefirst step in serine and glycine biosynthesiszyme of Ser3p
HOM3 X X Aspartate kinase (L-aspartate 4-P-trans@rasytoplasmic enzyme that catalyzes the firgs steahe common pathway for
methionine and threonine biosynthesis; expresggalated by Gen4p and the general control of amaaio synthesis

THR4 X X Threonine synthase, conserved protein thtdlgzes formation of threonine from O-phosphohaerios; expression is regulated
by the GCN4-mediated general amino acid contrdiway

FTR1 X X High affinity iron permease involved in thmnsport of iron across the plasma membrane; feonmgplex with Fet3p; expression
is regulated by iron

FET3 X X Ferro-O2-oxidoreductase required for higfiréty iron uptake and involved in mediating reaiste to copper ion toxicity,
belongs to class of integral membrane multicoppétases

TIS11 X X mRNA-binding protein expressed during irdgarsation; binds to a sequence element in the 8anslated regions of specific
mRNAs to mediate their degradation; involved imifmmeostasis

PRE2 X X Beta 5 subunit of the 20S proteasome, resibienfor the chymotryptic activity of the proteas®
EPT1 X X sn-1,2-diacylglycerol ethanolamine- and éhephosphotranferase; not essential for viability
YBRO96W X X Putative protein of unknown function; grefluorescent protein (GFP)-fusion protein localizeshe ER

Table 3.14 Comparison of genes that are downregulated in the prese of the respective compoundX denotes upregulation. Gene function data
was recorded from SGD. Genes listed show a downregulation in response to one or m&re toxi

Gene Citrinin Patulin Allicin Furfural Gliotoxin Gene Function

ATP4 X X X Subunit b of the stator stalk of mitochoiadiF1FO ATP synthase, which is a large, evolutibtpaonserved enzyme complex
required for ATP synthesis; phosphorylated

ADE17 X X Enzyme of ‘de novo’ purine biosynthesis aintng both 5-aminoimidazole-4-carboxamide riboeotide transformylase and
inosine monophosphate cyclohydrolase activitiex)yisie of Adel6p; adel6 adel7 mutants require agl@md histidine

SU1 X X Plasma membrane sulfite pump involved irffiumetabolism and required for efficient sulféélux; major facilitator
superfamily protein

LEU1 X X Isopropylmalate luinine Je, catalyzes the second step in the leucine bibegigt pathway

GLT1 X X NAD(+)-dependent glutamate synthase (GOGAVhthesizes glutamate from glutamine and alpheghatarate; with Ginlp,
forms the secondary pathway for glutamate biosyighfeom ammonia; expression regulated by nitrogmirce

AGX1 X X Alanine:glyoxylate aminotransferase (AGTatalyzes the synthesis of glycine from glyoxylathijch is one of three
pathways for glycine biosynthesis in yeast; haslaiity to mammalian and plant alanine:glyoxylateiaotransferases
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LPD1

NDE1

NDI1

SDH1

SDH2

SDH3

SDH4

COR1

CYT1

QCR2

QCR6

QCRY

QCR8

QCR9

RIP1

CYC1

Dihydrolipoamide dehydrogenase, the lipoaenithydrogenase component (E3) of the pyruvatedidefgnase and 2-
oxoglutarate dehydrogenase multi-enzyme complexes

Mitochondrial external NADH dehydrogenaseype 1| NAD(P)H:Juinine oxidoreductase that catalyzes the oxidatfon
cytosolic NADH; Ndelp and Nde2p provide cytosoli8DH to the mitochondrial respiratory chain

NADH:ubiquinone oxidoreductase, transferscéions from NADH to ubiquinone in the respiratohain but does not pump
protons, in contrast to the higher eukaryotic nsulbunit respiratory complex I; phosphorylated; htmg@f human AMID

Flavoprotein subunit of succinate dehydragn(Sdhlp, Sdh2p, Sdh3p, Sdh4p), which couplesxttation of succinate to
the transfer of electrons to ubiquinone as pathefTCA cycle and the mitochondrial respiratoryinha

Iron-sulfur protein subunit of succinate gdilogenase (Sdhilp, Sdh2p, Sdh3p, Sdh4p), whichHethe oxidation of
succinate to the transfer of electrons to ubiquénas part of the TCA cycle and the mitochondriapi&tory chain

Cytochrome b subunit of succinate dehydregen(Sdhlp, Sdh2p, Sdh3p, Sdh4p), which couplexiliation of succinate to
the transfer of electrons to ubiquinone as pathefTCA cycle and the mitochondrial respiratoryinha

Membrane anchor subunit of succinate dehyenase (Sdhlp, Sdh2p, Sdh3p, Sdh4p), which coth@esxidation of
succinate to the transfer of electrons to ubiquénas part of the TCA cycle and the mitochondriapi&tory chain

Core subunit of the ubiquinol-cytochromeecluctase complex (bc1l complex), which is a comptoofethe mitochondrial
inner membrane electron transport chain

Cytochrome c1, component of the mitochorideapiratory chain; expression is regulated byhtbme-activated, glucose-
repressed Hap2p/3p/4p/5p CCAAT-binding complex

Subunit 2 of the ubiquinol cytochrome-c rethse complex, which is a component of the mitodhiahinner membrane
electron transport chain; phosphorylated; transongs regulated by Haplp, Hap2p/Hap3p, and heme

Subunit 6 of the ubiguinol cytochrome-c rethse complex, which is a component of the mitodhahinner membrane
electron transport chain; highly acidic proteimquied for maturation of cytochrome c1

Subunit 7 of the ubiguinol cytochrome-c rethse complex, which is a component of the mitodhahinner membrane
electron transport chain; oriented facing the niitwarial matrix; N-terminus appears to play a inleomplex assembly

Subunit 8 of ubiquinol cytochrome-c reduga®mplex, which is a component of the mitochordiniaer membrane electron
transport chain; oriented facing the intermembispeee; expression is regulated by Abflp and Cpflp

Subunit 9 of the ubiguinol cytochrome-c rethse complex, which is a component of the mitodhahinner membrane
electron transport chain; required for electrondfar at the ubiquinol oxidase site of the complex

Ubiquinol-cytochrome-c reductase, a Riegkaisulfur protein of the mitochondrial cytochrotmel complex; transfers
electrons from ubiquinol to cytochrome c1 duringpieation

Cytochrome c, isoform 1; electron carriertioé mitochondrial intermembrane space that trassfiectrons from ubiquinone-
cytochrome c oxidoreductase to cytochrome c oxidas®g cellular respiration
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COx4

COX5A

COX6

COX7

COX8

COX9

COX12

COX13

ATP3

ATPS

ATP7

ATP14

ATP16

ATP17

ATP20

FRE2

MEF2
TEC1

MIH1

YBR225W

x

X X X X X X

X X X X X X X X X X X X X X X X X X X X

Subunit IV of cytochrome ¢ oxidase, the teral member of the mitochondrial inner membraneteb® transport chain;
precursor N-terminal 25 residues are cleaved duriitgchondrial import; phosphorylated; spermidiné@&nces translation
Subunit Va of cytochrome c¢ oxidase, whiclthie terminal member of the mitochondrial inner rbesme electron transport
chain; predominantly expressed during aerobic dramtile its isoform Vb (Cox5Bp) is expressed durargerobic growth
Subunit VI of cytochrome ¢ oxidase, whictthie terminal member of the mitochondrial inner rbeane electron transport
chain; expression is regulated by oxygen levels
Subunit VII of cytochrome ¢ oxidase, whichthe terminal member of the mitochondrial innentheane electron transport

chain

Subunit VIII of cytochrome ¢ oxidase, whiththe terminal member of the mitochondrial inn@mnibrane electron transport
chain

Subunit Vlla of cytochrome c oxidase, whishthe terminal member of the mitochondrial inn@mnbrane electron transport
chain

Subunit Vib of cytochrome c oxidase, whichthe terminal member of the mitochondrial innembeane electron transport
chain; required for assembly of cytochrome ¢ oxédast not required for activity after assembly; giftoorylated
Subunit Via of cytochrome ¢ oxidase, whishthe terminal member of the mitochondrial innembeane electron transport
chain; not essential for cytochrome c oxidase #gthut may modulate activity in response to ATP
Gamma subunit of the F1 sector of mitochasdf1FO ATP synthase, which is a large, evolutitpaonserved enzyme
complex required for ATP synthesis
Subunit 5 of the stator stalk of mitochoradif1FO ATP synthase, which is an evolutionarilpseErved enzyme complex
required for ATP synthesis; homologous to bovineusit OSCP (oligomycin sensitivity-conferring prioe phosphorylated
Subunit d of the stator stalk of mitochoradff1FO ATP synthase, which is a large, evolutiiyaonserved enzyme complex
required for ATP synthesis
Subunit h of the FO sector of mitochond#alFO ATP synthase, which is a large, evolutionarigiserved enzyme complex
required for ATP synthesis
Delta subunit of the central stalk of mitacturial FLIFO ATP synthase, which is a large, evoharily conserved enzyme
complex required for ATP synthesis; phosphorylated
Subunit f of the FO sector of mitochondidlFO ATP synthase, which is a large, evolutionarigiserved enzyme complex
required for ATP synthesis
Subunit g of the mitochondrial F1IFO ATP dyase; reversibly phosphorylated on two residueghasphorylated form is
required for dimerization of the ATP synthase carpl
Ferric reductase and cupric reductase, reslsaerophore-bound iron and oxidized copper poiaiptake by transporters;
expression induced by low iron levels but not by mpper levels
Mitochondrial elongation factor involved franslational elongation

Transcription factor required for full TyXpression, Tyl-mediated gene activation, and hdpiniasive and diploid
pseudohyphal growth; TEA/ATTS DNA-binding domaimrfidy member
Protein tyrosine phosphatase involved in cgtle control; regulates the phosphorylationestztCdc28p; homolog of S.
pombe cdc25
Putative protein of unknown function; norsestial gene identified in a screen for mutantscéd in
mannosylphophorylation of cell wall components
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Table 3.15 Discrepancies in transcription trends in respons® the different compounds.Gene function data was recorded from SGD. Genes
listed show differences in expression trends in response to one ertanors.U indicates the upregulation and D the downregulation of theigene

response to exposure of the respective toxin.

Gene Citrinin Patulin Allicin Gene Function
PDR5 U D Plasma membrane ATP-binding cassette (AB&)sporter, multidrug transporter actively regudatg Pdrlp; also involved in
steroid transport, cation resistance, and celll#doxification during exponential growth
ARO10 D Phenylpyruvate decarboxylase, catalyzesregslation of phenylpyruvate to phenylacetaldehyaleich is the first specific
step in the Ehrlich pathway
ARO9 D U Aromatic aminotransferase I, catalyzes finst step of tryptophan, phenylalanine, andgire catabolism
BNA4 D Kynurenine 3-mono oxygenase, required ferdh novo biosynthesis of NAD from tryptophan walrenine; expression
regulated by Hstlp; putative therapeutic targetfontington disease
MET28 U U D Basic leucine zipper (bZIP) transcriptioaativator in the Cbflp-Met4p-Met28p complex, papates in the regulation of
sulfur metabolism
MET31 D Zinc-finger DNA-binding protein, involved tnanscriptional regulation of the methionine biasatic genes, similar to Met32p
MET4 U Leucine-zipper transcriptional activator,gessible for the regulation of the sulfur aminodggathway, requires different
combinations of the auxiliary factors Cbflp, Met28tet31p and Met32p
MET6 U D Cobalamin-independent methionine synthes@lved in methionine biosynthesis and regenenatiequires a minimum of two
glutamates on the methyltetrahydrofolate substsateiar to bacterial metE homologs
RAD54 U DNA-dependent ATPase, stimulates strand exghdy modifying the topology of double-strandedAMvolved in the
recombinational repair of double-strand breaks WAluring vegetative growth and meiosis; membehefSWI/SNF family
AHC1 U Subunit of the Ada histone acetyltransferas@plex, required for structural integrity of themplex
MCM6 U Protein involved in DNA replication; componef the Mcm2-7 hexameric complex that binds chrimas a part of the pre-
replicative complex
PHB2 U Subunit of the prohibitin complex (Phblp-Ppp2 1.2 MDa ring-shaped inner mitochondrial meamlerchaperone that
stabilizes newly synthesized proteins; determiménéplicative life span; involved in mitochondrsggregation
HSP12 D U Plasma membrane localized protein thatqmtstmembranes from desiccation; induced by heaksloxidative stress,
osmostress, stationary phase entry, glucose depletieate and alcohol; regulated by the HOG arsifa pathways
PRP12 D U Integral inner mitochondrial membrane pnoteith a role in maintaining mitochondrial nucleatiucture and number; mutants
exhibit an increased rate of mitochondrial DNA gszashows some sequence similarity to exonucleases
RAD14 D U Protein that recognizes and binds damaged BiNing nucleotide excision repair; subunit of Mgtide Excision Repair Factor
1 (NEF1); contains zinc finger motif; homolog ofrhan XPA protein
HST1 D U NAD(+)-dependent histone deacetylase; egdesubunit of the Sum1p/Rfm1p/Hstlp complex regdifor ORC-dependent

silencing and mitotic repression; non-essentiabisittof the Set3C deacetylase complex; involvettiomere maintenance
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MAG2

RDH54

SHP1

YLR346C

HO

SAM4

YHK8

PRX1

PUG1

RIM4
EAF3

SPS100

YJLO45W

SRX1

GRE1

SOD2
OXR1

Cytoplasmic protein of unknown function; iredudl in response to mycotoxin patulin; ubiquitingteotein similar to the human
ring finger motif protein RNF10; predicted to beatved in repair of alkylated DNA due to interactimith MAG1

DNA-dependent ATPase, stimulates strand @xgh by modifying the topology of double-strandedADinvolved in
recombinational repair of DNA double-strand bredisng mitosis and meiosis; proposed to be invoivectossover
interference

UBX (ubiquitin regulatory X) domain-contairg protein that regulates Glc7p phosphatase actvitl interacts with Cdc48p;
interacts with ubiquitylated proteins in vivo arsdréquired for degradation of a ubiquitylated mculedstrate

Putative protein of unknown function foumdmitochondria; expression is regulated by trapsion factors involved in
pleiotropic drug resistance, Pdrlp and Yrrlp; YLBB4s not an essential gene

Site-specific endonuclease required for gemeversion at the MAT locus (homothallic switchjitigrough the generation of a
ds DNA break; expression restricted to mother dellate G1 as controlled by Swidp-Swi6p, Swi5p dsthlp

S-adenosylmethionine-homocysteine methydfienase, functions along with Mhtlp in the conv@rsf S-adenosylmethionine
(AdoMet) to methionine to control the methioninefAdet ratio

Presumed antiporter of the DHAL family ofltrdrug resistance transporters; contains 12 ptedittansmembrane spans;
expression of gene is up-regulated in cells exhifpiteduced susceptibility to azoles

Mitochondrial peroxiredoxin (1-Cys Prx) Withioredoxin peroxidase activity, has a role iduetion of hydroperoxides;
reactivation requires Trr2p and glutathione; indudaring respiratory growth and oxidative stresmgphorylated

Plasma membrane protein with roles in thkg of protoprophyrin IX and the efflux of hema&peession is induced under
both low-heme and low-oxygen conditions; membeheffungal lipid-translocating exporter (LTE) fayndf proteins
Putative RNA-binding protein required fbietexpression of early and middle sporulation genes

Esalp-associated factor, nonessential caemgmf the NuA4 acetyltransferase complex, honmlsgo Drosophila dosage
compensation protein MSL3; plays a role in regataflyl transposition

Protein required for spore wall maturatierpressed during sporulation; may be a componetfiea$pore wall; expression also
induced in cells treated with the mycotoxin patulin

Minor succinate dehydrogenase isozyme; hogmis to Sdhlp, the major isozyme reponsible fottidation of succinate and
transfer of electrons to ubiquinone; induced duttrgdiauxic shift in a Cat8p-dependent manner

Sulfiredoxin, contributes to oxidative stseresistance by reducing cysteine-sulfinic acidigs in the peroxiredoxin Tsalp,
which is formed upon exposure to oxidants; congemenigher eukaryotes

Hydrophilin of unknown function; stress irwhd (osmotic, ionic, oxidative, heat shock and ieaetals); regulated by the
HOG pathway

Mitochondrial superoxide dismutase, proteets against oxygen toxicity; phosphorylated
Protein of unknown function required for m@l levels of resistance to oxidative damage, multants are sensitive to hydrogen
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ATG8

PAI3

ATG1

YHR138C

ECM29

PYC1

MISL

RHR2

CTA1l

GRX5

CYc7

EMG1

peroxide; member of a conserved family of protémsd in eukaryotes

Component of autophagosomes and Cvt vesialedergoes conjugation to phosphatidylethanolarti); Atg8p-PE is
anchored to membranes, is involved in phagophgraresion, and may mediate membrane fusion duringphaosome
formation
Cytoplasmic proteinase A (Pep4p) inhibitependent on Pbs2p and Hoglp protein kinases fiootasinduction; intrinsically
unstructured, N-terminal half becomes ordered éndttive site of proteinase A upon contact

Protein ser/thr kinase required for vesfolenation in autophagy and the cytoplasm-to-vactageting (Cvt) pathway;
structurally required for phagophore assemblyfsitaation; during autophagy forms a complex witlyA3p and Atgl7p

Putative protein of unknown function; hasigarity to Pbi2p; double null mutant lacking Pbidpd Yhr138p exhibits highly
fragmented vacuoles

Major component of the proteasome; tetltieegproteasome core particle to the regulatoryig@rand enhances the stability of
the proteasome

3-phosphoglycerate dehydrogenase, catatyeesrst step in serine and glycine biosynthesiszyme of Ser33p

Mitochondrial component of the ERMES comptleat links the ER to mitochondria and may pronioter-organellar calcium
and phospholipid exchange as well as coordinatitgctmondrial DNA replication and growth

Conserved protein of the mitochondrial matperforms a scaffolding function during assendfljron-sulfur clusters, interacts
physically and functionally with yeast frataxin @fp); isul isu2 double mutant is inviable

Pyruvate carboxylase isoform, cytoplasmizyeme that converts pyruvate to oxaloacetate; higimjlar to isoform Pyc2p but
differentially regulated; mutations in the humammudog are associated with lactic acidosis

Mitochondrial C1-tetrahydrofolate synthaiserolved in interconversion between different oxida states of tetrahydrofolate
(THF); provides activities of formyl-THF synthetaseethenyl-THF cyclohydrolase, and methylene-THRydeogenase

Constitutively expressed isoform of DL-glyak3-phosphatase; involved in glycerol biosyntkesiduced in response to both
anaerobic and, along with the Hor2p/Gpp2p isofasmotic stress

Catalase A, breaks down hydrogen peroxidérperoxisomal matrix formed by acyl-CoA oxidéBex1p) during fatty acid
beta-oxidation

Hydroperoxide and superoxide-radical respe@nglutathione-dependent oxidoreductase; mitochiahhatrix protein involved
in the synthesis/assembly of iron-sulfur centersnathiol glutaredoxin subfamily member along withx& and Grx4p

Cytochrome c isoform 2, expressed under Rigpoonditions; electron carrier of the mitochomdiintermembrane space that
transfers electrons from ubiquinone-cytochromeidaneductase to cytochrome c oxidase during celhalspiration

Member of the alpha/beta knot fold methyisferase superfamily; required for maturation ¢ tBRNA and for 40S ribosome
production; interacts with RNA and with S-adenossthionine; associates with spindle/microtubulespfohomodimers
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GAR1

ZUO1

YNL305C

MPM1

YKL091C

CRC1

UBX6

YPL189C-A

YERO53C-
A

Protein component of the H/ACA snoRNP pseuidlylase complex, involved in the modification aridavage of the 18S pre-
rRNA

Ribosome-associated chaperone, functionbasome biogenesis and, in partnership with SszithpSSb1/2, as a chaperone for
nascent polypeptide chains; contains a DnaJ doamairfunctions as a J-protein partner for Ssb1pSat®p

Putative protein of unknown function; grékrorescent protein (GFP)-fusion protein localite@she vacuole; YNL305C is not
an essential gene

Mitochondrial membrane protein of unknowndtion, contains no hydrophobic stretches

Putative homolog of Sec14p, which is a phasigylinositol/phosphatidylcholine transfer proténvolved in lipid metabolism;
localizes to the nucleus

Mitochondrial inner membrane carnitine tgamder, required for carnitine-dependent transpbéacetyl-CoA from peroxisomes
to mitochondria during fatty acid beta-oxidation

UBX (ubiquitin regulatory X) domain-contairg protein that interacts with Cdc48p, transcripi®repressed when cells are
grown in media containing inositol and choline

Cytochrome oxidase assembly factor; null meratesults in respiratory deficiency with specifies of cytochrome oxidase
activity; functions downstream of assembly factdiss51p and Coalp and interacts with assembly f&ttgtp

Putative protein of unknown function; greamflescent protein (GFP)-fusion protein localizeth®endoplasmic reticulum
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The RNA sequencing data values obtained for these genes are depicted in table 3.16.

Table 3.16 Transcript levels of reference genes used for gPGRtained from RNA
sequencing data.

Gene Trancription level Trancription level Trancription level
value under 0 value under 16 value under 64
ug/ml gliotoxin uag/ml gliotoxin ua/ml gliotoxin

exposure exposure exposure

VMAG6 273.08 292.57 258.41

ERG9 234.67 222.58 262.58

As the transcript levels /MA6 andERG9 remain relatively stable when yeast
cells are exposed to the two concentrations of gliotoxin, these gemesdeal for use
as references. Before proceeding with gPCR for the fourteers ghiosen (listed in
table 3.17), standard curves were constructed for these twonedegenes. Standard
curves were subsequently constructed for the fourteen genes of intéegtroduction
of standard curves allowed the PCR reaction efficiency to beidesed in the
generation of results, as the multiplication factor is not advayp after each PCR cycle.
The fourteen genes of interest and their fold change accordihg ®RNA sequencing
data are listed in table 3.17.

gPCR was carried out using primers for these genes and methodekxgibed
in sections 2.19.1 and 2.23.5. To make the analyses more accurate, adetatned r
quantification was performed to compare transcript levels of @fgpgene when cells
are exposed to the concentrations of the toxin described above. Thisethvol
importation of reference gene transcript levels and standaves; which were used in

generation of results.
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Table 3.17 Fold change recorded in RNA sequencing data of fourtegenes used
for gPCR. + indicates upregulation and — indicates downregulation.

Gene Name Fold change when Fold change when
exposed to 16 pug/ml exposed to 64 ug/ml

gliotoxin gliotoxin

MET7 +1.5 +1.5

SAM1 +1.8 +9.5

MET6 +2.9 +8.7

MET16 +4.6 +13.6

MET17 +5.5 +8.5

MET?2 +2.9 +4.2

MET14 +7.4 +13.6

MET22 +2.98 +4.8

HBN1 +3.9 +11.0

JEN1 -33.7 -32.8

SP18 -62.7 -131.2

BDH2 -6.3 -10.2

SDH2 -33.0 -18.2

MLS1 -34.4 -17.9

Figures 3.62-3.68 illustrate the comparison of transcript levelsnasgavolved in the
sulfur amino acid biosynthesis pathway (figure 3.60), identified franstriptomic

data as a process upregulated by gliotoxin exposure.

MET7 gPCR Expression Levels

Fold change in level of
transcription

o+t
0 pyg/ml GT 16 pg/ml GT b4 pg/m| GT
-2 DO S
T
-4
Treatment

Figure 3.62 Fold changes in the level of transcription dMET7 in response to 16
and 64 pg/ml gliotoxin exposure.
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In figure 3.62 it can be observed that when cells are expos&@ tm/ml gliotoxin,
there is a 2.095-fold increase in the level of transcriptioMBfii7. However under
exposure to 64 pg/ml gliotoxin, the celluMET7 RNA level decreases to 0.4524 of the
level seen without gliotoxin exposure. This is equivalent to a 2d2detrease in the

level of transcription.

SAM1 gqPCR Expression Levels

20

15 | T
10 \
s \
0 : : |
O pg/ml GT 16 pg/ml GT 64 pg/ml GT

Fold change in level of
transcription

Treatment

Figure 3.63 Fold changes in the level of transcription 0BAM1 in response to 16
and 64 pg/ml gliotoxin exposure.

It can be seen in the figure above that under 16 pg/ml gliotoxin esgothe
transcription level ofSAM1 increases 2.595-fold. Under an exposure concentration of

64 ug/ml, there is an increase to 12.94-fold observed in wild-type.

MET6 gPCR Expression Levels

transcription
ORPNWHNOGOO
|

Fold change in level of

0 pg/ml GT 16 pg/ml GT 64 pg/ml GT

Treatment

Figure 3.64 Fold changes in the level of transcription dAET6 in response to 16
and 64 pg/ml gliotoxin exposure.
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The transcription level ofMET6 increases significantly in the presence of both
concentrations of the metabolite under investigation. There is a 4.2Bfhbtokase at
the lower concentration of gliotoxin and a 3.587-fold increase at tiaemhi

concentration, as illustrated by figure 3.64.

MET16 gPCR Expression Levels

ORrRr NMNWMOO
\\

_|
N

o2 Y

0 pg/ml GT 16 pg/ml GT 64 pg/ml GT

Fold change in level of
transcription

Treatment

Figure 3.65 Fold changes in the level of transcription dIET16 in response to 16
and 64 pg/ml gliotoxin exposure.

Figure 3.65 presents the upregulatioM®T16 when cells are treated with gliotoxin. In
the presence of 16 pg/ml and 64 pg/ml gliotoxin, the transcription tdvBIET16

increases 4.158-fold and 1.238-fold respectively.

MET17 gPCR Expression Levels
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Figure 3.66 Fold changes in the level of transcription dIET17 in response to 16
and 64 pg/ml gliotoxin exposure.
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It can be seen above that there is an 8.808-fold incredd&1d7 transcription under
the lower gliotoxin concentration and an increase of 2.387-fold under therhig

concentration.

MET2 gPCR Expression Levels

Y
O 2.5
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Figure 3.67 Fold changes in the level of transcription dAET2 in response to 16
and 64 pg/ml gliotoxin exposure.

When cells are exposed to 16 pg/ml gliotoxin, the levélliBT2 transcription increases
1.434-fold and under 64 pg/ml exposure, 1.886-fold. This data is presented in the above

figure.

MET14 gPCR Expression Lewels

Fold change in level of
transcription

0 EEEEEEE
0 pg/ml GT 16 pg/ml GT 64 pg/ml GT

Treatment

Figure 3.68 Fold changes in the level of transcription dIET14 in response to 16
and 64 pg/ml gliotoxin exposure.
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Figure 3.68 depicts that under 16 and 64 pg/ml gliotdMig] 14 is transcribed
at levels 5.398- and 1.886-fold higher than normal respectively.
These results, presented in figures 3.62-3.68 demonstrate that glidtmesnindeed
induce a general increase in transcription of many genes involvéeé isulfur amino
acid biosynthesis pathway. A comparison of RNA sequencing data &R d&a is

depicted in figure 3.69. All changes are documented as fold-change.

B gPCR 16 pg/ml gliotoxin
RNAseq 16 pg/ml gliotoxin
3 gPCR 64 pg/ml gliotoxin
16 E RNAseq 64 pg/ml gliotoxin

14 — —

Fold change in transcription level
under gliotoxin exposure

Fold chnage in level of transcriptio

MEIﬁ SAM1 MET6 MET16 MET17 MET2 MET14

Gene

Figure 3.69 Fold change in transcription of sulfur amino acid bisynthesis genes
under gliotoxin exposure documented from RNA sequencing andR{R. Blue
pattern represents 16 pg/ml and orange represents 64 pg/mil.
The above figure shows that both the RNA sequencing data and qPCRpfaige sne
another. The two methods of analysis demonstrate the upregulatiomesfigeolved in
sulfur amino acid biosynthesis. Discrepancy in the degree of wiptem is likely to be
due to complications linked to a high level of cell death, partiguiarthe presence of
64 pg/ml gliotoxin.

In addition to the sulfur amino acid biosynthesis genes, advancativeel
quantification PCR was also carried out on some genes found taglbkly bp- and

downregulated transcriptionally under gliotoxin exposure. Figures 3.70-Bugfrate
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the comparison of transcription of genes identified from transcriptolaia as being

upregulated by gliotoxin exposure.

HBN1 gPCR Expression Levels
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Figure 3.70 Fold changes in the level of transcription ofiBN1 in response to 16
and 64 pg/ml gliotoxin exposure.

HBNL1 was selected for gPCR as it was identified from RNA sequograta as a gene
that is highly upregulated in response to gliotoxin exposure. qgPCRatle this gene
to be upregulated 6.212-fold in the presence of the lower toxin coatentand 1.886-

fold in the presence of the higher.

MET22 gPCR Expression Levels

Fold change in level of
transcription

0 pg/ml GT 16 pg/ml GT 64 pg/ml GT

Treatment

Figure 3.71 Fold changes in the level of transcription dIET22 in response to 16
and 64 pg/ml gliotoxin exposure.
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Relative analysis was carried out MiET22 due to its involvement in sulfur amino acid
biosynthesis regulation. gPCR results showed that it undergoes a 4.21398#dold
increase in transcription under exposure to 16 and 64 pg/ml glioespectively, this
is shown in the above figure.

Again, we graphically presented qPCR and RNA sequencing dg¢shén in
order to make an accurate comparison. This is depicted in figd& &nd good

correlation is seen again.

. .. B gPCR 16 pg/ml gliotoxin
Fold change in transcription level undel

. . RNAseq 16 pg/ml gliotoxin
gliotoxin exposure

B gPCR 64 pg/ml gliotoxin
RNAseq 64 pg/ml gliotoxin

Fold change in level ¢
transcription
(o2}
|

HBN1
Gene

Figure 3.72 Fold change in transcription ofMET22 and HBN1 under gliotoxin
exposure documented from RNA sequencing and gPCmBIue pattern represents 16
png/ml and orange represents 64 pg/mil.

Figures 3.73-3.77 illustrate the comparison of transcription of gdeesfied

from transcriptomic data as being downregulated by gliotoxin exposure.
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JEN1 gPCR Expression Levels

- 2
(@]
3
g 1
£ g
g O
S 2 0 pg/ml GT 16 pug/ml GT i1 W‘ GT
c ©
c 5 -1-
S
o] ==
L2
Treatment

Figure 3.73 Fold changes in the level of transcription aJENL1 in response to 16
and 64 pg/ml gliotoxin exposure.

The gPCR data reflected an 1.302-fold increase in the transcriptif@Nafin response

to 16 pg/ml gliotoxin and a 1.609-fold decrease in response to 64 |ggatdxin

exposure.
SIP18 gPCR Expression Levels
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Figure 3.74 Fold changes in the level of transcription o8l P18 in response to 16
and 64 pg/ml gliotoxin exposure.

In the above figure, it can be seen that $el8 transcription level documented from
gPCR does not correlate with that of the RNA sequencing anafyRBR depicted
1.219- and 3.437-fold increases 318 transcription in response to 16 and 64 pg/ml

gliotoxin respectively.
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BDH2 gPCR Expression Levels
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Figure 3.75 Fold changes in the level of transcription 0BDH2 in response to 16
and 64 pg/ml gliotoxin exposure.

The BDH2 gPCR data from also contradicted transcriptome data as iner@ase
transcription of 1.851- and 1.574-fold were seen in the presence of dmaenigher

gliotoxin levels respectively.

SDH2 gPCR Expression Levels

Fold change in level of
transcription
=

0 pg/ml GT 16 pg/ml GT 64 ug/ml GT

Treatment

Figure 3.76 Fold changes in the level of transcription o8DH2 in response to 16
and 64 pg/ml gliotoxin exposure.
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Similar discrepancies in results from the two methods of asalysre observed for
SDH2. SDH2 gPCR demonstrated a 1.428-fold increase in transcription in the pgesenc

of 16 pug/ml gliotoxin and 1.886-fold in the under 64 pg/ml exposure.

MLS1 gPCR Expression Levels
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Figure 3.77 Fold changes in the level of transcription dMLS1 in response to 16
and 64 pg/ml gliotoxin exposure.

As was seen for the other genes in this cateddhyil gPCR illustrated an unexpected
increase in transcription of 1.428- and 1.886-fold under 16 and 64 pg/ml gliotoxi
exposure respectively.

Figure 3.78 shows the comparison of the two modes of analysis andet@ctive
results. These genes were analysed based on the fact that &Ansing data
determined them to be downregulated in response to gliotoxin expdsowneever,
JEN1, SP18, BDH2, SDH2 andMLSL were shown to be upregulated under gliotoxin

exposure by gPCR, thus a lack of correlation was seen in the assessment ohdgese ge
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) o B gPCR 16 pg/ml gliotoxin
Fold change in transcription level

_ _ RNAseq 16 pg/ml gliotoxin
under gliotoxin exposure

B gPCR 64 pg/ml gliotoxin

RNAseq 64 pg/ml gliotoxin

Fold change in level of
transcription

Gene

Figure 3.78 Comparison of expression levels JEN1, SIP18, BDH2, SDH2 and
MLSL1 in response to gliotoxin exposure using data from RNA sequeng and
gPCR. Blue pattern represents 16 pg/ml and orange represents 64 pg/mil.
3.6.2 Using proteomics to explore the mechanism of action of gliotoxin

We employed two-dimensional gel electrophoresis to explore thbalgl
proteomic yeast response to gliotoxin. Wild-type G600 yeast eudiered and exposed
to gliotoxin at concentrations of 0, 16 and 64 pg/ml (as for transorganalysis) for 1
hr. before lysates were extracted. Proteins were precipisiad trichloroacetic acid
(TCA), quantified and were isoelectrically focused on 24 cm, {8 8PG strips. After
focusing, protein was separated based on weight by gel electrsighdadlowed by
colloidal coomassie staining and Progen®sisame spot software analysis. This
programme identified protein spots showing alterations in expressiais| under
different gliotoxin treatments. Protein from cells exposed tod ¥ pg/ml gliotoxin
were compared and those exposed to 0 and 64 pg/ml. Subsequent to thisspatéein
of interest were excised and Liquid Chromatography Mass Spedtyo(h€-MS) was
used to identify proteins extracted. This process allowed usamie& the overall

response to gliotoxin initiated by yeast via the production of specificipsote
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3.6.2.1Analysis of the effect of 16 pg/ml gliotoxin exposure on global prein
expression in yeast cells

Separated proteins isolated from cells that were exposed to/d6 gigptoxin
were compared to wild-type proteins using Progefésiame spot software. 500 pg of
protein was analysed for each sample in duplicate. 29 protein spasideatified
based on their differential expression level induced by exposure tg/t6 gliotoxin.
Figure 3.79 illustrates the pattern of peptide spots typically seeone of the gels
containing two-dimensionally separated proteins. Circled spofzai@ns identified as
differentially expressed, either up- or downregulated in responsé fag/ml gliotoxin

exposure.

pH11 pH3

kDa

Figure 3.79 2-D gel electrophoresis separated proteins from G60@lls. Spots
circled represent proteins that undergo an increase or deandasel of expression in
response to 16 pg/ml gliotoxin exposure.

The protein spots circled were then excised from the above gelrguieggmdescribed in
section 2.27, and sequenced using LC-MS. Mascot search engine wagusobge

used to identify these yeast proteins, percentage coverage wakteal and identity
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scores were assigned. Table 3.18 outlines details relating toxgmession of the
proteins of interest and compares results to transcriptome data analysed [yevious
From table 3.18 it can be seen that yeast global proteomic respmrssally
correlate well with data obtained from transcriptome analysfssighificant note,
Cys3p and Cys4p were expressed more than 2-fold higher than normatellsemere
treated with 16 pg/ml gliotoxin. Under the same treatment, thesggYS3 andCYS
that encode these proteins were found to be upregulated 4.1- and 18eblonly
were the sulfur amino acid and closely linked glutathione biosysthesihways
discovered to be upregulated at both the RNA and protein level, the same w
ascertained for the glucose fermentation pathway. In response towée level of
gliotoxin used, Fbalp was increased 2.7-fold and transcriptionally 1.7-id.pTwas
upregulated at the protein and RNA level 3-fold and 1.9-fold respectivéhscot
identified three upregulated proteins as Tdh3p isoforms. Taking beage value
representing an increase in Tdh3p expression, it can be said thaprthein is
upregulated 2.5-fold under exposure to 16 pg/ml gliotoxin and 2.7-fold from
transcriptomic reports. Additionally, three different upregulatedegoms were identified
as Pgklp isoforms. For this protein, the average increase emadsée 2.2-fold and
this correlated with the RNA sequencing result which showed a 215Atlease. Eight
proteins were identified by Mascot as being Eno2p protein, of wkeslen were
upregulated. Of these seven the average fold increase was 3. In support of thitheesul
ENO2 gene was transcriptionally upregulated 2.6-fold in response to ativer |

concentration of gliotoxin used.
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Table 3.18 Yeast proteins identified as undergoing an increase or decreasexpression under 16 pg/ml gliotoxin exposure.

Spot Protein
No. Name

Fold
Change

Change Pl Value Molecular Mass Peptides

Mascot Score

Coverage (%)

(Da) Matched

RNA seq
Results

Protein Function

1 Ssh2

2 Eno2

3 Ssbl

4 Ssa2

5 Ssbl

1.6

3.6

1.7

Up- 5.37 66668 11 (2)

Down- 5.67 46942 6 (0)

Up- 5.32 66732 19 (5)

Up- 4.95 69599 12 (2)

Down- 5.32 66561 2(0)

558

273

983

436

112

24

44

16

Cytoplasmic ATPase thatribosome- Upregulated
associated molecular chaperone, functions with
J-protein partner Zuolp; may be involved in the
folding of newly-synthesized polypeptide
chains; member of the HSP70 family; homolog
of SSB1

Enolase Il, a phosphopyeuligtiratase that  Upregulated
catalyzes the conversion of 2-phosphoglycerate
to phosphoenolpyruvate during glycolysis and
the reverse reaction during gluconeogenesis;
expression is induced in response to glucose

Cytoplasmic ATPase thatribosome- Upregulated
associated molecular chaperone, functions with
J-protein partner Zuolp; may be involved in
folding of newly-made polypeptide chains;
member of the HSP70 family; interacts with
phosphatase subunit Reglp

ATP binding protein ineghin protein folding Upregulated
and vacuolar import of proteins; member of heat
shock protein 70 (HSP70) family; associated
with the chaperonin-containing T-complex;
present in the cytoplasm, vacuolar membrane
and cell wall

Cytoplasmic ATPase thatris@ome- Upregulated
associated molecular chaperone, functions with
J-protein partner Zuolp; may be involved in
folding of newly-made polypeptide chains;
member of the HSP70 family; interacts with
phosphatase subunit Reglp
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10

11

Ald6

Rhr2

Pdcl

Pdcl

Fbal

Ascl

4.2

2.8

2.4

2.9

2.7

2.6

Up-

Up-

Up-

Up-

Up-

Up-

531

5.35

5.8

5.74

5.51

5.8

54779

28100

61689

46909

39881

34898

6 (1)

5 (1)

5(1)

4(2)

4(0)

5 (1)

297

247

279

234

199

268

14

22

15

16

Cytosolic aldehyde dehyeinage, activated by Upregulated
Mg2+ and utilizes NADP+ as the preferred
coenzyme; required for conversion of
acetaldehyde to acetate; constitutively
expressed; locates to the mitochondrial outer
surface upon oxidative stress

Constitutively expressetbisn of DL-
glycerol-3-phosphatase; involved in glycerol
biosynthesis, induced in response to both
anaerobic and, along with the Hor2p/Gpp2p
isoform, osmotic stress

Upregulated

Major of three pyruvate decgylase Upregulated
isozymes, key enzyme in alcoholic fermentation,
decarboxylates pyruvate to acetaldehyde; subject

to glucose-, ethanol-, and autoregulation;
involved in amino acid catabolism

Major of three pyruvate demeylase Upregulated
isozymes, key enzyme in alcoholic fermentation,
decarboxylates pyruvate to acetaldehyde; subject

to glucose-, ethanol-, and autoregulation;
involved in amino acid catabolism

Fructose 1,6-bisphosphdtsaae, required for Upregulated
glycolysis and gluconeogenesis; catalyzes
conversion of fructose 1,6 bisphosphate to
glyceraldehyde-3-P and dihydroxyacetone-P;
locates to mitochondrial outer surface upon
oxidative stress

G-protein beta subunit arahime nucleotide Upregulated
dissociation inhibitor for Gpa2p; ortholog of
RACK1 that inhibits translation; core
component of the small (40S) ribosomal subunit;
represses Gen4p in the absence of amino acid
starvation
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12

13

14

15

16

17

Eno2

Eno2

Eno2

Eno2

Rps3

Eno2

2.8

3.3

3.2

2.3

2.2

3.7

Up-

Up-

Up-

Up-

Up-

Up-

5.67

5.67

5.67

5.67

9.42

5.67

46942

46942

46942

40942

26543

46942

13 (3)

4(2)

4(2)

8 (0)

2 (1)

47 (10)

697

224

224

384

120

1145

26

13

16

46

Enolase Il, a phosphomaulydratase that Upregulated
catalyzes the conversion of 2-phosphoglycerate
to phosphoenolpyruvate during glycolysis and
the reverse reaction during gluconeogenesis;
expression is induced in response to glucose

Enolase Il, a phosphopyrulvadieatase that  Upregulated
catalyzes the conversion of 2-phosphoglycerate
to phosphoenolpyruvate during glycolysis and
the reverse reaction during gluconeogenesis;
expression is induced in response to glucose

Enolase Il, a phosphopyrulvadeatase that  Upregulated
catalyzes the conversion of 2-phosphoglycerate
to phosphoenolpyruvate during glycolysis and
the reverse reaction during gluconeogenesis;
expression is induced in response to glucose

Enolase Il, a phosphopyeulrgdratase that  Upregulated
catalyzes the conversion of 2-phosphoglycerate
to phosphoenolpyruvate during glycolysis and
the reverse reaction during gluconeogenesis;
expression is induced in response to glucose

Protein component of thall{#0S)
ribosomal subunit, has apurinic/apyrimidinic
(AP) endonuclease activity; essential for
viability; has similarity to E. coli S3 and rat S3
ribosomal proteins

Upregulated

Enolase Il, a phosphoaye hydratase that Upregulated
catalyzes the conversion of 2-phosphoglycerate
to phosphoenolpyruvate during glycolysis and
the reverse reaction during gluconeogenesis;
expression is induced in response to glucose
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18

19

20

21

22

23

Eno2

Eno2

Tdh3

Cys3

Tdh3

Pgkl

2.4

2.6

2.2

Up-

Up-

Up-

Up-

Up-

Up-

5.67

5.67

6.46

6.06

6.46

7.11

46942

46942

35838

42516

35838

44768

11(4)

12 (2)

6 (0)

2 (0)

3(0)

4(0)

356

396

205

95

78

203

20

16

17

Enolase Il, a phosphopyeuvgdratase that  Upregulated
catalyzes the conversion of 2-phosphoglycerate
to phosphoenolpyruvate during glycolysis and
the reverse reaction during gluconeogenesis;
expression is induced in response to glucose

Enolase Il, a phosphomaulydratase that Upregulated
catalyzes the conversion of 2-phosphoglycerate
to phosphoenolpyruvate during glycolysis and
the reverse reaction during gluconeogenesis;
expression is induced in response to glucose

Glyceraldehyde-3-phosptielydrogenase, Upregulated
isozyme 3, involved in glycolysis and
gluconeogenesis; tetramer that catalyzes the
reaction of glyceraldehyde-3-phosphate to 1,3
bis-phosphoglycerate; detected in the cytoplasm
and cell wall

Cystathionine gamma-lyagelyzes one of the Upregulated
two reactions involved in the transsulfuration

pathway that yields cysteine from homocysteine

with the intermediary formation of cystathionine

Glyceraldehyde-3-phosphatgdtegenase, Upregulated
isozyme 3, involved in glycolysis and
gluconeogenesis; tetramer that catalyzes the
reaction of glyceraldehyde-3-phosphate to 1,3
bis-phosphoglycerate; detected in the cytoplasm
and cell wall

3-phosphoglycerate kinasga)yzes transfer of Upregulated
high-energy phosphoryl groups from the acyl
phosphate of 1,3-bisphosphoglycerate to ADP to
produce ATP; key enzyme in glycolysis and
gluconeogenesis
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24

25

26

27

28

29

Cys4

Tdhl

Iv5

Tdh3

Pgkl

Pgkl

2.6

2.2

2.9

15

Up-

Up-

Up-

Up-

Up-

Up-

6.25

6.25

9.06

6.46

7.11

56074

35825

44585

35838

44595

44768

6 (1)

4(0)

1 (1)

17(0)

9(0)

15 (0)

271

131

75

496

314

530

10

11

26

22

25

Cystathionine beta-synthagalyzes synthesis Upregulated
of cystathionine from serine and homocysteine,
the first committed step in cysteine biosynthesis;
responsible for hydrogen sulfide generation;
mutations in human ortholog cause
homocystinuria

Involved in superpathwaglofose
fermentation

Upregulated

Bifunctional acetohydroxyacid reductoisomeras®&pregulated
and mtDNA binding protein; involved in
branched-chain amino acid biosynthesis and
maintenance of wild-type mitochondrial DNA,
found in mitochondrial nucleoids

Glyceraldehyde-3-phospiheitgdrogenase, Upregulated
isozyme 3, involved in glycolysis and
gluconeogenesis; tetramer that catalyzes the
reaction of glyceraldehyde-3-phosphate to 1,3
bis-phosphoglycerate; detected in the cytoplasm
and cell wall

3-phosphoglycerate kinaselyzamtransfer of Upregulated
high-energy phosphoryl groups from the acyl
phosphate of 1,3-bisphosphoglycerate to ADP to
produce ATP; key enzyme in glycolysis and
gluconeogenesis

3-phosphoglycerate kirzstalyzes transfer of Upregulated
high-energy phosphoryl groups from the acyl
phosphate of 1,3-bisphosphoglycerate to ADP to
produce ATP; key enzyme in glycolysis and
gluconeogenesis
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Two proteins were found to be isoforms of Pdclp, for which the average
increase was 2.7-fold. The gene encoding this protein underwent a®igdaase in
transcription. FinallyALD6 was transcriptionally increased 1.1-fold in response to 16
png/ml gliotoxin while the Ald6p it encodes was upregulated 4.2-fold.

