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Summary

Gliotoxin (GT) is a redoyactive natural product produced by some fungal
species that contributes to the virulence of the human patispengillus fumigatus
It contains a characteristicgdilphide bridge responsible for the deleterious effects of
this molecule. GT also displays antifungal properties, however the mechanisms of
cytotoxicity behind it has not been fully characterised. The work presented here
investigatesA. nigeras a model @anism to understand GT cytotoxicity and reveal

new metabolic systems, as it does not produce GT.

Comparative proteomics revealed that exposui. afigerto exogenous GT
resulted in a significar(p < 0.05)dysregulation of hundreds of proteins involvad
several cellular processes, especially metabolism. Two pug&éstenosylmethionine
(SAM)-dependent methyltransfeess showed de novo abundance under GT
conditions. In addition an increase in abundance of proteins involved in the methionine
cycle was also observed. Analysis of methioniredated metabolites revealed
significant increases the levels ofmethionineand adenosine, in correlation with
proteomic dataMoreover, proteomic data revealed a significant increase in the
abundance of hydrolytienzymes, including glycoside hydrolases £ 22) and
peptidasesn(= 16) which have important applications in the biotechnology industry.

A significant dysregulation of proteins involved in amino acid metabolism coupled to
an increase in the levels of selected amino acids appeared to oécurigerunder

GT conditions. Fuhermore this thesis reveals a novel protection mechanisi in
nigeragainst GT which is mediated by one the methyltransferases (MTases) identified
on the proteomic data. This MTase (referred as-INITis responsible for
bisthiobis(methylthiopgliotoxin (BmGT) formation and deletion of MTI led to
increased GT sensitivity iA. niger.

The applications of other fungal natural products like siderophores (Fusarinine
C), are also evaluated hereirhe development and validation of a Fusarinine C based
enzymelinked immunosorbent assay (ELISA) was carried out. Results showed the
potential applications of this ELISA in the diagnosis of aspergillus related diseases.
Overall, this work highlights thalifferent roles and applications fungal natural

products have.
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Chapter 1

Introduction



1 Introduction

1.1 Generalcharacteristicsof Aspergillusniger

Aspergillus nigeris a filamentous ascomycete, ubiquitous in nature that can
grow in many ecological habitats like decaying vegetation, compost piles and stored
grain. It is a saprophytic fungus member of the gexspergilluswhich play a role in
carbon and nitrogen redytg (Dagenais andeller, 2009) Phenotypically, it is
distinguished from otheAspergillus sppthrough the production of black or dark
brown spores (Raper and Fennel, 1965). It exhibits a complex endomembrane
trafficking system that is specialized for high secretiopath organics and hydrolytic
enzymeqAndersen et al., 2008This capacity has been extensively exploited by the
bi otechnology industry and it is consid
isolates have been associated with pathogenicity it slyfound as a terrestrial strain

(Person et al., 2010; Roehrl et al., 2007)

1.1.1 Life cycle

The genusAspergilluscomprise both known asexual and sexual spdties
et al ., 2a0 dt al.; 20 pPaaletti @t al., 2007; Pel et al., 20@V.a)iger
reproduces asexually by forming conidia (asexual spores) and multicellular structures
such as spordsearing hyphae and fruiting bodies, which perform specific biological

functions(Priegnitz etl., 2015)

The life cycle ofA. nigerstarts with thegermination of a spore (conidigm
under appropriate environmental conditions such as light, carbon and nitrogen
availability which are signals that break spores dorméligyer et al., 2015)Upon

germination, spores swell and a polarity axis is established which leads to the



formation of agerm tube that will eventually form a hypha (Figure 1LBteral and
apical branch formation of the hypha extend away from the point of germination and
resultin an interconnected network known as the mycelidarris et al., 2009; Rokas,
2013) As the mycelium expands, superficial hyphae stamimber of developmental
changes that lead to the formation of spgoearing structures known as conidiophores
(or fruiting bodies)Etxebeste et al., 2010; Sewall et al., 199Bjs process involves