Only two of the twenty-nine proteins of interest underwent a dexreas
expression in response to the lower concentration of gliotoxin, theseidentified to
be Eno2p and Ssblp. The Eno2p downregulatory result is probably due to a flaw in
identification or inaccuracy in the technique, as Eno2p was largebrded as being
upregulated (described above). Ssblp is one member of a class oficyteatishock
proteins, Ssb proteins, that associate with ribosome-bound nascent polyepiide
appear to be involved in correct folding of the protein upon emergence threm
ribosome (Craiget al., 1993, Gautschat al., 2002, Kim and Craig, 2005). Our finding
outlining the downregulation of this protein could be indicative ofn@nease in yeast
cell death under gliotoxin exposure. It may be the case that aallsot carry out
normal functions to the full extent and protein folding may be one optbeesses
negatively effected. However, another protein was also identifi@sh &sblp isoform,
and this was shown to undergo 3.6-fold upregulation. This second Ssblp resuik is
in line with RNA sequencing data which repd®&1 to be upregulated 2.9-fold under
16 pg/ml gliotoxin exposure. Two-dimensional gel analysis exposdthiage in the
level of another Ssb protein, Ssb2p in the presence of the lower gatioanof
gliotoxin. Ssb2p is 99% identical to Ssb1lp (Craig and Jacobsen, 1985¢iCGiaid 993)
and was found to undergo a 1.6-fold increase in expression in responsetdririhe
This correlates with the RNA sequencing data which shows382 gene encoding
this protein to be upregulated 2.7-fold. Ssa and Ssb proteins are phet dsp70p
family, a 70 kDA cytosolic protein family which is one of tmeajor molecular

chaperone groups (Ingolet al., 1982, Werner-Washburret al., 1987, Craiget al.,
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1993). We found that Ssa2p, one of the four Ssa subfamily members, veasatce-

fold in response to 16 pg/ml gliotoxin treatment and was transcrigadynelevated
2.5-fold. Although Ssa and Ssb proteins are part of the Hsp70 proteiry,fémey are
functionally divergent in many repects, one paramount example beingbtwdute
requirement for at least one Ssa protein for cell viabilityeriWér-Washburnet al.,
1987, Nelsoret al., 1992, Chernoffet al., 1999). It may be the case that the lower
concentration of gliotoxin used enhances both Hsp70 RNA and protein production.
Another protein found undergo a change in level of expression here hwap, Rilso
known as Gpplp, which is involved in glycerol biosynthesis (Norletckt., 1996).
Absence ofRHR2 has previously been shown to result in increased sensitivitysto O
(Pahlet al., 1996, Pahlmast al., 2001, Weiet al., 2009). We found that in response to
16 pg/ml gliotoxin, Rhr2p is expressed 2.8-fold more and is transcrgbity
upregulated 2.7-fold. Upregulation BHR2 and Rhr2p could be indicative of gliotoxin
causing cellular OS. As shown in section 3.6.1.1 and clearly depictabléen3.5, from

the RNA sequencing data the upregulation of many genes encodingmiddasubunits

was observed. The proteomic analysis data here demonstrates -tten@®.8.2-fold
increases in expression of Asclp and Rps3p respectively. These hrerotdin
components of the small ribosomal subunit (Planta and Mager, 1998,d88alin2004)

and we found that th&SC1 andRPS3 genes encoding these proteins undergo increases
in transcription of 3.6- and 3.2-fold respectively. This supports the oliesrvanade
from the transcriptomic data, whereby it appears the cebsnpttto develop more
ribosomes when treated with 16 pg/ml gliotoxin. Interstingly, Asclp is also known to be
involved in the glucose signalling pathway (Zekegal., 2007), which may in turn be a
key intermediate in the wupregulation of the glucose fermentation aathw
aforementioned. The final protein which was found to have altered exress

response to this concentration of gliotoxin was Illv5p. This highly-aseck protein is
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involved in isoleucine and valine biosynthesis and also plays an impodianin
maintaining mitochondrial genome stability (Petersen and HolmbeB§, 7lenaya-
Troitskayaet al., 1995). We found that Ilv5p andl\VV5 were upregulated 2.2-fold and
1.7-fold respectively. Gliotoxin is known to cause DNA damage (Ercara., 1988),
perhaps the increase in production of this protein combats the effegli®otoxin as

cells attempt to maintain internal stability.

0 pg/ml GT exposure

A

T

J
k]

. v - n b ) i A

Figure 3.80 Comparison of gels containing separated proteins from cells expdgo
0 and 16 pg/ml gliotoxin.

The gels above contain two-dimensionally separated proteins frosnesgdbsed to 0
and 16 pg/ml gliotoxin. Differential protein expression represémtsyeast global

proteomic response to this gliotoxin concentration.
5) Ssblp 21) Cys3p

i

:) o

T = |

0 pg/ml gliotoxin 16 pg/ml glioioxin 0 pg/ml gliotoxin 16 pg/ml gliotoxin

Figure 3.81 Representation of one protein that underwent a dease in expression,
Ssblp (I) and one that underwent an increase in expressio@ys3p (r), in the

presence of 16 pg/ml gliotoxin.

Figure 3.81 shows an example of one down- and one upregulated proteatedr ithat
for Ssblp, the protein spot on the left is more intense than that oighheillustrating
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downregulation of the protein in the presence of 16 pg/ml gliot@ys3p is visibly
more intense in the protein spot in the right as it undergoes aaggcin expression

under the same gliotoxin exposure concentration.

3.6.2.2Analysis of the effect of 64 pg/ml gliotoxin exposure on global prein
expression in yeast cells

Separated proteins from cells that were treated with 64 pgliotbxin were
compared to wild-type expressed proteins using ProgéMesisne spot software. 350
pg of protein was analysed for each sample in triplicate. 22 protein spotslemréad
based on their different levels of expression when cells wegresed to 64 pg/ml
gliotoxin. Figure 3.82 illustrates the typical pattern of proteinspot one of the gels
containing two-dimensionally separated proteins. As before, tlstediproteins are
those which were found to have alterations in intensity level whepauomg proteins
from the two treatment cultures. This demonstrated that thesdngratederwent a
change in levels of expression when cells were exposed to 64 p/ml gliotoxin.

The circled protein spots were excised from the gel. Peptides ne&ieved,
trypsin digested and underwent LC-MS and Mascot analysis, leadidgrttification of
the yeast proteins of interest. Of these 22 differentially espigk proteins, 15 were
upregulated and 7 were downregulated. These proteins, along witdekeifiptions are
listed in table table 3.19. Included in this table is comparison of g@ritealterations

with that documented by transcriptomics.
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Figure 3.82 Separated proteins from G600 cell§pots circled represent proteins that
undergo an increase or decrease in level of expression in respd@#sgg/ml gliotoxin
exposure.

The data outlined in the table below also concurs to some degreth&iRNA
sequencing analysis. With reference to the sulfur amino acid #&ndthgone
biosynthesis pathways, the upregulation in response to 64 pg/ml gliovdxpoth
Cys4p and Metl7p was detected at the RNA and protein Y88 underwent a 3.8-
fold increase in transcription and a 1.5-fold increase in protein ®{preMET17 was
upregulated 8.5-fold and the protein it encodes 1.8-fold.

As was found with proteomic and RNA sequencing data for cells edtosl6
png/ml gliotoxin, some genes and proteins involved in the glucosertation pathway
also underwent an increase in expression in response to 64 pghtokigliexposure.
Three proteins were identified as upregulated Pdclp and the aveldgecfease for
these was 1.6. The geR®C1 encoding this protein was documented in transcriptome

data as being upregulated 1.9-fold.
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Table 3.19 Yeast proteins identified as undergoing an increase or decreasexpression under 64 pg/ml gliotoxin exposure.

Spot

No.

Protein
Name

Fold
Change

Change

Pl Value

Molecular

Mass (Da)

Peptides Mascot Coverage
Matched Score %

Protein Function

RNA seq
Results

1

'3

5

6

7

8

Pdcl

Ecm10

Pdcl

Eno2

Rph1

Adh1

Pgk1

Tdh3

1.6

1.6

15

15

4.3

1.3

13

2.1

Up-

Up-

Up-

Up-

Up-

Down-

Down-

Down-

5.8

5.9

5.8

5.67

9.1

6.21

7.8

6.46

61689

70042

61689

46943

71516

37290

23238

35840

14(2) 602 28

4(1) 69 8

17(3) 771 34

5(3) 297 13

4(0) 32 4

3(0) 108 6

2(0) 99 10

4(0) 168 8

Major of thppeivate decarboxylase isozymes, key enzyme
in alcoholic fermentation, decarboxylates pyruvate
acetaldehyde; subject to glucose-, ethanol-, and
autoregulation; involved in amino acid catabolism

Heat shock pnatéthe Hsp70 family, localized in
mitochondrial nucleoids, plays a role in proteemslocation,
interacts with Mgelp in an ATP-dependent manner;
overexpression induces extensive mitochondrial DNA
aggregations

Major of thppeivate decarboxylase isozymes, key enzyme
in alcoholic fermentation, decarboxylates pyruvate
acetaldehyde; subject to glucose-, ethanol-, and
autoregulation; involved in amino acid catabolism

Enolase Ih@sphopyruvate hydratase that catalyzes the
conversion of 2-phosphoglycerate to phosphoenol@aeu
during glycolysis and the reverse reaction during
gluconeogenesis; expression is induced in resgonglecose

JmjC domain-caoimgi histone demethylase which can
specifically demethylate H3K36 tri- and dimethyl
modification states; transcriptional repressor IdRR; Rph1p
phosphorylation during DNA damage is under contfdhe
MEC1-RAD53 pathway

Alcohol detogimase, fermentative isozyme active as
homo- or heterotetramers; required for the redaatio
acetaldehyde to ethanol, the last step in the bftico
pathway

3-phosphogbteckinase, catalyzes transfer of high-energy
phosphoryl groups from the acyl phosphate of 1,3-
bisphosphoglycerate to ADP to produce ATP; key erezin
glycolysis and gluconeogenesis

Glyceraldekygehosphate dehydrogenase, isozyme 3,
involved in glycolysis and gluconeogenesis; tetnathat
catalyzes the reaction of glyceraldehyde-3-phosgptat,3
bis-phosphoglycerate; detected in the cytoplasmcafidvall

Upregulated

Downregulated

Upregulated

Upregulated

Downregulated

Upregulated

Upregulated

Upregulated

203



10

11

12

13

14

15

16

17

18

v

Pgk1l

RpsOap

Scel

Wtm1l

Ssal

Pdcl

Cys4

Eno2

Metl17

1.9

1.6

1.7

1.9

1.9

1.6

1.6

15

18

Down- 9.1
Up- 7.1
Up- 4.65
Up- 5.41
Up- 5.18
Up- 5.5
Up- 5.8
Up- 6.25
Up- 5.67
Up- 5.97

44515

44769

28065

70757

48469

42014

60384

56045

46943

48700

2(0)

9(2)

2(0)

3(0)

4(1)

4(1)

4(1)

2(1)

3(2)

1(1)

122

62

77

140

214

78

268

138

220

81

13

17

11

13

12

Bifunctional acetiioxyacid reductoisomerase and
mtDNA binding protein; involved in branched-chaimiao
acid biosynthesis and maintenance of wild-type cohitmdrial

DNA,; found in mitochondrial nucleoids

3-phosphoglyeskatase, catalyzes transfer of high-energy

phosphoryl groups from the acyl phosphate of 1,3-
bisphosphoglycerate to ADP to produce ATP; key erezin
glycolysis and gluconeogenesis

Protein compooiethe small (40S) ribosomal subunit,
nearly identical to RpsOBp; required for maturatiéri8S

rRNA along with RpsOBp; deletion of either RPSO@en
reduces growth rate, deletion of both genes isleth

I-Scel DNA endiease, encoded by the mitochondrial
group | intron of the 21S_rRNA gene; mediates gene
conversion that propagates the intron into intesslcopies
of the 21S_rRNA gene

Transcriptianabulator involved in regulation of meiosis,
silencing, and expression of RNR genes; requireddalear
localization of the ribonucleotide reductase srsabunit
Rnr2p and Rnr4p; contains WD repeats

ATPase involagataotein folding and nuclear localization
signal (NLS)-directed nuclear transport; membenext
shock protein 70 (HSP70) family; forms a chapercorplex

with Ydjlp; localized to the nucleus, cytoplasmd @ell wall

Enzyme in altofiermentation, decarboxylates pyruvate to
acetaldehyde, regulation is glucose- and ethanmduftent

Cystathionirtadsgnthase, catalyzes synthesis of
cystathionine from serine and homocysteine, ttst fir
committed step in cysteine biosynthesis; respoaddyl
hydrogen sulfide generation; mutations in humahalog
cause homocystinuria

Enolase Il, asphopyruvate hydratase that catalyzes the
conversion of 2-phosphoglycerate to phosphoenol@aeu
during glycolysis and the reverse reaction during
gluconeogenesis; expression is induced in resgonglecose

Methionine ayst@ine synthase (O-acetyl homoserine-O-
acetyl serine sulthydrylase), required for sulfomiro acid
synthesis

Upregulated

Upregulated

Upregulated

N/A

Downregulated

Upregulated

Upregulated

Upregulated

Upregulated

Upregulated
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19

20

21

22

Rhr2

Pgk1

Eno2

Tef2

1.7

13

1.7

1.4

Down-

Down-

Up-

Down-

5.24

7.11

5.67

28103

44769

46943

50407

2(0)

13(4)

1(1)

5(2)

97

93

90

22

Constitutivetpressed isoform of DL-glycerol-3-
phosphatase; involved in glycerol biosynthesisyawdl in
response to both anaerobic and, along with the pd&2p2p

isoform, osmotic stress

3-phospheghte kinase, catalyzes transfer of high-energy
phosphoryl groups from the acyl phosphate of 1,3-
bisphosphoglycerate to ADP to produce ATP; key erezin
glycolysis and gluconeogenesis

Enolase Il, asphopyruvate hydratase that catalyzes the
conversion of 2-phosphoglycerate to phosphoenoyayeu
during glycolysis and the reverse reaction during
gluconeogenesis; expression is induced in resgonglecose

Translationahghtion factor EF-1 alpha; also encoded by
TEF1,; functions in the binding reaction of amindatNA
(AA-tRNA) to ribosomes; may also have a role in #Ri¢-

export from the nucleus

Upregulated

Upregulated

Upregulated

Upregulated
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Eno2p identity was assigned to three proteins, all of which weegulated.
The average fold increase was calculated to be 1.7, which correspeitidete 3.4-
fold transcriptional increase reported ENMO2 gene.

In contrast, the Tdh3 proteomic and transcriptomic responses corddagdice
another. Tdh3p was found to be 2.1-fold downregulated under 64 pg/ml gliotoxin
exposure, while th&DH3 gene was upregulated 2.2-fold more than normal. A similar
scenario was noted for Pgklp. Three proteins were determined to be Fgidlpf
these were observed as downregulated and one as upregulated. If thg nesjaltiivas
taken, it could be said that this protein undergoes an average 1.3-folhs#ecn
expression in response to the higher toxin concentration. However, dhisl when
dispute the transcriptome data which recorded a 2.2-fold increabe RGK1 gene.
There were also conflicting results for the alcohol dehydrogeadbké&p. The protein
was reported by ProgeneSisas being 1.3-fold downregulated while the gémH1
gene encoding the protein was found in the RNA sequencing dataremberiptionally
upregulated 3-fold. These last three results are indicative ofathethat there is an
added complication with analysis of effects of the higher condemtraf gliotoxin, due
to the high level of cell death that occurs. Rhr2p was discoveresidovenregulated in
response to the higher level of gliotoxin, while previously it wasegyated under
exposure to the lower gliotoxin concentration. Transcriptionally,RH&2 gene was
upregulated 3.2-fold in response to 64 pg/ml gliotoxin exposure. In 3&62.1, the
increase in Hsp70 genes and proteins was discussed. When cellsxpesed to the
toxin at 64 pg/ml, two Hsp70 proteins underwent an increase in expre&m10p
and Ssalp. The former, unlike the cytosolic Ssalp, is a mitochondp@D Hisotein
(Baumannet al., 2000) and was increased 1.6-fold proteomically. RNA sequencing
analysis did record an accurate expression valu€&E@wl. In cells exposed to the

higher gliotoxin concentration, Ssalp was upregulated 1.6-fold andSEAéd
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transcription level remained relatively stable. Thus when ce#scaltured in the
presence of 64 pug/ml, Hsp70 proteins are not induced to the exteaemsinder 16
ng/ml exposure. Rphlp was identified as the protein which underwehigtiest fold
change here, it was upregulated 4.3-fold. However, it was trptisodlly
downregulated 1.1-fold. Rphlp is involved in the regulation of the strgssnes(Jang
et al., 1999), so perhaps transcriptional downregulation is again indicati\edl ofeath,
while the increase in production of Rphlp is part of the response tdathaging
effects of gliotoxin. Alternatively, the downregulation RPH1 could be a mode of
negative feedback due to the already hightened levels of the pramodesl by the
gene. In the comparative analysis of these gels, llvSp wasbéifae, discovered to
undergo a change in expression, although this time it was seenléavheegulated 1.9-
fold. Trancriptionally,ILV5 only underwent a 1.2-fold upregulation under the higher
concentration of gliotoxin. Only one ribosomal protein was expressetitggher degree
in the presence of 64 pug/ml gliotioxin, RpsOap was elevated 1.7-folRREIA was
upregulated 1.8-fold. Another protein with enhanced expression found inuithysveas
Scelp. Although no transcriptome data was obtained foS@it# gene, the protein it
encodes, an endonuclease that facilitates intron propagation (Dujon, 1989 etPadr,
1993) was proteomically upregulated 1.9-fold. Like Scelp, Wtml1p was foumteael
1.9-fold higher than in unexposed cells, however, it was transcriptionally dgulated
1.1-fold. This protein is involved in transcriptional repression, partigutdra meiosis-
specific gene and it also induces amplification of a gene impdrtdahe DNA damage
response (Bowdish and Mitchell, 1993, Pemberton and Blobel, 1997, Tairge
2006). Thus, the elevated expression of this protein may be in redpogsaotoxic
stress caused by gliotoxin. In the presence of 64 pg/ml gliotoef2pT translation

elongation factor EF4l (Schirmaier and Philippsen, 1984) was one of the seven
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proteins found to be produced at a reduced rate. It was downregulated 1.4tfolalal
contrastingly, the transcription ®EF2 was increased 1.9-fold.

Figure 3.83 exemplifies gels containing separated proteinsdetisithat were
not exposed to gliotoxin and cells that were exposed to 64 pg/ml gliotoxin.

0 pg/ml GT exposure 64 pug/ml GT exposure

Figure 3.83 Comparison of gels cntaining sparated proteins from cells expdso
0 and 64 pg/ml gliotoxin.

In figure 3.84, one protein that underwent an increase in expression and one
which was upregulated are shown. On the left of the figure thexrsharp decrease in

intensity of Tdh3p under 64 pg/ml gliotoxin exposure, in comparison the control.

In contrast, the Pgklp is visibly more intense in the presence ofginer lmoncentration

of gliotoxin.

&

0 pg/ml gliotoxin 64 pg/ml gliotoxin 0 pg/ml gliotoxin 64 pg/ml gliotoxin

Figure 3.84 Representation of one protein that underwent a dease in expression,
Tdh3p (I) and one that underwent an increase in expressa, Pgklp (r), in the
presence of 64 pg/ml gliotoxin.

208



3.7 Genetic analysis of genes identified as differentially expssed in response
to gliotoxin

A number of genes and proteins were found to be differentiallyessed in
response to gliotoxin exposure, as described above. Further to thisppleda
functional genetics and phenotypic analyses to assess our findiaged on data
obtained from global response analyses, it appears that the inducsoaifunfamino
acid and glutathione biosynthesis pathways is elevated when cellsxposed to
gliotoxin. This suggests that these pathways are key procesgs#eyed by yeast to

protect against the gliotoxin.

3.7.1 Assessment of growth response to gliotoxin of yeast cells detktfor genes
involved in sulfur amino acid biosynthesis

We hypothesised that the importance of the sulfur amino acid bnesysit
pathway in resistance to gliotoxin would be reflected in the grakility of sulfur
mutants. Comparative growth analysis was carried out using wigd-BY4741 in
combination with the isogenitmet6, Amet17, Acys4 andAsaml mutants, lacking genes
involved in the said pathway. These strains were phenotypically cechpader O and

8 ug/ml gliotoxin exposure, depicted in figure 3.85.

SC + 0 pug/ml GT SC + 8 ug/ml GT

BY4741

Amet6

Ametl7

Acys4

Asaml

Figure 3.85 Comparative growth analysis of BY4741Amet6, Ametl7, Acys4, and
Asaml in the presence of 0 and 8 pg/ml gliotoxinThe above image represents
cellular growth after 72 hr. incubation at 30°C.
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Repeated performance of this assay revealed no significant echiantipe level of
growth in the absence of the above mentioned genes. This demontiedte=lls
maintain the ability to survive like wild-type when single geme®lved in the sulfur

amino acid biosynthesis pathway are disrupted.

3.7.2 Investigating the role of the transsulfuration pathway in mediating gliotoxn
effects in yeast

Results described in previous sections indicate the importantee o$ulfur
amino acid biosynthesis pathway, that contributes to glutathione niihesys, in
response to effects incurred by gliotoxin. Figure 3.86 illustrates role of

transsulfuration in glutathione biosynthesis.

Methionine

J

Homocysteine —~

Cystathionine Cystathionine
B-lyase B-synthase

Cystathionine

Cystathionine Cystathionine
y-synthase v-lyase

Cysteine _

Transsulfuration
Pathway

N\
v-Glu-Cys

%
GSH

%
GSSG

Figure 3.86 Representation of the importance of transsulfurationn glutathione
biosynthesis.

Cystathioninep-synthase- and cystathioninelyase-mediated conversion of

homocysteine to cystathionine and subsequently to cysteine encompasses

210



transsulfuration pathway (Oreb al., 1984, Cheresit al., 1993). As glutamate, glycine
and cysteine form glutathione, homocysteine reserve pools and theatimg
transsulfuration pathway are key in ensuing glutathione production (Riikel$998,
Mosharovet al., 2000). In fact, increasing cysteine levels has been shown togpue
enhanced glutathione production, with the addition of ATP resulting ineiugievated
levels. (Alfafaraet al., 1992, Lianget al., 2008, Nisamedtinoet al., 2010). In response
to gliotoxin, we have shown th&YS3 and CY3 encoding cystathioning-lyase and
cystathioning-synthase respectively are upregulated at the RNA and protein levels.
We surmised that if the sulfur amino acid and resultant glutattimsgnthesis
pathways play a pivotal role in protection against gliotoxin, primahrough the
transsulfuration process, exogenous chemical modification of the pathwdg affect
resistance to the toxin. We also took into consideration the ressttslmbsl in section
3.3.2 where the\gshl mutant displayed increased resistance to gliotoxin. In contrast,
these results suggested that in the absengglotamylcysteine synthetas€$H1) and
consequential glutathione production, cells exhibit increased resstangliotoxin.
Either way, we wanted to investigate the effects of exogenamical modification of
the transsulfuration pathway. Cysteine could not be used in thisdssdyg the ability
of gliotoxin to bind to this protein via its sulfhydral group (Petrdl., 1996, Bertlinget
al., 2010) so alternatively, another intemermediate in glutathione bleesiat was
employed, cystathionine. Comparative growth analysis was carrieavitdutstrains
grown under exposure to 12 pg/ml gliotoxin, alone and in combination with 50, 100,
250 and 350 pM cystathionine. For this assay, wild-type BY4741AagsB were
utilised, and both containing ti@liT gene under a constitutive promoter. Figure 3.87
illustrates the results from this analysis. It can be sdmveathat as beforeGliT

transformation confers an increase in gliotoxin resistance. Theref clearly
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demonstrates that as the concentration of cystathionine increlasesbility of both

BY4741 andAcys3 to grow under gliotoxin exposure intensifies.

-LEU + 12 pg/ml GT + 50 uM

-LEU + 0 pg/ml GT -LEU + 12 pg/ml GT
Hgim Hg/m cystathionine

BY4741GlIiT-pRS315

BY4741 pRS315

Acys3 GliT-pRS315

Acys3 pRS315

-LEU + 12 pg/ml GT + 100 pM -LEU + 12 pg/ml GT + 250 pM -LEU + 12 pg/ml GT + 350 uM
cystathionine cystathionine cystathionine

Figure 3.87 Comparative growth analysis of BY4741 andcys3, with and without
GliT, in the presence of gliotoxin and cystathioninePlates were incubated at 30°C
for 72 hr.

BY4741GlIiT-pRS315

BY4741 pRS315

Acys3 GliT-pRS315
Acys3 pRS315

In the presence of gliotoxin and 350 pM exogenous cystathionine, woidd-t
grows at the same rate as that constitutively expre&3liig Under 12 pg/ml gliotoxin
exposure Acys3 was completely inhibited, but was able to grow when constitytive
expressingGliT. With the addition of 350 UM exogenous cystathionine, both strains
grew considerably better. In general, an acceleration in teeofagrowth correlates
with the addition of exogenous cystathionine. These results demorts@atinrough
increased stimulation of the transsulfuration pathway, cells appeae protected

against the detrimental toxic effects of gliotoxin.

3.7.3 Assessment of the utility of GPX2, HXT2, MET32 and ALD6 in yeast
survival in the presence of gliotoxin

Following global expression analysis, four genes were chosen for rfurthe
evaluation, based on their biological roles and expression levelslefeomine the

importance of these genes in yeast resistance to gliotoxin, cdimpayewth analysis
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was carried out on mutants deleted for these genes, under ceMptsure to the toxin

at concentrations of 0 and 8 pg/ml. Expression of the glutathioneig@seGPX2 is
Yaplp-controlled and is induced by OS. Its activity catalysesthlatee oxidation and
reduction of hydroperoxides, such agll thus playing a role in cellular detoxification
(Mills, 1957, Galiazzcet al., 1987, Inoueet al., 1999, Avery and Avery, 2001). Due to
the strong functional link oGPX2 with glutathione, a protein known to play a role in
protection against OS, and its more than 6-fold increase in ekpresgesponse to 64
png/ml gliotoxin, the Agpx2 phenotype was examined. Additionallphxt2 was
phenotypically assessetiXT2 encodes a yeast hexose transporter induced by low
glucose concentrations (Ozcan and Johnston, 1999) and the mutant lackiggnthis
was chosen due to the elevated leveHXT2 transcription observed under cellular
exposure to the higher level of gliotoxin us®ET32 encodes a transcription factor
involved in regulation of the sulfur amino acid biosynthesis pathwascrited
previously (Blaiseawt al., 1997) and BY4741 lacking the gene was thus selected for
analysis. The importanc@LD6, a gene which plays a role in glucose fermentation,
described in section 3.6.1.4, was also explored via phenotypic analys$ie &élti6
mutant.

Table 3.20 Fold increase in response to gliotoxin exposure ®PX2, HXT2, MET32
and ALD6

Gene Fold increase under Fold increase under
exposure to 16 ug/mi exposure to 64 pg/ml
gliotoxin gliotoxin
GPX2 1.6 6.4
HXT2 1.7 8.8
MET32 1.6 2.9
ALD6 1.1 3.8

None of the four mutants described above showed a considerable ddferent
growth rate when exposed to 8 pg/ml gliotoxin. However, it shouldterthat there
may be a possible reproducible growth defect seendial6.
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SC + 0 pg/ml GT SC + 8 pg/ml GT

BY4741

Agpx2

Afrm2

Ahxt2

Amet32

Aald6

Figure 3.88 Comparative growth analysis of BY4741Agpx2, Ahxt2, Amet32 and
Aald6 in the presence of 0 and 8 pg/ml gliotoxinfhe above image represents cellular
growth after 72 hr. incubation at 30°C.
3.7.4 Phenotypic analysis oAhbnl, Afrm2 and Ahbn1Afrm2

Two genes upregulated at the mRNA level on exposure to both 16 argir6é
gliotoxin wereHBN1 and FRM2. In response to 16 pg/ml gliotoxin exposurBN1
and FRM2 undergo 3.9- and 1.9-fold upregulation respectively. In the presence of 64
pag/ml gliotoxin,HBN1 is upregulated 11-fold arfERM2 15.8-fold.
These two genes are known to genetically interact (de Glisteat., 2010). De Oliveira
et al. (2010) reported that Hbnlp and Frm2p, both putative nitroreductases, are involved
in yeast cellular protection against OS and the absencehefr @it bothHBN1 and
FRM2 leads to altered levels of glutathione, superoxide dismutaselasm and

glutathione peroxidase. We therefore decided to carry out phenotypicisuéisbnl,

Afrm2 andAhbn1Afrm2 in the presence of gliotoxin.

3.7.4.1Creation of Ahbnlmutant
The Ahbnl strain was not available for purchase from Euroscarf and so wa

created in this study by homologous recombinatidhSs, plus its promoter and
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terminator sequence was amplified from the pUG27 plasmid by P@Rers for this
reaction were designed so that the amplicon contained regions &’leotd 3’ ends

that were homologous to genonti8NL1 flanking regions, as illustrated in figure 3.89.

AGACTGAAGTATCCTATATCAACATATATACAAAAAAACAATCCAATATCA
I1G

TCTGCTGTTGCAACTTATTTGAAAACTTTAACTGCTCGTCGTACTATTTAC
GCTTTGAAACCGGAGTTACCTGGTGAAATTACTATCAACGACATCCAATC
CGTCGTCCAAACCATCATTAAAGAAACACCCACCGCTTTCAACTCCCAGC
CAAATCGCGCTGTTATCTTGACTGGTGAAACTCACAAAAAAGTTTGGGAC
GAAGTGACTAAGGCTATAGAAAGCCCTGCCGGTCAAAAGAGGCCTGCTT
CAGCAAGGGATGAGGCCTTTGGTTCTGTAATCTTCTTCACCGACGACAA
GGTAACTGAAAAGCTAAAGGCTGACTTCCCAGCGTACGCAGCTGCATTC
CCTAGTTTCGCGGACCATACCTCTGGTGCCGCTCAAATCAACTCGTGGG
TTGCCTTGGAGGCAATGGGCCTGGGTGGTCACCTACAACACTACAATGG
TTACATAAAAGCTGCTTTGCCAAGCAAAATCCCTGAGTCTTGGACCGTAC
AAGCTCAATTAGTCTTCGGTACCCCAGCCGCACCTCCAGGTGAAAAGAC
CTACATCAAAAACGATGTTGAAATCTTCAAT

TAAGGAACAGTATATAAGTACAGAATT
ATAGGTATAGATTAAATGCGAACGTC

Figure 3.89 Primers used to obtain amplicon foHBN1 replacement withHIS5 by
homologous recombination.Forward primer is underlined at the top of the figure.
Reverse complement of reverse primer is underlined at the botttme 6fure. Black
text representsiBN1 and flanking sequence. Green text depicts regions of pUG27 up-
and downstream dfllS5. Bold texts indicates start and stop codondBN1 gene.
Transformation of the PCR product into BY4741 and selection on SC plates
lacking histidine led to a number of colonies which potentially coathiHIS5
replacingHBN1. Genomic DNA was then extracted from a number of colonies and a
diagnostic PCR was performed to determine whetiBN1 had been deleted by
homologous recombination replacement. Four different PCRs were $et bipth the

potential knockout under examination and a wild-type BY4741 control, as lokbani

figure 3.90.
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Possible genotype 1 - HIS5
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Possible genotype 2 HBN1
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4_

—> =Primer set 1
—> = Primer set 2
—> = Primer set 3

= Primer set 4

Figure 3.90 Four different primer sets used for diagnostic R and possible
genotypes.The external forward primer binds 141 bp upstream of the wild+igel
start codon. TheHIS5 internal reverse primer binds 1,041 bp downstream of the
beginning of the pUG27 region replaciftBN1. Use of these primers in combination
(primer set 1) in PCR gives rise to a product of 1,182 bp. The ektexgase primer
binds 193 bp downstream of the natufN1 stop codon. ThéllS5 internal forward
binds 980 bp upstream from the end of the pUG27 region repl@Ng. Use of these
primers in combination (primer set 2) in PCR gives rise to a product of 1,173 bp.

For both the potential knockout and wild-type BY4741, PCRs were performed
using the sets of primers illustrated above. The results of thasgons are depicted in
figure 3.91. Lanes 1, 3, 5 and 7 represent PCRs using pot&énitial genomic DNA
and lanes 2, 4, 6 and 8 show PCRs using wild-type control DNA. In lan¢hene|s a
product of 1,182 bp, resultant from use of primer set one. In the secendhare is no
product visible as only the external forward primer bound, there wal $tosequence
for the reverse primer to anneal. Lane three presents the 1,182 bp jooohect from
PCR using primer set two. There is no product in the fourth lamalgsthe external
reverse primer annealed to the DNA in the absend¢l88. In lane five there can be
seen a 567 bp product, produced by PCR using both the inkiB&primers, primer
set three. No product resulted from the PCR illustrated indanas there was ndlSb

sequence to which either primer could bind. HE&N1 open reading frame is 582 bp

and the external forward and reverse primers anneal 141 and 193 bp up- and
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downstream of this region respectively. Thus, a PCR using thesergriprimer set
four, gives rise to a 916 bp product, as is visible in lane eight. Howevét] $heegion
used is 1,454 bp, andBNL1 replacement by this sequence gives rise to a 1,788 bp
amplicon that can be observed in lane seven. Figure 3.91 confirmsssiutc

replacement of thelBN1 gene withHI 5.

Figure 3.91 Diagnostic PCR products that underwent gel eleaphoresis,
illustrating HBN1 knockout in BY4741 background.1 =Ahbnl primer set 1; 2 =WT
primer set 1; 3 Ahbnl primer set 2; 4 = WT primer set 2; 5Ahbnl primer set 3; 6 =
WT primer set 3; 7 Ahbnl primer set 4; 8 = WT primer set 4.
3.7.4.2Generation of Ahbn1Afrm2 double knockout

BY4741 Afrm2 was purchased from Euroscarf. The double knockout
AhbnlAfrm2 was created by amplification of the now#IS5 region in BY4741Ahbnl
and transformation into competent BY47Afrm2 followed by selection on SC —his
plates. This process gave rise to a number of colonies whiehtested to determine
whether or notHBN1 had been deleted. Diagnostic PCRs were performed as before,
using primer combinations described in figure 3.90 and the amplicons undeyale
electrophoresis, as shown in figure 3.92. The diagnostic PCRs demah#iedt¢éBN1
had been replaced By1b. This was seen firstly by the fact that there are products i
lanes 1, 3 and 5, of the anticipated sizes and there are no prodiaesl yrem the

control reactions, in lanes 2, 4 and 6, due to the absentiSafAdditionally, between

lanes seven and eight there is an 872 bp dicrepancy in sequencadifiechbetween
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external primers. This represents the difference in theodizlee HBN1 open reading

frame and th&llS5 sequence replacing it in the confirmed knockout.

3 kb —

1.5 kb—»
1 kb —»

Figure 3.92 Diagnostic PCR products that underwent gel eleaphoresis,
illustrating HBN1 knockout in BY4741 Afrm2 background. 1 = AhbnlAfrm2 primer
set 1; 2 = WT primer set 1; 3 AhbnlAfrm2 primer set 2; 4 = WT primer set 2; 5 =
AhbnlAfrm2 primer set 3; 6 = WT primer set 3; 7Ahbn1Afrm2 primer set 4; 8 = WT
primer set 4.
3.7.4.3Comparative growth analysis of BY4741Ahbn1, Afrm2 and Ahbn1Afrm2

The growth of BY4741Ahbnl, Afrm2 andAhbnlAfrm2 in the presence of 0 and
8 png/ml gliotoxin was subsequently compared, as shown in figure 3.93. Whataty,
no difference in level of resistance or sensitivity was $eeany of the three mutants.

All grew at the same rate as wild-type and growth of thesenstappeared to be

inhibited to the same extent as wild-type.

SC + 0 ug/ml GT SC + 8 ug/ml GT

Ahbnl

Afrm2 Ahbnl

Figure 3.93 Comparative growth analysis of BY4741,Ahbnl, Afrm2 and
Ahbnl1Afrm2 in the presence of 0 and 8 pug/ml gliotoxinThe above image represents
cellular growth after 72 hr incubation at 30°C.

To evaluate the similarities in the cellular stress idchig gliotoxin and other

common oxidative stressors, comparative growth analysis of thesasswas then
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carried out in the presence oL®b. BY4741, Ahbnl, Afrm2 and AhbnlAfrm2 were
grown under exposure to 0, 1, 2, 3, 4 and 5 mi@Hdepicted in figure 3.94. Unlike
gliotoxin, HO, severely inhibits the growth oAhbnl and this was observed at
concentrations of 3 mM and above. Batiim2 and AhbnlAfrm2 exhibit a wild-type
phenotype in the presence of®4. The finding that yeast cells devoid of Hbnlp exhibit
increased sensitivity to 4@, but not gliotoxin indicates that there must be a tangible
difference in the ways in which8,and gliotoxin mediate their deleterious effects.
Figure 3.94 suggests that in the absence of Hbnlp, Frm2p medigdgs H
toxicity possibly through facilitating the production of a toxiegroduct. Hbnlp when

present may abolish this product or directly inhibit Frm2p activity.

SC +0 mM H,0, SC +1 mM H,0,

BY4741
Afrm2

Ahbnl

Afrm2 Ahbnl

SC +2 mM H,0, SC +3mM H,0,

BY4741
Afrm2

Ahbn1l

Afrm2 Ahbnl

SC +4 mM H,0, SC +5mM H,0,

BY4741
Afrm2

Ahbnl
Afrm2 Ahbnl

Figure 3.94 Comparative growth analysis of BY4741,Ahbnl, Afrm2 and
AhbnlAfrm2 in the presence of 0, 1, 2, 3, 4 and 5 mM,B,. The above image
represents cellular growth after 72 hr incubation at 30°C.
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3.8  Discussion

The inhibitory effects of gliotoxin 0. cerevisiae at the macrobiological level
have been assessed, through the use of different toxin concentrationediadand the
employment of a variety of yeast strains. Undoubtedly, gliotoxuses deleterious
effects within the cell resulting in inhibition of growth and insesd cell death, in both
liquid culture and solid media. This has been a paramount observation throtlghout
study. Further to this, it has been ascertained tha.thenigatus GliT gene, a member
of a twelve-gene gliotoxin biosynthetic cluster, has the caps&zitpnfer resistance to
gliotoxin when constitutively expressed in yeast. The protectivéyabil GliT in S
cerevisiae mimics that observed iA. fumigatus (Scharfet al., 2010, Schrettkt al.,
2010). The disulfide bridge present in gliotoxin, to which its toxicdg been attributed
through redox cycling and conjugation to host thiols, has been identifiedaaget of
GliTp (Waringet al., 1995, Hurneet al., 2000, Schrettét al., 2010). We observed that
constitutive expression of tH@&iT gene afforded protection against gliotoxin to strains
such as wild-type andcys3, deficient in ability to deal with OS. However, it appears
that carbohydrate source may be a factor in GliTp-inducedarses Under control of
the GAL1 promoter, galactose metabolism-induced expressi@lidfdid not give rise
to a phenotype exhibiting an increase in resistance to the metabolifact, these
strains actually demonstrated a slight increase in sensitovigyiotoxin. This suggests
that galactose metabolism may undermine the ability of GbTgditit protective effects.
Under constitutive expression, | was able to detect a low lev&lidp using an
enzymatic assay to indirectly detect gliotoxin reductaseipctit appears that in the
presence of5liT-pC210, gliotoxin activity is inhibited, thus NADPH oxidase activity
was not suppressed. In contrast, this was not observ&lliTopYES2 transformants.

In this study, the question of whether cellular OS is the predonueaminental

consequence of gliotoxin exposure was addressed. Reports have preuidéede that
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the toxin appears to have the capacity to induce stress of desfidation in different
cell lines (Waringet al., 1995, Zhouwet al., 2000, Orret al., 2004). The results shown
here have demonstrated that yeast cells do elicit an OS respmrgiotoxin and
transcriptomic, proteomic and functional genetic analyses hastrated this fact. We
have shown that some genes involved in the first line of cellular detegainst OS are
critical for optimal survival in the presence of gliotoxin, suchSa®1 and YAPL.
Without these genes, there is diminished conversion of superoxidestchéemful
products oxygen and hydrogen peroxide and curtailed regulation of thealg@%er
response respectively (McCord and Fridovich, 1969a, Bermingham-McDah@ih
1988, Herrercet al., 2008). Mutant strains lacking these genes display sensitivity to
gliotoxin, in its presence there is a considerable differen¢keirgrowth capacities of
Asodl andAyapl, in comparison to wild-type. Of the two, the latter exhibitshigest
degree of gliotoxin-induced growth inhibition, a phenotype that coherds Y&l
function. As a transcription factor involved in the regulation of Ofearse genes such
as TRX2 encoding a thioredoxin isoenzyme a@@®H1, which encodes glutathione
synthetase (Kuge and Jones, 1994, Wu and Moye-Rowley, 1994), Yaplp hasislibstant
control over this type of cellular reaction. Althou@®D1 is also significantly
implicated in the OS response, its control is not as extensiteab®f YAP1. These
results were corroborated by further growth analysis of tHemesunder exposure to a
common oxidative stressor,,Eb. In the presence of &,, a similar result was seen,
with both Ayapl andAsodl showing increased sensitivity in comparison to wild-type.
Again, the most sensitive strain wagapl, growth ofAsodl was less inhibited by 1D..

In comparing the suppression imposed on these strains by gliotoxin@aditHwas
noticed thatAyapl appears to be more repressed b@Hhan gliotoxin. Under kD,

exposure at a concentration that results in no significant impatirimie wild-type
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growth, Ayapl cannot grow. However, when wild-type growth is clearly hindered by
gliotoxin, growth ofAyapl still occurs, albeit at a minimal level.