the formation of a foot cell followed by appearance of the stem, vesicle, metulae,
philiades and conidia (Figure 1.(Bewall et al., 1990)The release of the conidia from

the conidiophorge a process known as sporulatiaman then occur through several

atmospheric conditions.
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Figure 1.1: (A) Life cycle of A. niger adapted from(Meyer et al., 2015)(B)
Developmental stages @&&. niger visualised under electron microscopy-4)L
Competent hyphae become thicker and begin to swell at the tip forming a v
(5) Buds form on the vesicle which (6,7) develops into metulae. (8) Philiades
on top of the metulae, which (9, Wil result in chains of conidia. Imagebtained
from Krijgsheld et al(2013)

Aspergillussexual reproductions controlledby a genetic locus known as the
MAT locus (mating type which encodes transcription factors that direct fungal
developmental fat¢Lee et al., 2010)Genome sequencing &. niger showed the
presence of mat1 gene (alpha domain matkygpe) that is required for normal sexual
development in heterothallic species and a pherorpos@rsor gengrol (Pel et al.,
2007a) Despite the presence of battatlandprolin the genome oA. niger, during
fed-batch fermatations of the fungus, these genes are not expressed, which could
suggest that they require particular environmental conditions for indy&eret al.,
2007a) Sexual reproduction has been demonstrated. ifumigatus thought to be
exclusively asexugl O06 Gor man eandA.anidulans(P2otettl 6t Jal., 2007)
where expression of MAT genes was a requirement for sexual development and

ascospore production.



1.1.2 Genome

The complete sequence of thenigergenome was published in 2007, and the
sequenced strain was nigerCBS 513.88, which is industrially used for large scale
enzyme productior(Pel et al., 2007a)This sequencing project revealed that the
genome was 33.9 Mb in size, comprising 8 chromosomes, on which 14,165 protein
coding genes were present (Tablg) IPel et al., 2007a)n 2011, a second strain of
A. niger, ATCC 1015, was sequenced and was used to improve the CBS 513.88
(Andersen et al., 2011Yhe ATCC 1015 strain is widely used for the production of
citric acid, thus, comparisdoetween the genome of both strains was carried out in
order to gain insights of both phenotypkscontrast to other filamentous fundi.
niger contains a large number of genes encoding proteins faonipound
metabolism, carbohydrate and fatty acid rhetsm and secondary metabolism which
potentiate the use of this organiaa cell factoryPel et al., 2007a)Comparison of
both strains showed that the CBS 513.88 strains contain several unique genes including
t w oamilases and three possible polyketide synthases that can account for a high
amylase producing phenotype and a unique secondary metaljAlstersen et al.,

2011) On the other hand, no obvious cause of highcciigid production was

elucidated from the genome.

As of October 2015, of the total ORFs (14,058PAohigerCBS 513.88, only

245 (1.74 %) have a verified functiomn(w.aspergillusgenome.grgTable 1.1

presents the genome characteristicidohiger CBS 513.88 obtained from Pel et al.

(2007).


http://www.aspergillusgenome.org/

Table 1.1:Key features of thé. nigerCBS 513.88 genom@el et al., 2007a)

Genome Value
Size (Mb) 33.9
GC content (%) 50.4
Protein coding genes 14,165
Average gene length (bp) 1,572
Average number of introns per gene 2.57
Number of tRNA genes 269