Phenotypic analysis of another straioys3 led to a similar observation. We
discovered thatCYS3, involved in transsulfuration and subsequent glutathione
biosynthesis (Onet al., 1984, Oncet al., 1992, Mosharowt al., 2000), is vital for a
fully functional response to gliotoxin exposure. This supports previous caoried out
by Chamiloset al. (2008), who also identifie@YS3 as a gene that plays a key role in
resistance to the toxin and have reported that disruptid@Y88 results in cells that
exhibit an increase in sensitivity.

Comparative growth analyses afapl, Asodl and Acys3, described above,
support previous evidence that gliotoxin can induce conditions charactefiOS.
Conversely,Agshl phenotypic analysis initially appeared to suggest otherwise. Thi
mutant is lacking the glutathione synthetase gene that all@ls © synthesise
glutathione, an important antioxidant that also acts as a redutaailitating
glutaredoxin oxidoreductase activity (Grant, 2001). Due to the faadt tthis gene
encodes a protein that is key in the OS response, we hypothesisagdtiatvould
exhibit increased sensitivity to gliotoxin, however the opposite was.sPhenotypic
analysis ofAgshl showed that this strain grows considerably more efficientlyhén t
presence of gliotoxin than wild-type. Although this appears to ttireontrast with
results for other OS response-deficient mutants this phenotype mattribeited to
other factors. Bernardet al. (2001, 2003) reported that the ability of gliotoxin to enter
into murine cells is limited to the oxidised form. They found thatdenghe cell,
gliotoxin is concentrated by reduction to the cell membrane-imgaiole form almost
certainly by glutathione. Subsequent glutathione depletion, associgtedliwtoxin-
induced apoptosis and cell death, diminishes the reduction of gliotoxin andxthe

effluxes from the cell. The same group also revealed that gliotgptiake by cells is
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negated by the absence of glutathione. Furthermore, researchnmassttated that in
another cell line, neuroblastoma cells, glutathione stimulatedosycity induced by
gliotoxin. When intracellular glutathione levels in these celés depressed, gliotoxin
cytotoxicity is significantly mitigated (Axelssoet al., 2006). With relevance to our
results, this provides an explanation for Agshl phenotypic description recorded. It is
quite possible that the absencea8H1, and thus glutathione, benefits yeast cells when
exposed to gliotoxin in that the toxin is prevented from becoming coabestr
intracellularly which would result in additional damage to thd. ddpon efflux,
gliotoxin can enter neighbouring cells but again cannot be retaitieith the cell and it
escapes. Further to this, it may be the case that deletiO¥S3fdecreases the cellular
GSH concentration, sufficient to arrest its protective effgetsleaving enough GSH to
retain gliotoxin within the cell leading to increased celltdeagshl, in the same
manner as\yapl andAsodl, showed increased sensitivity te®4, in comparison to
wild-type, as was expected. It grew somewhat less succgssfah Asodl, but much
better thamyap1.

Further investigation into the&s cerevisiae cellular response induced by
gliotoxin exposure led us to gather additional evidence in support obxghdbeing an
OS-causing agent. Through investigation into the global responSecefevisiae to
gliotoxin, two metabolic pathways were identified as being uprégilen response to
the toxin, at two different concentrations. Firstly, through RE&4ugncing analysis and
proteomic studies, the sulfur amino acid biosynthesis pathway wasfigt as one
which is switched on in response to cellular exposure to gliotoxineTdmer eighteen
genes implicated in this process, which vyields cysteine, metigorand S-
adenosylmethionine (SAM/AdoMet). One sub-section of this processthés
transsulfuration pathway, mentioned above, that invoB¥S3 and results in the yield

of cysteine from homocysteine with cystathionine as an intertee@idnhomas and
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Surdin-Kerjan, 1997). Due to the fact that cysteine is thus aimatergy factor in
glutathione biosynthesis (Williamsat al., 1982, Penninckx, 2002), the stimulation of
this pathway indicates that gliotoxin is causing conditions of @8hich the cells are
responding. To validate these results, quantitative PCR was rpedoto assess the
level of transcription of seven of the eighteen genes under exgosleand 64 pg/ml
gliotoxin. All seven were confirmed as upregulated in the presentteedbwer toxin
concentration. Under the higher concentration six of the seven were found to undergo an
increase in transcription, although not all to the same degre®&lAssjuencing had
shown. Generally, the gPCR results correlated well with thase the transcriptome
analysis, despite some discrepancies in the level of tratieoal change documented.
Similar results were previously recorded depicting the upragalat sulfur amino acid
biosynthesis genes in tif® cerevisiae response to cadmium stresses (Momose and
Iwahashi, 2001). To further emphasise the importance of the sulfuroaatid
biosynthesis pathway in yeast response to gliotoxin, the diffatestpression was
recorded of a number of genes involved in the mediation of this pathwagr und
exposure to gliotoxin. Similarly tMET10 and MET5, the MET1, MET8 and MET18
genes all possess sulfite reductase activity, an essetgjalin sulfur amino acid
biosynthesis whereby sulfite, which has been formed from the reduatiactivated
sulfate, is reduced to sulfide (Masselot and De Robichon-SzulmdjS#&5, Thomast

al., 1992a, Thomas and Surdin-Kerjan, 1997). These three genes are stimulated by
different concentrations of gliotoxin, demonstrating the fact thaistyeells, when
treated with gliotoxin, raise the level of sulfide available dse in sulfur amino acid
biosynthesis. MET22, encoding a product also involved in sulfate assimilation
(Masselot and De Robichon-Szulmajster, 1975, Glgsatr, 1993, Murguiat al., 1995)

is upregulated in response to gliotoxin, as are genes requiretrafmscriptional

activation of the pathwayET4, MET31 andMET32 (Thomaset al., 1992b, Blaiseau
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et al., 1997). The fact that the above cited genes are all upregulatesl tahnscription
level indicates that in response to the toxin, the cells are stimylthe sulfur amino
acid pathway, which can then increase glutathione biosynthesis andt@gainst OS.
Conversely, some of the regulatory genes were downregulated ellewere exposed
to gliotoxin. High cellular levels of SAM, generated from the sulfmino acid
biosynthesis pathway, indu®¢ET30 inhibition of sulfate assimilation and thus amino
acid biosynthesis. This negative feedback occurs through Met4p and Metl€ipanhi
by Met30p (Kremset al., 1995, Thomast al., 1995). MET19 encodes glucose-6-
phosphate dehydrogenase whose importance in OS resistance has hewantiut
(Thomaset al., 1991, Izawaet al., 1998).MET30, MET4 andMET19 were all found to
be downregulated in response to gliotoxin. Further to previous resuttsbeéesabove,

it was expected thaMET30 would be repressed, to prevent inhibition of sulfur
assimilation in the presence of gliotoxin. It was anticipated thae to MET30
downregulation, expression of bd#ET4 andMET19 would not be hindered, however,
this was not the case. As thioredoxin is reportedly involved in aictivat APS kinase,
encoded bYET14 (Schriek and Schwenn, 1986, Thomas and Surdin-Kerjan, 1997), it
was of notable interest that genes involved in thioredoxin generB&gh, TRX2 and
TRR1 were all considerably upregulated in response to both concerdgrafigfiotoxin.
Analysis of the yeast global proteomic response to gliotoxinamefl some of the
findings described above. Cys3p, Cys4p and Metl7p (also known as Mei2bp)
established as proteins that undergo an increase in production in respghstoxin.
Metl7p is critical in the formation of homocysteine, the cornerstotige sulfur amino
acid biosynthesis pathway and has when overexpressed been shown to igbece hi
levels of cysteine and glutathione production (Matityahal., 2006). The increased

level of Metl7p, in addition to Cys3p and Cys4p, both essential for iéurssion,
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signals that on the proteomic response level, the cells aagingtithe same reaction to
gliotoxin exposure as on the transcription level.

When cells were exposed to 64 pg/ml gliotoxin, the two genésittkerwent
the highest level of upregulation wef@JP1-1 and CUP1-2. Although they were
transcriptionally stimulated in the presence of 16 pg/ml gliototiey were not to the
extent observed at the higher concentrat©dP1-1 and CUP1-2 are two copies of
yeast metallothionein which complements the lack of Sodlp function and whe
overexpressed, enhances resistance to cadmium and copper, thus tiekirtg the OS
response (Winget al., 1985, Jeyaprakashal., 1991, Tamaet al., 1993). These genes
are clearly of major importance in cellular reaction to higielk of gliotoxin exposure,
and the stress induced by this. The fact tBidP1 appears to play a role in the OS
response only strengthens the supposition that gliotoxin is imposingsa of this kind
on our cells.

This study has also resulted in the identification of anothert yeglkilar
pathway that is induced when cells are exposed to gliotoxin, the glfieoaentation
pathway. As documented by the RNA sequencing data, only 5 of then28 qvolved
in this process are downregulated in response to the toxin, thenmegn@3 are
upregulated. In fact, genes that play a role in gluconeogerfaagamentally the
opposite of fermentation, but not fermentation, are downregulated pon®s to
gliotoxin exposure, demonstrating the cell is heavily commissior@ngdntation and
glucose utilisation over gluconeogenesis and glucose production in resfmonse
gliotoxin. Proteomic analysis yielded results consistent with thivteen RNA
sequencing analysis. 25 of the 42 proteins found to be augmentegponse to
gliotoxin, at two different concentrations, play a role in the glucesmentation
pathway. Interestingly, this course of action concurs with the irmuctf the sulfur

amino acid biosynthesis pathway. Cysteine and glutathione have beendaumpress
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the level of Q uptake in the presence of glucose and increase the rate, @r&@i{dction
through fermentation, thereby controlling the rate of respiratiorfemueentation within
the cell (Quastel and Wheatley, 1932). This presents to us thiddevhen yeast cells
are treated with gliotoxin, they react in a way which is @pief an OS response,
subsequently giving rise to an increase in the level of glueysgehtation. NADPH is
a product of the glucose fermentation pathway. The fact that NABREquired for
fully functional thioredoxin and glutaredoxin systems, which playngmortant role in
protection against OS (Holmgren, 1989) provides a possible link for theosg
fermentation pathway and the OS response. An intermediate duttusg fermentation
pathway is pyruvate, which has been shown to have the ability tocprageinst
peroxides such as,B, in mammalian cells (Natkt al., 1995, Desaghest al., 1997).
Stimulation of said pathway may be further indication that gliotoxin induces OS.

It must also be acknowledged that of the 172 genes that were found to be
upregulated more than three-fold under 16 pg/ml gliotoxin exposure, WE)@
annotated as encoding components of either the small or large ribcadvoaits. As
Loar et al. (2004) pointed out, from transcription profiling, not all changes in gene
expression are thought to occur specifically to protect the agélsst the stress under
which the cells have been imposed. Changes may be a result lnflar effort to adjust
metabolism under poor growth conditions and this could be what is refgéd®y the
alteration in the transcription level of ribosomal genes.

Gliotoxin was used at concentrations of 16 and 64 pug/ml to explogdbal
response it instigates i8 cerevisiae. The five most common biological processes
stimulated at the transcription level by the two concentratione wempared. RNA
metabolic process, ribosome biogenesis, translation and transporénemeced in the
presence of both concentrations, however the response to stress wasaitingulower

concentration and cellular amino acid metabolic process was unique thigher
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concentration. Oret al. (2004) demonstrated using fluorescence dye that gliotoxin can
cause cellular OS in hepatic cells. In this study a maximu®s0giM gliotoxin was
used, which equates to approximately 16 pg/ml, and this ‘high’ conttentraas
deemed to induce ROS, reduce the level of cellular GSH and dvmg OS. The fact
that the same concentration activated a response to stress gllgdalts in line with
observations by the above mentioned group. Stress imposed on cellsdijednf
proteins in the endoplasmic reticulum gives rise to ROS and OStiomsdiand has
been shown to activate amino acid metabolism genes (Barbosa-hasstmh, 1999,
Hardinget al., 2003, Haynest al., 2004). Thus, acute stimulation of the cellular amino
acid metabolic process in our cells under exposure to 64 pg/mbxghotould be
another result of OS induced by the toxin. Moreover we fo@@iN4, involved in
amino acid starvation response (Hinnebusch, 1984, Nataehjah, 2001), to be
downregulated under both concentrations of gliotoxin exposure. Additionasty]lpA
which functions in repressing Gcn4p, (Hoffmaen al., 1999) was noted to be
upregulated almost 3-fold in the presence of 16 pg/ml gliotoxin.

Four of the five most common cellular components associatedgeites that
underwent a considerable degree of upregulation were the cytopldsmspmie,
mitochondrion and nucleus and these were found to be stimulated by the two
concentrations of gliotoxin. Uniquely, under the lower and higher comrtiems,
membrane- and nucleolus-associated genes were some of the mostirnigickyd
respectively. Landolfaet al. (2008, 2010) demonstrated that ROS actually target the
cellular plasma membrane and through lipid nutrient supplementatiadatior
damage was alleviated. They suggested that this was due tomaldiutrients aiding
in the maintenance of membrane integrity, in turn allowing celladapt to stressful

conditions. Perhaps there is a similar situation occurring irt gedls under exposure to
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gliotoxin and at the lower concentration they are making an attémpncrease
membrane-associated proteins in order to abate OS induced by the metabolite.

The fact that exposure to the higher gliotoxin concentration induoes t
upregulation of many genes associated with the nucleolus could aladitetive of
ROS generation. In mammals, OS gives rise to nucleolar sttdsh in turn initiates
apoptosis, outlining the stress-sensing function for the nucleolus.tr@ahscription
factor TIF-1A is essential for this process and functions iasicey rRNA synthesis
(Mayer and Grummt, 2005). The TIF-IA yeast homologue Rnr3p has been shde
important in OS signalling and regulation and the crucial role ofntingeolus in
sensing OS has been demonstrated (Lewingkal., 2010). Wtmlp which we
determined to be upregulated in the presence of 64 pg/ml gliotoxiallgqtlays a role
in triggering RNR3 stimulation (Tringeet al., 2006), supporting the hypothesis that
stress of an oxidative manner imposed by gliotoxin is sensetébyucleolus and
appropriate responses are initiated.

When the most common molecular functions stimulated by the twtoxin
concentrations were compared, transferase activity, structudalcate activity, RNA
binding activity and hydrolase activity were found to be common to. hotbontrast,
protein binding was uniquely one of the functions most highly stimulatetieolower
concentration and the same applied to oxidoreductase activity by gher.hMany
functions associated with protein-binding are implicated in the §®nseRAD59 is a
gene that encodes a protein involved in protein-binding that was ugeduin
response to the lower toxin concentration and is key in DNA damegair (Petukhova
et al., 1999, Pannunziet al., 2008). Upregulation of genes such as this one may be
yeast cells responding to DNA damage caused by gliotoxin,nwias been reported
before (Eichneket al., 1988). Glutaredoxins are just some of the proteins produced that

exhibit oxidoreductase activity which protect against ROS (Ruopgol., 1997,
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Luikenhuiset al., 1998) and the fact that oxidoreductase activity is one of the most
highly stimulated molecular functions in the presence of 64 pgjiotbxin is likely to
represent the OS response being instigated by the cells.

Taken together, the results described above illustrate #mmen in whichS.
cerevisiae attempts to react to gliotoxin exposure. Yeast produce a strormggp8nse
in the presence of the toxin in many respects, demonstratinglidtaixin does indeed
induce stress of this kind as a means to bring about inhibition anthtdty cell death.
A. fumigatus employs this toxin to effectuate this process in order to cs@oité host
(Gardineret al., 2005). However, some results did not entirely comply with this model.
Although it was initially anticipated thatgshl would display increased sensitivity to
gliotoxin, we have provided reasons as to why the opposite was obs&Ré2l.
encoding a thioredoxin, strongly implicated in the OS response (Kakbhial., 2008),
did not appear to be of any considerable importance in protectifsy against the
effects of gliotoxin. Comparative growth analysisAtfx2 and wild-type depicted that
these two strains do not exhibit differential growth patterneermptesence of gliotoxin.
The fact thatAyapl exhibits increased sensitivity to this mycotoxin, whikex2 does
not requires consideration, d&RX2 is under the control of the Yaplp transcription
factor (Kuge and Jones, 1994, Grahtl., 1996). This indicates that it is other genes
controlled by Yaplp, not thioredoxin-related, that are essential fistamce to
gliotoxin in yeast. Through comparative growth analy&kR1 and GSH2, which are
required through different functions for maintaining an appropriatd & GSH within
the cell (Grantet al., 1996, Grantt al., 1997, Inoueet al., 1998, Grant, 2001), also
failed to demonstrate their prominence in resistance to the taxgtraans lacking these
genes grew at a similar rate to wild-typettl did not show an increase in sensitivity or
resistance to gliotoxin either, illustrating the lack of imporéan€ catalase T, which

normally functions in catalysing the conversion eOkto water (Hartig and Ruis, 1986,
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Jamieson, 1998). Howevacttl has been reported not to be more sensitive ;{0, H
than wild-type strains, but GSH-deficient strains also lackim@l have displayed an
intensified sensitivity (Grangt al., 1998). TEF3 and TEF4 encode the translation
elongation factoeEF1By and their deletion has caused increased resistance to OS, in a
similar manner to Yaplp overexpression (Kiratyal., 1994, Olarewajiet al., 2004).

Thus, we expected thatef3 andAtef4 would exhibit increased resistance to gliotoxin,
which was not observed. The evidence presented here suggestdntiaed gliotoxin

Is imposing conditions characteristic of OS on yeast cells,ottia thay either induce
stress somewhat different to other common oxidative stressors, emhate the
transcriptomic or proteomic reaction instigated in response.

But what additional modes of action does gliotoxin utilise and how thoes
prompt cells to respond? We endeavoured to compar8. tteeevisiae genes that are
up-and downregulated under gliotoxin exposure with those that are s$&chdad
repressed by other toxins to learn more about the metabolite. Gsompand contrast
was made between gliotoxin and allicin (&uwal., 2010), citrinin (Iwahashat al., 2007),
patulin (lwahashiet al., 2006) and furfural (Li and Yuan, 2010). Gliotoxin, citrinin,
patulin and allicin all induced stimulation of the sulfur amino acidymtisesis pathway
in yeast, the latter to the least extent. Taking all resodfsther, gliotoxin is probably
most similar to allicin in the response prompted, many of theesgemes are
transcriptionally altered when cells are exposed to these toxins.

Allicin, a garlic derivative, is active against a range of édatand fungi,
including both animal and plant pathogens (Cafizerres., 2004, Cutler and Wilson,
2004, Khodavandiet al., 2010). Like gliotoxin, allicin modifies thiol residues on
proteins (Rabinkowet al., 1998, Hurneet al., 2000) and allicin has been shown to
induce apoptosis in yeast (Gruhleeal., 2010). It is possible that gliotoxin acts in a

similar manner (particularly as it has been shown to induce apoptasmsnune cells
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(Waring et al., 1988, Zhouet al., 2000, Stanzanet al., 2005)) and much of the
differential gene expression may result from yeast apoptosis under glietqasure.

To conclude, it appears that gliotoxin does to some extent causey@&st cell
cultures and many lines of enquiry have presented evidence forsthisseribed above.
When the OS response is initiated in cells, it may be thetkasaormal housekeeping
functions are negatively affected by this as all celleffort is going into the stress
response. For example Ssblp, which is involved in the correct foldingtefrs (Craig
et al., 1993, Gautschat al., 2002, Kim and Craig, 2005), is produced to a lesser extent
when cells are exposed to 16 pg/ml gliotoxin. Through screeningutuescarf library,
Chamiloset al. (2008) failed to identiffGSH1 as a gene that when deleted alters yeast
sensitivity to gliotoxin. We assigned importance to this geneguai targeted gene
approach and through this we have discovered that yeast resistagtietdxin is

extremely sensitive to changes in GSH levels.
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Chapter 4 Investigation into the mode
of action of the prion-curing drug
Tacrine



4.1 Introduction

The spongiform encephalopathies Creutzfeldt-Jakob disease (CJDhe bovi
spongiform encephalopathy (BSE) and scrapie are just some oftéhentammalian
diseases characterised by the aggregation of misfolded prottets m@ons (Prusiner,
1982). Accumulation of misfolded protein is also representative of neunelagee
disorders such as Parkinson’s and Huntington’s Diseases (Gregersen, 2006).

Mammalian prion diseases are caused by a conversion of the priem i)
from a soluble functional form to a non-functional protease-resigtant (PrP9
(Prusiner, 1982, McKinlewt al., 1983). The appearance of the infectious pathogenic
PrP° can occur spontanaeously, through infectious transmission, or asula of
mutation in the PRNP prion gene (Prusiner, 1998). BfPrP° conversion is
characterised by the refolding athelical segments intp-sheets and the assembly of
PrP>® amyloid plaques in the brain (Robesgsal., 1988, Paret al., 1993). Amyloid
plaques are also a distinguishing feature of Alzheimer’'s Disbasesver these plaques
are composed of amyloid beta proteins (Robetrés., 1988).

As analogues to the causative agents of mammalian spongiform
encephalopathies, the study of yeast prions is of great imporfgickner, 1994).
[PS*] was the first yeast prion discovered and is one of the mostystiadied today
(Cox, 1965). PS™] is the prion form of Sup35p, which is a component of the
translation termination complex (Wickner, 1994, Zhouravieval., 1995). In the
presence of8UQ5, encoding a serine-inserting tRNARPS '] can suppress nonsense
ochre mutations (Cox, 1965, Liebmetnal., 1975, Coxet al., 1988). In this study, this
phenomenon is utilised in thad®$ '] facilitates the readthrough of the synthestile2-1
mutation resulting in the growth of white cells if present and red cells if absent

Due to fact that proteomic conformational changes are key in priamafmn,

many investigations have been carried out to assess the impatahagperone protein
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function in prion propagation. It has been determined that the chaperone Hspl04p is
crucial for yeast cells to propagafeq*] and that a delicate balance of Hsp104p must

be maintained as overexpression and depletion of this protein redoks of the prion
(Chernoff et al., 1995). Hsp104p when expressed at wild-type levels, functions in
disaggregating prion amyloids and cleaving prion seeds which capassed to
daughter cells, facilitating prion maintenance (Pausbkah., 1996). The PS*]-curing

agent GdnHCI functions in preventing the production of new propagons by Hsp104p,
rendering the cells unable to propagate the prion (Etig., 1981, Eaglestonet al.,

2000).

Hsp104p functions in rescuing and refolding aggregated proteins through close
cooperation with other Hsp104p machinery components Hsp70p and Hsp40p (Glover
and Lindquist, 1998). In terms of priongenesis, Hsp70p and Hsp40p are thugdikely
also be involved on this basis (Masissal., 2009).

The S cerevisiae Hsp70p family consists of the cytosolic proteins Ssalp-4p,
Ssblp, Ssb2p, Sselp, Sse2p and Sszlp, the mitochondrial proteins Ssclp, Ssqlp and
Ecm10p and the endoplasmic reticulum-associated proteins Kar2p and Chnailpe(
al., 1993, Mukaiet al., 1993, Cravemrt al., 1996, Schilkeet al., 1996, Hallstronet al.,

1998, Baumanmt al., 2000). Hsp70p binds and releases proteins in a functional cycle
termed the ATPase binding cycle. Hsp70p has a well charactepsptide-binding
domain (PBD) and an ATPase-binding domain (ABD). Whether the PBD sa@opt
open or closed conformation, depends entirely on the ABD. When ATP is bothel to
ABD, rapid substrate exchange occurs in the adjacent domain. Howéden ATP is
hydrolysed to ADP, the PBD maintains tight adherence toultstsate. Rebinding of
ATP may then occur, with the reappearance of the PBD open conforr{idasisonet

al., 2009). As the Hsp70p ATP hydrolysis and ADP release is intrihsiskaw, the

cycle is heavily regulated by co-chaperone proteins (Massah, 2009). In fact the
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rate-limiting step, the hydrolysis of ATP, is prompted byoasged Hsp40 proteins
(Mayer et al., 2000, Wittung-Stafshedet al., 2003). S. cerevisae Hsp40p family
members include Ydj1lp and Sislp, both of which interact with Hsp70p guthte the
ATPase binding cycle (Cyat al., 1992, Lu and Cyr, 1998). Apjlp is a protein which
contains a well conserved J-domain, characteristic of the Hsp40p ehagamily and
when overexpressed disrupRS*] propagation (Kryndushkigt al., 2002, Walstet al.,
2004). Nucleotide exchange factors (NEFs) also play an importanthnagulating the
ATPase binding cycle, e.g Feslp and Sselp, which stimulate ATP biathghus
Hsp70p rapid substrate exchange (Katghal., 2002, Raviokt al., 2006). Furthermore,
the Hsp90p co-chaperones Stilp, Cnslp and Cpr7p function in regulation ofcthis cy
(Wegeleet al.,, 2003). Cnslp stimulates the Hsp70p ATPase binding cycle through
provoking ATP hydrolysis (Dolinsket al., 1998). Cpr7p appears to intensify Hsp70p
substrate binding (Mayet al., 2000, Jonest al., 2004).

The chaperone protein Hsp70p and a number of co-chaperone proteins are
thought to be involved in prion maintenance for a number of reasohss Ibeen
demonstrated tha SP70 mutations impairPS*] propagation (Junet al., 2000, Jones
and Masison, 2003). OverexpressionS3A1 gives rise to an increase in the level of
nonsense suppression mediated S T] (Newnamet al., 1999). It has been suggested
that disruption of the Hsp70p ATPase binding cycle may hinder prion propaga
(Jones and Tuite, 2005). When this cycle is disrupted through imbalansp tdpco-
chaperones, the ability of the cell to rema8[] becomes significantly impaired. For
example, when Feslp, a nucleotide exchange factor involved in Hsp70ps@&TP
binding cycle regulation is depleted®9] is weakened (Jonest al., 2004). While
Stilp overexpression weakenBY*], STI1 deletion favours thePE*] phenotype
(Kryndushkinet al., 2002, Jonest al., 2004). As a result, this cycle could be a potential

target for anti-prion drugs.
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Recently, the ability of the ribosome to carry out functional chageaativity
has come to light. As part of the large ribosomal subunit, the dovhaithe large
rRNA (25S inS cerevisiae) has the ability to assist in the re-folding of denatured
proteins (Dast al., 2008, Fahraeus and Blondel, 2008).

Yarlp and Ltvlp are two proteins that have be shown to interact and &ppear
function, distinctly from one another, in 40S ribosomal subunit production @@,
2004). It has been demonstrated that deletior’A®l andLTV1 in S cerevisiae causes
prion instability in PS™] strains (M. Blondel, personal communication). This suggests
that ribosome imbalance inducé®y['] instability. Thus, the ribosome may somehow
be linked to prion maintenance within the cell, perhaps through chaperacten. It
may be the case that loss IofV1 or YARL, leading to a decrease in 40S ribosomal
subunit production (Loaet al., 2004, Seiseet al., 2006) leads to overall ribosome
instability causing dysfunction and rRNA function disruption, includimgperone
activity. RPL8A andRPL8B deletion was also found to give rise to prion instability (M.
Blondel, personal communication). The protein products of these genes eheode
ribosomal protein L4 of the 60S ribosomal subunit (Arevalo and Warner, 199Gt Yon
al., 1991, Ohtake and Wickner, 1995).

Tacrine (TA), 6-aminophenanthridine (6AP) and Guanabenz (GA) aee thr
structurally unrelated anti-prion drugs that were identified througdaat-based prion-
curing screen. All three were show to be active against yeast prions onyileAP and
GA possess prion-curing capacities in mammalian systems (Tif#ydeiTanvieret al.,
2008a, Tribouillard-Tanvieet al., 2008b). The fact that 6AP, GA and other anti-prion
drug such as Quinacrine (QC) and Chlorpromazine (CP2Z) efficienty prions in both
yeast and mammalian systems indicates that there is saneedaf conservation in
prion-controlling mechanisms between the two (Betchl., 2003, Tribouillard-Tanvier

et al., 2008b). 6AP and GA appear to exhibit similar effects, actingrans by
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disrupting processes involved in prion propagation, rather than diregstitay prions

in cis (Reiset al., 2011). Both drugs inhibit the ribosomal-mediated protein folding
activity of the large subunit’s large rRNA, specificallyardacting with the domain V.
Importantly, this does not have an affect on protein synthesis (Tlidrdulanvieret

al., 2008b). 6AP and GA compete with unfolded protein for sites on the ribosome thus
causing a reduction in the production of refolded protein (&eis, 2011).

Interestingly, exposure afltvl andAyarl to 6AP and GA appears to stabilise
the prion in PS*] cells (M. Blondel, personal communication). Taking the above
described results together, the model depicted in figure 4.1 was constructed.

TA is a drug currently approved for prescription to treat AlzhesnBisease
(Summers, 2006). As in mammalian prion diseases, Alzheimer’sadisdas
characterised by the formation of amyloid plaques in the bratheofpatient. These
plaques are composed of amyl@ighroteins which are derived from the break-down of
secreted® amyloid precursor proteing APP) (Haass and Selkoe, 1993). TA treatment
considerably inhibits the secretion of solupl&PP in a number of cell lines (Lahii
al., 1994).

Regarding prion curing, in contrast to 6AP and GA, little is knowoug the
mode of action of TA. Due to the fact that it is not a mammalian prion-curing, ages
thought that its yeast target is too far diverged in mamniailsauillard-Tanvieret al.,
2008a). HsplO4p, a key chaperone protein in prion propagation has no known
mammalian homologue (Jones and Tuite, 2005). This led us to hypothesiBa thay
target Hspl04p, increasing the rate dPS[] curing, particularly as either
overexpression or deletion BfSP104 eliminates PS*] (Chernoffet al., 1995).

In this study, the principal aim was to gain insight into the pciaiing mode of
action of TA, using functional genetic techniques, transcriptommidgpeoteomics. One

of the initial aims of this project was to assess if TA wsasmilar mode of action to
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GdnHCI in relation toPS*] curing. It was anticipated that the question of whether or
not TA enhances the uptake of GdnHCI would be addressed. We also wanted t
investigate the importance of various aspects of chaperone function in priongti@pag
We endeavoured to use 6AP and GA in a number of provisional assays, toectimpa

effects of these drugs with that of TA.

WT Altvl/Ayarl
40S 60S 40S 60S
40S-60S 40S-60S
subunit subunit
balance imbalance
40S 60S 40S 60S
Normal Imbalance of r;?\lSA
Domain Domain
V activity V activity Domain
v
|~

6APIGA ———]

v v

6AP/IGA ———]

Normal chaperone

Excess chaperone

6AP/GA inhibit activity 6AP/GA inhibit excess activity
Domain V chaperone Domain V chaperone
activity and prion activity and efficient prion
propagation is impaired propagation is restored
Prion Impaired prion
propagation propagation

Figure 4.1 Possible model for BSI] curing by 6AP and GA. Efficent prion
propagation facilitated by 25S rRNA-mediated protein folding maedé on a crucial
balance of chaperone activity, similarly to Hsp104p. In wild-tgplls, 6AP and GA
appear to cureF[S*] by inhibiting domain V activity of the 25S-rRNA, as shown on the
left of the figure (Tribouillard-Tanvier et al., 2008b). It maytbe case that the absence
of LTV1 or YARL, resulting in ribosomal imbalance (Loar et al., 2004), disrupts the
delicate balance of 25S rRNA chaperone activity giving rigait;m instability. 6AP or

GA exposure may then restore the balance by reducing the said chaperotye activi
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Section 1: Using functional genetics to analyse thion-curing ability

of Tacrine, 6-aminophenanthridine and Guanabenz anévestigate the

Tacrine mode of action
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4.2  Assessing Tacrine, 6-aminophenanthridine and Guanabenz as pn-curing
agents

Guanidine hydrochloride (GdnHCI) is commonly used to “cure” priongast
since its discovery as an anti-prion agent (Teital., 1981). It acts by inhibiting the
action of Hsp104p, which is involved in cleaving new propagons or prion seds fr
protein aggregates (Parsetl al., 1994, Jung and Masison, 2001). Tacrine (TA), 6-
aminophenanthridine (6AP) and Guanabenz (GA) do not de® ][ alone, but in

combination with GdnHCI, can eradicate the prion.

4.2.1 Tacrine cures [PSI'] at relatively low concentrations in combination with
GdnHCI

In testing the ability of TA to curePB™], it was demonstrated that relatively
low concentrations of TA (5 uM) are sufficient to successfullyecthe prion in the

presence of GdnHCI (figure 4.2).

S5uUM TA + OpuMM TA + SUM TA +
0 uM GdnHCI 200 pM GdnHCI 200 pM GdnHCI

Figure 4.2 Plate streaks depicting TA curing of PSI ] in G600. Samples were taken
from a G600 culture and streaked onto YPD containing 1) 5 uM TAM GpnHCI, 2)
0 uM TA + 200 pM GdnHCI and 3) 5 uM TA + 200 uM GdnHCI. Plates were
incubated at 30°C for 72 hr. The greater production of red pigment stsggere
efficient [PS*] curing. [psi] phenotypes were confirmed by mating and growth on —ade
was absent.

To confirm the above result and ensure the curingP&'] was not due to
GdnHCI alone, single colony plate assays were carried out. Appatedy 250 cells

were plated on YPD containing GdnHCI alone and GdnHCI supplementiedl®

(figure 4.3). Assessment of single colonies provides a clegpezgentation of the level
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of cellular [PS*] due to more even utilisation of adenine by the cells. Thereavas
distinct difference in colony colour of cells exposed to GdnHGhaland GdnHCI
combined with TA. TA addition clearly confers gs[] phenotype to GdnHCIl-exposed

[PS*] cells.

0 uM TA + 200 uM GdnHClI 5 uM TA + 200 uM GdnHCI

Figure 4.3 Single colony assay to assess the curing ability of TApproximately 250
cells were plated evenly on YPD containing 1) 0 uM TA + 200 @#hHCI and 2) 5
MM TA + 200 uM GdnHCI. Plates were incubated at 30°C for 72phr] phenotypes
were confirmed by mating and growth on —ade was absent.

It was necessary to investigate whether or not the cells tyr@@ were truly
[psi]. From the plates illustrated in figure 4.3, single colonies weraoved and
restreaked onto fresh YPD plates. Cells from plates containjolg A and 200 pM

GdnHCI maintain agsi] state. Single colonies restreaked from plates containing only 5

UM TA or 200 uM GdnHCI alone remain predominang@['] (figure 4.4).

Figure 4.4 Examining if cells cured by TA remain psi’] when grown on YPD.
Colonies on plate 1) were originally exposed to 200 uM GdnHCI al@heayere
exposed to 5 uM TA alone and 3) were treated with a combination Mf BAuand 200

UM GdnHCI. psi’] phenotypes were confirmed by mating and growth on —ade was
absent.
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For all plate assays described above, higher concentrations ofefd also
tested. 10 puM, 15 uM, 20 puM and 30 puM TA with 200 uM GdnHCI did not
significantly cure PS™] better than 5 uM TA (data not shown). Interestingly, it was
noted when comparing the effects of 20 uM TA + 0 uM GdnHCI and 20 AM Z00
UM GdnHCI, the latter caused much smaller single colonies, sugg@stombination

of GAnHCI and TA at these concentrations inhibits rapid cell growth.

4.2.2 6-aminophenanthridine cures PSI'] at relatively low concentrations in
combination with GdnHCI

Provisional curing experiments were performed for 6AP as for A smilar

results were observed (figure 4.5).

5 UM 6AP 200 pM GdnHCI 10 UM 6AP 200 uM GdnHCI

15 puM 6AP 200 puM GdnHCI 30 pM 6AP 200 pM GdnHCI

0 uM BAP 200 uM GdnHCI

Figure 4.5 Single colony assay to assess the curing ability of 6APlates were
incubated at 30°C for 72 hr. A range of 6AP concentrations were t@stsombination
with 200 uM GdnHCI. psi'] phenotypes were confirmed by mating and growth on —ade
was absent.
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Figure 4.5 illustrates the fact that 5 puM 6AP in combinatiorh \200 pM GdnHCI

cures PS*] as efficiently as 30 uM 6AP.

4.2.3 Guanabenz cures PSI'] at relatively low concentrations in combination
with GdnHCI

As for TA and 6AP, the ability of GA to cure yeaBf['] was assessed. Various
concentrations were analysed and again, relatively low concentwatienfound to cure

the prion as efficiently as higher concentrations. Figure 4.6 shwatsStpuM GA in

combination with 200 uM GdnHCI cureBYl '] as efficiently as 30 pM GA.
5 UM GA 200 pM GdnHCI 10 UM GA 200 uM GdnHCI
15 pM GA 200 pM GdnHCI 30 pM GA 200 pM GdnHCI

0 uM GA 200 pM GdnHCI

Figure 4.6 Single colony assay to assess the curing ability of GRlates were
incubated at 30°C for 72 hpd’] phenotypes were confirmed by mating and growth on
—ade was absent.
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4.3  Examining the ability of TA to cure prions in the absence of yeast growth

Regarding the mode of action of TA, one hypothesis was that TyAimhgbit
Hsp104p activity in a similar manner to GdnHCI. It has been denavedtthat active
cell growth is required for GdnHCI to cur®J*] (Byrne et al., 2007). Thus, the
requirement for cell division in TA curing oPS*] was assessed, to investigate if TA is
similar to GdnHCI in this respect. An experiment was desigiee test the curing
efficacy of TA in the absence of yeast growth (figure 4.7).

Three G600 cultures were set up, each containing fresh media, Gdn#iTA.
Cultures 1 and 2 were incubated at 30°C overnight and went through nineigasgrat
while culture 3 maintained at 4°C overnight only doubled once. Thesevestsplated
on YPD and colour was observed after 48 hr at 30°C. Colonies grown frameadtls
1 and 2 were approximately 40%si], while those from culture 3 were 100Rg"].
This demonstrated that growth is required for TA to c@@®], as although cultures
had been exposed to the drugs for the same amount of time, only lihahaé
underwent a considerable amount of growth becgrad.[Media was replenished in
culture 1 only and fresh drugs were added to all. Samples froncetohe were then
plated at three further time points. As culture 2 did not contagh freedia, efficient
growth did not occur as for culture 1 and this resulted in a lowetber of psi] cells.
Strikingly, the cells in culture 3 remained 100®S[] as during the experiment, cells
only progressed through one generation. Taken together, this resultgsr evidence

that similarly to GdnHCI, active growth is required for TA to exhibit curiffgots.

4.4  Curing curve analysis
As already stated, GdnHCI acts by inhibiting Hspl04p-mediatedn pri
propagation. In the absence of prion seed renewal, the propagatituta@ out over

subsequent generations (Eaglestetrad., 2000).
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G600 culture grown at 30°C for 3 generations
in presence of 200 uM GdnHCI

+20 UM TA
Media, GdnHCIl and TA Media, GdnHCl and TA Media, GdnHCl and TA
refreshed, 30°C overnight refreshed, 30°C overnight refreshed, 4°C overnight
9 generations overnight 9 generations overnight l generation overnight

Media, GdnHCI and TA refreshed GdnHCI andTA refreshed GdnHCI and TA refreshed
30°C 30°C 4°C

l 1 generation l 0.5 generation l Minimal growth

l 1 generation l Minimal growth l No growth

l 1 generation l No growth l No growth

Figure 4.7 Growth of cells is required for TA to cure PSI*]. Plates were incubated at
30°C for 72 hr. Experiment was performed as described in the above text.
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To investigate whether TA functions in a similar manner, angucurve technique was
employed. Unpublished work by Jonetsal. has demonstrated that 200 uM GdnHCI
alone is not sufficient to merit a similar effect to thaers in figure 4.8 and that for
similar data to be obtained, cells must be exposed to at least 3 mM GdnHCI alone.
Figure 4.8 illustrates that when cells are exposed to TA in c@tibn with
GdnHCI, after six generations the percentageP8f| cells begins to fall as cells begin
to be cured of the prion. After 11 generations the population is virtc@athpletely psi®
]- This raises the possibility that TA may be preventing prigplication rather than
abolishing prions, leaving the pre-existing prions to be diluted out twvey, in a
similar manner to GdnHCI. It must also be noted that there is nadeoaisle difference

in curing capacity between 20, 40 and 60 uM TA, as all give rigesimilar curing

curve.
Tacrine Curing Curve G600

120%

100% -
+ 80% —=— 20 pM + GdnHCI
2 60% - _+— 40 uM + GdnHCI
(=]
> 40% - —e— 60 pM + GdnHCI

20% -
0% I I I I I I I I I I

01 2 3 456 7 8 911
Generations

Figure 4.8 Curing curve depicting the percentage ASI] remaining after TA
exposure for 11 generations.

Although little is known about the mode of action utilised by TAucecyeast
prions, somewhat more is known about 6AP and GA. Unlike TA, both 6AP and GA
exhibit anti-prion activity against mammalian prions, in addition tasyeprions

(Tribouillard-Tanvieret al., 2008a, Tribouillard-Tanvieet al., 2008b). It has been
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% PSI+

shown that 6AP and GA inhibit ribosomal-mediated protein folding (TrilzwdH

Tanvieret al., 2008b), thus prion maintenance in the cell could be facilitata® .

If this is the case, 6AP- and GA-mediated prion curing maygoe/alent to GdnHCI
anti-prion activity in that both inhibit chaperone activity thatessential for prion
propagation.

Curing curve analysis was performed to examine the trend assbwidh [PS "]
curing by 6AP and GA. In figure 4.9 it can be seen that aftergenerations, all three
concentrations of 6AP begin to exhibit curing effects on G600. Bserlgenerations,
almost 80% of cells arg@$i’]. The 6AP curing curve is very different to that for TA as
there is a more rapid decrease in the percentag@f][cells remaining and the

decline occurs earlier in the drug exposure.

6AP Curing Curve G600

120%
100% -

80%
60%
40%

—8— 20 uM 6AP + GdnHCI
—— 40 puM 6AP + GdnHCI
—— 60 pM 6AP + GdnHCI

20%

0%\\\\\\\\\\\\
01 2 3 4 5 6 7 8 9 1011

Generations

Figure 4.9 Curing curve depicting the percentage HSI'] remaining after 6AP
exposure for 11 generations.

As for TA and 6AP, a curing curve was constructed to illustregpotency and
curing trend of GA. The GA curing curve is more similar ta fioa 6AP than TA, as

depicted by figure 4.10. Signs of GA activity are observed aftergenerations and the
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fall in percentage offS"] cells was rapid. At ten generations almost 80% of cells are

[psi].
GA Curing Curve G600
120% 20 UM GA
—-— M +
100% -
800/" | GdnHCI
5 o —a— 40 UM GA +
a 60% -
< o | GdnHCI
= A40% —e—60 UM GA +
20% 1 GdnHCI
0% I I I I I I I I I I

01 2 3 456 7 8 910

Generations

Figure 4.10 Curing curve depicting the percentageFSI’] remaining after GA
exposure for 10 generations.

45 Employment of [**C]-labelled GdnHCI to test the level of GdnHCI uptake

by S. cerevisiae

Joneset al. (2003) showed that increased sensitivity RSI[] curing by
GdnHCI can be a result of enhanced cellular uptake of the compoundiligésl (it'C]-
labelled GdnHCI with a view to analyse the effects of TA srufitake. This followed
the hypothesis that the ability of TA to enhance the effecGdnfHCI may be due to
the drug inducing a higher level of GdnHCI uptake. It was antetpthat over time,
the level of {*C] measured for the supernatant would fall and that for the dégit pe
would rise, representing GdnHCI uptake by the cells. In compéhrimgevels of }*C]-
labelled GdnHCI in the cell pellets and supernatants of wild-$yaéns 74D (discussed
in more detail later) and G600, no real differences were observeedretthe two
strains (figure 4.11). Over 75 min., the cellular concentration’6fJabelled GdnHCI

remained relatively constant, as did the concentration in both supernatants.
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Uptake of C14-GdnHCI

1400
% 1200 |
=
2 1000+
8 —e— 74D PSI+ Pellet
0:: 800 —=— 74D PSH Supernatant
g 600 - —a— G600 PSHH+ Pellet
©
= 400 —%— G600 PSH+ Supernatant
=

0 T T i T

0 25 50 75
Time (minutes)

Figure 4.11 Determination of the level of {'C]-labelled GdnHCI in 74D and G600
cultures. At the indicated intervals, samples were taken from culturets oadre
separated from supernatants and the level§'®f [n both were measured in triplicate.