1.2 Industrial applications of A. niger

The genusAspergillusis widely used by the Biotechnology industry as a cell
factory for the production of food ingredients, pharmaceuticals and enZivegsr
et al., 2010) There are several advantagesociated to the use tifese fungi in
industrial processewhich include (i) the high secretion cajig (ii) the ability to
express eukaryotic proteins that require ficatslational modifications and (iii) the
high tolerance to cultivation conditions where they can withstand a broad sange
temperatures, pH and salinifyan den Hombergh et al., 1997; Meyer et al., 2010)
Ultimately most industrial processes involviAgpergillus spp speciallyA. niger, A.
oryzaeandA. terreushave been certified as generally regarded as safe (GRAS) by the
Food and Drug Administration (USA) and the World Health Organisdtian den
Hombergh et al., 1997; Schuster et al., 20R2higeris mainly used for the production
of homologous and heterologous proteins and primary and secondary metabolites
(Archer, 2000)A. oryzaehas great importance in the Asian market where it is used to

ferment soybeans and rice into soy sauce andvelaikeA. terreugproduces lovastatin



which is a cholesterdbwering drug. Other filamentous fungi like fumigatuscan
cause human infectiorfagenais and Keller, 2009; De Lucca, 2Q@Wile A. flavus
and A. parasiticuscan contaminate crops by releasing a highly tadcocinogen,

aflatoxin, that ifingested can cause illness or dgathild, 2007)

Within the Aspergillus sppA. nigeris of great interest due to its versatile
metabolic capcities, which position this fungus as a major industrial workhouse. The
applications ofA. niger extend to the production of bulk chemical derived from
primary metabolism like citric acid and glutamic acid and also to the production of
hydrolytic enzymesand heterologous enzymes like human interferon or chymosin

(DunnColeman et al., 1991; Punt et al., 2002)

1.2.1 Bulk chemicals

Two major bulk chemicals produced at a global scal&.bygerare citric acid
and gluconic acid. The first one is used in the food, pharmaceutical and cosmetic
industry as an acidulant, preservative, antioxidant and emulsifier. Gluconic acid and
its derivatives are also used in the food and pharma industry and textiie and
photographic industryBoth biochemicals are produced naturallyAynigerthrough
fermentation processes where citric acid is an intermediate of the tricarboxylic acid
(TCA) cycle and gluconic acid is generated by a dehydrogenation rediion
glucoseg(Znad et al., 2004)To satisfy the high demand of these biochemicals, specific

strains ofA. nigerhave been engineered to increase the yields as much as possible.

Using a citric acid prducer strain, of the total sugar supplied in batch
fermentations approximately 95 % will be directed towards citric acid production,

resulting in an alrmst complete conversidiKaraffa and Kubicek, 2003pimilarly, a



98 % yield of gluconic acid is produced Aynigerwhen glucose is used as the main

carbohydrge sourcg€Singh and Kumar, 2007)

1.2.2 Lignocellulose degradation for biofuel production

Due to its role as a saprophytd, niger secretes a broad spectrum of
lignocellulosic enzymes which degradeaqi material and release sugars that are
consumed by th&ungus (De Souza, 2013)his hydrolytic potential is exploited for
the production of bioethanol whereby feedstocks like sugarcane, grains and
lignocellulosic materials are treated with a cocktaienzymes derived from several
microorganisms (e.glrichoderma reeseand A. nigep that degrade the cellulosic
biomass (Talebnia et al., 2009). The worldwide production of ethanol estimated for
2015 is over 115 billion liter§Talebnia et al., 2010)hus bioethanol is one of the most
important biofuels used. Additionally, it represents a potential green energy source to

replace the use of dwindling fossil fuéistzpatrick et al., 2014)

Feedstock for bioethanol production like wheat straw and sugarcane are
composed of cellulose (4050 %), hemicellulose (2635 %) and lignin (1% 25 %)
(Ragauskas et al., 2006; de Souza et al., 20013)2Cellu | o0 s e -(1j4dinkead b
glucose polymer while hemicellulose is an heteropolymer composed of sugars like
xylose, mannose, galactose, rhamnose and arabinose. For ethanol production, these
polymers have to be hydrolysed into the sugar mono(iaisbnia et al., 2010 he
hydrolysis of cellulose is carried out by the action of three types of glycoside
hydrolases (GHs) also referred as cellulases which include endoglucanases,
cellobiohydrolases and-glucosidasegElkins et al., 2010) These enzymes are
majorly produced by two filamentous funglrichoderma reeseand A. niger