The same procedure was carried out using mutant strains and vacighetion

times, including 24 hr. However, an increase in pellet readingeseming uptake of

GdnHCI was never observed.

4.6  Assessing if TA targets Hsp104p using a thermotolerance assay

Hspl04p plays an essential role in acquired thermotolerance (Saacbez
Lindquist, 1990). When yeast cells are exposed to high temperatureas&2?C,
Hspl04p activity allows cells to survive by resolubilising heatafged proteins
(Parsellet al., 1994). We used a well established thermotolerance assay te Huses
effects of drugs on Hspl04p, whereby cell survival represented foakctitsp104p
activity. Figure 4.12 depicts the ability of wild-type G600 to wiinst a temperature of
52°C in the presence of a variety of drug concentrations. Increalledeath occurs
with longer 52°C exposure times (A), when 3 mM GdnHCI is appligddagar, there
is significant cellular growth inhibition as Hspl04p activity is intabi (B), the
presence of 200 uM GdnHCI does not exhibit a significant effect dnlaze

thermotolerance (C), nor does 20 uM TA alone (D). A combination of 20rAMnd
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200 pM GdnHCI considerably inhibits the ability of cells to withdtahigh

temperatures, however not to the same extent as 3 mM GdnHCI (E).

A) YPD B) 3 mM GdnHCI C) 200 uM GdnHCI
———— ————— ——————
0 mins
10 mins
20 mins
30 mins
40 mins
52°C
D) 20 uM TA E) 20 uM TA + 200 uM GdnHCI

0 mins
10 mins
20 mins
30 mins
40 mins

Figure 4.12 The effect of TA and GdnHCI on G600 thermotoleranceG600 cells
were incubated at 39°C to induce Hspl04p expression to protect agaisstobleat
Cells were then incubated at 52°C for 0, 10, 20, 30 and 40 minutes and platB® on
containing GdnHCI and TA, as indicated above for comparative growtisanalates
above were incubated at 30°C for 48 hr.

The same experiment was carried out using G600 deletedSe104. Figure

4.13 represents the ability of G600 to grow at high temperaturesk®104 has been

deleted.
A) YPD B) 3 mM GdnHCI C) 200 uM GdnHCI
———— ————— ——————
0 mins
10 mins
20 mins
30 mins
40 mins
52°C
D) 20 pM TA E) 20 uM TA + 200 uM GdnHCI

0 mins
10 mins
20 mins
30 mins
40 mins

Figure 4.13 The effect of TA and GdnHCI on G60QAhspl04 thermotolerance.
G600Ahsp104 cells were incubated at 39°C and then at 52°C for 0, 10, 20, 30 and 40
minutes and plated on YPD containing GdnHCI and TA, as indicated above for
comparative growth analysis. Plates above were incubated at 30°C for 48 hr.
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Images A-E in figure 4.13 are all very similar. G68Bsp104 cells cannot
survive at 52°C for more than 10 min due to lack of ability to refold-teaiaged
proteins. Heat-shocked cells plated on YPD (A) exhibit the sawed bf growth as
wild-type treated with 3 mM GdnHCI, illustrated in the previous fguNo drug
concentrations give rise to differential phenotypes, possibly becallisabrogate
Hsp104p activity, which in this case is absent.

Further to this, additional thermotolerance assays were peddonavestigate

if higher levels of TA induced more pronounced effects (figure 4.14).

A) YPD B) 20 uM TA C) 20 UM TA + 200 pM GdnHCI
———— ———— ————
D) 50 uM TA E) 50 UM TA + 200 pM GdnHClI F) 100 pM TA

G) 100 UM TA + 200 pM GdnHCI

0 mins

10 mins

20 mins

30 mins

40 mins

0 mins

10 mins

520C 20 mins
30 mins

40 mins

0 mins
10 mins

20 mins

30 mins

40 mins

Figure 4.14 The effect of higher TA concentrations on G600 therntaerance.

G600 cells were incubated at 39°C and then at 52°C for 0, 10, 20, 30 and 40 minutes and
plated on YPD containing GdnHCI and TA, as indicated above for conygagaowth
analysis. Plates above were incubated at 30°C for 48 hr.

In comparing the effects of 20 uM, 50 uM and 100 uM TA alone (B,)D, F

there are no considerable differences in wild-type yeast gratmloes appear however

251



that in the presence of GdnHCI, 50 uM and 100 pM TA inhibit thermetater
somewhat more than 20 uM (C, E, G), but the difference is small.
The level of G60\hsp104 thermotolerance was also tested in the presence of

higher concentrations of TA, alone and combined with GdnHCI (figure 4.15).

A) YPD B) 20 uM TA C) 20 uM TA + 200 pM GdnHCI
——— —————— ——————
0 mins /
10 mins
20 mins
30 mins
40 mins
D) 50 upM TA E) 50 uM TA + 200 pM GdnHCI F) 100 uM TA

0 mins

10 mins

520C 20 mins

30 mins

G) 100 pM TA + 200 UM GdnHCl

40 mins

0 mins

10 mins

20 mins

30 mins

40 mins

Figure 4.15 The effect of higher TA concentrations on G600Ahspl104

thermotolerance. G600Ahsp104 cells were incubated at 39°C and then at 52°C for O,

10, 20, 30 and 40 minutes and plated on YPD containing GdnHCI and TA, as ihdicate

above for comparative growth analysis. Plates above were incubated at 30°C for 48 hr.
No differences in growth were observed between treatment withvg®0 uM

or 100 uM TA. This again suggests that TA may be targeting Hsp194pjta absence

no inhibition is induced.

4.7  Thermotolerance assay using 6AP
Thermotolerance assays using G600 and G&i§p104 were performed and

resultant cellular growth was assessed in the presence of ABABepicted by figure
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4.16, 20 uM 6AP alone does not affect G600 thermotolerance. Combined with 200 uM

GdnHCI, there is still no significant inhibition of growth.

A) YPD B) 3 mM GdnHCI C) 200 pM GdnHCI
0 mins
10 mins
20 mins
30 mins
40 mins
52°C
D) 20 uM 6AP E) 20 uM 6AP + 200 uM GdnHCI

0 mins
10 mins
20 mins
30 mins
40 mins

Figure 4.16 The effect of 6AP and GdnHCI on G600 thermotoleranc&600 cells
were incubated at 39°C and then at 52°C for 0, 10, 20, 30 and 40 minutes echamplat
YPD containing GdnHCI and 6AP, as indicated above for comparative gamatissis.
Plates above were incubated at 30°C for 48 hr.

Thermotolerance assays using G600 and G&ip104 were performed and
resultant cellular growth was assessed in the presence ofAG#milar result was

obtained for GA as for 6AP.

4.8 Assessing the effect ofHSP70-related mutations on the prion-curing
efficiency of TA, 6AP and GA

Disruption of the Hsp70p ATPase binding cycle, involving a number of co-
chaperones and NEFs as previously discussed, appears to impaipapagation
(Jones and Tuite, 2005). The ability of TA, 6AP and GA to cure stdefeted for
genes involved in the Hsp70p ATPase binding cycle was analysed. pdééhbsised
that if these drugs either directly or indirectly target ttysle, then treatingdSP70-

related mutants would exacerbate the prion-curing efficiency of the.drugs
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Drug spotting assays were designed whereby cells weradspvenly onto YPD
plates and drugs were spotted onto filter paper discs on platesntads, DMSO and 3
mM GdnHCI was also spotted onto plates. As GdnHCI presence isaeédar TA,
6AP and GA curing to be visualised, GdnHCI was added to the plates@ntrations
of 0, 200 and 500 pM.

Figure 4.17 demonstrates that TA alone has no visible effect mhype.
However, with increasing concentrations of GdnHCI within the growtkiamerA
curing can be seen. Conversely, TA alone has the ability to 8¥g [ells deleted for
STI1, CPR7 and the double mutant, and this is enhanced by the presence of GdnHCI. |
appears that the double mutant displays the most exacerbated effeng It is
therefore possible that TA could be affecting the Hsp70p ATPasengirjicle. It
could be the case that the deletion of Hsp70p co-chaperone geneshinatam with
cellular exposure to TA results in a greater impairment obthéing cycle, giving rise
to an enhanceg$§i’] phenotype.

It is clear from figures 4.18 and 4.19 that deletion of genes invalvate
Hsp70p ATPase binding cycle renders cells more susceptible taydwyirall three
drugs. All mutant strains tested, deficient in fully functional HspAUpase activity,
were cured by the drugs in the absence of GdnHCI. This cadrdsastically from
wild-type, which required the presence of GdnHCI to undelR§b'[ curing by any one
of the agents.

Additionally, it appears that GA possesses considerably weakegaapacity
than TA or 6AP. For each strain tested, the zone of curing reg@tom GA exposure
is smaller than that induced by either TA or 6AP. It must beiderexd however that

this may be specific to the G600 background strain.
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YPD 200 uM GdnHCI 500 pM GdnHCI

G600

Assal

&

Acpr7

Astil

Astil
Acpr7

Afesl

e <

Figure 4.17 Disc assay for Hsp70p-related mutants assessing theimg activity of
TA. The top left disc contains DMSO, the top right disc contains 3 niMH&! and
the bottom disc contains 10 mM TA. Plates above were incubated at 30°C for 72 hr.

255



YPD 200 uM GdnHCI 500 pM GdnHCI

G600

Assal

Acpr7

Astil

Astil

Acpr7

Afesl

Figure 4.18 Disc assay for Hsp70p-related mutants assessing theimg activity of
6AP. The top left disc contains DMSO, the top right disc contains 3 niMHEI and
the bottom disc contains 10 mM 6AP. Plates above were incubated at 30°C for 72 hr.
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YPD 200 uM GdnHCI 500 pM GdnHCI

G600

Assal

Acpr7

Astil

Astil
Acpr7

Afesl

Figure 4.19 Disc assay for Hsp70p-related mutants assessing theimg activity of

GA. The top left disc contains DMSO, the top right disc contains 3 noiMH&| and
the bottom disc contains 10 mM GA. Plates above were incubated at 30°C for 72 hr.
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4.9  Analysis of the G600 Hsp70p and Hspl04p expression levels ingesse to
TA, 6AP and GA exposure

Lahiri (1994) reported that TA does not induce a change in the lev3@fOp
in mammalian cell lines. Western blot analysis was performéuvestigate if the same
applies to yeast cells. The effects of TA, 6AP and GA on G6p@esgion of Hsp70p
and Hspl104p was assessed.

Figure 4.20 demonstrates that no detectable differences inviiie t¢ Hsp70p
and Hspl104p expression are induced by TA, 6AP or GA. Untreated G600 ezplress
same level of Hsp70p and HsplO4p as cells treated with GdnHCI alonén and

combination with the said drugs.

Equal load
amido black stain

Figure 4.20 Western blot representing the expression of Hsp70@Bgalp) and
Hspl04p in response to drug exposurel = untreated G600, 2 = G600 200 uM
GdnHCI exposure, 3 = G600 200 uM GdnHCI + 20 uM 6AP exposure, 4 = G600 200
UM GdnHCI + 20 uM GA exposure, 5 = G600 200 uM GdnHCI + 20 uM TA exposure,
6 = untreated G600, 7 = untreated GabDEP104.

4.10 Assessment of #SI™] instability in four mutant strains exhibiting ribosomal
imbalance
Using the yeastqS*] 74D-694 (74D) strain, it has been suggested that deletion
of YARL, LTV1, RPL8A and RPL8B confers yeast ribosomal imbalance aR8l[]
instability (M. Blondel, personal communication). Wild-type 74D deléfmdthese
genes were plated on YPD. Figure 4.21 depicts the spontanaeous appedrpsi |

colonies in the strains deleted fv&R1 andLTV1, but notRPL8SA or RPL8B.
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Figure 4.21 Plates depicting PSI™] instability in Altvl and Ayarl strains. 1) Top =
74D, left =Ayarl, right = Altvl. 2) Top = 74D, left =Arpl8b, right = Arpl8a. Plates
were incubated at 30°C for 48 hr.

4.11 Investigation into the importance of ribosomal subunit balanceri [PSI’]
curing by TA, 6AP and GA

6AP and GA exposure has been reported to stabilise the weak pryarih
Altvl, Arpl8a and Arpl8b (M. Blondel, personal communication). The effects of TA,
6AP and GA onPS "] in these mutant strains was assessed using disc assays.

In figures 4.22-4.24, the pinker colonies of the mutant strains wiluleeto the
effects of the absence MARI/LTVI/RPLSA/RPLSB on [PS*]. Firstly, figure 4.22
confirms that TA possesses the capacity to cB&'] in this 74D strain. The mutant
that cures most similarly to wild-type under TA exposurayiar1l. The curing patterns
of Arpl8a and Arpl8b also resemble that of 74ltvl however does not appear to
undergo PS*] curing to the same extent as the other strains. Rather than erthanc
curing induced by TA, the higher GdnHCI concentration appears toseephe

conversion of cells to afi] state.
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200 pM GdnHCI 500 uM GdnHCI

N . . .
o . . .
N . . .

Figure 4.22 Disc assay for ribosome mutants assessing the curindinaty of TA.
The top left disc contains DMSO, the top right disc contains 3 @dviHC| and the
bottom disc contains 10 mM TA. Plates were incubated at 30°C for 72 hr.

Altvl

Arpl8b

Figures 4.23 and 4.24 demonstrate the ability of 6AP and GA ® tbese

mutants in the 74D background strain.
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YPD 200 uM GdnHCI 500 pM GdnHCI

74D

. . .
o . .
Arpl8b

Figure 4.23 Disc assay for ribosome mutants assessing the cgriactivity of 6AP.
The top left disc contains DMSO, the top right disc contains 3 GdviHCI and the
bottom disc contains 10 mM 6AP. Plates were incubated at 30°C for 72 hr.

Figure 4.23 demonstrates that 6AP also possesses the capaaity St'] in

the 74D strain. As for TAAyarl, Arpl8a andArpl8b all display a similar curing pattern

to wild-type under 6AP exposure, while that fdtvl is quite different. It appears that

6AP has even less of 8§"] curing effect onAltvl than TA, as the curing zones are

considerably smaller and less red.
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200 pM GdnHCI 500 uM GdnHCI
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Figure 4.24 Disc assay for ribosome mutants assessing the curindiaty of GA.
The top left disc contains DMSO, the top right disc contains 3 GdviHCI and the
bottom disc contains 10 mM GA. Plates were incubated at 30°C for 72 hr.

Ayarl

Figure 4.24 suggests that GA overall does not possess the tbiitye PS*]
to the extent that TA or 6AP do, in the 74D background. All curing z@res
significantly smaller. However, a similar conclusion can bewdr from the GA disc
assay as for TA and 6AP. Yet again, all strains exhibit siradang patterns, with the

exception ofAltvl.
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Taking all three disc assays into account, it appears that rilabsomalance
does not exaggerate curing induced by these drugs, as was stenHasp70p-related
mutants. Also, these results support the previously described work that demdnk&ate
ability of prion-curing drugs to stabilise the prion in these mutsinains. In
combination with increasing levels of GdnHCI, TA, 6AP and GA all apg to

display an agonistic effect oRE"].

4.12 74D, Ayarl and Altvl thermotolerance assays

Inhibition of both Hsp104p and ribosomal-mediated protein folding are believed
to cure PS"] (Chernoffet al., 1995, Eaglestone al., 2000, Tribouillard-Tanvieet al.,
2008b). Thus, chaperone activity displayed by Hsp104p and the ribosome appear t
involved in prion propagation and®@*] maintenance. To address the question of
whether Hspl104p and ribosomal chaperone activity overlap in relatiooqtored
thermotolerance, thermotolerance assays were performed Aissp@04 the mutants
exhibiting ribosomal imbalance. Figure 4.25 illustrates 74D thernratwde in the

presence of GAnHCI and TA.

A) YPD B) 3 mM GdnHCI C) 200 UM GdnHClI
—— —

0 mins

10 mins

20 mins

30 mins

40 mins

52°C

D) 20 uM TA E) 20 UM TA + 200 uM GdnHCI

0 mins

10 mins

20 mins

30 mins

40 mins

Figure 4.25 The effect of TA and GdnHCI on 74D thermotoleranceCells were
incubated at 39°C to induce Hspl04p expression to protect against heatshitsck. Cel
were then incubated at 52°C for 0, 10, 20, 30 and 40 minutes and plated on YPD
containing GdnHCI and TA, as indicated above for comparative growtisanalates
above were incubated at 30°C for 48 hr.
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74D is somewhat less tolerant to heatshock than G600, as there iButar ce
survival after exposure to 52°C for 40 min (A). Besides that, sinafects on
thermolerance are induced by TA on 74D as seen for G600. 3 mM GdnHCI
significantly inhibits thermotolerance (B), while 20 uM TA and 200 GdnHCI alone
and do not obviously affect thermotolerance (C, D). However, exposura to
combination of the two results in a slight decrease in growén héatshock, although
this is not as pronounced as was observed for G600 (E).

As was observed for G608hspl04, 74D deleted for thédSP104 gene (A)
displayed a similar level of thermotolerance as wild-typposed to 3 mM GdnHCI

(figure 4.26).

A) YPD 3 mM GdnHCI ) 200 uM GdnHCI
0 mins
10 mins
20 mins
30 mins
40 mins
52°C
D) 20 uM TA E) 20 uM TA + 200 pM GdnHCI

0 mins
10 mins
20 mins
30 mins
40 mins

Figure 4.26 The effect of TA and GdnHCI on 74DAhsp104 thermotolerance. Cells
were incubated at 39°C to induce HsplO4p expression to protect agaissiobleat
Cells were then incubated at 52°C for 0, 10, 20, 30 and 40 minutes and plate® on
containing GdnHCI and TA, as indicated above for comparative growtysamalates
above were incubated at 30°C for 48 hr.

Further to this, no significant inhibition in thermotolerance was indiueg drug
treatment (B-E).

Moreover, we wanted to investigate the 7ABsp104 level of thermotolerance

after 52°C exposure during shorter intervals. Thus we plated catishbeked for 0, 2,
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4, 6, 8 and 10 min. Additionally, the effect on thermotolerance of higmeeotrations

of TA were also assessed, as shown in figure 4.27.

| A) YPD | B) 200 pM GdnHCI
0 mins
2 mins
4 mins
6 mins
8 mins
10 mins
C) 20 uM TA D) 20 uM TA + 200 puM GdnHCI
0 mins
2 mins
520C 4 mins
6 mins
8 mins
10 mins
E) 100 uM TA F) 100 uM TA + 200 pM GdnHCI
0 mins
2 mins
4 mins
6 mins
8 mins
10 mins

Figure 4.27 The effect of higher TA concentrations on 74DAhspl04
thermotolerance. Cells were incubated at 39°C to induce HsplO4p expression to
protect against heatshock. Cells were then incubated at 52°C for 6, 8, 40 minutes
and plated on YPD containing GdnHCI and TA, as indicated above for catmpar
growth analysis. Plates above were incubated at 30°C for 72 hr.

As depicted in the figure above, 100 uM TA in combination with 200 uM
GdnHCI (F) does not inhibit thermotolerance any more than 20 pMvitA GdnHCI
does (D). The same figure illustrates that is it only &tetin at 52°C that cells begin to
lose the ability to withstand the high temperature.

It can be seen in figure 4.28 that in the absentddl, 74D does not exhibit as
high a degree of thermotolerance as wild-type (A). 3 mM Gdnlf@lfecantly inhibits

the growth of thisAltvl (B), and in fact hinders the thermotolerance of this strain more

than Ahspl04. Interestingly, Altvl displays a higher level of thermotolerance than
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Ahspl04 when untreated, but thermotolerance inhibition by 3 mM GdnHCI is more

acute inAltvl thanAhspl104.

A) YPD B) 3 mM GdnHCI C) 200 uM GdnHCI
—— ———— ———
0 mins
10 mins
20 mins
30 mins
40 mins
52°C
D) 20 uM TA E) 20 uM TA + 200 pM GdnHCI

0 mins

10 mins

20 mins

30 mins

40 mins

Figure 4.28 The effect of TA and GdnHCI on 74DAltvl thermotolerance. Cells
were incubated at 39°C to induce HsplO4p expression to protect agaissiobleat
Cells were then incubated at 52°C for 0, 10, 20, 30 and 40 minutes and plate® on
containing GdnHCI and TA, as indicated above for comparative growtysaalates
above were incubated at 30°C for 48 hr.

As illustrated in figure 4.29, the double mutakitvlAhspl04 is unable to

survive after 10 min 52°C heatshock.

A) YPD B) 3 mM GdnHCI C) 200 pM GdnHCl

—————— ————— ——
0 mins
10 mins
20 mins
30 mins
40 mins

o
52°C D) 20 uM TA E) 20 uM TA + 200 uM GdnHCI

0 mins
10 mins
20 mins
30 mins
40 mins

Figure 4.29 The effect of TA and GdnHCI on 74D\Itvl1Ahspl04 thermotolerance.
Cells were incubated at 39°C to induce Hsp104p expression to protest dgatshock.
Cells were then incubated at 52°C for 0, 10, 20, 30 and 40 minutes and plate® on
containing GdnHCI and TA, as indicated above for comparative growtysamlates
above were incubated at 30°C for 48 hr.
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In figure 4.30 it can be seen thatarl appears to be hypersensitive to extreme
temperatures (A), much moreso thaltvl. With the exception of exposure to 3 mM
GdnHCI (B), all other treatments seem to affect cell grogutibe similarly (C-E). The

naturally low level ofAyarl thermotolerance is highly repressed by 3 mM GdnHCI.

A) YPD B) 3 mM GdnHCl C) 200 uM GdnHCl
———— ————

0 mins

10 mins

20 mins

30 mins

40 mins
52°C
D) 20 uM TA E) 20 uM TA + 200 uM GdnHCI
0 mins
10 mins

20 mins

30 mins

40 mins

Figure 4.30 The effect of TA and GdnHCI on 74DAyar1 thermotolerance. Cells
were incubated at 39°C to induce Hspl04p expression to protect agaisstobleat
Cells were then incubated at 52°C for 0, 10, 20, 30 and 40 minutes and plxtB® on
containing GdnHCI and TA, as indicated above for comparative growtisanalates
above were incubated at 30°C for 48 hr.

Interestingly, it appears from figure 4.31, that in generals ggbw better when
HSP104 is deleted in theAyarl strain. WhileAyarl does not grow after 10 min.
incubation at 52°CAyar1Ahspl04 does (A).Ayar1Ahspl04 also grows better than
Ayarl under 3 mM GdnHCI exposure (B). A similar result was obtainedcétis
exposed to 20 uM TA and 200 uM GdnHCI after heatshock, as the doublat muta

consistently grew more strongly thayarl (C-E). From this, there appears to be a

positive genetic effect from the deletionkd®&104 in Ayar 1.
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A) YPD B) 3 mM GdnHClI C) 200 pM GdnHClI

——— ———————
D) 20 uM TA E) 20 uM TA + 200 pM GdnHCI

Figure 4.31 The effect of TA and GdnHCI on 74D\yar 1Ahsp104 thermotolerance.
Cells were incubated at 39°C to induce Hsp104p expression to protiest dgatshock.
Cells were then incubated at 52°C for 0, 10, 20, 30 and 40 minutes and plate® on
containing GdnHCI and TA, as indicated above for comparative growtysalates
above were incubated at 30°C for 48 hr.

0 mins

10 mins

20 mins

30 mins

40 mins

52°C

0 mins
10 mins

20 mins

30 mins

40 mins

4.13 Assessing the effects ofAR1 and LTV1 deletion on heatshock recovery in
yeast

Luciferase assays were performed to investigate how the abseht®1 and
YARL effects yeast chaperone function. As chaperone activity, parli that of
Hsp104p, is essential in facilitating cellular recovery afteatsteock, this particular
aspect of chaperone function was examined.

pDCM90 is aURA3-based plasmid containing a gene for expression of a
thermolabile bacterial luciferase and was used as a repedtr allowing analysis of
luciferase protein function after heatshock. Decanal is a sid$tr bacterial luciferase
and upon reaction light is emitted, which can can be measured ufingreometer.
pDCM90 was transformed into strains used in this assay, which ioreultere
subsequently incubated at 37°C to induce heatshock protein expressioerasecif
activity was measured at this point and taken to represent fudlipradtivity. Cultures
were then exposed to 45°C to subject the cells to heatshock condiftensylach
luciferase activity was measured again. Cells were incubat2sP@ to allow recovery

and luciferase activity measurements were taken at regular intervals.
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% Recovery

Figure 4.32 shows the rate at which luciferase activity recawess time after
heatshock, reflecting the ability of chaperone proteins to refold tase#einto its
functional state. In the absenceldiVv1, luciferase activity recovers more rapidly, while
recovery is fastest in theyar1 strain. This suggests that deletiorLdV1 andYARL has
a positive effect on the chaperone protein activity and the abilityeast cells to
efficiently recover after thermostress. Cells deletedH8P104 are unable to recover
luciferase function efficiently as Hspl04p plays an important nole yeast
thermotolerance (Sanchez and Lindquist, 1990). As the absericEvafand YARL
have positive effects on luciferase activity recovery, it wagipated that deletion of
these genes in thehspl04 backgound would assist in compensating for the lack of
Hsp104p, however this did not occur. Disruption of bbii/1 and YARL function
appears to exacerbate the inability Afspl04 heatshock recovery. Althoughyarl
chaperone activity recovered most rapidly, thatAgdr1Ahspl04 was the slowest to

recoverAltvl recovered second fastest axit/1Ahspl04 recovered second slowest.

Luciferase Assay
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200% A 074D

B ALTV1

0 AYAR1

B A104

O ALTV1A104
E AYAR1A104
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Figure 4.32 Luciferase assay for 74D andSP104, LTV1 and YARL deletion strains.
Student t-test determined that when comparing control and mutant stcaivery
readings, p<0.05 for all butitvl at 30, 90 and 120 mimnAyarl at 30 and 90 min. and
AltvlAhspl04 at O min.
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4.14 Analysis of 74D sensitivity to temperature change

Acquired thermotolerance assays performed suggested diffeienG&90 and
74D ability to grow at high temperatures. Comparative growth analysesareied out
and cells exposed to 30°C, 37°C and 39°C were analysed (figure 4.33).VEhiede
that at 37°C, 74D growth begins to falter. Although G600 grows waB%t, it appears
that 74D does not grow at all. It can thus be concluded that 74ibssasitially more

temperature sensitive (TS) than G600.
30°C 37°C 39°C
— — [
G600
74D

Figure 4.33 Comparative growth analysis of G600 and 74D on YPD at 30°C, 37°C
and 39°C.Plates above were incubated at the indicated temperature for 48 hr.

4.15 Identification of 74D single nucleotide polymorphisms (SNPsand possible
implications for temperature sensitivity

Next generation sequencing was performed to obtain data thatawoggunt for
the high level of 74D temperature sensitivity. The genome sequen@dDbfwas
retrieved and compared to the referenSe cerevisae sequenced strain S288C
(Fitzpatrick et al., paper currently under review). Approximately 25,500 high quality
SNPs were identified in strain 74D, equating to approximately 5,500 ymamgmous
amino acid changes. A complete summary list of 74D SNPs, witbsponding amino

acid changes, are shown in table 4.1.
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Table 4.1 SNPs identified in 74D compared to reference strai$288C and
corresponding amino acid changes.Gene information was obtained from

www.yeastgenome.orGGD).

Chromosome Size ORFs Total SNPs  Non- synonymous
(bp) number in amino acid changes
of SNPs ORFs
I 230,208 117 923 559 200
Il 813,178 456 1443 955 309
1 316,616 183 614 306 122
v 1,531,919 836 2243 1380 482
\% 576,869 324 1156 590 193
VI 270,148 141 507 245 86
Vil 1,090,947 583 2611 1588 627
VI 562,643 321 1678 1080 386
IX 439,885 241 1907 1065 383
X 745,741 398 1284 808 310
Xl 666,454 348 1925 1117 365
XII 1,078,175 578 1752 1118 342
X1 924,429 505 1533 978 368
XIV 784,333 435 1846 1147 411
XV 1,091,289 598 2619 1659 566
XVI 948,062 510 1584 1007 361
mito 85,779 28 212 67 5
Totals 12,070,898 6,602 25,837 15,669 5,516

Many SNPs that led to non-synonymous changes were identifiellajmerone
and cochaperone proteins, as described in table 4.2. The extremeatenepsznsitivity
of 74D may be attributed to all or some of these mutations.

Table 4.2 Missense mutations in chaperone and cochaperones irogted in prion
propagation. Gene functions were obtained from www.yeastgenom¢(EP).

Gene Biological function? Chromosomal SNP Non-

name position(s) synonymous
change(s)

SSAL ATPase involved in protein 141,186 A83G

folding and nuclear localization
signal (NLS)-directed nuclear
transport; member of heat shock
protein 70 (Hsp70) family;
forms a chaperone complex with
Ydj1; localized to the nucleus,
cytoplasm, and cell wall
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HSF1 Trimeric heat shock
transcription factor, activates
multiple genes in response to

stresses that include
hyperthermia; recognizes
variable heat shock elements
(HSESs) consisting of inverted
NGAAN repeats;
posttranslationally regulated

CPR7 Peptidyl-prolyl cis-trans
isomerase (cyclophilin),
catalyzes the cis-trans
isomerization of peptide bonds
N-terminal to proline residues;
binds to Hsp82 and contributes
to chaperone activity

YDJ1 Protein chaperone involved in
regulation of the Hsp90 and
Hsp70 functions; involved in
protein translocation across
membranes; member of the
DnaJ family

APJ1 Putative chaperone of the
HSP40 (DNAJ) family;
overexpression interferes with
propagation of theHS*] prion
STI1 Hsp90 cochaperone, interacts
with the Ssa group of the
cytosolic Hsp70 chaperones;
activates the ATPase activity of
Ssal; homolog of mammalian
Hop protein

SSE1  ATPase that is a component of
the heat shock protein Hsp90
chaperone complex; binds
unfolded proteins; member of
the heat shock protein 70
(Hsp70) family; localized to the
cytoplasm
HSP82  Hsp90 chaperone required for
pheromone signaling and
negative regulation of Hsf1;
docks with Tom70 for
mitochondrial preprotein
delivery; promotes telomerase
DNA binding and nucleotide
addition

369,170
369,356
369,366
369,603
369,669
369,884
370,320
370,350
370,644
370,650
370,740
371,247

491,334
491,782

507,059
506,921
506,907

482,040
482,961

381,777

350,651

97,732

D139N
F201L
T204M
N283S
S305I
Q377K
S522F
P532L
W630L
N632S
S662W
A831V

S87L
L237F

P14S
P60S
D64E

K217E
D524N

K242R

G541A

N298K
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4.16 Exploration for genes that confer 74D thermotolerance

A high-copy plasmid screen was carried out in an attempt tdifiggenes that
when overexpressed confer increased thermotolerance to 74D andnoeethe
extreme temperature sensitivity exhibited by the strain. ddagy yEP13 plasmids
were transformed into 74D and cells were grown at 39°C. Tranafds were isolated
that possessed the ability to grow at this temperature, as illustratgdrin4.34.

30°C 39°C

G600 pRS315W
74D pRS315

Plasmid 2-1

Plasmid 2-2

Plasmid 2-3

G600 pRS315 @
74D pRS315 |
Plasmid 2-4

Plasmid 2-5
Plasmid 3-1

G600 pRS315é
74D pRS315 |

Plasmid 3-2
Plasmid 3-3

Plasmid 3-4
Plasmid 3-5

Figure 4.34 Comparative growth analysis representing strains thatetain the
capacity to survive at 39°C as a result of high-copy plasmi&lates were incubated at
30°C for 48 hrTen strains transformed with high-copy plasmids demonstratéyabili
grow at 39°C, unlike 74D.

The transformants that grew well when containing the high-copy yER% 6l

were isolated and the plasmids were extracted. These plaseldsAgowa sequenced

to determine what genes they contained. The plasmids were sedUemt the ends
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inwards to obtain sequence data for the fragment of interest qotagraid, results for

which are illustrated in figure 4.35.

Plasmid 2-1
LUTPIY Mrc2 CHP2 FEL#97c FELWP6CH CHPI Fii2 Fiiiz2
Plasmid 2-2
HACI FFLAI2W AGXT FFLOIICACARKT CAFI6
—- H I
Plasmid 2-3
MRPLI6 TFECT FBRI2W ARS2I6 PTC4
—
Plasmid 3-2
SEC2T MRM2 RPLIB PCLIG
Plasmid 3-3
ASTY FBLOGE A PRS4 UBPIZ SEFT
Plasmid 3-4
MMMI FLAGOH-A ARSTI2HT SPO7S GRC3
—- R = f—=
Plasmid 3-5

AROZG  STPX

— T

Figure 4.35 Genes encoded that when overexpressed may contribuie the
abolition of 74D temperature sensitivity.
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As illustrated in figure 4.35, there is no overlap of genes thataappesncode
products that overcome temperature sensitivity. Each plasmidc whguenced was
found to contain a different variety of genes. This suggests thatethperature
sensitivity of 74D is complexely attributed to a range ofdectDue to the diversity of

plasmid sequencing results, no further work could be carried out.

4.17 Comparative expression analysis of heat-shock proteins producdyy G600
and 74D using Western Blot analysis

Western blot analysis was carried out to compare the levelssp7(p and
Hspl104p expressed by G600 and 74D. The effects of 1 hr. 37°C and 39°C exposures on

protein expression were also analysed (figure 4.36).

Hsp70p

Hspro4p. [N

el v O o e o

coomassie stain

Figure 4.36 Western blot illustrating the expression of Hsp70pSsalp) and
Hsp104p in response to increased temperatures.= G600Ahsp104 30°C incubation,
2 = G600 30°C incubation, 3 = G600 30°C incubation 37°C last 1 hr, 4 = G600 30°C
incubation 39°C last 1 hr, 5 = 74ihsp104 30°C incubation, 6 = 74D 30°C incubation,
7 = 74D 30°C incubation 37°C last 1 hr, 8 = 74D 30°C incubation 39°C last 1 hr.

Figure 4.36 demonstrates that 74D expresses a lower basalfleeth Hsp70p
and Hspl04p than G600. When heat-shock proteins are induced by elevated
temperatures, both strains produce an augmented level of both Hsp70ppdifdhp It
appears that under incubation at higher temperatures G600 expneseddsp70p than

74D, and a similar level of Hsp104p.
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Section 2: Investigation into the yeast global exgssional response to

the prion-curing agent Tacrine
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4.18 Investigation into the global expressional response @&. cerevisiae to TA
exposure

In order to further understand the way in which yeast respond to the prion-curing
drug TA, we assessed the global transcriptional and proteomic respenggloying
RNA sequencing and two-dimensional gel electrophoresis techniques. v&nbave
shown that in wild-type cells, TA requires the presence of Gdnéldduce an effect,

the cellular response to GdnHCI alone and in combination with TA was explored.

4.18.1 Using transcriptomics to assess th8. cerevisiae response to TA
RNA sequencing analysis was carried out on G600 cells and daiaeabtvas
compared
1. From untreated samples
2. From samples treated with 200 uM GdnHCI for 14 generations

3. From samples treated with 200 uM GdnHCI + 20 uM Tacrine for 14 generations
and

4. From untreated samples

5. From samples treated with 200 uM GdnHCI + 20 uM Tacrine for 1 hr

6. From samples treated with 200 uM GdnHCI + 20 uM Tacrine for 3 hr
As for the gliotoxin response data, for each treatment, genesfwgtrgrouped into
those upregulated and downregulated, and then sub-grouped depending on their fold
change. Genes that displayed >2-fold increase or decrease es®aprwere further
assessed. Genes were assigned gene ontology (GO) Idemwtileesive of the gene
function and most were designated more than one GO Identity duoeltiple functions.
Go identities are listed in table 3.4.

Thus, each gene was categorised respective to its biological aedutaolfunctions,
in addition to the cellular component affected by the expression afethe. Analysis

was then carried out to determine the most common GO Identtiesath category,
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associated with genes that have >2-fold up- or downregulation in resforeseh

treatment.

4.18.1.1 Analysis of the effect of 200 uM GdnHCI exposure for 14 generations on
yeast cells

When yeast cells were treated for 14 generations with 200G@NHCI, 134
genes were upregulated in excess of 2-fold, 23 of them more trdd. 3175 genes
were downregulated more than 2-fold, 542 of these over 3-fold. The didpalew
illustrate the cellular components, molecular functions and biologicatesses
stimulated or repressed by GdnHCI exposure and the percentagésl changes they
represent.

Summary of the overall effects of gene uprequlation on cells

Figures 4.37-4.39 llustrate the overall effects on cells inducedydmes

upregulated more than 2-fold in response to 200 uM GdnHCI exposure.

vacuole 171
site of polarized growth 7m 2.17
ribosome AR RN RRRY552
plasma membranei 2.21
peroxisomeii 0.15
other 7:3 0.61
nucleus AR AR R RN R LR L NN LN N LN 1570
nucleolus AR SR %5350
mitochondrion FA RS W % %%14.80
mitochondrial envelope 7S] 0.80
microtubule organizing center 7 1.18
membrane FR R RSN RRRRL%] 7,89
membrane fraction %% 2,55
extracellular region 73 0.30
endoplasmic reticulum RRRRN4.30
endomembrane systerr; 3.24
cytoskeleton 7 2.48
cytoplasmic membrane-bounded ves icléB 0.91
cytoplasm P L R L R L L UL R S LR LU R LR U SN RN %3010
chromos ome’ 3.05
cellular bud S%92.06
cellwall %1164
cell cortex 7& 1.26
Golgi apparatus 7 1.87

Cellular Component

0 5 10 15 20 25 30 35
% Total Expression

Figure 4.37 The percentage of each cellular component category (2001 GdnHCI

14 generation upregulated genes)Genes upregulated more than two-fold were
assigned cellular component categories. The number of genes ircaagbry was
expressed as a percentage of the number of total genes.
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Mbolecular Function
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Figure 4.38 The percentage of each molecular function category (200 p&UnHCI

14 generation upregulated genes)Genes upregulated more than two-fold were
assigned molecular function categories. The number of genes incategory was
expressed as a percentage of the number of total genes.
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Figure 4.39 |he percentage of each biological process category (48 GdnHCI

14 generation upregulated genes)Genes upregulated more than two-fold were
assigned biological process categories. The number of geneshncagegory was
expressed as a percentage of the number of total genes.

279



The five biological processes, molecular functions and assoctztadlar
components most highly stimulated by 200 uM GdnHCI were further grolpede

are illustrated in figures 4.40-4.42.

Cellular Components
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700 A :::::::::
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500
400
300
200
100 ~

increase in transcription

Number of genes with >2-fol

nucleus membrane ribosome mitochondrion

Associated Component

Figure 4.40 The five associated cellular components most highlypregulated by
exposure to 200 uM GdnHCI for 14 generations.
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Figure 4.41 The five molecular functions most highly upregulatedtby exposure to
200 pM GdnHCI for 14 generations.
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Biological Processes

S 300
a4 S

A = 2501
£

2 § 200
8

= 150
g <

S @ 1001
g0

£ 2 507
R

0

RNA metabolic transport translation ribosome cell cycle
process biogenesis
Process

Figure 4.42 The five biological processes most highly upregulated lexposure to
200 uM GdnHCI for 14 generations.

Table 4.3 lists the fifty individual genes, and their respediivetions, that
underwent the highest increase in transcription in response to 200 uM GdnHCI.
Table 4.3 The fifty genes most highly upregulated in response 200 uM GdnHCI

exposure for 14 generations. Gene functions were obtained from
www.yeastgenome.orGGD).