Endoglucanases and cellobiohydrolases are mainly producéd teeseiand are



involved in the depolymerzation of cellulose by exposing new side chain ends that are
subsequently cleaved to release cellobi@ssztalos et al., 2012) -glcosidases
produced byA. nigerand breaks cellobiose to release glugdsgebnia et al., 2010)
Enzymatic hydrolysis can be improved by the combination of cellulases and
hemicellulases. The most utilized hemicklies include xylanases, feruloyl esterases
(FAE) and laccasgJ alebnia et al., 2010After hydrolysis, utilization of the released
sugars (hexoses and pentoses) in fermentation processes is requivedjérdration

of bioethanol.

Currently, cocktails of hydrolytic enzymes are been developed to improve
catalytic activity and thermostabilifMohanram et al., 2013Novozymes Cellig
CTec2 is a commercially available cocktail composed of a blend of cellulases,

hemi cel | ul as e s -gmaosidaskes (lgoenerngyenevezynies.ani). b

The mechanisms wolved in hydrolase production in fungi like nigerandT.
reeseihave been and are subject to extensive research. Elucidating these mechanisms
can improve the development of fungal strains with a high production capacity of

polysaccharide degrading emags(de Souza et al., 2013)
1.2.3 Heterologous protein expression

Genes encoding for proteins or metabolites of interest are expressed under the
control of promoters, whichan have different strength&. nigeris a preferred host
organism as it has GRAS approval and an active metab(Hant et al., 2002Most
promoters available for high yield protein production are either constitutively active
(e.g. A. niger glyceraldehyde3-phosphate dehydrogenase promotegpdA) or
dependent on the carbon or nitemgsource present in the medium (€dg.niger

glucoamylase promotéPglaA)) (Meyer et al., 2010, 2011; Punt et al., 2002)
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A recent expression system (4@t system) was developed to provide a tight, tunable
and carborsource independent control mechanism, that becomes induced with the
addition of doxycyclie (Dox)(Vogt et al., 2005)This system is able to respond fast

to the inducer and allows for genentrol in a concentratiedependent manner. It is
also a strong system capable of competing witlygda@promoter(Meyer et al., 2010,

2011)

Most proteins expressed M nigerare from closly related organisms, like
otherAspergillus spp due to the high yields obtained (similar to native protein yields
like hydrolases) (g/L). However, proteins or metabolites of animal or other fungal
organisms have been expressed.inigerat lower quatities (mg/L)(Valkonen et al.,
2003) Currently there is a great interest in increasing the yields of heterologous

proteins inthis fungus.

Punt et al. (2002) investigated the secretion of human interleukin@® @hd
fungal manganese peroxidase (MnP)An niger under the control of different
promoters and growth conditions to optimize production. MnP fRbranerochaete
chrysosporiums a hemecontaining peroxidase that degrades lignin. Under the control
of a glucoamylase promoter yields ranged froiin ) mg/L compared to 25 mg/ml
when placed under the control of a-ptdlependengpdApromoter(Punt et al., 2002)

The production of human 1B in A. niger strains under the control of thgpdA
promoter and tglaA promoter was also investigated. Initially, AnnigerAB1.13
(protease deficient) strain was used, with a production of 2 mg/L. The remaining
proteolytic activity (against H6) in the culture medium was dependent on pH and

absent in noracidic pH.Thus a new strain d&. nigerD15 (protease deficient, non
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acidifying) using the samgpdA promoter showed improved yields of-280 mg/I,

with highest yields at pH {Punt et al., 2002)