Gene Fold Change Gene Function
OLE1 10.73 Delta(9) fatty acid desaturase, requiredrfonounsaturated

fatty acid synthesis and for normal distribution of
mitochondria
MLS1 6.17 Malate synthase, enzyme of the glyoxylatee;yiavolved in
utilization of non-fermentable carbon sources; ezpion is
subject to carbon catabolite repression; localizes
peroxisomes during growth in oleic acid medium
1ZH4 6.17 Membrane protein involved in zinc ion homesistamember
of the four-protein 1ZH family, expression inducey fatty
acids and altered zinc levels; deletion reducesiteity to
excess zinc; possible role in sterol metabolism
IZH1 5.90 Membrane protein involved in zinc ion homesistamember
of the four-protein 1ZH family; transcription isgelated
directly by Zap1lp, expression induced by zinc deficy and
fatty acids; deletion increases sensitivity to ated zinc
FBP1 5.09 Fructose-1,6-bisphosphatase, key regulataynea in the
gluconeogenesis pathway, required for glucose roéai;
undergoes either proteasome-mediated or autophagy-
mediated degradation depending on growth conditions
interacts with Vid30p
PCK1 4.81 Phosphoenolpyruvate carboxykinase, key enizgme
gluconeogenesis, catalyzes early reaction in cadrake
biosynthesis, glucose represses transcription ecelerates
mMRNA degradation, regulated by Mcm1p and Cat8mtkxt
in the cytosol
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CUP1-1

CUP1-2

FDH1

SMF2

D23

PHOB89

ACC1

YARO35C-A

JEN1

ATO2

YAT1

MRPL38

YDLO12C

CEM1

ACH1

GDH3

IDP2

4.38

4.38

4.13

3.74

3.66

3.47

3.42

3.42

3.27

3.25

3.25

3.17

3.13

3.11

3.06

3.04

3.04

Metallothionein, binds copper and mediatestasce to high
concentrations of copper and cadmium; locus isabdyi
amplified in different strains, with two copies, €WU-1 and
CUP1-2, in the genomic sequence reference stré88G2
Metallothionein, binds copper and mediatestasce to high
concentrations of copper and cadmium; locus isabdyi
amplified in different strains, with two copies, €U-1 and
CUP1-2, in the genomic sequence reference stra&88G2
NAD(+)-dependent formate dehydrogenase, matgpt cells
from exogenous formate
Divalent metal ion transporter involved in manese
homeostasis; has broad specificity for di-valert ainvalent
metals; post-translationally regulated by levelsnetal ions;
member of the Nramp family of metal transport pircgte
One of two S. cerevisiae homologs (Sds23Sais®4p) of

the S. pombe Sds23 protein, which is implicated in
APC/cyclosome regulation; involved in cell sepamatiluring
budding
Na+/Pi cotransporter, active in early growhlage; similar to
phosphate transporters of Neurospora crassa; tiptea
regulated by inorganic phosphate concentrationsPdmudip
Acetyl-CoA carboxylase, biotin containing emzythat
catalyzes the carboxylation of acetyl-CoA to forralomyl-
CoA; required for de novo biosynthesis of long-chaitty
acids
Putative protein of unknown function; idertifiby gene-
trapping, microarray-based expression analysisgandme-
wide homology searching; predicted to have a noleeil
budding based on computational "guilt by assoaiétio
analysis
Lactate transporter, required for uptake cfae and
pyruvate; phosphorylated; expression is dereprasged
transcriptional activator Cat8p during respiratgrgwth, and
repressed in the presence of glucose, fructosemamtose
Putative transmembrane protein involved iroexpf
ammonia, a starvation signal that promotes celifdigsaging
colonies; phosphorylated in mitochondria; membehefTC
9.B.33 YaaH family; homolog of Ady2p and Y. lipaiga
Gprlp
Outer mitochondrial carnitine acetyltransferaminor
ethanol-inducible enzyme involved in transport ctiated
acyl groups from the cytoplasm into the mitochoadri
matrix; phosphorylated
Mitochondrial ribosomal protein of the largdanit; appears
as two protein spots (YmL34 and YmL38) on two-
dimensional SDS gels
Tail-anchored plasma membrane protein comgiai
conserved CYSTM module, possibly involved in resgoto
stress; may contribute to non-homologous end-jginin
(NHEJ) based on ydl012c htz1 double null phenotype
Mitochondrial beta-keto-acyl synthase withgilole role in
fatty acid synthesis; required for mitochondriapigation
Protein with CoA transferase activity, paraely for COASH
transfer from succinyl-CoA to acetate; has minat@eCoA-
hydrolase activity; phosphorylated; required foetate
utilization and for diploid pseudohyphal growth
NADP(+)-dependent glutamate dehydrogenas¢heyizes
glutamate from ammonia and alpha-ketoglutarate; ot
alpha-ketoglutarate utilization differs from GdhBxpression
regulated by nitrogen and carbon sources
Cytosolic NADP-specific isocitrate dehydrogemecatalyzes
oxidation of isocitrate to alpha-ketoglutarate;disvare
elevated during growth on non-fermentable carbamcas
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ALT1

MIR1

NPL3

YORO084W

ICL1

GLC3

AGP1

1ZH3

ADR1

DLD1

RPN4

REG2

YER185W

MSK1

FAA4

2.95

2.95

2.93

2.90

2.88

2.88

2.86

2.84

2.83

2.83

2.77

2.76

2.70

2.68

2.68

and reduced during growth on glucose
Alanine transaminase (glutamic pyruvic trarisase);
involved in alanine biosynthetic and catabolic p®ges; the
authentic, non-tagged protein is detected in highisfied
mitochondria in high-throughput studies
Mitochondrial phosphate carrier, imports iraonig phosphate
into mitochondria; functionally redundant with PcBut
more abundant than Pic2p under normal conditions;
phosphorylated
RNA-binding protein that promotes elongati@gulates
termination, and carries poly(A) mRNA from nucldas
cytoplasm; required for pre-mRNA splicing; dissdicia
from mRNAs promoted by Mtr10p; phosphorylated by Bk
in the cytoplasm
Oleic acid-inducible, peroxisomal matrix lazead lipase;
transcriptionally activated by Yrm1p along with gen
involved in multidrug resistance; peroxisomal intger
dependent on the PTS1 receptor, Pex5p and on self-
interaction
Isocitrate lyase, catalyzes the formationugtmate and
glyoxylate from isocitrate, a key reaction of tHgaxylate
cycle; expression of ICL1 is induced by growth dmamol
and repressed by growth on glucose
Glycogen branching enzyme, involved in glycoge
accumulation; green fluorescent protein (GFP)-fugimtein
localizes to the cytoplasm in a punctate pattern
Low-affinity amino acid permease with broablsttate range,
involved in uptake of asparagine, glutamine, amtoamino
acids; expression is regulated by the SPS plasmabname
amino acid sensor system (Ssyl1p-Ptr3p-Ssy5p)
Membrane protein involved in zinc ion homesistamember
of the four-protein 1ZH family, expression indudeg zinc
deficiency; deletion reduces sensitivity to eledatanc and
shortens lag phase, overexpression reduces Zatitjpyac
Carbon source-responsive zinc-finger trangorigactor,
required for transcription of the glucose-represpene
ADH2, of peroxisomal protein genes, and of gengsired
for ethanol, glycerol, and fatty acid utilization
D-lactate dehydrogenase, oxidizes D-lactapgytavate,
transcription is heme-dependent, repressed by giyand
derepressed in ethanol or lactate; located in ti@chondrial
inner membrane
Transcription factor that stimulates exprassibproteasome
genes; Rpndp levels are in turn regulated by tt® 26
proteasome in a negative feedback control mechaméin4
is transcriptionally regulated by various strespomses
Regulatory subunit of the Glc7p type-1 profgiosphatase;
involved with Reglp, Glc7p, and Snflp in regulatain
glucose-repressible genes, also involved in gluoodeced
proteolysis of maltose permease
Plasma membrane protein with roles in thekaptd
protoprophyrin IX and the efflux of heme; expressi®
induced under both low-heme and low-oxygen congjo
member of the fungal lipid-translocating exporteF)
family of proteins
Mitochondrial lysine-tRNA synthetase, requifedimport of
both aminoacylated and deacylated forms of tRNAJ ligt
mitochondria and for aminoacylation of mitochontyia
encoded tRNA(Lys)
Long chain fatty acyl-CoA synthetase, actisateported
fatty acids with a preference for C12:0-C16:0 cHairgths;
functions in long chain fatty acid import; importdar
survival during stationary phase; localized todipiarticles
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YLR162W

CRC1

IXR1

HTAl

SFC1

GCv1

RKI1

CYC1

COX7

Sy

OoDC1

NAB2

2.67

2.65

2.65

2.64

2.64

2.61

2.60

2.60

2.58

2.57

2.56

2.56

Putative protein of unknown function; overeegmion confers
resistance to the antimicrobial peptide MIAMP1
Mitochondrial inner membrane carnitine tramgro required
for carnitine-dependent transport of acetyl-CoAnfro
peroxisomes to mitochondria during fatty acid betatation
Protein that binds DNA containing intrastrandss-links
formed by cisplatin, contains two HMG (high molilgroup
box) domains, which confer the ability to bend asp-
modified DNA; mediates aerobic transcriptional ession of
COX5b
Histone H2A, core histone protein requireddaromatin
assembly and chromosome function; one of two nearly
identical subtypes (see also HTA2); DNA damage-ddpat
phosphorylation by Mec1p facilitates DNA repairefdated
by Nat4p
Mitochondrial succinate-fumarate transpottansports
succinate into and fumarate out of the mitochondrio
required for ethanol and acetate utilization
T subunit of the mitochondrial glycine decasjdase
complex, required for the catabolism of glycinet0-
methylene-THF; expression is regulated by levelewéls of
5,10-methylene-THF in the cytoplasm
Ribose-5-phosphate ketol-isomerase, catatiees
interconversion of ribose 5-phosphate and ributsse
phosphate in the pentose phosphate pathway; jpetes in
pyridoxine biosynthesis
Cytochrome c, isoform 1; electron carrierhaf t
mitochondrial intermembrane space that transfersteins
from ubiquinone-cytochrome c oxidoreductase to cytome
¢ oxidase during cellular respiration
Subunit VII of cytochrome ¢ oxidase, whichhe terminal
member of the mitochondrial inner membrane electron
transport chain
Sphingolipid alpha-hydroxylase, functionstia alpha-
hydroxylation of sphingolipid-associated very lartzain
fatty acids, has both cytochrome b5-like and
hydroxylase/desaturase domains, not essentiakdavth
Mitochondrial inner membrane transporter, etg?-
oxoadipate and 2-oxoglutarate from the mitochomamnetrix
to the cytosol for lysine and glutamate biosynthesid lysine
catabolism; suppresses, in multicopy, an fmcl muitation
Nuclear polyadenylated RNA-binding proteinuieed for
nuclear mMRNA export and poly(A) tail length controinds
nuclear pore protein Mlplp; autoregulates mRNA lgve
related to human hnRNPs; nuclear localization secgie
binds Kap104p

Summary of the overall effects of gene downrequlation on cells

Figures 4.43-4.45 llustrate the overall effects on cells inducedydmes

downregulated more than 2-fold in response to 200 uM GdnHCI exposure.
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Figure 4.43 The percentage of each cellular component category (2001 GdnHCI
14 generation downregulated genes¥senes downregulated more than two-fold were
assigned cellular component categories. The number of genes ircaagbry was

expressed as a percentage of the number of total genes.
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Figure 4.44 The percentage of each molecular function category (200 p&tnHCI

14 generation downregulated genes¥senes downregulated more than two-fold were
assigned molecular function categories. The number of genes incategory was
expressed as a percentage of the number of total genes.
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Figure 4.45 The percentage of each biological process category (200 GdnHCI

14 generation downregulated genesizenes downregulated more than two-fold were
assigned biological process categories. The number of geneshncategory was
expressed as a percentage of the number of total genes.

The five most transcriptionally repressed biological processeslecular

functions and associated cellular components are depicted in figures 4.46-4.48.
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Figure 4.46 The five associated cellular components most highlpwnregulated by
exposure to 200 uM GdnHCI for 14 generations.
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Figure 4.47 The five molecular functions most highly downregulate by exposure
to 200 uM GdnHCI for 14 generations.
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Figure 4.48 The five biological processes most highly downreguldtéy exposure

to 200 uM GdnHCI for 14 generations.

Table 4.4 lists the fifty individual genes, and their respedinvetions, that

underwent the most acute decrease in transcription in responsgdaeirétion 200 uM

GdnHCI exposure.

Table 4.4 The fifty genes most highly downregulated in respons® 200 pM
GdnHCI exposure for 14 generations. Gene functions were obtained from
www.yeastgenome.orGGD).

Fold Change

Gene Function

HXT4

ENO2

PGK1

RPS22A

TOHA

-58.90

-27.44

-25.37

-24.49

-23.82

-23.17

Plasma membrane H+-ATPase, pumps protonsf out
the cell; major regulator of cytoplasmic pH andspha
membrane potential; part of the P2 subgroup oboati

transporting ATPases
High-affinity glucose transporter of the oraj
facilitator superfamily, expression is induced ow!|
levels of glucose and repressed by high levels of
glucose
Enolase I, a phosphopyruvate hydratasecttatyzes
the conversion of 2-phosphoglycerate to
phosphoenolpyruvate during glycolysis and the rexver
reaction during gluconeogenesis; expression isdadu
in response to glucose
3-phosphoglycerate kinase, catalyzes tran$feigh-
energy phosphoryl groups from the acyl phosphate of
1,3-bisphosphoglycerate to ADP to produce ATP; key
enzyme in glycolysis and gluconeogenesis
Protein component of the small (40S) ribcslom
subunit; nearly identical to Rps22Bp and has shityla
to E. coli S8 and rat S15a ribosomal proteins
Forkhead Associated domain containing pnciad
putative transcription factor found associated with
chromatin; target of SBF transcription factor;
expression is periodic and peaks in G1; similar to
PLM2
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BSC1

YGR272C

PCL1

DCD1

EXG1

GPM1

INM1

HXK2

AAC3

PDC1

ARO7

CDC19

RPL33B

FBA1

FEN1

-21.17

-19.46

-19.44

-19.28

-18.74

-17.48

-16.58

-16.45

-16.07

-15.70

-15.43

-15.11

-14.71

-14.56

-14.09

Protein of unconfirmed function, similardell surface
flocculin Muclp; ORF exhibits genomic organization
compatible with a translational readthrough-depande
mode of expression
Essential protein required for maturatiod®6 rRNA;
null mutant is sensitive to hydroxyurea and is geta
in recovering from alpha-factor arrest; green
fluorescent protein (GFP)-fusion protein localizes
the nucleolus
Cyclin, interacts with cyclin-dependent lda@ho85p;
member of the Pcl1,2-like subfamily, involved ireth
regulation of polarized growth and morphogenes an
progression through the cell cycle; localizes tessof
polarized cell growth
Deoxycytidine monophosphate (ACMP) deaminase
required for dCTP and dTTP synthesis; expression is
NOT cell cycle regulated
Major exo-1,3-beta-glucanase of the cell,wal
involved in cell wall beta-glucan assembly; exists
three differentially glycosylated isoenzymes
Tetrameric phosphoglycerate mutase, mediages
conversion of 3-phosphoglycerate to 2-
phosphoglycerate during glycolysis and the reverse
reaction during gluconeogenesis
Inositol monophosphatase, involved in bitisgsis of
inositol and in phosphoinositide second messenger
signaling; INM1 expression increases in the presenc
of inositol and decreases upon exposure to antéuipo
drugs lithium and valproate
Hexokinase isoenzyme 2 that catalyzes
phosphorylation of glucose in the cytosol; predamin
hexokinase during growth on glucose; functionshim t
nucleus to repress expression of HXK1 and GLK1 and
to induce expression of its own gene
Mitochondrial inner membrane ADP/ATP tracslior,
exchanges cytosolic ADP for mitochondrially
synthesized ATP; expressed under anaerobic
conditions; similar to Pet9p and Aaclp; has rates i
maintenance of viability and in respiration
Major of three pyruvate decarboxylase iscaynkey
enzyme in alcoholic fermentation, decarboxylates
pyruvate to acetaldehyde; subject to glucose-netha
and autoregulation; involved in amino acid catabli
Chorismate mutase, catalyzes the conveodion
chorismate to prephenate to initiate the
tyrosine/phenylalanine-specific branch of aromatic
amino acid biosynthesis
Pyruvate kinase, functions as a homotetramer
glycolysis to convert phosphoenolpyruvate to
pyruvate, the input for aerobic (TCA cycle) or
anaerobic (glucose fermentation) respiration
Ribosomal protein L37 of the large (60Spsiiimal
subunit, nearly identical to RpI33Ap and has sintya
to rat L35a; rpl33b null mutant exhibits normal gtb
while rpl33a rpl33b double null mutant is inviable
Fructose 1,6-bisphosphate aldolase, reqtored
glycolysis and gluconeogenesis; catalyzes conversio
of fructose 1,6 bisphosphate to glyceraldehydeeddP
dihydroxyacetone-P; locates to mitochondrial outer
surface upon oxidative stress
Fatty acid elongase, involved in sphingdlipi
biosynthesis; acts on fatty acids of up to 24 castin
length; mutations have regulatory effects on 1&be
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YPLO33C

YORO051C

TKL1

TDH3

YBR238C

URA7

IMDA4

CLB2

RPS17B

PHM6

ALDS

SUR4

ANB1

FRM2

-13.93

-13.69

-13.23

-13.01

-12.56

-12.39

-12.26

-12.24

-12.10

-12.07

-11.93

-11.86

-11.78

-11.38

glucan synthase, vacuolar ATPase, and the secretory
pathway
Protein of unknown function; involved in végfion of
dNTP production; null mutant suppresses the lethali
of lcd1 and rad53 mutations; expression is induned
Kardp
Nuclear protein that inhibits replicationBrbme
mosaic virus in S. cerevisiae, which is a modetesys
for studying replication of positive-strand RNA w#es
in their natural hosts; deletion increases stopnood
readthrough
Transketolase, similar to Tkl2p; catalyzesversion
of xylulose-5-phosphate and ribose-5-phosphate to
sedoheptulose-7-phosphate and glyceraldehyde-3-
phosphate in the pentose phosphate pathway; needed
for synthesis of aromatic amino acids
Glyceraldehyde-3-phosphate dehydrogenasayise
3, involved in glycolysis and gluconeogenesis;
tetramer that catalyzes the reaction of glyceraldeh
3-phosphate to 1,3 bis-phosphoglycerate; detented i
the cytoplasm and cell wall
Mitochondrial membrane protein with simitgrio
Rmd9p; not required for respiratory growth but esus
a synthetic respiratory defect in combination with
rmd9 mutations; transcriptionally up-regulated by
TOR,; deletion increases life span
Major CTP synthase isozyme (see also URAS),
catalyzes the ATP-dependent transfer of the amide
nitrogen from glutamine to UTP, forming CTP, the
final step in de novo biosynthesis of pyrimidines;
involved in phospholipid biosynthesis
Inosine monophosphate dehydrogenase, casallye
first step of GMP biosynthesis, member of a founegge
family in S. cerevisiae, constitutively expressed
B-type cyclin involved in cell cycle progsém;
activates Cdc28p to promote the transition fromt&2
M phase; accumulates during G2 and M, then targeted
via a destruction box motif for ubiquitin-mediated
degradation by the proteasome
Ribosomal protein 51 (rp51) of the smallsj4€ubunit;
nearly identical to Rps17Ap and has similarityab r
S17 ribosomal protein
Protein of unknown function, expressioreigulated
by phosphate levels
Mitochondrial aldehyde dehydrogenase, instln
regulation or biosynthesis of electron transposiich
components and acetate formation; activated by K+;
utilizes NADP+ as the preferred coenzyme;
constitutively expressed
Elongase, involved in fatty acid and sphiipgt
biosynthesis; synthesizes very long chain 20-26aar
fatty acids from C18-CoA primers; involved in
regulation of sphingolipid biosynthesis
Translation elongation factor elF-5A, prexly
thought to function in translation initiation; silai to
and functionally redundant with Hyp2p; undergoes an
essential hypusination modification; expressed unde
anaerobic conditions
Protein of unknown function, involved in the
integration of lipid signaling pathways with celul
homeostasis; expression induced in cells treatéd wi
the mycotoxin patulin; has similarity to bacterial
nitroreductases
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RAX2

ALG12

RNR1

TPI1

ATX2

SPO19

RHR2

DTD1

YLR301W

TDH2

RADS53

HGH1

NRK1

CYB5

ERG25

-11.36

-11.36

-11.15

-10.97

-10.71

-10.71

-10.68

-10.56

-10.56

-10.51

-10.40

-10.40

-10.13

-10.02

-9.92

N-glycosylated protein involved in the mamance of
bud site selection during bipolar budding; locaia@a
requires Rax1p; RAX2 mRNA stability is regulated by
Mpt5p
Alpha-1,6-mannosyltransferase localizedh&ER;
responsible for the addition of the alpha-1,6 maeno
to dolichol-linked Man7GIcNAc2, acts in the dolidho
pathway for N-glycosylation
Major isoform of the large subunit of ribateotide-
diphosphate reductase; the RNR complex catalyzes
rate-limiting step in dNTP synthesis, regulated by
DNA replication and DNA damage checkpoint
pathways via localization of small subunits
Triose phosphate isomerase, abundant glycoly
enzyme; mRNA half-life is regulated by iron
availability; transcription is controlled by actieas
Reblp, Gerlp, and Raplp through binding sitesen th
5' non-coding region
Golgi membrane protein involved in manganese
homeostasis; overproduction suppresses the sod1
(copper, zinc superoxide dismutase) null mutation
Meiosis-specific prospore protein; requiteg@roduce
bending force necessary for proper assembly of the
prospore membrane during sporulation; identified as
weak high-copy suppressor of the spol-1 ts mutation
Constitutively expressed isoform of DL-glgale3-
phosphatase; involved in glycerol biosynthesis,
induced in response to both anaerobic and, alotlg wi
the Hor2p/Gpp2p isoform, osmotic stress
D-Tyr-tRNA(Tyr) deacylase, functions in piot
translation, may affect nonsense suppression via
alteration of the protein synthesis machinery;
ubiquitous among eukaryotes
Protein of unknown function that interactthvbec72p
Glyceraldehyde-3-phosphate dehydrogenasayrise
2, involved in glycolysis and gluconeogenesis;
tetramer that catalyzes the reaction of glyceraideh
3-phosphate to 1,3 bis-phosphoglycerate; detented i
the cytoplasm and cell wall
Protein kinase, required for cell-cycle siria
response to DNA damage; activated by trans
autophosphorylation when interacting with
hyperphosphorylated Rad9p; also interacts with ARS1
and plays a role in initiation of DNA replication
Nonessential protein of unknown functioredicted to
be involved in ribosome biogenesis; green fluoresce
protein (GFP)-fusion protein localizes to the
cytoplasm; similar to mammalian BRP16 (Brain
protein 16)
Nicotinamide riboside kinase, catalyzes the
phosphorylation of nicotinamide riboside and niaigti
acid riboside in salvage pathways for NAD+
biosynthesis
Cytochrome b5, involved in the sterol apétlli
biosynthesis pathways; acts as an electron donor to
support sterol C5-6 desaturation
C-4 methyl sterol oxidase, catalyzes the firstoée
steps required to remove two C-4 methyl groups from
an intermediate in ergosterol biosynthesis; mutants
accumulate the sterol intermediate 4,4-
dimethylzymosterol
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4.18.1.2 Analysis of the effect of 200 uM GdnHCI + 20 uM TA exposure fod4
generations on yeast cells

When yeast cells were treated for 14 generations with 200GdkHCI in
combination with 20 uM TA, 100 genes were upregulated more than 2-fold, and of
these, 12 more than 3-fold. 1363 genes were downregulated over 2-fold, 696 @f these
excess of 3-fold. The figures below illustrate the cellular mmments, molecular
functions and biological processes stimulated or repressed by@GanHA exposure

and the percentages of total changes they represent.

Summary of the overall effects of gene uprequlation on cells

Figures 4.49-4.51 depict the overall effects on cells induced by genes

upregulated more than 2-fold in response to 200 uM GdnHCI + 20 uM TA exposure.
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Figure 4.49 The percentage of each cellular component category (2001 GdnHCI

+ 20 uM TA 14 generation upregulated genesfsenes upregulated more than two-
fold were assigned cellular component categories. The number of geresch
category was expressed as a percentage of the number of total genes.

292



transporter activity [FFFFFFFFFFFFFFFFF] /g
translation regulator activity 73 0.16
ransferase activity ittt dh el it dh el et e et et e et e et e e e e LV
transcription regulator activity i‘m 221
structural molecule activity 7W 1253
signal transducer activity 7111 0.79
protein kinase activity 7m 221
protein binding 7%&&4‘“&%&&“& 9.14
phosphoprotein phosphatase activit);ﬂl 0.63
peptidase acﬁvilyim 0.71
oxidoreductase activilyiA Y Y Y Y Yy Yy Y Y Y Y Y Syl
oher [SSEBEESSESI307
nucleotidyltransferase acﬁmlyimz%
motor activity 7E] 087
lyase actiity FEEEE W1 97
lipid binding 7@ 1.50
ligase activity 7m1 252
isomerase acnvityim 1.65
hydrolase activity ’m 14.03
helicase acn'vilyim 1.65
enzyme regulator activityimkw
RNA binding ’m 7.80

DNADINGNG [l e e e e i e b b ] 5.44
T T T

Molecular Function

0 2 4 6 8 10 12 14 16
% Total Expression

Figure 4.50 The percentage of each molecular function category (200 p&UnHCI

+ 20 uM TA 14 generation upregulated genesfsenes upregulated more than two-
fold were assigned molecular function categories. The number of gersehinaegory
was expressed as a percentage of the number of total genes.
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Figure 4.51 The percentage of each biological process category (200 G&InHCI +
20 uM TA 14 generation upregulated genesysenes upregulated more than two-fold
were assigned biological process categories. The number «f geeach category was
expressed as a percentage of the number of total genes.

The five biological processes, molecular functions and assdciebular

components most highly stimulated by a combination of 200 uM GdnHCI M20AL

were investigated. These are illustrated in figures 4.52-4.54.
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Figure 4.52 The five associated cellular components most highlypregulated by
exposure to 200 uM GdnHCI + 20 uM TA for 14 generations.
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Figure 4.53 The five molecular functions most highly upregulatedy exposure to
200 puM GdnHCI + 20 uM TA for 14 generations.
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Figure 4.54 The five biological processes most highly upregulated lexposure to
200 uM GdnHCI + 20 uM TA for 14 generations.

Table 4.5 lists the fifty individual genes, and their respediivetions, that
underwent the highest increase in transcription in response to 200 uM GdnHCI + 20 uM
TA exposure for 14 generations. A substantial level of overlap a&s for genes that
are upregulated in response to GdnHCI alone for 14 generations, and Guimhishhed
with TA.

Table 4.5 The fifty genes most highly upregulated in response 200 uM GdnHCI

+ 20 uM TA exposure for 14 generationsGene functions were obtained from
www.yeastgenome.orGGD).

Gene Fold Change Gene Function
OLE1 9.25 Delta(9) fatty acid desaturase, required fonounsaturated
fatty acid synthesis and for normal distributiomuifochondria
MRPL38 4.52 Mitochondrial ribosomal protein of the largdbanit; appears as
two protein spots (YmL34 and YmL38) on two-dimemsib
SDS gels
IZH1 4.35 Membrane protein involved in zinc ion homesistamember of

the four-protein IZH family; transcription is regéd directly
by Zaplp, expression induced by zinc deficiency faiig
acids; deletion increases sensitivity to elevatad z
IZH4 4.15 Membrane protein involved in zinc ion homesistamember of
the four-protein IZH family, expression inducedfhity acids
and altered zinc levels; deletion reduces sensitiviexcess
zinc; possible role in sterol metabolism
ALT1 4.08 Alanine transaminase (glutamic pyruvic trarisase);
involved in alanine biosynthetic and catabolic gsses; the
authentic, non-tagged protein is detected in highigfied
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GLC3

SOS23

ATO2

CEM1

SMF2

GCv1

NPL3

PIR3

GDH3

MLS1

SPI1

ADE13

YOR161W-B

ACH1

YDLO12C

MTD1

3.92

3.64

3.45

3.38

3.28

3.13

3.05

2.95

2.92

2.90

2.89

2.84

2.77

2.75

2.72

2.70

mitochondria in high-throughput studies
Glycogen branching enzyme, involved in glycoge
accumulation; green fluorescent protein (GFP)-fugimtein
localizes to the cytoplasm in a punctate pattern
One of two S. cerevisiae homologs (Sds23psais@4p) of the
S. pombe Sds23 protein, which is implicated in ARClbosome
regulation; involved in cell separation during bindg
Putative transmembrane protein involved iroexpf ammonia,
a starvation signal that promotes cell death inggblonies;
phosphorylated in mitochondria; member of the TB.33
YaaH family; homolog of Ady2p and Y. lipolytica Gy
Mitochondrial beta-keto-acyl synthase withsaole role in
fatty acid synthesis; required for mitochondriadpieation
Divalent metal ion transporter involved in rpanese
homeostasis; has broad specificity for di-valert ainvalent
metals; post-translationally regulated by levelsnetal ions;
member of the Nramp family of metal transport pirtge
T subunit of the mitochondrial glycine decasfdase complex,
required for the catabolism of glycine to 5,10-ny&¢he-THF;
expression is regulated by levels of levels of Gyldihylene-
THF in the cytoplasm
RNA-binding protein that promotes elongation, redes
termination, and carries poly(A) mRNA from nucldas
cytoplasm; required for pre-mRNA splicing; dissdicia from
mMRNAs promoted by Mtr10p; phosphorylated by Skyi thie
cytoplasm

O-glycosylated covalently-bound cell wall giatrequired for
cell wall stability; expression is cell cycle regtdd, peaking in
M/G1 and also subject to regulation by the cekgnity
pathway
NADP(+)-dependent glutamate dehydrogenas¢hesizes
glutamate from ammonia and alpha-ketoglutarate; shalpha-
ketoglutarate utilization differs from Gdhlp; exgs®n

regulated by nitrogen and carbon sources
Malate synthase, enzyme of the glyoxylateegyiavolved in
utilization of non-fermentable carbon sources; espion is
subject to carbon catabolite repression; localizgseroxisomes
during growth in oleic acid medium
GPl-anchored cell wall protein involved in weeid
resistance; basal expression requires Msn2p/Msangpession
is induced under conditions of stress and duriegdiauxic
shift; similar to Sed1p
Adenylosuccinate lyase, catalyzes two stepisarde novo'
purine nucleotide biosynthetic pathway; expressmepressed
by adenine and activated by Bas1p and Pho2p; rantaii
human ortholog ADSL cause adenylosuccinase defigien
Identified by gene-trapping, microarray-basegression
analysis, and genome-wide homology searching
Protein with CoA transferase activity, patiely for COASH
transfer from succinyl-CoA to acetate; has minat@eCoA-
hydrolase activity; phosphorylated; required foetate
utilization and for diploid pseudohyphal growth
Tail-anchored plasma membrane protein comgiaiconserved
CYSTM module, possibly involved in response tostrenay
contribute to non-homologous end-joining (NHEJ)dzhen
ydl012c htz1 double null phenotype
NAD-dependent 5,10-methylenetetrahydrafolate
dehydrogenase, plays a catalytic role in oxidatibn
cytoplasmic one-carbon units; expression is regdlaly Baslp
and Bas2p, repressed by adenine, and may be inthyced
inositol and choline
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YPRO13C
BDH2

PCK1

SNZ1

YAT1

CATS5

MET13

RPN4

MSK1

FMP46

MIR1

VHR1

SHR5

IRC9,YAK1

YOR329W-A

VID24

YNRO36C

JEN1

2.69
2.65

2.63

2.60

2.59

2.59

2.58

2.55

2.47

2.46

2.42

2.42

241

2.37

2.36

2.36

2.36

2.35

Putative zinc finger protein; YPR0O13C is notasential gene
Putative medium-chain alcohol dehydrogenase siinilarity
to BDH1; transcription induced by constitutivelytise PDR1
and PDR3
Phosphoenolpyruvate carboxykinase, key enizgme
gluconeogenesis, catalyzes early reaction in cadrale
biosynthesis, glucose represses transcription ecelerates
MRNA degradation, regulated by Mcm1p and Cat8mtkxtin
the cytosol
Protein involved in vitamin B6 biosynthesismber of a
stationary phase-induced gene family; coregulatigid 8NO1;
interacts with Snolp and with Yhr198p, perhaps as a
multiprotein complex containing other Snz and Sratgins
Outer mitochondrial carnitine acetyltransferaminor ethanol-
inducible enzyme involved in transport of activatayl groups
from the cytoplasm into the mitochondrial matrix;
phosphorylated
Protein required for ubiquinone (Coenzyme Q3¥ynthesis;
localizes to the matrix face of the mitochondriaiér
membrane in a large complex with ubiquinone biosgtit
enzymes; required for gluconeogenic gene activation
Major isozyme of methylenetetrahydrofolateuctdse,
catalyzes the reduction of 5,10-methylenetetraHpdhite to 5-
methyltetrahydrofolate in the methionine biosynib@athway
Transcription factor that stimulates exprassibproteasome
genes; Rpn4p levels are in turn regulated by tf®[6teasome
in a negative feedback control mechanism; RPN4 is
transcriptionally regulated by various stress resps
Mitochondrial lysine-tRNA synthetase, requifedimport of
both aminoacylated and deacylated forms of tRNA] liyt
mitochondria and for aminoacylation of mitochontlyia
encoded tRNA(Lys)
Putative redox protein containing a thioreddwid; the
authentic, non-tagged protein is detected in highisfied
mitochondria in high-throughput studies
Mitochondrial phosphate carrier, imports iremg phosphate
into mitochondria; functionally redundant with PicBut more
abundant than Pic2p under normal conditions; phagtdted
Transcriptional activator, required for theawmiin H-responsive
element (VHRE) mediated induction of VHT1 (Vitanth
transporter) and BIO5 (biotin biosynthesis interraéa
transporter) in response to low biotin concentratio
Subunit of a palmitoyltransferase, compose8tobp and
Erf2p, that adds a palmitoyl lipid moiety to het@gimated
substrates such as Raslp and Ras2p through at¢hitielsage;
palmitoylation is required for Ras2p membrane lizedion
Cytosolic serine hydroxymethyltransferase veots serine to
glycine plus 5,10 methylenetetrahydrofolate; maoform
involved in generating precursors for purine, pydime, amino
acid, and lipid biosynthesis
Peripheral membrane protein located at Vidywée import
and degradation) vesicles; regulates fructose-ishbsphatase
(FBPase) targeting to the vacuole; promotes protaas
dependent catabolite degradation of FBPase
Mitochondrial protein; may interact with rilmmses based on
co-purification experiments; similar to E. coli ahdman
mitochondrial S12 ribosomal proteins
Lactate transporter, required for uptake ciiafee and pyruvate;
phosphorylated; expression is derepressed by tiptisoal
activator Cat8p during respiratory growth, and esged in the
presence of glucose, fructose, and mannose
Substrate of the Hub1p ubiquitin-like prottsiat localizes to
the shmoo tip (mating projection); mutants are cléfe for
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mating projection formation, thereby implicatingtip in
polarized cell morphogenesis
HBT1 2.35 Protein that binds DNA containing intrastranolss-links
formed by cisplatin, contains two HMG (high mobilgroup
box) domains, which confer the ability to bend tasp-
modified DNA; mediates aerobic transcriptional ession of

COX5b
IXR1 2.34 Mitochondrial ribosomal protein of the largdsnit
MRPL4 2.32 Glucokinase, catalyzes the phosphorylatiogiufose at C6 in

the first irreversible step of glucose metabolisme of three
glucose phosphorylating enzymes; expression regpilay non-
fermentable carbon sources
GLK1 2.32 Membrane protein involved in zinc ion homesistamember of
the four-protein IZH family, expression induced Zigc
deficiency; deletion reduces sensitivity to eledatenc and
shortens lag phase, overexpression reduces Zafitiyac
IZH3 2.31 Na+/Pi cotransporter, active in early growtlage; similar to
phosphate transporters of Neurospora crassa, tiptiea
regulated by inorganic phosphate concentrationsPdnudip

PHO89 2.31 Putative protein of unknown function; YMR2086%\hot an
essential gene
YMR206W 2.31 Nucleotide exchange factor for the endoplaseticulum (ER)

lumenal Hsp70 chaperone Kar2p, required for protein
translocation into the ER; homolog of Yarrowia liytica
SLS1; GrpE-like protein
Ss1 2.29 Mitochondrial membrane protein that coordinaepression of
mitochondrially-encoded genes; may facilitate datjvof
MRNA to membrane-bound translation machinery
NDI1 2.29 NADH:ubiquinone oxidoreductase, transferstebas from
NADH to ubiquinone in the respiratory chain but soet
pump protons, in contrast to the higher eukarywtidtisubunit
respiratory complex I; phosphorylated; homolog aifrtan
AMID
YGRO035C 2.28 Putative protein of unknown function, poteinidc28p
substrate; transcription is activated by paralogoasscription
factors Yrmlp and Yrrlp along with genes involved i
multidrug resistance
FBP1 2.27 Fructose-1,6-bisphosphatase, key regulatayrea in the
gluconeogenesis pathway, required for glucose roéai;
undergoes either proteasome-mediated or autophagyated
degradation depending on growth conditions; intsradth
Vid30p

Summary of the overall effects of gene downrequlation on cells

Genes which were transcriptionaly repressed under 200 uM GdnHCuM20
TA exposure were also explored. Figures 4.55-4.57 depict the ovesddtsetin cells
induced by genes downregulated more than 2-fold in response to 200 uM Ge2acCl

UM TA exposure.
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Figure 4.55 The percentage of each cellular component category (2001 GdnHCI
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+ 20 uM TA 14 generation downregulated geneslsenes downregulated more than
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Figure 4.57 The percentage of each biological process category (200 G&InHCI +
20 uM TA 14 generation downregulated genesYsenes downregulated more than

two-fold were assigned biological process categories. The numbgenefs in each
category was expressed as a percentage of the number of total genes.

The five biological processes, molecular functions and associegular

components most repressed by a combination of 200 UM GdnHCI + 20 pMeféA w

explored. These are illustrated in figures 4.58-4.60.
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Figure 4.58 The five associated cellular components most highlpwnregulated by
exposure to 200 uM GdnHCI + 20 uM TA for 14 generations.
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Figure 4.59 The five molecular functions most highly downregulate by exposure
to 200 uM GdnHCI + 20 uM TA for 14 generations.
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Figure 4.60 The *five biological processes most highly downregulatdy exposure
to 200 M GdnHCI + 20 pM TA for 14 generations. The 8" and 6" most repressed
biological processes are represented by the same numbenead ged are thus both
included.

Table 4.6 lists the fifty individual genes, and their respediivetions, that
underwent the most acute decrease in transcription in response tMZBAnHCI + 20
UM TA exposure for 14 generations.

Table 4.6 The fifty genes most highly downregulated in respons® 200 uM

GdnHCI + 20 uM TA exposure for 14 generationsGene functions were obtained
from www.yeastgenome.o(&GD).

Gene Fold Change Gene Function
PMAL -61.79 Plasma membrane H+-ATPase, pumps protornsf ol cell;

major regulator of cytoplasmic pH and plasma memébra
potential; part of the P2 subgroup of cation-tram8pg ATPases
CYB5 -50.91 Cytochrome b5, involved in the sterol apitlbiosynthesis
pathways; acts as an electron donor to suppod! ST&r-6
desaturation
RPS22A -35.29 Protein component of the small (40S) ribcslsubunit; nearly
identical to Rps22Bp and has similarity to E. &fiand rat S15a
ribosomal proteins
RPL33B -34.027 Ribosomal protein L37 of the large (608psiomal subunit,
nearly identical to RpI33Ap and has similarity & £35a; rpl33b
null mutant exhibits normal growth while rpl33a38b double
null mutant is inviable
DTD1 -33.14 D-Tyr-tRNA(Tyr) deacylase, functions in ot translation, may
affect nonsense suppression via alteration of tbiem synthesis
machinery; ubiquitous among eukaryotes
YGR272C -26.17 Essential protein required for maturatiod 86 rRNA; null
mutant is sensitive to hydroxyurea and is delaye@covering
from alpha-factor arrest; green fluorescent prot&RP)-fusion
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TOHA

YERO53C-A

HXT4

RPS17B

BRN1

EXG1

RNR1

CLB2

FEN1

INM1

JJJ3

ENO2

RPL21A

MCM16

IMD4

RPS1B

RPL6B

RPL42B

YRO2

-23.74

-21.85

-20.90

-20.41

-19.45

-17.48

-17.11

-17.07

-16.52

-16.16

-15.75

-15.67

-15.33

-14.89

-14.59

-14.51

-14.45

-14.42

-14.40

protein localizes to the nucleolus
Forkhead Associated domain containing pncad putative
transcription factor found associated with chromatirget of
SBF transcription factor; expression is periodid praks in G1;
similar to PLM2
Putative protein of unknown function; gréeorescent protein
(GFP)-fusion protein localizes to the endoplasratculum
High-affinity glucose transporter of the ordacilitator
superfamily, expression is induced by low levelglotose and
repressed by high levels of glucose
Ribosomal protein 51 (rp51) of the smalls4fubunit; nearly
identical to Rps17Ap and has similarity to rat $Sibbsomal
protein
Subunit of the condensin complex; requitgcchromosome
condensation and for clustering of tRNA genes aticleolus;
may influence multiple aspects of chromosome trassion
Major exo-1,3-beta-glucanase of the cellvimolved in cell
wall beta-glucan assembly; exists as three diffikiy
glycosylated isoenzymes
Major isoform of the large subunit of ribafeotide-diphosphate
reductase; the RNR complex catalyzes rate-limisteg in dNTP
synthesis, regulated by DNA replication and DNA dam
checkpoint pathways via localization of small sulsin
B-type cyclin involved in cell cycle progsém; activates Cdc28p
to promote the transition from G2 to M phase; aadglates during
G2 and M, then targeted via a destruction box nfotifibiquitin-
mediated degradation by the proteasome
Fatty acid elongase, involved in sphingdlipiosynthesis; acts on
fatty acids of up to 24 carbons in length; mutagibave
regulatory effects on 1,3-beta-glucan synthaseyalac ATPase,
and the secretory pathway
Inositol monophosphatase, involved in bitisgsis of inositol
and in phosphoinositide second messenger signahlihgi
expression increases in the presence of inositbbaoreases
upon exposure to antibipolar drugs lithium and xa@dpe
Protein of unknown function, contains a dadim, which is a
region with homology to the E. coli DnaJ protein
Enolase Il, a phosphopyruvate hydratasectitatyzes the
conversion of 2-phosphoglycerate to phosphoenol@euduring
glycolysis and the reverse reaction during glucgeeesis;
expression is induced in response to glucose
Protein component of the large (60S) ribada@uabunit, nearly
identical to Rpl21Bp and has similarity to rat L&iosomal
protein
Protein involved in kinetochore-microtubniediated
chromosome segregation; binds to centromere DNA
Inosine monophosphate dehydrogenase, casallye first step of
GMP biosynthesis, member of a four-gene family .ic&evisiae,
constitutively expressed
Ribosomal protein 10 (rp10) of the small3#6ubunit; nearly
identical to Rps1Ap and has similarity to rat Si@somal
protein
Protein component of the large (60S) ribcdmubunit, has
similarity to Rpl6Ap and to rat L6 ribosomal pratgbinds to
5.8S rRNA
Protein component of the large (60S) ribadmubunit, identical
to Rpl42Ap and has similarity to rat L44; requifed propagation
of the killer toxin-encoding M1 double-stranded RNdtellite of
the L-A double-stranded RNA virus
Putative protein of unknown function; théheuntic, non-tagged
protein is detected in a phosphorylated stateghliipurified
mitochondria in high-throughput studies; transcoipally
regulated by Haalp
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ATX2

RPS28B

RAX2

ACM1

YLRO63W

GPM3

RPSOB

HXK2

PGK1

URA7

GPM1

RPC17

RPS12

RPL31A

NCE103

BSC1

ARO7

RPL34A

NRK1

HOM3

-14.40

-14.08

-14.04

-13.92

-13.86

-13.86

-13.78

-13.75

-13.53

-13.44

-13.43

-13.34

-13.30

-13.29

-13.25

-13.18

-12.96

-12.61

-12.48

-12.43

Golgi membrane protein involved in mangaresaeostasis;
overproduction suppresses the sod1 (copper, zpergxide
dismutase) null mutation
Protein component of the small (40S) ribcalosubunit; nearly
identical to Rps28Ap and has similarity to rat $&®somal
protein
N-glycosylated protein involved in the maimnce of bud site
selection during bipolar budding; localization reqa Rax1p;
RAX2 mRNA stability is regulated by Mpt5p
Pseudosubstrate inhibitor of the anaphaseqing
complex/cyclosome (APC/C), that suppresses APCHh](
mediated proteolysis of mitotic cyclins; associatéts Cdhlp,
Bmh1p and Bmh2p; cell cycle regulated protein
Putative S-adenosylmethionine-dependentyitethsferase;
green fluorescent protein (GFP)-fusion protein lizea to the
cytoplasm; YLRO63W is not an essential gene
Homolog of Gpmlp phosphoglycerate mutasé&hwtonverts 3-
phosphoglycerate to 2-phosphoglycerate in glycejysiay be
non-functional derivative of a gene duplication mve
Protein component of the small (40S) ribcalosubunit; nearly
identical to Rps9Ap and has similarity to E. coli &d rat S9
ribosomal proteins
Hexokinase isoenzyme 2 that catalyzes plooglaition of
glucose in the cytosol; predominant hexokinaserdugrowth on
glucose; functions in the nucleus to repress espaf HXK1
and GLK1 and to induce expression of its own gene
3-phosphoglycerate kinase, catalyzes trap$feigh-energy
phosphoryl groups from the acyl phosphate of 1,3-
bisphosphoglycerate to ADP to produce ATP; key erein
glycolysis and gluconeogenesis
Major CTP synthase isozyme (see also URé&nlyzes the
ATP-dependent transfer of the amide nitrogen frdutagnine to
UTP, forming CTP, the final step in de novo bio$wtdis of
pyrimidines; involved in phospholipid biosynthesis
Tetrameric phosphoglycerate mutase, media¢esonversion of
3-phosphoglycerate to 2-phosphoglycerate duringaiysis and
the reverse reaction during gluconeogenesis
RNA polymerase Il subunit C17; physicalyeracts with C31,
C11, and TFIIIB70; may be involved in the recruitrhef pol IlI
by the preinitiation complex
Protein component of the small (40S) ribcalssubunit; has
similarity to rat ribosomal protein S12
Protein component of the large (60S) ribada@uabunit, nearly
identical to Rpl31Bp and has similarity to rat L3iosomal
protein; associates with the karyopherin Sxm1ps tafsboth
Rpl31p and Rpl39p confers lethality
Carbonic anhydrase; poorly transcribed uadesbic conditions
and at an undetectable level under anaerobic d¢onsljtinvolved
in non-classical protein export pathway
Protein of unconfirmed function, similarcell surface flocculin
Muclp; ORF exhibits genomic organization compatibiéh a
translational readthrough-dependent mode of exjoress
Chorismate mutase, catalyzes the conveogiohorismate to
prephenate to initiate the tyrosine/phenylalanipeetfic branch
of aromatic amino acid biosynthesis
Protein component of the large (60S) ribadmubunit, nearly
identical to Rpl34Bp and has similarity to rat L3@osomal
protein
Nicotinamide riboside kinase, catalyzesphesphorylation of
nicotinamide riboside and nicotinic acid ribosidesalvage
pathways for NAD+ biosynthesis
Aspartate kinase (L-aspartate 4-P-transf@ragtoplasmic
enzyme that catalyzes the first step in the compaihway for
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methionine and threonine biosynthesis; expressgalated by
Gcndp and the general control of amino acid syighes
PCL1 -12.20 Cyclin, interacts with cyclin-dependent lda&ho85p; member
of the Pcl1,2-like subfamily, involved in the regtibn of
polarized growth and morphogenesis and progressiongh the
cell cycle; localizes to sites of polarized celbgth
FRM2 12.17 Protein of unknown function, involved in theegration of lipid
signaling pathways with cellular homeostasis; esgimn induced
in cells treated with the mycotoxin patulin; hamisrity to
bacterial nitroreductases
RPL2B 11.88 Protein component of the large (60S) ribodamaunit, identical
to Rpl2Ap and has similarity to E. coli L2 and k&t ribosomal
proteins; expression is upregulated at low tempeeat

RPL27A 11.67 Protein component of the large (60S) ribodamaunit, nearly
identical to Rpl27Bp and has similarity to rat L@2josomal
protein
MSH2 11.59 Protein that forms heterodimers with Msh3g sish6p that bind

to DNA mismatches to initiate the mismatch repaircess;
contains a Walker ATP-binding motif required fopaér activity;
Msh2p-Msh6p binds to and hydrolyzes ATP

4.18.1.3 Comparison of the effect of 200 uM GdnHCI alone and in combation
with 20 uM TA for 14 generations on yeast cells

Cells were exposed to these compounds for 14 generations due tct tihatfa
TA, in the presence of GdnHCI at these concentrations fully §B&%]. Further to the
results illustrated above, RNA sequencing data was compared.t&igptad to search
for yeast responses induced by a combination of GdnHCI and TA, bbyr@&tnHCI
alone. It was anticipated that this would provide an indication ofyipe of impact
caused by TA in yeast cultures, and perhaps offer insight intodde of action of the
drug. Figures 4.61-4.63 depict comparisons of the biological processidarc
components and molecular functions stimulated by GdnHCI and TA.

As illustrated by figure 4.61, ribosome biogenesis, RNA metalpobcess,
transport, translation and cell cycle are the five biologicacgsses most highly

stimulated by GdnHCI alone, and in combination with TA.
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Five Most Common Biological Processes
of Genes with >2-fold Upreqgulation

200 pM GdnHCI 20 UM TA +
200 pM GdnHCI

Ribosome Biogenesis

RNA Metabolic Process

Transport

Translation

Cell Cycle

Figure 4.61 Comparison of the five most common biological process of genes
with >2-fold upregulation.

Figure 4.62 demonstrates that when cells are treated with Gdalbi@, genes
involved with the cytoplasm, nucleus, membrane, ribosome and mitochondrionstre m
highly upregulated. With the addition of TA, genes involved with the nuclemies
most highly upregulated, and not those associated with the mitochondrion.

Five Most Common Cellular Components Associated wht
Genes with >2-fold Upregulation

200 pM GdnHCI 20 uM TA +
200 uM GdnHCI

Cytoplasm

Nucleus
Mitochondrion
Membrane

Ribosome

Figure 4.62 Comparison of the five most common associated ceflulcomponents
of genes with >2-fold upregulation.
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Cellular exposure to GdnHCI alone and in combination with TA resnlts
induction of the same most common molecular functions. As shown in f§68;
these are transferase activity, hydrolase activity, stralctonolecule activity, RNA

binding and protein binding.

Five Most Common Molecular Functions
of Genes with >2-fold Upregulation

200 pM GdnHCI 20 pM TA +
200 pM GdnHCI

Transferase Activity

Hydrolase Activity
Structural Molecule Activity
RNA Binding

Protein Binding

Figure 4.63 Comparison of the five most common molecular funicns of genes
with >2-fold upregulation.

Downregulated gene GO identities were also compared and contrasted,
illustrated in figures 4.64-4.66. In the case of genes downregulategsponse to
treatment with GdnHCI alone and in combination with TA, there aradenably more
differences. Three of the five biological processes most regutagsder exposure are
common to both treatments and these are transport, RNA metabolicsgrand
transcription. However, cellular lipid metabolic process and hetel®cmetabolic
process are two of the higest biological processes inhibited by @dibhe, but not in
combination with TA. In contrast, response to chemical stimulus, gemweraf
precursor metabolites and energy and mitochondrion organisation at@ghly

repressed by GdnHCI + TA exposure, but not by GdnHCI alone.
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Five Most Common Biological Processes
of Genes with >2-fold Downregulation

200 pM GdnHCI 20 M TA +

200 pM GdnHCI

Response to
Chemical Stimulu

Transport

Cellular Lipid
Metabolic Proces:

Generation of
Precursor

Metabolites

and Energy

RNA Metabolic Process

Heterocycle
Metabolic Process

Transcription

Mitochondrion
Organisation

Figure 4.64 Comparison of the *five most common biological process of genes
with >2-fold downregualation. *In response to GdnHCI + TA exposure, tHedhd &'
most repressed biological processes are represented by thewsamer of genes and
are thus both included.
Genes associated with the membrane, cytoplasm, mitochondrial envelope,

mitochondrion and nucleus are those most highly downregulated by exposure to

GdnHCI alone and combined with TA.

Five Most Common Cellular Components Associated wht
Genes with >2-fold Downregulation

200 uM GdnHCI 20 pM TA +

200 pM GdnHCI

Membrane

Cytoplasm

Mitochondrial Envelope

Mitochondrion

Nucleus

Figure 4.65 Comparison of the five most common associated ceflulcomponents
of genes with >2-fold downregulation.
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Figure 4.66 demonstrates that oxidoreductase activity, transfaecigity, DNA
binding and protein binding are all some of the most highly inhibiiadtions by both
treatments. However, repression of transporter activityasip to GdnHCI treatment
alone, while downregulation of transcription regulator activity is ifpeto GdnHCI

treatment in combination with TA.

Five Most Common Molecular Functions
of Genes with >2-fold Downregulation

200 pM GdnHCI 20 UM TA +

200 pM GdnHCI

Oxidoreductase Activity

Transcription
Regulator
Activity

Transferase Activity

Transporter Activity

DNA binding

Protein Binding

Figure 4.66 Comparison of the five most common molecular funicns of genes
with >2-fold downregulation.

Following this analysis, an attempt was made to identify genat dhe
upregulated upon GdnHCI exposure and further upregulated in the pre$&hdeHCI
and TA combined. It was anticipated that if a specific pathway mentified that was
stimulated in the presence of GdnHCI alone and further so iprésence of both
GdnHCI and TA, it might provide evidence that TA enhances thimguwaffects of
GdnHCI, either directly or indirectly. A number of genes displayiimg pattern of
expression were identified and are described in table 4.7.

Few genes were identified that were that were downregulated GuteHCl

exposure and considerably moreso in the presence of a combination of GdnHCI and TA.
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Table 4.7 Expression levels of a number of genes upregulated BdnHCI alone and furthermore by GdnHCI and TA combined. Gene
functions were obtained from www.yeastgenome(&@D).
Gene Function Basal expression level Expression level Expression level
Name under 200 uM under 200 uM
GdnHCI exposure  GdnHCI + 20 uM
(14 generations) TA exposure (14

generations)
MRPL38 Mitochondrial ribosomal protein of the large subunit; 69.43 215.48 314.14
ALT1 Alanine transaminase (glutamic pyruvic transaminase); 84.27 249.43 344.00
involved in alanine biosynthetic and catabolic processes; the
authentic, non-tagged protein is detected in highly purified
mitochondria in high-throughput studies
PIR3 O-glycosylated covalently-bound cell wall protein required for 697.16 861.49 2063.50

cell wall stability; expression is cell cycle
regulated, peaking in M/G1 and also subject to regulation by
the cell integrity pathway

FI1 GPl-anchored cell wall protein involved in weak acid 2278.04 4990.85 6603.60
resistance; basal expression requires Msn2p/Msn4p;
expression is induced under conditions of stress and during the
diauxic shift; similar to Sed1p

CAT5 Protein required for ubiquinone (Coenzyme Q) biosynthesis; 77.42 141.75 200.64
localizes to the matrix face of the
mitochondrial inner membrane in a large complex with
ubiquinone biosynthetic enzymes;
required for gluconeogenic gene activation
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BDH2 Putative medium-chain alcohol dehydrogenase with similarity
to BDH1,; transcription induced
by constitutively active PDR1 and PDR3

HBT1 Substrate of the Hub1p ubiquitin-like protein that localizes to
the shmoo tip (mating projection);
mutants are defective for mating projection formation, thereby
implicating Hbtlp in polarized
cell morphogenesis
GLK1 Glucokinase, catalyzes the phosphorylation of glucose at C6 in
the first irreversible step of
glucose metabolism; one of three glucose phosphorylating
enzymes; expression regulated
by non-fermentable carbon sources

CMK1  Calmodulin-dependent protein kinase; may play a role in stress
response, many CA++/calmodulan
dependent phosphorylation substrates demonstrated in vitro,
amino acid sequence similar to
Cmk2p and mammalian Cam Kinase I

ADE1 N-succinyl-5-aminoimidazole-4-carboxamide ribotide
(SAICAR) synthetase, required for
'de novo' purine nucleotide biosynthesis; red pigment
accumulates in mutant cells deprived of
adenine

ADE17 Enzyme of 'de novo' purine biosynthesis containing both 5-
aminoimidazole-4-carboxamide ribonucleotide
transformylase and inosine monophosphate cyclohydrolase
activities, isozyme of Adel6p; adel6 adel7 mutants require
adenine and histidine

499.11

540.09

2622.84

143.84

285.98

291.74

930.11

581.27

4872.50

214.11

478.53

370.34

1326.29

1269.92

6098.06

312.65

610.86

547.34
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4.18.1.4 Analysis of the effect of 1 hr 200 uM GdnHCI + 20 uM TA expsure on
yeast cells

S cerevisiae cultures were treated with 200 uM GdnHCI + 20 uM TA for 1 hr,
after which the genes differentially expressed were inwagsiig In response to this
treatment, 164 genes were upregulated more than 2-fold, 45 of theséharofefold.

421 genes were downregulated more than 2-fold, 157 of these in excess of 3-fold.

Summary of the overall effects of gene uprequlation on cells

Figures 4.67-4.69 depict the overall effects on cells induced by genes
upregulated more than 2-fold in response to 200 uM GdnHCI + 20 uM TA wepios

1 hr.

vacuole 1.33
site of polarized growth 73 0.49
ribosome 7 4.00
plasma membranei 3.40
peroxisomeigg 0.85
oer {9036
nucleus 7 23.18
nucleolus PSR R R AR R N R R NN R U NN Y 13,63
mitochondrion 7 6.19
mitochondrial envelope 7m 121
microtubule organizing center 73 0.24
membrane [SASSSSSNSSCRNNNNYg 47
membrane fraction 7 2.06
extracellular region 75 0.49
endoplasmic reliculumi 218
endomembrane syslen; 1.70

Cellular Components

cytoskeleton [40.36
cytoplasmic membrane-bounded vesiclén 0.24
cytopiasmi 24.76
chromosomei 1.70
cellular bud 73 0.49
cell wall 7SJ 0.73
cell cortex 7;] 0.24

Golgi apparatus M 0.49

0 5 10 15 20 25 30
% Total Expression

Figure 4.67 The percentage of each cellular component category (200 uM GdnHCI
+ 20 uM TA 1 hr upregulated genes)Genes upregulated more than two-fold were
assigned cellular component categories. The number of genes ircaagory was
expressed as a percentage of the number of total genes.
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transporter activity 10.61
translation regulator activity £ x10.61

transferase activity 14.85
transcription regulator activity 7[{‘3}] 152
structural molecule activity 7m 5.15
protein hinding | 5.76
phosphoprotein phosphatase acti\n'tyi LX2]091
peptidase acti\n'tyiﬂ 0.61
oxidoreductase activityim 6.06
other ] 424

nucleotidyltransferase activity 7m 2.12

lyase activity ﬁznm 2.73
ligase activityim 212
isomerase activity [ ¥ 2 ¥ ¥ % 2]2.12

hydro|aseac[ivi[y e e ) 15,45

Molecular Function

helicase activity 455

enzyme regulator activity 424

RNA binding 12.73

DNAbindng FX o 222222364
I I I I I I I I

o 2 4 6 8 10 12 14 16 18
% Total Expression

Figure 4.68 The percentage of each molecular function category (200 p&tInHCI

+ 20 uM TA 1 hr upregulated genes)Genes upregulated more than two-fold were
assigned molecular function categories. The number of genes incategory was
expressed as a percentage of the number of total genes.
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Figure 4.69 The percentage of each biological process category (200 BEINHCI +

20

20 uM TA 1 hr upregulated genes).Genes upregulated more than two-fold were
assigned biological process categories. The number of geneshncagegory was

expressed as a percentage of the number of total genes.

The five biological processes, molecular functions and associzidlar
components most highly stimulated by exposure to 200 uM GdnHCI + ZDAufdr 1

hr were further grouped. These are illustrated in figures 4.70-4.72.
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Cellular Components

250

200 A

150

100 1

50 4 RN

increase in transcription

Number of genes with >2-fol

cytoplasm nucleus nucleolus membrane mitochondrion

Associated Component

Figure 4.70 The five associated cellular components most highlypregulated by
exposure to 200 uM GdnHCI + 20 uM TA for 1 hr.

Mole cular Functions
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50

40 A

30 1

20 1

increase in transcription

10

Number of genes with >2-fol

hydrolase activity transferase RNA binding transporter oxidoreductase
activity activity activity

Function

Figure 4.71 The five molecular functions most highly upregulatedtby exposure to
200 pM GdnHCI + 20 uM TA for 1 hr.
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RNA metabolic ribosome transport transcription translation
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Process

Figure 4.72 The five biological processes most highly upregulated lexposure to
200 uM GdnHCI + 20 uM TA for 1 hr.

Table 4.8 lists the fifty individual genes, and their respedinetions, that
underwent the highest level of transcriptional upregulation in respen20G pM
GdnHCI + 20 uM TA exposure for 1 hr.

Table 4.8 The fifty genes most highly upregulated in response 200 uM GdnHCI

+ 20 pM TA exposure for 1 hr. Gene functions were obtained from
www.yeastgenome.orGGD).

Gene Fold Change Gene Function
CUP1-2 17.54 Metallothionein, binds copper and mediateistance to high

concentrations of copper and cadmium; locus isabdyiamplified
in different strains, with two copies, CUP1-1 andR1-2, in the
genomic sequence reference strain S288C
CUP1-1 17.54 Metallothionein, binds copper and mediatestance to high
concentrations of copper and cadmium; locus isabdyiamplified
in different strains, with two copies, CUP1-1 andR1-2, in the
genomic sequence reference strain S288C
PCL1 7.63 Cyclin, interacts with cyclin-dependent kin&$®85p; member of
the Pcll,2-like subfamily, involved in the regutatiof polarized
growth and morphogenesis and progression througheth cycle;
localizes to sites of polarized cell growth
MF(ALPHA)1 7.16 Mating pheromone alpha-factor, made by alglia;dnteracts with
mating type a cells to induce cell cycle arrest atiebr responses
leading to mating; also encoded by MF(ALPHA)2, aitbh
MF(ALPHA)1 produces most alpha-factor
CLN1 6.22 G1 cyclin involved in regulation of the cejicte; activates Cdc28p
kinase to promote the G1 to S phase transitioa;Gdt specific
expression depends on transcription factor comgleM&F
(Swiép-Mbp1p) and SBF (Swi6p-Swi4p)
CWP2 5.99 Covalently linked cell wall mannoprotein, magonstituent of the
cell wall; plays a role in stabilizing the cell Wahvolved in low
pH resistance; precursor is GPl-anchored
HTB2 5.51 Histone H2B, core histone protein requiredcfmomatin assembly
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IMD2

MAL12

CTT1

SRL1

NRM1

KNH1

YDR246W-A

PMA2

YNRO73C

MAL32

YFR032C

HHF2

DSF1
CYC1

YHR126C

SM1

YHP1

HHF1

SCwW4

CCwi12

5.51

5.50

5.08

5.01

4.87

4.72

4.68

4.64

4.32

4.25

413

3.95

3.84
3.79

3.76

3.74

3.65

3.61

3.61

3.57

and chromosome function; nearly identical to HTRagd6p-Brelp-
Lgelp mediated ubiquitination regulates transaripl activation,
meiotic DSB formation and H3 methylation
Inosine monophosphate dehydrogenase, catahaeate-limiting
step in GTP biosynthesis, expression is inducemhjisophenolic
acid resulting in resistance to the drug, expressigepressed by
nutrient limitation
Maltase (alpha-D-glucosidase), inducible prot@volved in
maltose catabolism; encoded in the MAL1 complexigyc
hydrolyzes the disaccharides maltose, turanosdotrase, and
sucrose
Cytosolic catalase T, has a role in protediiom oxidative damage
by hydrogen peroxide
Mannoprotein that exhibits a tight associatiath the cell wall,
required for cell wall stability in the absence@®I-anchored
mannoproteins; has a high serine-threonine conteptession is
induced in cell wall mutants
Transcriptional co-repressor of MBF (MCB bimglifactor)-
regulated gene expression; Nrmlp associates stathiypromoters
via MBF to repress transcription upon exit from @iase
Protein with similarity to Kre9p, which is iolwed in cell wall beta
1,6-glucan synthesis; overproduction suppressestgrdefects of a
kre9 null mutant; required for propionic acid résice
Putative protein of unknown function; idertifiby fungal
homology and RT-PCR
Plasma membrane H+-ATPase, isoform of Pmatphied in
pumping protons out of the cell; regulator of cy&gmic pH and
plasma membrane potential
Putative mannitol dehydrogenase
Maltase (alpha-D-glucosidase), inducible prot@volved in
maltose catabolism; encoded in the MAL3 complexigyc
functional in genomic reference strain S288C; hiydmes the
disaccharides maltose, turanose, maltotriose, acrse
Putative protein of unknown function; non-esise gene identified
in a screen for mutants with increased levels ddADranscription;
expressed at high levels during sporulation
Histone H4, core histone protein requireccfolomatin assembly
and chromosome function; one of two identical histproteins
(see also HHF1); contributes to telomeric silencMgerminal
domain involved in maintaining genomic integrity
Deletion suppressor of mpt5 mutation
Cytochrome c, isoform 1; electron carrierhaf mitochondrial
intermembrane space that transfers electrons flmquinone-
cytochrome c oxidoreductase to cytochrome ¢ oxidasiag
cellular respiration
Putative protein of unknown function; trangtidn dependent upon
Azflp
Protein of the SUN family (Sim1p, Uthlp, NcaSpn4p) that may
participate in DNA replication, promoter containSEsregulation
box at -300 bp indicating that expression may blecgele-
regulated
One of two homeobox transcriptional represg®e also Yox1p),
that bind to Mcm1p and to early cell cycle box (B@Bments of
cell cycle regulated genes, thereby restricting E@&liated
transcription to the M/G1 interval
Histone H4, core histone protein requireccfolomatin assembly
and chromosome function; one of two identical histproteins
(see also HHF2); contributes to telomeric silencgerminal
domain involved in maintaining genomic integrity
Cell wall protein with similarity to glucanasecw4 scwl10 double
mutants exhibit defects in mating
Cell wall mannoprotein, mutants are defedtivating and
agglutination, expression is downregulated by affalcéor
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CLB1

YGR107W

ALD3

YELOO7W

ENO1

GAS3

ADH4

YHLO18W

PDS1L

HXK1,YFR052C-

A

YMR144W

GPD1

YPLO14W

YOX1

SM5

GDH1

YMROO3W

ALD2

3.52

3.50

3.44

3.43

3.38

3.37

3.35

3.33

3.26

3.21

3.20

3.19

3.19

3.17

3.15

3.12

3.09

3.00

2.00

B-type cyclin involved in cell cycle progrems;j activates Cdc28p
to promote the transition from G2 to M phase; aadglates during
G2 and M, then targeted via a destruction box nfotifibiquitin-
mediated degradation by the proteasome

Dubious open reading frame unlikely to encageotein, based on
available experimental and comparative sequenee dat
Cytoplasmic aldehyde dehydrogenase, involndmtta-alanine
synthesis; uses NAD+ as the preferred coenzymg;smnilar to
Ald2p; expression is induced by stress and repddsgelucose

Putative protein with sequence similarity tp&mbe gtil+
(gluconate transport inducer 1)

Enolase |, a phosphopyruvate hydratase thalyzas the
conversion of 2-phosphoglycerate to phosphoenoi@euduring
glycolysis and the reverse reaction during glucgeeesis;

expression is repressed in response to glucose
Putative 1,3-beta-glucanosyltransferase, inaitasty to Gaslp;
localizes to the cell wall
Alcohol dehydrogenase isoenzyme type IV, dicremzyme
demonstrated to be zinc-dependent despite seqgenitarity to
iron-activated alcohol dehydrogenases; transcriganduced in
response to zinc deficiency
Putative protein of unknown function; grearofescent protein
(GFP)-fusion protein localizes to mitochondria @thduced in
response to the DNA-damaging agent MMS
Securin, inhibits anaphase by binding sefzspilp; blocks cyclin
destruction and mitotic exit, essential for meigiogression and
mitotic cell cycle arrest; localization is cell-dgaependent and
regulated by Cdc28p phosphorylation
Hexokinase isoenzyme 1, a cytosolic proteanh ¢htalyzes
phosphorylation of glucose during glucose metabglisxpression
is highest during growth on non-glucose carboneesjrglucose-
induced repression involves the hexokinase Hxk2p
Putative protein of unknown function; locatlze the nucleus;
YMR144W is not an essential gene
NAD-dependent glycerol-3-phosphate dehydroggneey enzyme
of glycerol synthesis, essential for growth undemnotic stress;
expression regulated by high-osmolarity glycerspanse
pathway; homolog of Gpd2p
ER membrane protein involved in the transiocadf soluble
secretory proteins and insertion of membrane prsteito the ER
membrane; may also have a role in the stress resegmnt has only
partial functional overlap with WSC1-3
Putative protein of unknown function; grearofescent protein
(GFP)-fusion protein localizes to the cytoplasm smthe nucleus
Homeodomain-containing transcriptional repredsinds to
Mcmlp and to early cell cycle boxes (ECBSs) in thenpoters of
cell cycle-regulated genes expressed in M/G1 pleageession is
cell cycle-regulated; potential Cdc28p substrate
Transcription factor that activates transaipbf genes expressed
at the M/G1 phase boundary and in G1 phase; |ataiz to the
nucleus occurs during G1 and appears to be regutste
phosphorylation by Cdc28p kinase
NADP(+)-dependent glutamate dehydrogenas¢heyizes
glutamate from ammonia and alpha-ketoglutarate; satlpha-
ketoglutarate utilization differs from Gdh3p; exgs®on regulated
by nitrogen and carbon sources
Protein of unknown function; GFP-fusion protigicalizes to the
mitochondria; null mutant is viable and displaysueed frequency
of mitochondrial genome loss
Cytoplasmic aldehyde dehydrogenase, involredhianol
oxidation and beta-alanine biosynthesis; uses Nabthe
preferred coenzyme; expression is stress inducaglacose
repressed; very similar to Ald3p
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YOS1 2.00 Integral membrane protein required for ER tdgitransport;
localized to the Golgi, the ER, and COPII vesiclatgracts with
Yiplp and Yiflp
ECO1 2.00 Acetyltransferase required for sister chrothatihesion; modifies
Smc3p at DNA replication forks during S-phase; rfiediMcd1p
in response to double-strand DNA breaks during G2¥dtations
in human homolog ESCO?2 cause Roberts syndrome
MSN4 2.00 Transcriptional activator related to Msn2pijvated in stress
conditions, which results in translocation from tytoplasm to the
nucleus; binds DNA at stress response elementspbnsive
genes, inducing gene expression
GO1 2.02 Component of the spindle checkpoint, involiresensing lack of
tension on mitotic chromosomes; protects centrariReic8p at
meiosis |; required for accurate chromosomal sexjieq at
meiosis Il and for mitotic chromosome stability

Summary of the overall effects of gene downrequlation on cells

Figures 4.73-4.75 depict the overall effects on cells induced by genes
downregulated more than 2-fold in response to 200 uM GdnHCI + 20 uM Taseave

for 1 hr.
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% Total Expression
Figure 4.73 The percentage of each cellular component category (2001 GdnHCI
+ 20 uM TA 1 hr downregulated genes)Genes downregulated more than two-fold

were assigned cellular component categories. The number of igerash category
was expressed as a percentage of the number of total genes.
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percentage of each molecular function category (200 p&NHCI

+ 20 uM TA 1 hr downregulated genes)Genes downregulated more than two-fold
were assigned molecular function categories. The number of geg@shirtategory was
expressed as a percentage of the number of total genes.
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The five biological processes, molecular functions and associztadlar
components most downregulated by exposure to 200 uM GdnHCI + 20 uM TAnfor

were further grouped. These are illustrated in figures 4.76-4.78.
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cytoplasm nucleus mitochondrion cell wall chromosome  mebnane

Associated Component

Figure 4.76 The *five associated cellular components most highI%OWnregulated
by exposure to 200 UM GdnHCI + 20 pM TA for 1 hr. The 8" and ' most
repressed associated cellular components are representedsayni@umber of genes
and are thus both included.
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oxidoreductase structural transferase  hydrolase activity =~ DNA hinding
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Figure 4.77 The five molecular functions most highly downregulate by exposure
to 200 uM GdnHCI + 20 uM TA for 1 hr.
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Biological Processes

decrease in transcription

Number of genes with >2-fol

cell cycle response to stress cellular chromosome RNA metabolic
carbohydrate organization process
metabolic process

Process
Figure 4.78 The five biological processes most highly downreguldtéy exposure
to 200 uM GdnHCI + 20 uM TA for 1 hr.

Table 4.9 lists the fifty individual genes, and their respediivetions, that
underwent the most acute transcriptional downregulation in response to N00 p
GdnHCI + 20 uM TA exposure for 1 hr.

Table 4.9 The fifty genes most highly downregulated in respons® 200 pM

GdnHCI + 20 uM TA exposure for 1 hr. Gene functions were obtained from
www.yeastgenome.orGD).

Gene Fold Change Gene Function

ADY2 -22.82 Acetate transporter required for normal glation;
phosphorylated in mitochondria

FRM2 -21.65 Protein of unknown function, involved in finésgration of lipid

signaling pathways with cellular homeostasis; esgign
induced in cells treated with the mycotoxin patulins
similarity to bacterial nitroreductases
BSC1 -12.31 Protein of unconfirmed function, similardell surface
flocculin Muclp; ORF exhibits genomic organization
compatible with a translational readthrough-depand®de of
expression
COX2 -11.51 Subunit 1l of cytochrome ¢ oxidase, whickhis terminal
member of the mitochondrial inner membrane electransport
chain; one of three mitochondrially-encoded sulsunit
SAM1 -11.25 S-adenosylmethionine synthetase, catalyaasfer of the
adenosyl group of ATP to the sulfur atom of metimenone of
two differentially regulated isozymes (Saml1p anth3p)

JJi3 -9.53 Protein of unknown function, contains a J-domwhich is a
region with homology to the E. coli DnaJ protein
DBP2 -9.52 Essential ATP-dependent RNA helicase of teBAD-box

protein family, involved in nonsense-mediated mRiskay
and rRNA processing
CIT2 -9.14 Citrate synthase, catalyzes the condensafianetyl coenzyme
A and oxaloacetate to form citrate, peroxisomatysoe
involved in glyoxylate cycle; expression is conledlby Rtg1p
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SPL2

SFC1

DLD3

CHA1

GUA1

YILO57C

PCK1

CGR1

YPRO36W-A

RKI1

DSE1

LTV1

ERO1

MLS1

PHOB89

RMT2

oswi1

NCE103

YAT2

-8.90

-8.40

-7.74

-7.71

-7.04

-6.51

-6.48

-6.43

-6.39

-6.33

-6.21

-6.16

-6.07

-6.03

-6.01

-5.74

-5.44

-5.36

-5.27

and Rtg2p transcription factors
Protein with similarity to cyclin-dependem&se inhibitors;
downregulates low-affinity phosphate transport oigiri
phosphate limitation; overproduction suppresselsh mull
mutation; GFP-fusion protein localizes to the cjasm
Mitochondrial succinate-fumarate transpott@nsports
succinate into and fumarate out of the mitochongniequired
for ethanol and acetate utilization
D-lactate dehydrogenase, part of the retdmgragulon which
consists of genes whose expression is stimulatethinage to
mitochondria and reduced in cells grown with glusiéenas the
sole nitrogen source, located in the cytoplasm
Catabolic L-serine (L-threonine) deaminas¢alyzes the
degradation of both L-serine and L-threonine; regplito use
serine or threonine as the sole nitrogen souraastriptionally
induced by serine and threonine
GMP synthase, an enzyme that catalyzes ttendestep in the
biosynthesis of GMP from inosine 5'-phosphate (IMP)
transcription is not subject to regulation by gunbut is
negatively regulated by nutrient starvation
Protein of unknown function involved in engrgetabolism
under respiratory conditions; expression inducedkurarbon
limitation and repressed under high glucose
Phosphoenolpyruvate carboxykinase, key enigme
gluconeogenesis, catalyzes early reaction in cadrake
biosynthesis, glucose represses transcription ecelerates
MRNA degradation, regulated by Mcm1p and Cat8mtkxtin
the cytosol
Protein involved in nucleolar integrity anwgessing of the
pre-rRNA for the 60S ribosome subunit; transcrpiniduced in
response to cytotoxic stress but not genotoxisstre
Protein of unknown function; transcriptiorrégulated by
Pdrip
Ribose-5-phosphate ketol-isomerase, catatyees
interconversion of ribose 5-phosphate and ributepdosphate
in the pentose phosphate pathway; participategridgxine
biosynthesis
Daughter cell-specific protein, may regulaiess-talk between
the mating and filamentation pathways; deletioectf cell
separation after division and sensitivity to algaetor and
drugs affecting the cell wall
Component of the GSE complex, which is reggufor proper
sorting of amino acid permease Gaplp; requiredbosomal
small subunit export from nucleus; required forwgtto at low
temperature
Thiol oxidase required for oxidative protéiding in the
endoplasmic reticulum
Malate synthase, enzyme of the glyoxylatéegynvolved in
utilization of non-fermentable carbon sources; espion is
subject to carbon catabolite repression; localizggeroxisomes
during growth in oleic acid medium
Na+/Pi cotransporter, active in early groptiase; similar to
phosphate transporters of Neurospora crassa; tipiiea
regulated by inorganic phosphate concentrationsPdnudip
Arginine N5 methyltransferase; methylatessiimal protein
Rpl12 (L12) on Arg67
Protein involved in sporulation; required floe construction of
the outer spore wall layers; required for propealization of
Spol4dp
Carbonic anhydrase; poorly transcribed uagenbic
conditions and at an undetectable level under abéaer
conditions; involved in non-classical protein expgmathway
Carnitine acetyltransferase; has similanty atlp, which is a
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YGRO67C

SSF1

AAC3

UTP6

YGR272C

MRD1

NOP15

YOR338W

ENAL

YBL028C

NOP14

HCA4

DIP5

DSE2

PUT1

RPF1

HIT1

NIP7

FAL1

-5.19

-5.15

-5.09

-5.00

-4.96

-4.86

-4.85

-4.85

-4.81

-4.78

-4.75

-4.75

-4.58

-4.49

-4.45

-4.43

-4.36

-4.32

-4.27

carnitine acetyltransferase associated with theahdndrial
outer membrane
Putative protein of unknown function; congainzinc finger
motif similar to that of Adrlp
Constituent of 66S pre-ribosomal particlesuired for
ribosomal large subunit maturation; functionallguadant with
Ssf2p; member of the Brix family
Mitochondrial inner membrane ADP/ATP translioe,
exchanges cytosolic ADP for mitochondrially synihed ATP;
expressed under anaerobic conditions; similar tdgPand
Aaclp; has roles in maintenance of viability andegpiration
Nucleolar protein, component of the smallsib(SSU)
processome containing the U3 snoRNA that is invabive
processing of pre-18S rRNA
Essential protein required for maturatiod®$ rRNA; null
mutant is sensitive to hydroxyurea and is delaypegcovering
from alpha-factor arrest; green fluorescent prof@€RP)-fusion
protein localizes to the nucleolus
Essential conserved protein that is parhefX0S preribosome;
required for production of 18S rRNA and small ribosl
subunit; contains five consensus RNA-binding domain
Constituent of 66S pre-ribosomal particlasplved in 60S
ribosomal subunit biogenesis; localizes to botHeunlos and
cytoplasm
Putative protein of unknown function; YOR33&khscription
is regulated by Azflp and its transcript is a sfietarget of the
G protein effector Scpl160p; identified as beinguresd for
sporulation in a high-throughput mutant screen
P-type ATPase sodium pump, involved in Nag lair efflux
to allow salt tolerance
Protein of unknown function that may intenaith ribosomes;
green fluorescent protein (GFP)-fusion protein lizes to the
nucleolus; predicted to be involved in ribosomegkitesis
Nucleolar protein, forms a complex with No¢hat mediates
maturation and nuclear export of 40S ribosomal sitbualso
present in the small subunit processome compleichik
required for processing of pre-18S rRNA
Putative nucleolar DEAD box RNA helicase;mhappy number
suppression of a U14 snoRNA processing mutant stigga
involvement in 18S rRNA synthesis
Dicarboxylic amino acid permease, mediatgh-aiffinity and
high-capacity transport of L-glutamate and L-asgtastalso a
transporter for Gln, Asn, Ser, Ala, and Gly
Daughter cell-specific secreted protein withilarity to
glucanases, degrades cell wall from the daughder cusing
daughter to separate from mother; expression iesspd by
cAMP
Proline oxidase, nuclear-encoded mitochohgriatein
involved in utilization of proline as sole nitrogeaurce; PUT1
transcription is induced by Put3p in the preserfqealine and
the absence of a preferred nitrogen source
Nucleolar protein involved in the assemblg arport of the
large ribosomal subunit; constituent of 66S presidmal
particles; contains a sigma(70)-like maotif, whishthought to
bind RNA
Protein of unknown function, required forgtb at high
temperature
Nucleolar protein required for 60S ribosombkuwit biogenesis,
constituent of 66S pre-ribosomal particles; phylsidateracts
with Nop8p and the exosome subunit Rrp43p
Nucleolar protein required for maturatioril8s rRNA,
member of the elF4A subfamily of DEAD-box ATP-defdent
RNA helicases
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OLI1 -4.18 FO-ATP synthase subunit c (ATPase-assocpatateolipid),
encoded on the mitochondrial genome; mutation e¢enfe
oligomycin resistance; expression is specificaipendent on
the nuclear genes AEP1 and AEP2
Essential protein required for maturatiod®% rRNA; null
mutant is sensitive to hydroxyurea and is delaypecovering
from alpha-factor arrest; green fluorescent prof@RP)-fusion
protein localizes to the nucleolus
Nucleolar DEAD-box protein required for riloose assembly
and function, including synthesis of 60S ribosomaunits;
constituent of 66S pre-ribosomal particles
Protein required for pre-rRNA processing 488 ribosomal
subunit assembly

YGR271C-A -4.18

DRS1 -4.18

FAF1 -4.14

4.18.1.5 Analysis of the effect of 3 hr 200 pM GdnHCI + 20 uM TA expsure on
yeast cells

In response to 200 uM GdnHCI + 20 uM TA exposure for 3 hr, %75
cerevisiae genes were upregulated more than 2-fold, 50 of these over 3-fold. The sam
treatment led to 571 genes being downregulated more than 2-fold, 163®fntloee
than 3-fold.

Summary of the overall effects of gene uprequlation on cells

Figures 4.79-4.81 depict the overall effects on cells induced by genes
upregulated more than 2-fold in response to 200 uM GdnHCI + 20 uM TA w@epios

3 hr.

Cellular Componer

Figure 4.79 The percentage of each cellular component category (2001 GdnHCI
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expressed as a percentage of the number of total genes.
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Figure 4.80 The percentage of each molecular function category

(200 pBHNHCI

+ 20 uM TA 3 hr upregulated genes)Genes upregulated more than two-fold were

assigned molecular function categories. The number of genes
expressed as a percentage of the number of total genes.

vitamin metabolic process [ ]0.61
vesicle-mediated transport
vesicle organization

vacuole organization [~~~ -]1.11

incaegory was

tran S oIt [ e e e
translation [ =~~~ 711,61
................... 14.94
sporulation resulting in formation of a cellular spore [-==>7] 0.81
signaling [~~~ 222
ribosome biogenesis|. —~ - ... .. ... .. . T T LT 15.15
response tostress{— - - -~~~ . T T T T 15.05
response to chemical stimulusl= =~~~ -~~~ 7. - 7. - 7. T T T T T T T 15.05
pseudohyphal growth -3 0.50
protein 1 process [Frrro i s 14.74

protein folding
protein complex biogenesis|
peroxisome organization
other
nucleus organization [=710.30
07
1061

mitochondrion organization
meiosis

ic proces:

generation of precursor and energ
fungal-type cell wall organization

cytoskeleton organization
cytokinesis
conjugation

Biological Proces

cofactor metabolic process[~ -+~ -]1.11
chromosome segregation|

organization

cellular respiration
cellular protein catabolic process
cellular
cellular lipid

organization
ic process

cellular h:

cellular component morphogenesisj

cellular carbohydrate ic process|

cellular aromatic compound metabolic process

cellular amino acid process[ =~ - - -+

cell cycle

cell budding

RNA

process
DNA metabolic process

0
% Total Expression

Figure 4.81 The percentage of each biological process category (200 G&InHCI +
20 uM TA 3 hr upregulated genes).Genes upregulated more than two-fold were
assigned biological process categories. The number of geneghincategory was

expressed as a percentage of the number of total genes.
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The five biological processes, molecular functions and assoctzkalar
components most induced by exposure to 200 uM GdnHCI + 20 uM TA for 3rér we

further explored. These are illustrated in figures 4.82-4.84.
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Figure 4.82 The five associated cellular components most highlypregulated by
exposure to 200 uM GdnHCI + 20 uM TA for 3 hr.
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Figure 4.83 The five molecular functions most highly upregulatedtby exposure to
200 pM GdnHCI + 20 uM TA for 3 hr.
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Figure 4.84 The five biological processes most highly upregulateq lexposure to
200 pM GdnHCI + 20 uM TA for 3 hr.

Table 4.10 lists the fifty individual genes, and their respectivetiing; that
underwent the highest level of transcriptional upregulation in respen29 uM
GdnHCI + 20 uM TA exposure for 3 hr.

Table 4.10 The fifty genes most highly upregulated in response 200 uM GdnHCI

+ 20 pM TA exposure for 3 hr. Gene functions were obtained from
www.yeastgenome.orGGD).

Gene Fold Change Gene Function
MF(ALPHA)1 18.97 Mating pheromone alpha-factor, made by at@ia; interacts

with mating type a cells to induce cell cycle ari@sd other
responses leading to mating; also encoded by MFEGMR,
although MF(ALPHA)1 produces most alpha-factor
ARO10 14.35 Phenylpyruvate decarboxylase, catalyzes dexgation of
phenylpyruvate to phenylacetaldehyde, which ifitisé
specific step in the Ehrlich pathway
ICL1 9.97 Isocitrate lyase, catalyzes the formationugtmate and
glyoxylate from isocitrate, a key reaction of tHgaxylate
cycle; expression of ICL1 is induced by growth ¢ma@ol and
repressed by growth on glucose
MLS1 8.17 Malate synthase, enzyme of the glyoxylateegyiavolved in
utilization of non-fermentable carbon sources; espion is
subject to carbon catabolite repression; localizgseroxisomes
during growth in oleic acid medium
PMA2 7.89 Plasma membrane H+-ATPase, isoform of Pmatphied in
pumping protons out of the cell; regulator of cy&gmic pH
and plasma membrane potential
YJLO45W 6.83 Minor succinate dehydrogenase isozyme; honoletp
Sdhlp, the major isozyme reponsible for the oxigtatf
succinate and transfer of electrons to ubiquinamjced
during the diauxic shift in a Cat8p-dependent manne
KNH1 6.59 Protein with similarity to Kre9p, which is iolwed in cell wall
beta 1,6-glucan synthesis; overproduction suppsegsevth
defects of a kre9 null mutant; required for projécarcid
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MDH2

PDC6

FBP1

ADH2

ARO9

CYCc1

PCK1

YER158C

ACSL

CWP2

PIR3

SP18

ACO1

CWP1

TMA7

CIT3

RPL28

ALD6

6.22

5.73

5.50

541

5.26

521

5.14

4.99

4.89

4.63

4.44

4.29

4.21

411

4.02

4.00

3.99

3.93

resistance
Cytoplasmic malate dehydrogenase, one of thoggmes that
catalyze interconversion of malate and oxaloacgitatelved in
the glyoxylate cycle and gluconeogenesis duringvgramn
two-carbon compounds; interacts with Pcklp and Fbpl
Minor isoform of pyruvate decarboxylase, dboaylates
pyruvate to acetaldehyde, involved in amino actdlwalism;
transcription is glucose- and ethanol-dependemt,i@strongly
induced during sulfur limitation
Fructose-1,6-bisphosphatase, key regulatayreea in the
gluconeogenesis pathway, required for glucose mésaub;
undergoes either proteasome-mediated or autophagyated
degradation depending on growth conditions; intisradth
Vid30p
Glucose-repressible alcohol dehydrogenasatihlyzes the
conversion of ethanol to acetaldehyde; involvetha
production of certain carboxylate esters; regulitgdDR1
Aromatic aminotransferase Il, catalyzes that §tep of
tryptophan, phenylalanine, and tyrosine catabolism
Cytochrome c, isoform 1; electron carrierhaf mitochondrial
intermembrane space that transfers electrons flmgquinone-
cytochrome c oxidoreductase to cytochrome ¢ oxidasiag
cellular respiration
Phosphoenolpyruvate carboxykinase, key enizgme
gluconeogenesis, catalyzes early reaction in cadrake
biosynthesis, glucose represses transcription ecelerates
MRNA degradation, regulated by Mcm1p and Cat8mtkxtin
the cytosol
Protein of unknown function, has similarityAty1p;
potentially phosphorylated by Cdc28p
Acetyl-coA synthetase isoform which, alonghwics2p, is the
nuclear source of acetyl-coA for histone acetlyatiexpressed
during growth on nonfermentable carbon sourcesuaier
aerobic conditions
Covalently linked cell wall mannoprotein, nragonstituent of
the cell wall; plays a role in stabilizing the cefll; involved in
low pH resistance; precursor is GPl-anchored
O-glycosylated covalently-bound cell wall giatrequired for
cell wall stability; expression is cell cycle regtdd, peaking in
M/G1 and also subject to regulation by the cekgnity
pathway
Phospholipid-binding protein; expression duiced by osmotic
stress
Aconitase, required for the tricarboxylic a€i€CA) cycle and
also independently required for mitochondrial geeom
maintenance; phosphorylated; component of the imitodrial
nucleoid; mutation leads to glutamate auxotrophy
Cell wall mannoprotein that localizes speaificto birth scars
of daughter cells, linked to a beta-1,3- and beaglucan
heteropolymer through a phosphodiester bond; redqudor
propionic acid resistance
Protein of unknown that associates with rilbposs; null mutant
exhibits translation defects, altered polyribosqrafiles, and
resistance to the translation inhibitor anisomcyin
Dual specificity mitochondrial citrate and mgtitrate
synthase; catalyzes the condensation of acetyl-&aiA
oxaloacetate to form citrate and that of propio@glA and
oxaloacetate to form 2-methylcitrate
Ribosomal protein of the large (60S) ribososuddunit, has
similarity to E. coli L15 and rat L27a ribosomabpgins; may
have peptidyl transferase activity; can mutateytdaheximide
resistance
Cytosolic aldehyde dehydrogenase, activatddd®+ and
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SPS100

ATO3

ACR2

OLE1

NCA3

SP4

YLR162W

PST1

CUP1-1

CUP1-2

YGL260W

ARG1

YLR164W

ICX2

SPO19

YAT1

RNH203

PDH1

3.84

3.84

3.80

3.65

3.62

3.60

3.44

3.40

3.38

3.38

3.34

3.31

3.30

3.23

3.18

3.18

3.16

3.15

utilizes NADP+ as the preferred coenzyme; requioced
conversion of acetaldehyde to acetate; constitiyterpressed;
locates to the mitochondrial outer surface uponatke stress
Protein required for spore wall maturatiompressed during
sporulation; may be a component of the spore wapression
also induced in cells treated with the mycotoxitupa
Plasma membrane protein, regulation pattegygesis a
possible role in export of ammonia from the cell;
phosphorylated in mitochondria; member of the TB.33
YaaH family of putative transporters
Acetyl-coA synthetase isoform which, alongnwhkcs1p, is the
nuclear source of acetyl-coA for histone acetylgtimutants
affect global transcription; required for growth gliucose;
expressed under anaerobic conditions
Delta(9) fatty acid desaturase, required fonounsaturated
fatty acid synthesis and for normal distributiomuifochondria
Protein that functions with Nca2p to regulaieochondrial
expression of subunits 6 (Atp6p) and 8 (Atp8p dhef Fo-F1
ATP synthase; member of the SUN family; expresgidniced
in cells treated with the mycotoxin patulin
C6 zinc cluster transcriptional activator thiauds to the carbon
source-responsive element (CSRE) of gluconeogeriey
involved in the positive regulation of gluconeogsieg
regulated by Snflp protein kinase; localized tortbeleus
Putative protein of unknown function; overesgsion confers
resistance to the antimicrobial peptide MIAMP1
Cell wall protein that contains a putative @GRachment site;
secreted by regenerating protoplasts; up-regulayeattivation
of the cell integrity pathway, as mediated by Rim1p
upregulated by cell wall damage via disruption KS&
Metallothionein, binds copper and mediatestasce to high
concentrations of copper and cadmium; locus isabdyi
amplified in different strains, with two copies, €W-1 and
CUP1-2, in the genomic sequence reference stré88G2
Metallothionein, binds copper and mediatestasce to high
concentrations of copper and cadmium; locus isabdyi
amplified in different strains, with two copies, €W-1 and
CUP1-2, in the genomic sequence reference stré88G2
Putative protein of unknown function; trangtian is
significantly increased in a NAP1 deletion backgrdudeletion
mutant has increased accumulation of nickel arehaahn
Arginosuccinate synthetase, catalyzes thedtom of L-
argininosuccinate from citrulline and L-aspartat¢he arginine
biosynthesis pathway; potential Cdc28p substrate
Mitochondrial inner membrane of unknown fuotisimilar to
Tim18p and Sdh4p; expression induced by nitrogaitdtion
in a GLN3, GAT1-dependent manner
Protein of unknown function; null mutation do®t confer any
obvious defects in growth, spore germination, \ighior
carbohydrate utilization
Meiosis-specific prospore protein; requiregtoduce bending
force necessary for proper assembly of the prosperabrane
during sporulation; identified as a weak high-cepppressor of
the spol-1 ts mutation
Outer mitochondrial carnitine acetyltransferaminor ethanol-
inducible enzyme involved in transport of activatayl groups
from the cytoplasm into the mitochondrial matrix;
phosphorylated
Ribonuclease H2 subunit, required for RNasae&iity;
related to human AGS3 that causes Aicardi-Goutigyadrome
Mitochondrial protein that participates inpieation, induced
by diauxic shift; homologous to E. coli PrpD, make part in
the conversion of 2-methylcitrate to 2-methyliscatie
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SSA3 3.15 ATPase involved in protein folding and thepmsse to stress;
plays a role in SRP-dependent cotranslational prote
membrane targeting and translocation; member offi¢ta
shock protein 70 (HSP70) family; localized to tlygoplasm
CDA1 3.15 Chitin deacetylase, together with Cda2p inedlin the
biosynthesis ascospore wall component, chitosajired for
proper rigidity of the ascospore wall
PUT4 3.12 Proline permease, required for high-affinignsport of proline;
also transports the toxic proline analog azetidirearboxylate
(AzC); PUTA4 transcription is repressed in ammoriaag cells
ASH1 3.12 Zinc-finger inhibitor of HO transcription; mRNs localized
and translated in the distal tip of anaphase c@igylting in
accumulation of Ashlp in daughter cell nuclei amtaibition of
HO expression; potential Cdc28p substrate
MMR1 3.04 Phosphorylated protein of the mitochondriageomembrane,
localizes only to mitochondria of the bud; intesefith Myo2p
to mediate mitochondrial distribution to buds; mRI$A
targeted to the bud via the transport system inmglghe2p
PHA 3.029 Protein whose expression is induced duriogusation; not
required for sporulation; heterologous expressioB.icoli
induces the SOS response that senses DNA damage
RPP1B 3.00 Ribosomal protein P1 beta, component of thesomal stalk,
which is involved in interaction of translationdbegation
factors with ribosome; accumulation is regulated by
phosphorylation and interaction with the P2 stalknponent

Summary of the overall effects of gene downrequlation on cells

Figures 4.85-4.87 depict the overall effects on cells induced by genes
downregulated more than 2-fold in response to 200 uM GdnHCI + 20 uM TAwrpoS

for 3 hr.

vacuole [%] 0.56
site of polarized growth %% 1.39
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Figure 4.85 The percentage of each cellular component category (2001 GdnHCI

+ 20 uM TA 3 hr downregulated genes)Genes downregulated more than two-fold
were assigned cellular component categories. The number of igerash category
was expressed as a percentage of the number of total genes.
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transporter activity 6.55

transferase activity 11.31
transcription regulator activity ¥ ¥ ¥ ¥]2.38

structural molecule activity 25.60
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Figure 4.86 The percentage of each molecular function category (200 p&tInHCI

+ 20 uM TA 3 hr downregulated genes)Genes downregulated more than two-fold
were assigned molecular function categories. The number of geg@shirtategory was
expressed as a percentage of the number of total genes.
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Figure 4.87 The percentage of each biological process category (200 &InHCI +
20 uM TA 3 hr downregulated genes)Genes downregulated more than two-fold were
assigned biological process categories. The number of geneshncagegory was
expressed as a percentage of the number of total genes.

The five biological processes, molecular functions and associztdlar

components most repressed by exposure to 200 uM GdnHCI + 20 uM TArfovede

further graphed. These are illustrated in figures 4.88-4.90.
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Figure 4.88 The five associated cellular components most highlpwnregulated by
exposure to 200 uM GdnHCI + 20 uM TA for 3 hr.
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Figure 4.89 The *five molecular functions most highly downregulad by exposure
to 200 UM GdnHCI + 20 uM TA for 3 hr. *The 8" and 6" most repressed molecular
functions are represented by the same number of genes and are thus both included.
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Biological Processes
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Figure 4.90 The five biological processes most highly downreguldtdy exposure
to 200 uM GdnHCI + 20 uM TA for 3 hr.

Table 4.11 lists the fifty genes, and their respective functibaswere the most
transcriptionally downregulated in response to 200 uM GdnHCI + 20 pMxpasure

for 3 hr.

Table 4.11 The fifty genes most highly downregulated in respsa to 200 uM
GdnHCI + 20 uM TA exposure for 3 hr. Gene functions were obtained from
www.yeastgenome.orGGD).

Gene Fold Change Gene Function
FRM2 -30.67 Protein of unknown function, involved in tihéegration of lipid

signaling pathways with cellular homeostasis; esgign
induced in cells treated with the mycotoxin patulins
similarity to bacterial nitroreductases
HXT4 -28.61 High-affinity glucose transporter of the ordpacilitator
superfamily, expression is induced by low levelglotose and
repressed by high levels of glucose
SAM1 -19.10 S-adenosylmethionine synthetase, catalyaasfer of the
adenosyl group of ATP to the sulfur atom of metimenone of
two differentially regulated isozymes (Saml1p anth3g)
CHA1 -13.31 Catabolic L-serine (L-threonine) deaminas¢alyzes the
degradation of both L-serine and L-threonine; regplito use
serine or threonine as the sole nitrogen sourarstriptionally
induced by serine and threonine
AAD6 -11.68 Putative aryl-alcohol dehydrogenase withilanity to P.
chrysosporium aryl-alcohol dehydrogenase, invoiveithe
oxidative stress response; expression inducedlmtoeated
with the mycotoxin patulin

ERO1 -11.53 Thiol oxidase required for oxidative protétding in the
endoplasmic reticulum
AAD16 -10.86 Putative aryl-alcohol dehydrogenase withilanity to P.

chrysosporium aryl-alcohol dehydrogenase; mutatianalysis
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has not yet revealed a physiological role
CYcv -10.73 Cytochrome c isoform 2, expressed under xiggmnditions;
electron carrier of the mitochondrial intermembrapace that
transfers electrons from ubiquinone-cytochrome ¢
oxidoreductase to cytochrome c oxidase during leellu
respiration
AQR1 -10.47 Plasma membrane multidrug transporter ofrthpr facilitator
superfamily, confers resistance to short-chain marmxylic
acids and quinidine; involved in the excretion eé@ss amino
acids
YBR238C -9.91 Mitochondrial membrane protein with similgrio Rmd9p; not
required for respiratory growth but causes a sytitthe
respiratory defect in combination with rmd9 mutasp
transcriptionally up-regulated by TOR; deletionremses life
span
SER2 -8.63 Phosphoserine phosphatase of the phosphoatgqeathway,
involved in serine and glycine biosynthesis, exgi@sis
regulated by the available nitrogen source
OYE3 -8.29 Conserved NADPH oxidoreductase containingrfla
mononucleotide (FMN), homologous to Oye2p with atint
ligand binding and catalytic properties; has potmoles in
oxidative stress response and programmed cell death
DAN1 -8.18 Cell wall mannoprotein with similarity to Tip, Tir2p, Tir3p,
and Tirdp; expressed under anaerobic conditiomaptetely
repressed during aerobic growth
MUP1 -7.97 High affinity methionine permease, integramiorane protein
with 13 putative membrane-spanning regions; algolired in
cysteine uptake

HXT3 -7.96 Low affinity glucose transporter of the mafacilitator
superfamily, expression is induced in low or hidicgse
conditions
ATX2 -7.60 Golgi membrane protein involved in mangartesmeostasis;

overproduction suppresses the sod1 (copper, zpergxide
dismutase) null mutation
HBN1 -7.32 Putative protein of unknown function; simitarbacterial
nitroreductases; green fluorescent protein (GFBipfuprotein
localizes to the cytoplasm and nucleus; proteirobess
insoluble upon intracellular iron depletion
OYE2 -7.24 Conserved NADPH oxidoreductase containingrila
mononucleotide (FMN), homologous to Oye3p with atint
ligand binding and catalytic properties; may beoired in
sterol metabolism, oxidative stress response, angrammed
cell death
VID24 -6.99 Peripheral membrane protein located at Véti¢ole import
and degradation) vesicles; regulates fructose-isghbsphatase
(FBPase) targeting to the vacuole; promotes proteas
dependent catabolite degradation of FBPase
AAC3 -6.76 Mitochondrial inner membrane ADP/ATP translioc,
exchanges cytosolic ADP for mitochondrially synihed ATP;
expressed under anaerobic conditions; similar tégPand
Aaclp; has roles in maintenance of viability andespiration
HXK2 -6.69 Hexokinase isoenzyme 2 that catalyzes phaoglation of
glucose in the cytosol; predominant hexokinasendugrowth
on glucose; functions in the nucleus to repressessgon of
HXK1 and GLK1 and to induce expression of its oveme
YGL157W -6.13 NADPH-dependent aldehyde reductase, utibzematic and
alophatic aldehyde substrates; member of the siaita
dehydrogenase/reductase superfamily
GSH1 -6.05 Gamma glutamylcysteine synthetase catalywefirst step in
glutathione (GSH) biosynthesis; expression induned
oxidants, cadmium, and mercury
ATR1 -6.04 Multidrug efflux pump of the major facilitatsuperfamily,
required for resistance to aminotriazole and 4egitinoline-N-
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MUP3
FLR1

ADE4

GRC3

Wil

YFLO54C

YGRO35C

AAD4

GTT2

INM1

PFK27

YNLO024C

YLR301W
MIG1

JJJ3

STE14

HOR2

YKLO71W

PMP2

PGA3

-5.80
-5.67

-5.63

-5.60

-5.59

-5.54

-5.47

-5.37

-5.32

-5.16

-5.15

-4.97

-4.94
-4.93

-4.89

-4.77

-4.74

-4.66

-4.61

-4.60

oxide
Low affinity methionine permease, similaMoplp
Plasma membrane multidrug transporter ofrthpr facilitator
superfamily, involved in efflux of fluconazole, daborine,
benomyl, methotrexate, and other drugs; expresstuced in
cells treated with the mycotoxin patulin
Phosphoribosylpyrophosphate amidotransfdRREPAT;
amidophosphoribosyltransferase), catalyzes fiegi sf the 'de
novo' purine nucleotide biosynthetic pathway
Polynucleotide kinase present on rDNA thaedguired for
efficient transcription termination by RNA polymeeal;
required for cell growth; mRNA is cell-cycle regtdd
Cell wall protein with similarity to glucaress may play a role
in conjugation during mating based on its regutably Ste12p
Putative channel-like protein; similar to Epsmediates
passive diffusion of glycerol in the presence biebl
Putative protein of unknown function, potah@€dc28p
substrate; transcription is activated by paralogoasscription
factors Yrmlp and Yrrlp along with genes involved i
multidrug resistance
Putative aryl-alcohol dehydrogenase with Isirity to P.
chrysosporium aryl-alcohol dehydrogenase, invoiveithe
oxidative stress response; expression inducedlmtoeated
with the mycotoxin patulin
Glutathione S-transferase capable of homaiizat@n;
functional overlap with Gtt2p, Grx1p, and Grx2p
Inositol monophosphatase, involved in biokgats of inositol
and in phosphoinositide second messenger signahihgi
expression increases in the presence of inositbbacreases
upon exposure to antibipolar drugs lithium and x@dgpe
6-phosphofructo-2-kinase, catalyzes synttafdisictose-2,6-
bisphosphate; inhibited by phosphoenolpyruvatesmmd
glycerol 3-phosphate, expression induced by gluense
sucrose, transcriptional regulation involves proténase A
Putative protein of unknown function with se\beta-strand
methyltransferase motif; green fluorescent prof&RP)-fusion
protein localizes to the cytoplasm; YNL024C is antessential
gene
Protein of unknown function that interactshwec72p
Transcription factor involved in glucose egsion; sequence
specific DNA binding protein containing two Cys2Rlizinc
finger motifs; regulated by the SNF1 kinase andGh€7
phosphatase
Protein of unknown function, contains a J-domwhich is a
region with homology to the E. coli DnaJ protein
Farnesyl cysteine-carboxyl methyltransferasediates the
carboxyl methylation step during C-terminal CAAX tifio
processing of a-factor and RAS proteins in the prakmic
reticulum, localizes to the ER membrane
One of two redundant DL-glycerol-3-phosphasas
(RHR2/GPP1 encodes the other) involved in glycerol
biosynthesis; induced in response to hyperosmutssand
oxidative stress, and during the diauxic transition
Putative protein of unknown function; expressnduced in
cells treated with the mycotoxin patulin, and ats® quinone
methide triterpene celastrol; green fluorescentgind GFP)-
fusion protein localizes to the cytoplasm
Proteolipid associated with plasma membraf@§-ATPase
(Pmalp); regulates plasma membrane H(+)-ATPasdatscti
nearly identical to PMP1
Putative cytochrome b5 reductase, localineti¢ plasma
membrane; may be involved in regulation of lifespaquired
for maturation of Gaslp and Pho8p, proposed toaved in
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protein trafficking
AGAl -4.57 Anchorage subunit of a-agglutinin of a-cdtighly O-
glycosylated protein with N-terminal secretion sijand C-
terminal signal for addition of GPI anchor to ogdll, linked to
adhesion subunit Aga2p via two disulfide bonds

CST26 -4.57 Protein required for incorporation of steaid into
phosphatidylinositol; affects chromosome stabilityen
overexpressed
COX5B -4.53 Subunit Vb of cytochrome ¢ oxidase, whicthisterminal

member of the mitochondrial inner membrane electransport
chain; predominantly expressed during anaerobiwsidravhile
its isoform Va (Cox5Ap) is expressed during aerapimwth
GPX2 -4.45 Phospholipid hydroperoxide glutathione pedlaxe induced by
glucose starvation that protects cells from phokpiao
hydroperoxides and nonphospholipid peroxides during
oxidative stress
SPIl -4.44 GPIl-anchored cell wall protein involved inakeacid
resistance; basal expression requires Msn2p/Msndpession
is induced under conditions of stress and duriegdiauxic
shift; similar to Sed1p
YNL134C -4.40 Putative protein of unknown function with gdamity to
dehydrogenases from other model organisms; greereicent
protein (GFP)-fusion protein localizes to both tiygoplasm
and nucleus and is induced by the DNA-damaging talg&fS

4.18.1.6 Investigation into the differential effects of GdnHCI and TA exposure
time on yeast cells

| was interested at this point in assessing the effectseddoyg GdnHCI and
TA under different lengths of exposure. RNA sequencing data evapared from cells
exposed to 200 uM GdnHCI + 20 uM TA for 1 hr, 3 hr and 14 generations, as
summarised in previous sections. The five most commonly stimulatedepressed
molecular functions, biological processes and associated cellmaponents were
compared and contrasted. This provides insight into the ways in whidrediff
exposure times affect tt& cerevisiae drug response.

Figures 4.91-4.93 depict comparisons of the biological processes, rcellula
components and molecular functions stimulated by GdnHCI and TA upon 1Hhi., 3
and 14 generation exposures. It appears that there are differemesponses induced
by cellular exposure to GdnHCI and TA for 1 hr. and 3 hr. As showrgur€fi4.91,
RNA metabolic process, ribosome biogenesis and transportlasena¢ of the most

highly stimulated processes under 1 hr.,, 3 hr. and 14 generation exposemes. G
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involved in translation are greatly stimulated by GdnHCI and TA expo®r 1 hr and
14 generations, but not 3 hr. Transcription and cell cycle appeaiinduxeed upon 1 hr.
and 14 generation exposure respectively, while genes involved in fosesto stress

and chemical stimulus are stimulated only under 3 hr. exposure.

Five Most Common Biological Processes
of Genes with >2-fold Upregulation

20 UM TA + 20 uM TA +
200 pM GdnHCI 200 pM GdnHCI
1 hr exposure 3 hr exposure

Response to

s Chemical Stimulus
Transcription

Transport Response to
Stress

Ribosome Biogenesis

RNA Metabolic

Process

20 uM TA +
200 pM GdnHCI
14 generation exposure

Figure 4.91 Comparison of the five most common biological process of genes
with >2-fold upregulation.

Genes associated with the cytoplasm, nucleus and membrane soeallof
those most highly expressed upon 1 hr., 3 hr. and 14 generation exposure tol GdnHC
and TA, as illustrated in figure 4.92. Genes associated with theatuslare highly
upregulated under the 1 hr. and 14 generation exposures only, while plastheanme
associated genes are acutely induced solely under 3 hr exposuhegf lupregulation

of mitochondrion-associated genes occurs only upon 1 hr. and 3 hr. exposures, while
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genes involved in ribosome function are only acutely expressed uponn&daien

treatment.

Five Most Common Cellular Components Associated
with Genes with >2-fold Upregulation

20 UM TA + 20 UM TA +
200 pM GdnHCI 200 uM GdnHCI
1 hr exposure 3 hr exposure

Mitochondrion

Plasma Membrane

Nucleus

Cytoplasm

Membrane

Ribosome

20 pM TA +
200 pM GdnHCI
14 generation exposure

Figure 4.92 Comparison of the five most common associated ceflulcomponents
of genes with >2-fold upregulation.

Transferase and hydrolase activity are among the most inducetiohs when
cells are treated to these agents for 1 hr.,, 3 hr. and 14 generdiiume 4.93).
Oxidoreductase and transporter activity are most highly stintulateler the two
shorter exposure times. Genes involved in RNA binding are highly upredgupbn 1
hr. and 14 generation treatments, while those that play a role innpbabeling are
acutely induced in response to 3 hr. and 14 generation exposures. Straoleraile

activity is only highly stimulated under treatment for 14 generations.
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Five Most Common Molecular Functions
of Genes with >2-fold Uprequlation

20 UM TA + 20 uM TA +
200 uM GdnHCI 200 uM GdnHCI
1 hr exposure 3 hr exposure

Oxidoreductase Activity

Transferase Activity

Hydrolase Activity

Structural Molecule Activity

20 uM TA +
200 uM GdnHCI
14 generation exposure

Figure 4.93 Comparison of the five most common molecular funicns of genes
with >2-fold upregulation.

Downregulated gene GO identities were also compared and contrasted,
illustrated in figures 4.94-4.96. Figure 4.94 depicts the great differm genes that are
repressed upon 1 hr., 3 hr. and 14 generation exposure to GdnHCI| and TA. RNA
metabolic process is the only biological process greatly inhiltecksponse to all
exposure times. Response to stress, cellular carbohydratabatet process,
chromosome organisation and cell cycle are all inhibited upon 1 hr. w@®pos
Heterocycle metabolic process, ribosome biogenesis, cellulatoaatuid metabolic
process and translation are the most repressed processes upoentréatnd hr. In

contrast, genes involved in transport, transcription, generation of precnesabolites
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and energy, response to chemical stimulus and mitochondrion organistaiall a

acutely repressed under 14 generation treatment.

Five Most Common Biological Processes
of Genes with >2-fold Downregulation
20 UM TA + 20 UM TA +
200 pM GdnHCI 200 uM GdnHCI
1 hr exposure 3 hr exposure

Cell Cycle Heterocycle

Response to
Stress

Ribosome
Biogenesis

Cellular
Carbohydrate
Metabolic Proceg

RNA Metabolic Metabolic Process
Process

Chromosome
Organisatiop

Transport

TranscriptionResponse to
Chemical Stimulug

Generation of
Precursor
Metabolites
and Energy

Mitochondrion
Organisatio

20 UM TA +
200 uM GdnHCI
14 generation exposure

Figure 4.94 Comparison of the *five most common biological process of genes
with >2-fold downregulation. *In response to 14 generation exposure thesd &'
most repressed biological processes are represented by thewsamer of genes and
are thus both included.

Upon comparison of the cellular components associated with the muastyac
donwregulated genes, it was found that those associated with tpgasyt, nucleus,
mitochondrion and membrane are common to all three exposure times (figure 4.95).

Cell wall- and chromosome-associated genes are only highly sedresder
drug treatment for 1 hr. Ribosome-associated genes are only hidfibtted under

exposure for 3 hr., while genes involved in the mitochondrial envelope ar¢hosky

most repressed under the 14 generation treatment.
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Five Most Common Cellular Components Associated wht
Genes with >2-fold Downregulation

20 UM TA + 20 uM TA +
200 pM GdnHCI 200 pM GdnHCI
1 hr exposure 3 hr exposure

Cell Wall

Ribosome

Membrane

Cytoplasm

Nucleus

Mitochondrion

Mitochondrial Envelope

20 UM TA +
200 puM GdnHCI
14 generation exposure

Figure 4.95 Comparison of the *five most common associated ceinlcomponents
of genes with >2-fold downregulation*In response to 1 hr exposure th& &nd &'
most repressed associated cellular components are represgrbeddame number of
genes and are thus both included.

As illustrated in figure 4.96, oxidoreductase and transferaseitadaire both
some of the most repressed functions under drug exposure for 1 hr., 3 H4 and
generations. Upon 1 hr. yeast cell treatment, DNA binding is mbgiited, which is
also common to 14 generation exposure. Other molecular functions idhibitier this
treatment are transcription regulator activity and protein bindldgon drug exposure
for 3 hr., RNA binding and transporter activity are those most hindereatjdition to

hydrolase and structural molecule activity, which are both alselganhibited under 1

hr. exposure.
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Five Most Common Molecular Functions
of Genes with >2-fold Downrequlation
20 UM TA + 20 uM TA +
200 uM GdnHCI 200 uM GdnHCI
1 hr exposure 3 hr exposure

Hydrolase Activity
RNA binding

Structural Molecule Activit

Oxidoreductase Activity

Transferase Activity
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Transcription
Regulator Protein Binding

Activity

20 uhM TA +
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14 generation exposure

Figure 4.96 Comparison of the *five most common molecular funiins of genes
with >2-fold downregulation. *In response to 3 hr. exposure tH& &d &' most
repressed molecular functions are represented by the same nurgbeesfand are thus
both included.

4.18.1.7 Assessing the effects of TA on heatshock and related genasing
transcriptomics

It is known that heatshock proteins and related co-chaperongs/alreed in
prion propagation (Jones and Tuite, 2005). Disruption of normal chaperonen protei
activity, particularly that of Hsp70p can disturb prion propagatiomd&t al., 2000,
Jones and Masison, 2003, Joeeal., 2004). It was thus considered that the curing of
[PS*] by TA may involve alterations in chaperone function or chapesxpeession
levels. Further to this, the expression levels of a number of gemesling proteins
with chaperone-related function were assessed under GdnHCI angpdAuee (table

4.12).
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The majority of the genes in the table below have been previouslysded.
CDC37, like STI1 encodes a Hsp90p co-chaperone and the two are known to interact
with one another (Kimurat al., 1997, Abbas-Terket al., 2002). Cells deleted for
HSP26 and HSP42 have been shown to accumulate protein aggregates (Petko and

Lindquist, 1986, Haslbeckt al., 2004). Hsp26p and Hsp42p encoded by these genes

are small heatshock proteins (SHSPs) that are involved in the ssippre$ cytosolic

protein aggregation (Haslbeakt al., 2004). It has been reported that Hsp26p co-

aggregates with misfolded proteins, thereby facilitating thesagfjregation and

reactivation by Hsp104p, Hsp70p and Hsp40p (Caslakal., 2005). This provides a

possible link for sSHSPs and prion propagation.

Table 4.12 Expression levels of a number of genes possibly invalvia [PSI’]
propagation in the presence of GdnHCI and TA.

Gene Control 14 gen Gdn 14 gen Gdn + lhr Gdn + 3hr Gdn + TA
TA TA
APJ1 44,18 90.23 75.54 36.59 56.82
CDC37 104.68 54.10 49.93 113.45 65.76
CNSL 40.76 19.94 12.85 10.77 16.42
CPR7 19.77 4977 3.85 16.64 11.28
ECM10 N/A N/A N/A N/A N/A
FES1 76.61 63.44 46.11 48.53 112.31
HSP104 705.00 224.57 382.18 860.98 798.13
HSP26 6677.16 2513.75 5033.54 7950.32 13825.5
HSP42 672.22 586.49 726.93 830.18 764.81
HSP82 772.31 235.18 370.91 543.59 817.02
KAR2 570.35 138.76 116.47 186.38 235.16
LHSL 53.31 18.19 17.93 24.94 23.65
SSA1 1214.19 168.49 319.47 1373.99 1396.94
SSA2 799.88 88.80 176.41 20.27 725.72
SSA3 300.07 129.80 214.15 297.10 945.95
SSA4 233.94 59.69 79.36 245.03 138.58
SSB1 326.94 85.72 47.05 224.71 357.90
SSB2 336.71 139.75 76.53 282.77 461.26
SC1 1497.55 2658.25 2913.65 1332.14 1440.8
SSE1 360.65 167.19 127.61 164.28 241.92
SSE2 301.94 217.88 N/A 455.17 340.52
S301 63.24 N/A 78.93 60.81 42.41
S71 122.36 63.92 51.38 76.31 N/A
STI1 392.04 194.60 227.42 N/A 482.27
YDJ1 214.95 55.35 38.51 93.22 192.82
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Hsp82p and Hsc82p are the t8ocerevisiae Hsp90 proteins (Borkovicht al.,

1989, Gros&t al., 1990). As previously described, Hsp90 proteins work in conjunction
with Hsp70 members to carry out correct protein folding and mairdall viability
(Wegeleet al., 2004). The fact that Hsp70p and Hsp90p closely cooperate and many co-
chaperones are common to both families of heatshock proteins suthgestsp90p

may also have a regulatory function linked to prion propagation. Kar2p adg kins
endoplasmic reticulum-associated Hsp70 proteins (Rcae 1989, Craveret al., 1996)

and the mammalian Bip protein, homologous to Kar2p has been shown to prévent Pr
aggregation and facilitate P¥fproteosomal degradation (Normingtenal., 1989, Jin

et al., 2000).

4.18.2 Using two-dimensional gel electrophoresis to assess tif& cerevisiae
response to TA

In addition to analysing the global transcriptional response of yealBA, the
proteomic response was explored. 2D gel electrophoresis was echptogichieve this.
Protein was extracted, precipitated and quantified, from untreatetlol cells, cells
exposed to 200 uM GdnHCI and cells exposed to 200 uM GdnHCI + 20 uMHREA.
cells were exposed to the compounds for 14 generations as we kadw blei enough
time to fully cure PS™].

Proteins were separated based on their isoelectric point, folloyvdtkein mass
and coomassie stained. Progen&sisame spot software was used to identify proteins
differentially expressed. Protein expression patterns wereghsothat depicted
differential expression upon the two treatments. 15 protein spotseoéshtillustrated
in figure 4.97 were selected, extracted and identified using Liquidn@tography
Mass Spectrometry (LC-MS).

Table 4.13 lists the 15 proteins identified that were expressditfeaent levels

in response to treatment with GdnHCI alone and in combination with TA.
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pH11 pH3

kDa

Figure 4.97 Separated proteins from G600 cell§pots circled represent proteins that
undergo an increase or decrease in level of expression in resp@se it GdnHCI
and 200 uM GdnHCI + 20 uM TA exposure.

Spot no. 1, llv2p is downregulated in response to GdnHCI alone, but upregulated

in the presence of both GdnHCI and TA (figure 4.98).

Iv2p

Average Volume

Control 200 pM GdnHCI 200 pM GdnHCI +
20 pM TA

Treatment

Figure 4.98 Ilv2p expression in response to GdnHCI and TAProgenesis
calculated p = 7.215e-004.
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Spot no. 2, Ssblp follows the same pattern of expression as llv2p whereby
expression decreases under exposure to GdnHCI alone and increaseprasence of

both GdnHCI and TA (figure 4.99).

Ssblp
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Control 200 uM GdnHCI 200 pM GdnHCI + 20
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Figure 4.99 Ssblp expression in response to GdnHCl and TARrogenesis’
calculated p = 0.014.

Spot no. 3, Ssa2p was found to be upregulated in response to GdnHCI and

further increased in when TA was present (figure 4.100).
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Figure 4.100 Ssa2p expression in response to GdnHCI| and TARrogenesis’
calculated p = 0.013.
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Table 4.13 Yeast proteins identified as undergoing an increase decrease in expression under GdnHCI and TA treatment.Pold change is the
sum of changes between the control and GdnHCI alone, and GdnHCI alone and with the addition of T

Spot No. Protein Sum of Change Change Pl Value Molecular Peptides Mascot Coverage (%) Protein Function
Name fold C-GdnHCI Gdn-TA Mass (Da) Matched Score
changes*
1 lv2 15.6 Down- Up- 8.95 75064 10(3) 420 12 Acetolactate synthase, catalyses the first comrem s

in isoleucine and valine biosynthesis and is thgetaof
several classes of inhibitors, localizes to theoofibndria;
expression of the gene is under general aminocaxitiol

2 Ssbl 50.7 Down- Up- 5.32 42078 5(0) 195 9 Cywpla ATPase that is a ribosome-associated
molecular chaperone, functions with J-protein partn
Zuolp; may be involved in folding of newly-made
polypeptide chains; member of the HSP70 familyeriatts
with phosphatase subunit Reglp

3 Ssa2 42.1 Up- Up- 4.95 69601 5(1) 256 10 ATP binding protein involved in
protein folding and vacuolar import of proteins;miger of
heat shock protein 70 (HSP70) family; associatet thie
chaperonin-containing T-complex; present in theglgsm,
vacuolar membrane and cell wall

4 Sshl 16.5 Down- Up- 5.32 66735 4(0) 199 5 Cytoplasmic ATPase that is a ribosome-associated
molecular chaperone, functions with J-protein partn
Zuolp; may be involved in folding of newly-made
polypeptide chains; member of the HSP70 familyeriatts
with phosphatase subunit Reglp

5 Asn2 6.6 Down- Up- 5.48 65085 5(0) 168 5 Asparagine synthetase, isozyme of Asnlp;
catalyzes the synthesis of L-asparagine from Liaagain
the asparagine biosynthetic pathway
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10

11

Ssa2

Adel7

Pdcl

Pdcl

Aro8

Imd3

21.4

9.4

5.8

11.8

13.3

17.7

Up-

Down-

Up-

Down-

Up-

Down-

Up- 4.95
Down- 6.12
Up- 5.8
Up- 5.8
Up- 5.68
Up- 7.04

69601

65571

61689

61689

56375

56955

10(2)

3(1)

4(1)

2(0)

2(0)

2(0)

413

201

146

89

83

78

ATP binding protein involved in
protein folding and vacuolar import of proteins;miger of
heat shock protein 70 (HSP70) family; associatet thie
chaperonin-containing T-complex; present in theglgsm,
vacuolar membrane and cell wall

Enzyme of 'de novo' purine biosynthesis
containing both 5-aminoimidazole-4-carboxamide
ribonucleotide transformylase and inosine monophats
cyclohydrolase activities, isozyme of Ade16p; aded617
mutants require adenine and histidine

Major of three pyruvate decarboxylase
isozymes, key enzyme in alcoholic fermentation,
decarboxylates pyruvate to acetaldehyde; subject to
glucose-, ethanol-, and autoregulation; involvednmino
acid catabolism

Major of three pyruvate decarboxylase
isozymes, key enzyme in alcoholic fermentation,
decarboxylates pyruvate to acetaldehyde; subject to
glucose-, ethanol-, and autoregulation; involvedrmno
acid catabolism

Aromaitiginotransferase |, expression
is regulated by general control of amino acid biksgsis

Inosine monophosphate dehydrogenase,
catalyzes the first step of GMP biosynthesis, mernba
four-gene family in S. cerevisiae, constitutivepeessed
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12

13

14

15

Adhl

Adhl

Tdh3

Rhr2

93.9

141

Down-

Up-

Up-

Up-

Up-

Up-

Up-

Up-

5.94

5.94

6.46

5.35

37290

37290

35840

28103

2(0) 90

8(0) 304

2(0) 77

5(1) 255

15

20

Alcohol dehydrogenase, fermentative
isozyme active as homo- or heterotetramers; redjfimethe
reduction of acetaldehyde to ethanol, the lastistéipe
glycolytic pathway

Alcohol dehydrogenase, fermentative
isozyme active as homo- or heterotetramers; redjfimethe
reduction of acetaldehyde to ethanol, the lastistéipe
glycolytic pathway

Glyceraldeh@ephosphate dehydrogenase, isozyme
3, involved in glycolysis and gluconeogenesisateter that
catalyzes the reaction of glyceraldehyde-3-phospttat,3
bis-phosphoglycerate; detected in the cytoplasncafid
wall

Constitltivexpressed isoform of DL-glycerol-3-
phosphatase; involved in glycerol biosynthesisyadl in
response to both anaerobic and, along with the
Hor2p/Gpp2p isoform, osmotic stress
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Spot no. 4, another Ssblp isoform, is downregulated in response to GdnHCI
alone and under cellular exposure to both GdnHCI and TA in combinati®rhighly

upregulated (figure 4.101).

Ssblp
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Figure 4.101 Ssblp expression in response to GdnHCl and TArogenesis’
calculated p = 0.012.

Spot no. 5, identified as Asn2p is downregulated in the presence of GdnHiCl

upregulated under GdnHCI and TA combined exposure (figure 4.102).
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Figure 4.102 Asn2p expression in response to GdnHCl and TArogenesis
calculated p = 0.009.

Spot no. 6, Ssa2p is upregulated under exposure to both treatments (figur

4.103).
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Figure 4.103 Ssa2p expression in response to GdnHCI| and TARrogenesis’
calculated p = 0.043.

Adel7p was found to be represented by spot no. 7, and the expression of this
protein is repressed in the presence of GdnHCI alone and furthéitedhin the

presence of a combination of GAnHCI and TA (figure 4.104).

Adel7p
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Figure 4.104 Adel7p expression in response to GdnHCI and TArogenesis’
calculated p = 0.034

Spot no. 8, identified as Pdclp is upregulated upon GdnHCI exposure and its

expression increases further upon TA addition (figure 4.105).
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Pdclp
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Figure 4.105 Pdclp expression in response to GdnHCI| and TArogenesis’
calculated p = 0.020.

Protein spot no. 9 was also identified as Pdclp. In this instance, Pdslge@n
to be downregulated in the presence of GdnHCI alone and highly upeztulih the

addition of TA (figure 4.106).
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Figure 4.106 Pdclp expression in response to GdnHCl and TARrogenesis’
calculated p = 0.043.

The protein represented by spot no. 10 was identified as Aro8p. Prot&aahyc
demonstrated that this protein is upregulated under exposure to GdoHEkad then

furthermore in the presence of a combination of both GdnHCI and TA (figure 4.107).
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Aro8p
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Figure 4.107 Aro8p expression in response to GdnHCI| and TAProgenesis
calculated p = 0.032.

The expression of protein spot no. 11, Imd3p decreases upon exposure to

GdnHCI but is highly stimulated under the addition of TA (figure 4.108).
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Figure 4.108 Imd3p expression in response to GdnHC| and TAProgenesis’
calculated p = 0.007.

The expression of Adhlp, represented by spot no. 12 is heavily repiresised
presence of GAnHCI alone but highly induced under exposure to both GanHCIA

(figure 4.109).
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Adhlp
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Figure 4.109 Adhlp expression in response to GdnHCl and TAProgenesis’
calculated p = 0.003.

Spot no. 13 was also identified as Adhlp. As for spot 12, this was fole to
highly expressed in the presence of a combination of GAnHCI and Tikel$pot 12,

expression was upregulated under exposure to GdnHCI alone (figure 4.110).
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Figure 4.110 Adhlp expression in response to GdnHCl and TAProgenesis’
calculated p = 0.040.

Tdh3p, found to be represented by spot no. 14 is upregulated upon GdnHCI

exposure and furthermore with the addition of TA (figure 4.111).
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Figure 4.111 Tdh3p expression in response to GdnHCI and TAProgenesis’
calculated p = 0.042.

Spot no. 15 was identified as Rhr2p. This appears to be stimulatdue i
presence of GdnHCI alone and induced to a higher level under exposure GamHCI

TA in combination (figure 4.112).
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Figure 4.112 Rhr2p expression in response to GdnHC| and TAProgenesis’
calculated p = 0.046.

Figure 4.113 below presents gels containing separated proteinsditsnthat
were untreated, exposed to 200 uM GdnHCI and treated with 200 uM GdnHCI + 20 uM

TA.
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Control 200 pM GdnHCI exposure 200 pM GdnHCI + 20 pM TA eposure

Figure 4.113 Comparison of gels containing separated proteins fromntreated
cells, and cells exposed to GdnHCI and TA.

Figure 4.114 provides an example of proteins found to be differentially

expressed upon drug exposure.
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Control 200 pM GdnHCI 200 pM GdnHCI + Control 200 pM GdnHCI 200 uM GdnHCI +

exposure 20 pM TA exposure exposure 20 uM TA exposure

Figure 4.114 lllustration of differential Ssb1lp and Adel7p exprgsion in response
to GdnHCI and TA exposure.

Protein spot no. 2 Ssblp as depicted in figure 4.114 is downregulated in the
presence of GdnHCI alone and upregulated under exposure to a combination of GdnHCI
and TA. The figure above illustrates the visible differencepmt sntensity. Adel7p is
repressed under cellular exposure to GdnHCI alone and further skxtredth the

addition of TA.

4.19 Discussion
Much of the work described in this chapter was carried out to feare about
the mode of action of TA. Although commonly prescribed for decadegetd t
Alzheimer's Disease (Summers, 2006), TA was recently idemtihs an agent
displaying prion-curing capacity in yeast (Tribouillard-Tanweral., 2008a). Unlike
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two other drugs 6AP and GA identified in a similar screen, TAfaasd to be inactive
against mammalian prions (Baa#t al., 2003, Tribouillard-Tanvieret al., 2008a,
Tribouillard-Tanvieret al., 2008b). It was thus hypothesised that the yeast TA target
may be too far diverged in the mammalian system for the drubetceffective
(Tribouillard-Tanvieret al., 2008b).

In this study, it was demonstrated that TA, 6AP and GA all havatihigy to
cure PS7] in wild-type S. cerevisiae, but only in the presence of GdnHCI. It therefore
appears that a certain level of background curing by GdnH€tjisred before the anti-
prion effects of the drugs can be observed in wild-type. Importah#tyconcentration
of GdnHCI that facilitatesAS™] curing by the drugs does not cure the prion when
supplied alone. This can be seen in figures 4.3, 4.5 and 4.6. It was notexlatinztly
low concentrations, such as 5 uM, of all three drugs is sufficient to eliciteffect

When PS7] cells are treated wth an effective level of GdnHCI, tleaghge of
new propagons by Hspl104p is prevented, halting priongenesis, and theimgrpaion
seeds are diluted out over time (Pauslekial., 1996, Eaglestonet al., 2000, Ferreira
et al., 2001). Based on the curing curves constructed in this study, itraghaa6AP,
GA and TA function in a similar manner, preventing prion propagationwaly
residual propagons to be diluted out over subsequent generations. Althautjloitght
that 6AP and GA curePd "] through a different mode of action to TA, methods may be
similar in this respect. Like GdnHCI, the way in which thesedahirugs cureFS*]
may also be a result of chaperone function inhibition. It is dyr&aown that 6AP and
GA decrease the level of ribosomal chaperone activity. Althoughtstally unrelated,
6AP and GA cure prions through a similartians mode of action (Reist al., 2011).
Both compete with unfolded protein for the domain V of the large rRRN#e large
ribosomal subunit and inhibit ribosomal-mediated protein folding (Tribouillfamlier

et al., 2008b, Rei%t al., 2011). The analogous TA curing curve implies this agent may
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also inhibit chaperone activity, hindering prion propagation. Perhaps imAiisting a
chaperone that is diverged or undiscovered in mammals, as suggestedooyldrd-
Tanvier et al. (2008a). To date, no Hspl04p homologue has been discovered in
mammals (Jones and Tuite, 2005), it was thus hypothesised that ayAtarget
Hsp104p, as GdnHCI does, and like TA, GdnHCI does not cure mammalian phens. T
TA curing curve data correlates well with the result franother assay demonstrating
that growth is required for TA to cureP$*]. Cell cultures exposed to TA (in
combination with GdnHCI) in which cells did not grow remain®& ], while cells
that underwent growth began to cure (figure 4.7). Data from bothsadspycted TA
prion curing over time, associated with cell growth.

Although similarities were observed in 6AP, GA and TA curing cirgeme
differences were also seen. Both 6AP and GA appear to BS{ n the wild-type
background faster than TA, suggesting that they are more potenicpriag agents
than TA. However, when comparing the level of curing after 11 geoesa TA
exposure results in a greater percentage of cured cells thBn oBAGA. These
discrepancies in drug curing patterns highlights a probable ditferen the way in
which 6AP and GA curePS], in comparison to TA. This difference may simply be a
disparity in the chaperone activity targeted by the respective drugs.

Further to these results, thermotolerance assays were carried out. Hsp&Ap
in enabling cells to withstand heatshock (Sanchez and Lindquist, 199@f teasoned
that if TA does target Hsp104p, inhibiting its function, this may Heated in the level
of cellular thermotolerance. After Hspl04p induction by incubation at 38%€
subsequent heatshock at 52°C, a clear growth gradient was observéd-fgpevcells
on YPD (figure 4.11). Prolonged heatshock resulted in increased c#ll Eeposure to
3 mM GdnHCI following heatshock strongly inhibited cell growth, itasng

inhibition of Hsp104p activity by GdnHCI, thus hindering thermotoleraNedther 20
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MM TA nor 200 pM GdnHCI alone effected wild-type cellular thewterance,
demonstrating the neither alone exert any considerable influertdspd®4p. However,
growth of heatshocked cells exposed to a combination of both is hindéisdmplies
that TA may inhibit Hsp104p, as it enhances the effect of a lowfetiafe level of
GdnHCI. It may be the case that together, TA and GdnHCI hagseamulative effect
on Hsp104p, resulting in clear inhibition.

Thermotolerance assays using G@®Bp104 showed no difference in growth of
heat-shocked cells, regardless of drug exposure (figure 4.12).dDine tabsence of
HSP104, drugs cannot take effect, supporting the hypothesis that TA targets Hsp104p.

Thermotolerance assays were also performed using 6AP and GAalldwed
comparisons to be made to the inhibitory effects of TA on Hsp104p. In contrast to TA, a
combination of 20 uM 6AP/GA and 200 uM GdnHCI did not appear to restiitein
inhibition of Hsp104p (figure 4.15). This suggests that 6AP and GA do nuifarthne
effects of GAnHCI, and do not target Hsp104p and again highlights eediféein the
modes of action of 6AP/GA and TA.

Following thermotolerance assay results that demonstrated an rappare
accumulative effect of GdnHCI and TA on Hsp104p, it was hypothesisedA may
function in increasing the rate of GdnHCI uptake by cells. Aengit was made to
monitor the uptake of'{C]-labelled GdnHCI in the presence and absence of TA.
Unfortunately, the assay was unsuccessful.

Upon environmental stress, Hspl104p works through collaboration with
Hsp70p and Hsp40p to rescue denatured, aggregated proteins (Glover and Lindquist
1998). Taking into account that TA appears to ci#8] in a similar manner to
GdnHCI, the effects of this drug on Hsp70p activity was also inastig Hsp70
protein family members have a peptide-binding domain (PBD) whichtaias tight

association with its substrate when ADP is bound to the adjaceRagE€rbinding
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domain (ABP). In contrast, when ATP is bound, rapid substrate exchakeg fglace
(Masisonet al., 2009). This ATPase binding cycle is regulated by a number of co-
chaperones and NEFs such as Ydjlp, Sislp, Feslp, Sselp, Stilp, Cnslp andy€pr7p (C
et al., 1992, Dolinskiet al., 1998, Lu and Cyr, 1998, Kabagtial., 2002, Wegelet al.,

2003, Hainzlet al., 2004, Jonest al., 2004, Raviolet al., 2006). The importance of
Hsp70p and the ATPase binding cycle in prion propagation has been demorstdated

is of particular interest due to the high level of conservation detwyeast and
mammals (Cherno#t al., 1995, Newnanet al., 1999, Jonest al., 2004). In this study,
wild-type and mutant strains lacking genes involved in the Hsp70p €T Biading

cycle were exposed to TA alone and in the presence of GdnH@Irgfi4.17). As
expected, it was seen that TA alone does not ®8E][in wild-type G600, but clear
zones of TA curing were seen in the presence of 200 uM and 500 puMNriaoé
GdnHCI. Very different results were obtained for Hsp70p-assocamtgdnts. TA cures
Assal [PS*] in the absence of background GdnHCI, however 3 mM GdnHCI appears to
have the same effect as 10 mM TA. When 200 uM and 500 puM GdnHCI are present TA
curing is enhanced. Similar results were seem\épr7, Astil andAfesl, however that

for the double mutamistilAcpr7 was somewhat different. In the presence of 500 uM
background GdnHCI, the TA zone &étilAcpr7 [PS 7] curing was greater than that for
either of the single mutants. This suggests that an exaagidiataption of the Hsp70p
ATPase binding cycle renders cells more sensitive to curing by TA.

The same experiment was performed using 6AP and GA, so theff¢lots of
these drugs could be compared to that of TA (figures 4.18 and 4.19). Cblapara
results were obtained for 6AP curing d?J"] in these strains. In the absence of
background GdnHCI, 6AP did not curd*] in wild-type G600 but it did in the
mutant strains. It does appear however that 6AP is to a smaledewre potent than

TA in curing prions in Hsp70p-related mutant strains. @ curing capacity of GA
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in these strains was also observed. Interestingly, GA seemke the weakest anti-
prion agent as the curing zones induced in both wild-type and mutaims sivas
considerably smaller than those for TA and 6AP. The fact that all three dongshalve

the ability to cure PS™] in these mutant strains suggests that any of these drugs mig
target Hsp70p or the ATPase binding cycle. It may be the casdhthatrugs are
inhibiting an already weakend ATPase binding cycle and exhibititemsified PS™]
curing. The fact that 6AP and GA alone cuRS[] in Hsp70p-related mutants may
indicate a possible link between Hsp70p- and ribosomal-mediated pfotding.
Importantly, it was clearly demonstrated in these assaysrtesuitable background
strain, TA, 6AP and GA have the ability to cuRS[']. Following the observation that
TA has the ability to curePS "] in the absence of GdnHCI, it can be assumed that this
drug does not solely function through enhancing the uptake of GdnHCI, as was
previously hypothesised.

To further investigate if any of these drugs target Hsp104p jor s Western
blot analysis was performed. The expression levels of Ssalp spiD4H under drug
exposure was assessed. Untreated wild-type cells expresaribdevel of both Ssalp
and Hspl104p as those treated with GAnHCI alone and in combination with TAAMAP
GA. This indicates that TA, 6AP and GA do not directly affect lhesl of these
chaperone proteins and correlates with results published by lealairi (1994), who
showed that TA does not induce changes in the expression levahahalian Hsp70p.

If any of these drugs do inducB9] curing through targeting Hsp70p or Hsp104p,
they may do so by altering chaperone protein activity rath@n tirect expression
levels.

Additional investigation into the mode of action of TA involved assgstie
genes that are up- and downregulated in response to exposure. RNAcseyuata

was analysed and the cellular transcriptomic responses to 200dpMGEand 200 uM
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GdnHCI + 20 uM TA were compared (exposure for 14 generations). Gbaes
underwent more than 2-fold increase or decrease in transcriptienaggessed. It must
be noted that many more genes are downregulated than upregulegsganse to both
treatments.

It appears that whether the cells are exposed to 200 uM Gdnéi, ar in
combination with 20 uM TA, the cells respond in the same wayganharal biological
level. The five most highly induced biological processes are commooth treatments
(4.61). The RNA metabolic process is stimulated, to increase tloeireanof RNA
available, prerequisite to protein production, presumably as a geaspainse to the
above described compounds. The fact that ribosome biogenesis and tnanstati
stimulated adds weight to this hypothesis, increasing potentiguigmented protein
production. Transport, also seen to be provoked, is important subsequendyrifagec
of synthesised proteins to regions where function might occur. Tpertamce of the
cell cycle becomes clear at this point, as it is necessacells to undergo duplication
to increase the opportunity to respond to both TA and GdnHCI.

The cellular response at the molecular function level to both tesa$nis also
quite similar (4.63). Transferase activity involves the transfer of aiunattgroup from
one molecule to another, e.g. transfer of a phosphate group to @utadtem ATP by
a kinase (Parson, 1993). The fact that transferase activity igul@ied could denote
that GdnHCI| and TA are creating stressful conditions for thé &@&hases have
previously been shown to be transcriptionally upregulated in responesntotic,
oxidative and heavy metal stress @andida albicans (Enjalbertet al., 2006) and
environmental stress ischizosaccharomyces pombe (Berlangaet al., 2010). It is
already known that GdnHCI is toxic to yeast at concentratiorebo¥e 3-5 mM and
thus causes an inhibition of growth (Jueigal., 2002). The 200 uM concentration,

albeit 15-25 times lower that that found by others to be toxic, could Bbout stress
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that would precede cell death in cultures exposed to 3-5 mM Gdni4Gllustrated by
figures 4.61 and 4.63t is difficult to assess the impact TA has on the cellTAsand
GdnHCI combined at these concentrations don't initiate biological olegular
responses that aren’t seen under GdnHCI exposure alone.

Genes associated with the cytoplasm, nucleus, membrane and ribosome ar
some of the most highly induced in the presence of GdnHCI alonecamgired wih
TA. However, GdnHCI alone stimulates genes associated with tbehandrion, while
GdnHCI and TA together stimulate nucleolus-associated gemngsgft.62). rRNA is
transcribed and assembled within the nucleolus (Parson, 1993). The taohdea
exposure to GdnHCI and TA combined, nucleolus-associated genes ardighbgt
upregulated, suggests the cells strive to respond to those compounasrdasing
protein production, be it proteins involved in regular housekeeping funcisyecific
proteins that enable survival in the presence of the drugs.

When comparing the biological processes carried out by the atndely
downregulated genes, a greater difference was observed. Gssmsated with
transport, RNA metabolic process and transcription are highly dgwiated under
exposure to both GdnHCI alone and in combination with TA. However, aelipid
and heterocycle metabolic processes are only acutely regrassthe presence of
GdnHCI alone. In contrast, the response to chemical stimulus, geneotprecursor
metabolites and energy and mitochondrion organisation are all gnelaithyted when
TA is added to GdnHCI. Heterocycle metabolism involves ‘chahieactions and
pathways involving heterocyclic compounds, those with a cyclic molestiacture’

(SGD www.yeastgenome.grgHowever GdnHCI does not possess a cyclic structure.

A high degree of overlap was observed from expression data in tertese
up- and downregulated in response to GdnHCI alone and in combination witir TA f

generations. For example, three of the four genes most upregulatedpionse to
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GdnHCI exposure are also some of the four genes most stimurlatieel presence of
GdnHCI and TA combined.

It was important not only to look at the cellular response to Gdra#@l TA
after 14 generations, wheR3 "] cells have been completely cured by a combination of
the two. Cellular responses after 1 hr. and 3 hr. exposures providdd insigthe way
in which yeast initially react to the presence of the drddg®e RNA sequencing data
depicting the complete yeast cellular response to GdnHCI| and TAicedfor 14
generations was also used in assessing the differentiakseffeduced by various
exposure times. Comparisons were made of the genes diffesemtigiessed under
exposure to 200 uM GdnHCI + 20 uM TA for 1 hr., 3 hr. and 14 generatidinfrée
exposure times induced an increase in the expression of genegethvol RNA
metabolic process, ribosome biogenesis and transport. The shortest expasur
caused an upregulation in transcription- and translation-associated tpenkedgter also
common to the 14 generation treatment, while the 3 hr. exposure indutesl that
play a role in response to chemical stimulus and stress. Unighelyi4t generation
exposure acutely induced genes involved in the cell cycle (4.91).

Genes associated with the nucleolus were only highly upregulatedlupon
and 14 generation exposure, while those associated with the plasnamemhere
only highly stimulated under 3 hr. exposure, as shown in figure 4.92. Cstopla
nucleus-, and membrane-associated genes were some of the rhgsupriggulated
genes in response to all treatments. Conversely, genes s&=$oaidth the
mitochondrion were only highly stimulated under the two shorter exposwieke
those involved with ribosome function were found to be most induced upon 14
generation treatment.

As regards molecular function, transferase and hydrolase activése

commonly induced under the three different exposures. Oxidoreducth$easporter
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activity were stimulated under 1 hr. and 3 hr. exposures, while RiN4ing was
acutely induced upon 1 hr. and 14 generation exposures. Protein binding was gpmmonl
upregulated upon 3 hr. and 14 generation treatments and structuratlmaetvity

was uniquely one of the most highly stimulated functions under tlgegbrexposure
(figure 4.93).

Interestingly, very little correlation was observed in biologipaocesses
repressed upon GdnHCI + TA exposure for 1 hr., 3 hr. and 14 generatiome &i§4).
Only RNA metabolic process was highly inhibited in response timegitments. Genes
most heavily downregulated upon 1 hr. treatment function in the resporsteeds,
cellular carbohydrate metabolic process, chromosome organisatmbncedl cycle.
Those downregulated upon 3 hr. exposure play a role in heterocycle neeprboéss,
ribosome biogenesis, cellular amino acid metabolic process andati@ms The
processes most hindered under exposure for 14 generations were trarsysaription,
generation of precursor metabolites and energy, response to chetmualus and
mitochondrial organisation.

A higher degree of correlation was observed in the comparison aflacell
components associated with genes highly repressed upon exposure 1 hand ht.
generation exposure. Genes associated with the cytoplasm, nucleecshiomirion and
membrane were heavily downregulated under all exposures (figure @by all- and
chromosome-associated genes were among those most represagdtitirshortest
exposure, while ribosome-associated genes were seen to beethhiitst heavily
during the 3 hr. exposure. Conversely, genes involved with the mitochonuredbpe
were acutely downregulated upon the 14 generation treatment.

In response to GAnHCI + TA exposure for 1 hr., 3 hr. and 14 generatioes, ge
involved in oxidoreductase and transferase activity were all higgpyessed (figure

4.96). Hydrolase and structural molecule activity were sevearbiited under the two
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shorter treatments, while DNA binding genes were acutely daulated upon 1 hr.
and 14 generation exposures. Specific to the 3 hr. treatment, geaiesl to RNA
binding and transporter activity were transcriptionally represseahscription regulator
activity and protein binding-associated genes were severly dowategulipon 14
generation exposure only.

Taking these results together, it appears that exposure to GdntdiCITA
combined may be conferring some kind of cellular stress. The biolggaaess termed
response to stress is acutely stimulated under 3 hr. exposure. Indydhesl involved
in the stress response can be some of the most highly upregulaésdmgéhe presence
of these agents. For exampleUP1-1 and CUP1-2 are upregulated almost 18-fold
under the 1 hr. treatment (table 4.6)JJP1-1 and CUP1-2 are two copies of a gene
encoding a metallothionein that confers resistance to cells agapyser and cadmium
(Wingeet al., 1985, Jeyaprakashal., 1991). In response to 3 hr. exposure, these genes
are again among the 50 most highly upregulated genes. Howggegex@osure for 14
generations, these genes do not fall into the 50 most highly upesygiane category.
This may imply that when cells are initially exposed to Gdn&i@ TA combined, they
are subjected to stress on some level, which they begin to respond &ventually
adapt to. The fact that the concentrations of these agents usedffdts but do not
kill cells may facilitate this response and adaptation.

Examining the expression levels of a number of genes involved oeddla
some way to prion propagation yielded interesting results (table.4ytf}p is a
member of the Hsp40 protein family (Cegtr al., 1994). It interacts with Hsp70p and
plays a role in regulating the ATPase binding cycle, thuditeislg Hsp70p activity
and prion propagation (Cwt al., 1992, Masisoret al., 2009). When cells are exposed
to 200 uM GdnHCI alone for 14 generatioMBJ1 is downregulated 3.9-fold. With the

addition of 20 um TA, it is further repressed 1.4-fold. Similarepatt were observed
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for other genes encoding Hsp70p ATPase cycle regulatorsCN&k gene product acts

as a co-chaperone for both Hsp90p and Hsp70p, stimulating ATPagaty axt the

latter (Dolinski et al., 1998, Hainzl et al., 200€NSL was found to be downregulated
2-fold under exposure to GdnHCI alone and downregulated 1.6-fold further in the
presence of GdnHCI and TA combined. Similar patterns of transcrgdtrepression
were observed for other gen€®PR7, FESL and SSE1, which act as Hsp70p ATPase
binding cycle regulators (Kabaet al., 2002, Raviokt al., 2006, Masisomt al., 2009).

The fact that these genes are all heavily downregulated upon Gdrp@duee alone

can perhaps be explained. GdnHCI is known to inhibit Hsp104p-mediated prion
propagation (Ferreirat al., 2001). Moosaviet al. (2010) demonstrated thaP$ "]
curing by Hsp104p overexpression requires Hsp70p co-chaperones and suihgésted
these proteins regulate Hsp104p activity or alter its binding yabilitmay be the case
that in this study, when Hsp104p activity was inhibited by GdnHClcéfie responded

by downregulating the expression of Hsp70p co-chaperones as thenatesgjuired

for Hsp104p regulation. If TA does target Hsp104p, this response may becedha
with the addition of TA. Alternatively, the exacerbated decrea¥®J1, CNSL, CPR7,

FESL and SSE1 expression under GdnHCI + TA exposure may be indicative that TA
targets the Hsp70p ATPase binding cycle.

Following two-dimensional gel electrophoresis and LC-MS, anabfgisoteins
differentially expressed under 200 uM GdnHCI and 20 uM TA exposdrdolghe
identification of a number of proteins displaying similar patteshsexpression. A
number of spots determined to be Ssa2p (two spots), Pdclp, Aro8p, Adhlp, Tdh3p and
Rhr2p were shown to be upregulated in response to GdnHCI exposurarmdofugther
elevated in the presence of GdnHCI and TA combined (figures 4.100, 4.103, 4.105,
4.107, 4.110-4.112). Ssa2p as described above is a member of the Hsp70 Stregs Sevent

subclass A (Craigt al., 1993), and the fact that expression of this protein is upregulated
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in this manner may suggest that TA curBSI{] by targeting Hsp70p expression in
combination with GdnHCI. It may be the case that TA and GdnHCltivefjaaffect
Hsp70p and in response to this the cells increase Ssa2p production.

Pdclp is a pyruvate decarboxylase, and along with the alcohol dgbpdase
Adhlp and the glyceraldehyde-3-phosphate dehydrogenase Tdh3p, plagsratha
glucose fermentation pathway (Lutstorf and Megnet, 1968, Bennetzedadind 982,
Schmitt and Zimmermann, 1982, McAlister and Holland, 1985, Pebak, 1996). The
increases in expression of these proteins in response to GdnHCI aboihen
combination with TA suggest that glucose fermentation may brilstied in response
to these agents. As was discussed in chapter 3, the increasaticacf this process
may be a result of cellular oxidative stress.

Rhr2p, which was shown to be upregulated in response to GdnHCI and TA, is a
glycerol-3-phosphatase that is involved in yeast stress respdimd®ecket al., 1996,
Pahlmaret al., 2001). The fact that this protein is increasingly expressedjponse to
these agents supports the hypothesis that they may induce callesas. Interestingly,
this protein has been shown to physically interact with other Hsgmdyf members
Ssalp, Ssblp and Sselp (Genhdl., 2009). If TA and GdnHCI exposure does result in
an alteration of Hsp70p expression, the upregulation of Rhr2p may beatadlio the
differential chaperone expression.

Aro8p is an aminotransferase (Iragtiial., 1998) that undergoes an increase in
expression in response to GdnHCI and TA. This protein is also knovimteti@act
physically with Sselp (Gongt al., 2009) and may be thus involved somehow in
[PS*]-curing by GdnHCI and TA.

Other proteins were also found to undergo interesting patterns ofediffd
expression. Adel7p is responsible for catalysing part ademevo purine biosynthesis

pathway (Tibbetts and Appling, 2000) and was the only protein downregulated upon
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GdnHCI exposure and furthermore with the addition of TA (figure 4.104urmber of
proteins were downregulated in the presence of GdnHCI alone andiphegulated
under exposure to GdnHCI and TA combined. Protein spots representing Ilb2p, Ss
(two spots), Asn2p, Pdclp, Imd3p and Adhlp all followed this pattern of exqressi
(figures 4.98, 4.99, 4.101, 4.102, 4.106, 4.108, 4.109). llv2p plays a role in isoleucine
and valine biosynthesis and physically interacts with Ssb2p, & Se®nty B Hsp70
subclass member (Falcet al., 1985, Craiget al., 1993, Kroganet al., 2006).
Interestingly, the second member of the Ssb Hsp70 subfamily, Sshayy éCal.,
1993), was found to exhibit the same expression pattern as llv2p undeCGalmHTA
exposure. These results suggest that in response to GdnHCI aloridspih@ Ssa
proteins are generally upregulated and the Ssb proteins downregalatedjith the
addition of TA, expression of both subfamilies is upregulated. Thus, itaeppleat
exposure to GdnHCI alone induces differential expression of Stress Sewartggpbut
in combination with TA, these proteins are largely upregulated.

Asn2p is a synthetase required in the asparagine biosynthesis péaveyet
al., 1996), while Imd3p is an inosine monophosphate dehydrogenase (Escobar-
Henrigues and Daignan-Fornier, 2001). Both are downregulated under expmsure
GdnHCI alone and upregulated in the presence of GdnHCI and TA combitieoudti
protein spots consistently upregulated were identified as Pdclp dintpAadditional
spots displaying the same expression pattern as Asn2p wereidetetmbe Pdclp and
Adhlp. Although these patterns do not fully correlate, both demonstratedtip and
Adhlp are highly stimulated in the presence of GdnHCI and TA combined.

Additional work performed to investigate possible targets of TA invbkfthyl
methanesulfonate (EMS) mutagenesis, whereby the G600 genomeamgEnly
mutagenised in an attempt to identify gene(s) that when disruipéedPs *]-curing by

TA. A high-copy plasmid screen was also carried out with timecdiidentifying gene(s)
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that when overexpressed alté?[']-curing by TA. More than 500 colonies were
screened in each of these experiments but no genes of interest were identified.

In investigating the mode of action of TA, four mutant strain&ihgcLTV1,
YARL, RPL8A andRPL8B, deficient in ribosomal stability and reported to dispRSI|]
instability were employed (M. Blondel, personal communication). Exgosf these
strains to 6AP or GA has been shown to confer stability to thé& JR&"] prion (M.
Blondel, personal communication). The fact that ribosomal imbalansehdised by
6AP and GA supports the findings that these drugs target ribosonparoha activity
(Tribouillard-Tanvieret al., 2008b), and further implicates ribosome function in prion
propagation. As for wild-type 74D strairPg "] curing by TA, 6AP and GA imltvl,
Ayarl, Arpl8a and Arpl8b requires the presence of a relatively low concentration of
GdnHCI (figures 4.22-4.24). Drug-mediate®"] curing in these strains is not
enhanced and similar zones of curing to wild-type were obsenvdid¢ assays. It did
however appear thaPf8*] in the Altvl background did not cure as efficiently as the
other strains tested, particularly under 6AP exposure. Theretoappears that 6AP
stabilises the prion to the greatest extent in the absemndd/af

The fact that Hsp104p- and ribosomal-mediated chaperone activitigotine
involved in prion propagation has been previously discussed. Further to thes df
interest to assess if their roles in maintaiR§[] overlap, and analyse the effects of
both HSP104 andLTV1/YAR1 deletion on the yeast phenotype. In this study oyl
andAyar1 were found to exhibit wealPH*] and the spontanaeous appearancesf [
colonies (figure 4.21), and were thus the only strains used for funtrestigation. To
learn more, the question of whether these functions overlap inorela acquired
thermotolerance was addressed. Mi3p104 displayed an identical phenotype to wild-
type upon 3 mM GdnHCI exposure (figures 4.25-4.26). This demonstrates et

74D background strain 3 mM GdnHCI inhibits Hsp104p activity to the sateat as if
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the HSP104 gene were absentAltvl exhibited a higher level of induced
thermotolerance thamhspl04, although a certain level of this was attributed to
Hspl04p as when the cells were treated with 3 mM GdnHCI, growshintabited
mimicking theAhsp104 phenotype (figure 4.28). Exposure to 200 uM GdnHCI and 20
MM TA combined also inhibitaltvl thermotolerance while either drug alone at these
concentrations does not. In the absence of bdWil andHSP104, cells do not survive

at all after a 10 minute heatshock, illustrating the severly levell of acquired
thermotolerance (figure 4.29). Neither TA nor GdnHCI had any effette virtually
absent induced thermotolerance of tklevlAhspl04 strain. This suggests thhTvV1

and HSP104 exhibit an accumulative effect in conferring thermotoleranceSto
cerevisiae. The fact thanltvlAhsp104 did not grow to the same extentdss1l exposed

to 3 mM, as was expected, raises the possibility that Ltvlp and Hssyoérgy is
required for a comprehensive acquired heatshock response.

The phenotype ohyarl was somewhat different to that sltvl, demonstrating
that although both mutants exhibit ribosome instability, the cells appdee affected
differently. Ayarl was unable to grow after the 10 min. heatshock, displaying an acute
lack of acquired thermotolerance, even thohig®104 was present (figure 4.30). 3 mM
GdnHCI exposure appeared to be the only treatment that affectepotith of this
strain and was seen to inhibit cell growth further, resulting ig ardmall level of cell
growth prior to heatshock. Interestingly, the deletiorH&P104 in Ayarl appears to
induce a positive genetic effect, as in the absend¢SBfl04, Ayarl appears to grow
better (figure 4.31). There is a small amountAgar1Ahspl04 growth after the 10
minute heatshock on YPD, although not upon drug exposure. Also when exposed to 3
mM GdnHCI,Ayar1Ahsp104 undergoes a much higher level of growth thgarl. This
is accounted for by the absence of Hsp104p, the GdnHCI targetif@&etral., 2001).

Although it seems that Ltvlp and Hsp104p work in union with one another tivetacil
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thermotolerance, Yarlp and Hsp104p may not. Ultimately, it appeais thatabsence
of Yarlp, Hsp104p in some way renders the cells more vulnerable to heatshock.

Due to ambiguity surrounding thermotolerance assay results,rhsaf@assays
were performed that enabled further investigation into the teflgidTV1 and YARL
deletion on heatshock recovery. In contrast to results from thernastokerassays,
luciferase assays suggested that the absent&Rif andLTV1 facilitates a much more
rapid recovery of luciferase, following denaturation (figure 4.B2)lowing heatshock,
the cells that demonstrated the fastest luciferase actedgvery, representative of
chaperone activity, werayarl cells. These cells exhibited more than 100% of their
initial pre-heatshock luciferase activity after 60 min. As Hsp104pspan essential role
in heatshock recovery and acquired thermotolerance (Sanchez and Linte@@3t this
implies that the absence WAR1 allows exacerbated Hspl104p activityyar 1Ahsp104
was in fact the strain that displayed the lowest level of duase activity recovery
following heatshock, suggesting that it is uniquely Hspl104p thattédesi the rapid
recovery observed fatyarl. Similar results were obtained faltvl andAltvlAhspl04.

After Ayarl, Altvl was the second most rapidly recovering strain with regards to
luciferase activity, exhibiting restored chaperone activity c@rably faster than wild-

type, while AltvlAhspl04 was the second slowest recovering strain. This again is
suggestive of ribosomal imbalance facilitating acceleratedecbap recovery and in

turn allowing refolding of proteins into their functional state, but amihe presence of
Hspl04p. These results are more consistent than those obtained from the
thermotolerance assays, however there is confliction. Returninigetanitial model
illustrated in figure 4.1, the luciferase assay results tmayexplained. Ribosomal
imbalance may lead to excess chaperone activity which incrdeseate of luciferase
recovery. Perhaps this activity enhances Hsp104p function eithetlydioe indirectly.

Further to this, the absence of botAR1/LTV1 andHSP104 may then severely hinder
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the ability of cells to recover following heatshock, which is sgbently exemplified
by the low level of luciferase activity.

While assessing the effectslofVl andYARL absence on functional chaperone
activity and prion propagation, it was observed that the wild-type Gdékground
strain phenotypically differed from G600 in some respects. 74D isasuiadly more
TS than G600 and unlike the latter, does not survive following incubation at 39°C for 48
hr (figure 4.33). As Hspl104p and Hsp70p are heavily implicated in enat#itgyto
withstand thermostress (Sanchez and Lindquist, 1990, Glover and Lindquist, 1998), i
was hypothesised that 74D may produce a lower basal levelsaf thaperone proteins
than G600. Western blot analysis was thus performed to investlgatexpression
levels of these proteins upon cellular incubation at 30°C, 37°C and 39°%@ @4i36).

For both strains, it was found that 1 hr. incubation at 37°C caused @asecn
expression of both Hspl04p and Ssalp. 1 hr. incubation at 39°C induced a further
increase in the level of these proteins. Thus, it appears that tpais sare able to
acquire thermotolerance through pre-incubation at 37°C and 39°C, however 74D cannot
survive prolonged exposure to the latter temperature. This experirakso
demonstrated that 74D does indeed produce a somewhat lower basal |&aoth of
Hsp104p and Ssalp than G600, which may contribute to temperature sensitivity.

To further investigate, the 74D genome was sequenced and comparéedatvith
of the S288C reference strain. Approximately 5, 500 non-synonymous amao ac
changes were identified in the 74D genome, a number of them in geneding
chaperones and cochaperones, includégfl, CPR7, and STI1 (tables 4.1-4.2).
Although no non-synonymous amino acid changes were foukk®®104, which is of
great importance in acquired thermotolerance (Sanchez and LindbRe€t), changes
were found in the Hsp70p familgSAl gene, that is required for Hsp104p-mediated

protein folding (Glover and Lindquist, 1998).
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Additionally, a high-copy plasmid screen was performed with tine @f
identifying gene(s) that when overexpressed reduce 74D tempessnsdivity. A
number of genes were found whose overexpression resulted in similagr@4fh to
that of G600 (figure 4.34). It was anticipated at this point trertain level of overlap
would be observed and that a number of genes might encode products involved in the
same pathway or process. However, when the identity of these genegevealed,
there appeared to be no overlap and thus no specific function coulddbto dze
responsible in part for 74D temperature sensitivity.

In overall conclusion, differences in the TA mode of action contptareéhat of
6AP and GA are highlighted in this chapter. While results suggdsT fhanay target
Hsp104p, as GdnHCI does (Ferregtal., 2001), they suggest that 6AP and GA do not.
The hypothesis that TA functions solely through enhancing GdnHClkeipaéso
appears to be invalidated. Disruption of Hsp70p activity enhaR®¥] [curing by all
drugs and eliminates the requirement for background GdnHCI cwuggesting that
any one of the three drugs may target Hsp70p and its reguld#drand GdnHCI
combined appear to induce cellular stress, implying that cells awiapt when treated
with these drugs to enable survival. There are differences uttgaglating to the
effects ofLTV1 and YARL absence on acquired cellular thermotolerance. Regardless,
LTV1 or YARL deletion alone and in combination withSP104 deletion severely
impacts upon the way in which cells recover and survive followiragsheck. Thus it
can be concluded that ribosomal imbalance has an acute affectatshdck and

chaperone activity, which may subsequently have implications for prion-propagation.
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Chapter 5 Discussion and future work



Part 1 Using Saccharomyces cerevisiae as a model organism to
investigate the eukaryotic response to the toxic hgal metabolite
gliotoxin

As a secondary metabolite that assists in facilitating kokinisation by a
number of fungal species, includinfy fumigatus (Weindling and Emerson, 1936,
Mullbacher and Eichner, 1984), gliotoxin is an interesting toxin. In shisly, S.
cerevisae, a commonly used model organism, was employed to investigate the
eukaryotic response to gliotoxin. The detrimental effects of gliotoxere clearly
evident as it inhibited the growth of yeast strains in both solidiguad Iculture. As this
distinct consequence of gliotoxin exposure was observed, RNA sequeacthg
proteomic analysis were utilised to investigate the eukargetialar response induced
as a result of exposure to gliotoxin.

To our knowledge, analysis of the yeast global response to gholt@ad not
been performed prior to this study, although Chamébsl. (2008) had previously
carried out a genomewide screen to iden®ycerevisae genes associated with
gliotoxin resistance or sensitivity.

Previous work has indicated that the presence of gliotoxin givedai©S in
mammalian cells, particularly as the toxin can undergo redoxngy¢lrown and
Bilello, 1972, Eichneset al., 1988, Orret al., 2004). The findings discussed here have
supported these observations as wild-tpeerevisiae increased the expression of a
large number of proteins that play a role in the OS response sfitmglation often
occured at both the transcription level and the proteomic levelekample, genes
involved in the sulfur amino acid biosynthesis pathway, both directly andghrits
regulation, were upregulated considerably in response to two concentratioisoxirg|
as demonstrated by RNA sequencing analysis. This led to iedrgagtein expression
in some cases which was possible to detect using 2-dimensiondeciebmhoresis.

This sulfur amino acid biosynthesis pathway must be fully functiofaldglutathione
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can be produced which has been significantly implicated inegiioh against OS
(Williamsonet al., 1982, Dormeet al., 2000, Mosharoet al., 2000, Penninckx, 2000).
Moreover, mutant analysis also demonstrated the importance of thesp&nse in
resistance to gliotoxin. In agreement with Chameébal. (2008),Acys3 was seen to be
hyper-sensitive to gliotoxin, due to disruption of the transsulfurapathway, a
subsection of the sulfur amino acid biosynthesis pathway that geneyateme (Ono
et al., 1992, Cherest al., 1993).Asod1 andAyapl also displayed increased sensitivity
to gliotoxin, Ayapl more acutely thansodl, due to the absence of cytosolic superoxide
dismutase and important transcriptional regulation of a wide rah@@S responses
(Bermingham-McDonogtlet al., 1988, Schnelkt al., 1992, Leeet al., 1999). These
mutants also exhibited increased sensitivity $®4 highlighting the possible similarity
in deleterious effects imposed on cells by both gliotoxin ap®,HThe fact that
cysteine and glutathione suppress the uptake, @i @e presence of glucose, favouring
fermentation (Quastel and Wheatley, 1932) may be one of the reaggnsnany
proteins involved in glucose fermentation were found to be upregulatedponse to
gliotoxin. Alternatively, it may be the requirement of the thioredand glutaredoxin
OS defence systems for NADPH produced during the procesm@rat, 1989), that
drives the system.

GSH is one of the most important proteins in preventing celluladabxe
damage (Penninckx, 2002). However, the absend83fl, encoding a protein that
catalyses the first step in yeast GSH biosynthesis (Olatatkérabuuchi, 1991, Wu and
Moye-Rowley, 1994) has afforded elevated cellular resistancaylicdoxin. As
discussed previously, this may be due to rapid efflux of gliotoxin fiteencells in the
absence of GSH. Thecys3 mutant, producing much lower levels of GSH than wild-

type may synthesise enough GSH to allow retention of gliotoximmihe cell, yet not
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enough to confer efficient protection to cells. This proposed modelugrdted in

figure 5.1.
A B C
Wild-type Acys3 Agshl
100% normal 10% normal 0% normal
GSH production GSH production GSH production

Level of
growth

Figure 5.1 Proposed model demonstrating how changes in GSH levealffect yeast
growth in the presence of gliotoxin.A) When normal levels of GSH are produced,
gliotoxin enters the cell and is reduced by GSH, becoming cellomagra impermeable
and thus causing damage. However, the high levels of GSH asgistécting the cells
against the deleterious toxin effects. B) When the transsutiorptithway is disrupted,
less GSH is produced, yet there is enough to retain gliotoxircatiwbarly, facilitating
damage. The decrease in GSH results in less cellular poot@gainst gliotoxin. C) In
the absence afgshl, no GSH is produced. Therefore, gliotoxin cannot be retained in
the cell and no deleterious effects can be elicited.

Taking all results into account, the yeast response eliciteglidpxin in this
study is largely characteristic of cellular OS and theonitgj of mutant analyses have
supported this finding. Thus, we come to the conclusion that gliotoxosearpis likely
to impose OS or®. cerevisiae. Importantly, the damaging effects caused by the toxin

which result in yeast growth inhibition can be arrested by thetitthge expression of

theA. fumigatus GliT gene (figure 5.2).
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S. cerevisiae

Sulfur Amino Requirement for Ribosomal Glucose
Acid Biosynthesis ~ Yaplp and Sodlp Components Fermentation
ﬂ ﬂ ﬂ ﬂ? ﬂ?
Oxidative Stress Oxidative Stress  Cellular Adjustment NADPH  Pyruvate
Protection Protection To New Conditions

?

Oxidative Stress
Protection

Figure 5.2 Principal effects of gliotoxin onS. cerevisiae.

To further validate the conclusion that gliotoxin induces conditions ofinrOS
yeast cultures, additional advanced genetics must be applied. To wdieeticidate
the proteins required b$s cerevisiae to withstand gliotoxin exposure it would be
necessary to create double mutants deficient in more than oneéd8ealsystem. It has
been demonstrated in this study thabdl displays increased sensitivity to gliotoxin,
emphasising the importance of superoxide dismutase in protection atiensixin.
Sod1p is involved in the dismutation of the superoxide anricdChe less damaging
H>O, and Q (McCord and Fridovich, 1968, McCord and Fridovich, 1969a). Yeast
deleted for th&CTT1 gene in this study did not appear to display increased setyditivi
gliotoxin. As the catalase T protein encoded by this gene casallye decomposition of
H,0, to O, and HO (Loew, 1900, Hartig and Ruis, 1986), which may be viewed as the

next step of detoxification after SOD activity, it would be oferest to assess the
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growth of Asod1Acttl in the presence of gliotoxin, compared to wild-type and the single
mutants.

A number of mutants deleted for genes involved in the sulfur amino acid
biosynthesis pathway have exhibited a wild-type growth rate inptesence of
gliotoxin. However Acys3 displayed increased sensitivity.

As the sulfur amino acid biosynthesis and glucose fermentation patravay
both highly stimulated by gliotoxin exposure, disruption of both pathidlsved by
mutant analysis would be interesting. This would determine if stimulatidreaglticose
fermentation pathway is a direct consequence of gliotoxin exposifrd is a result of
increased sulfur amino acid biosynthesis.

To further advance our understanding of the way in wBiderevisiae responds
to gliotoxin, it might be of interest to investigate gliotoxin-inddcapoptosis. It has
been reported that gliotoxin induces apoptosis in immune cells, wielegarlic-
derivative allicin achieves a similar result in yeastsc@lVaringet al., 1988, Zhotet al.,
2000, Stanzaret al., 2005, Gruhlkest al., 2010). It is known that ROS act as apoptosis-
regulators in yeast (Mades al., 1999), thus much of the data illustrating the yeast
response to gliotoxin may be indicative of Programmed Cell Ddathto OS. A
comparison of the yeast cellular response to gliotoxin and allcild gotentially yield
some interesting results and provide insight into gliotoxin-induced apoptosis in yeast

To test the hypothesis depicted in figure 5.1, it would be of intevasieasure
the levels of intracellular GSH. Subsequent to this, the locatioridised gliotoxin in
these strains could be monitored and compared, perhaps tf&iapelled gliotoxin.
This could provide evidence for the requirement for GSH in faaflgagliotoxin-

induced cellular OS.
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Part 2 Investigation into the mode of action of therion-curing drug
Tacrine

One of the main aims of this study was to gain further insigbtthe mode of
action of TA. Along with this drug, 6AP and GA have been shown to expilmn-
curing activity in yeast (Bachet al., 2006, Tribouillard-Tanvieret al., 2008a,
Tribouillard-Tanvieret al., 2008b). Due to the fact that 6AP and GA have been studied
in more detail than TA, these drugs were utilised to compare the effectswiti.A

The work discussed here provides support for previous findings identifing T
6AP and GA as yeast prion-curing agents. Although a certain léviedakground
curing by GdnHCl is required for any of these drugs to cure-typld [PS*] in yeast, it
has been demonstrated in this study that in a suitable background theaeffects of
TA, 6AP and GA alone can be seen.

Unlike 6AP and GA, TA is known to be inactive against mammalian prions
(Tribouillard-Tanvieret al., 2008a), highlighting the fact that its mode of action differs
to that of 6AP and GA and the results obtained in this study comg@pptars that all
three drugs curé®d*] through chaperone activity inhibition. While it has been reported
that 6AP and GA inhibit ribosomal-mediated protein folding (Tribouillaadvieret al.,
2008b), the work presented here suggests that TA may also functionhthieageting
chaperone activity, specifically that of Hsp104p. GdnHCI is known ¢vgmt PS*]
propagation through inhibition of Hsp104p activity (Cherrebfl., 1995, Ferreirat al .,
2001). Thermotolerance assays have illustrated that a combinatianbiCEand TA,
at concentrations that are alone ineffective at inhibiting Hsp1Odptycclearly have
the capacity to inhibit the chaperone. This implies that TA mlao hinder Hsp104p
activity, in a similar manner to GdnHCI. Interestingly, thesailte were not observed
upon performing the same assay using 6AP and GA, suggestinthéhability to

enhance the effects of GdnHCI is unique to TA.
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The difference in modes of action of 6AP and GA compared to tha@Aab
supported by results from curing curve analysis. The curing cumksate that all
drugs prevent prion propagation, and similarly to GdnHCI, faalithé dilution of the
prion out of cells over time. However, the curing patterns of 6APGA are different
to that of TA. TA effects only appear after 7 generations, WP and GA seem to
have a direct effect after 5 generations. This implies thladbwiegh 6AP and GA may
have different targets to TA, they are more potent agents. Nwefuesults dispute that
6AP is more potent that TA, however disc assays suggest fhas (e least potent
compound as the smallest zone of curing was observed for this drug.

Despite the fact that the results discussed here and publishetddrygodups
suggest that 6AP and GA, and TA target ribosomal and Hsp104p chapemnchenfu
respectively, disc assays propose that any or all of these miaygalso target Hsp70p
or its ATPase binding cycle. This is apparent as disruption (thrgege deletion) of
the ATPase binding cycle magnifies the curing capacitiesl & @ugs. The fact that
the expression of many Hsp70p cochaperone genes is downregulated®ugxpmosure
adds weight to this hypothesis. Perhaps the presence of TA digr@pegulation of the
Hsp70p ATPase binding cycle. If it is the case that TA, 6AP, oc@a PS™] through
targeting Hsp104p or Hsp70p, they do not mediate their effects throwgimalthe
expression levels of these proteins. Western blot analysis has deatezhshat the
expression levels of these proteins remain stable under drug exposure.

Results obtained from investigating tBe cerevisiae response to 20 uM TA
combined with 200 puM GdnHCI suggests that a combination of the two @®pos
cellular stress upon yeast cells. After 1 hr. exposure to TAGaimHCI combined, the
cells mount a stress response, which decreases after 3 hr. exandulwthermore
under treatment for 14 generations. This implies that these comtcemdrof TA and

GdnHCI induce cellular stress, to which cells adapt over time. Suigpprovided by
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the fact 2-dimensional gel electrophoresis illustrates thatgtheose fermentation
pathway appears to be stimulated in the presence of TA and GdnHGIneoimAs
discussed in chapter 3, stimulation of glucose fermentation mhgkeel to conditions
of OS.

Prion-curing drugs such as 6AP and GA function through targetwogamal
activity (Tribouillard-Tanvieret al., 2008b). Ribosomal instability caused by the
deletion of YARL or LTV1 does not cureFAS ] but destabilises it, leading to the
appearance of spontaneopsi] colonies (M. Blondel, personal communication). The
results under discussion here show thiavl [PS7] is less sensitive to curing by all
three drugs, supporting the previous findings that exposure of s &ir6AP and GA
stabilises the weakened prion (M. Blondel, personal communicationislrstudy, it
was demonstrated that the absenceTf1 and YARL (alone and in combination with
HSP104) severely alters chaperone activity and cellular recoveny survival post
heatshock. It appears that Hsp104p acts synergistically with beilp land Yarlp to
facilitate induced thermotolerance, and that Yarlp plays a more tempaole than
Ltvlp in allowing cellular survival following heatshock. Interestinglye recovery of
luciferase activity occurs more rapidly when cells are deléte YARL or LTV1.
However, when these genes are deleted inAlhg104 background the luciferase
recovery rate is lower than even that fdisp104. Despite the apparent confliction of
results from thermotolerance and luciferase assays, the reaunit®t be compared.
Thermotolerance assays involve the assessment of the wholarcedkponse, leading
to cell survival. Thus, it must be considered that a range of psoteintribute to the
observed result. Conversely, luciferase assays examine the nigfaldiivity of one
protein, thus, the two assays do not equate.

It is reasonable to believe that TA may target Hsp104p and reetiagffects

through regulation of Hsp104p activity. The fact that in a suitbhtkground strain,
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TA has been shown to curPq*] in the absence of GdnHCI suggests that this drug
does not function solely through enhancing the uptake of GdnHCI. Ideallj*‘@je
labelled GdnHCI assay should be attempted again to confirm this ppeukang fresh
materials.If the assay procedure is perfected and fully functional, TA couldatibged

and its ability to enhance the uptake of GAnHCI could be tested.

It would be interesting to investigate whether or not TA attey with Hsp104p.
To accomplish this, and also to assess the molecular basis ofedrated effects
through protein interaction, a relatively new technique could be appliedt &val.
(2010) described a method involving protein chemical modification and mass
spectrometry, which they employed to identify the completeco$etargets of the
immunosuppressant cyclosporin A. This technique could potentially beedtits
identify the yeast targets of TA and could provide great insigbtthe drug’s mode of
action. Following this, mutant analyses could be performed, to abseability of TA
to cure PS7] cells in the absence of possible TA targets. This would pollgriise a
similar result to that which would have been achieved had EMS nméisigebeen
successful.

Regarding Altvl and Ayarl mutant studies, future work should involve
performing Western Blot analysis to assess the expressiots lef’eHsp70p and
Hspl04p in these mutant strains under TA, 6AP and GA exposure. Additjoima|
viability of the double mutanltvlAyarl requires consideration. If this strain is shown

to be viable, it should be employed in luciferase and thermotolessseg performance.
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