A. nigerwas also a host for the expression of secondary metabolite enniantin
from Fusarium oxysporumrlhe gene encoding for this metabolgsynl was placed
under the control of the T®n system and it was observed that production rates were
very high. Yields of 4.5 g/L were obtained affernigerDS3.1 was grown for 66 h
(Richter et al., 2014)This was the first demonstration showing tAatigerwas a
suitable host for the production of secondary metabolites and thayibligh can be

obtained when genes are placed under theiebntrol systenfRichteret al., 2014)

1.2.4 Bottlenecks

Several bottlenecks dactors that negatively affeptotein expressiomclude
MRNA instabilty, inefficient translation, nsifolding and degradation of the protein
of interest(Guillemette et al., 2007; Sharma et al., 2009; Valkonen et al., 2003)
order to improve protein yields, some approaches have been used, which include the
deletion of certain genes (proteases) and the use of strong pro(@ateralho et al.,
2012) Additionally, bottlenecks associated with problems in the secretory pathway of
A. nigerhave been proposed and investigai€drvalho et al., 2012; Guillemette et

al., 2007; MacKenzie and Guillemette, 2005)

Endogenous protease production during growth conditions can lead to the
degradation of the protein of interest and significantly lower the yielda wesult,
proteasealeficient strains have been developed and are currently used in commercial
processeévan den Hombergh et al., 1997; Mattern et al., 19PRpugh these strasn
have improved the problem, some proteins under certain conditions can still result in

losses of protein yielPunt et al., 2002)

12



Largescale proteome and genome analysig\ohigerhave been carried out
mimicking batch fermentation processes to understand the overall response of the
fungus under industrial stress conditions. Thdg®ate might provide an opportunity
to further improve strain manipulatio(@arvalho et al., 2011; Guillemette et al., 2007;

Lu et al., 2010; MacKenzie and Guillemette, 2005; van Munster et al., 2014, 2015;

Nitsche et al., 2012; Sharma et al., 2009; de Souza et al.,.2011)

1.3 Fungal systems biology

Theavailability of fungal genome sequencesAegpergillusresearch into a new
era known as systems biologyeyer et al., 2010)Analysis methods in systems
biology provide a comprehensive understanding of complex interactions in the
organism of study. An integration of several omic techniques like genomics,
transcriptomics, proteomics and metabolomics increases the understasfding

interactions at gene and protein level and also metabolic fidkesg ¢ al., 2010)

Transcriptomic and proteomics are frequent tools utilised in fungal sgecies
investigate thditness and productivity of #pergillus industrial strain@. niger and
to identify important factors involved in the pathogenicitycbhical aspergilli(A.
fumigatu$ (Meyer et al., 2010)Comparative studies using these toolsfomigerin
response to stress agents has been the approach to understand the stress response this
fungus has under industrial fermentations. On the other hand comparative omics on
gene deletion mutants k. fumigdus have ai@d assessment tfie role played in

infection.
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1.4 Gliotoxin

Fungal toxins are usually secondary metabolites (SM) varying from imimuno
suppressive metabolites to antiliist SM are low molecular masslecules that are
dispensable for the normgtowth of the fungus but aid in the adaptation to hostile
environments like under nutrient limitation or in the presence of compdtiesidan
et al., 2015)Aspergillus sppsecrete a broad range of SM suctpalyketides (e.qg.
cyclic peptides, alkaloids, sesquiterpenoiaisyl epipolythiodioxopipazines (ETPS)
(Frisvad et al., 2009; Gardiner et al., 200B)is last class of SM (ETPs) contains an
internal disulphide bridge within a diketopipeme ring that confers cytotoxicity to
the molecule(Figure 1.2)(Mullbacher et al., 1986)The best characterised ETP is
gliotoxin (GT) (326 Da)Figure 1.2) which has a discontinuous distribution within
different fungal species whereby ascomycetesAikumigatusA. terreus A. flavus
andGliocladium virenswill produce the toxin buA. nidulansand A. nigerwill not

(Fox and Howlett, 2008; Patron et al., 2Q07)

Figure 1.2 (A) Generic structure of aBTP formed by the diketopiperazine rii
and the disulphide bridgé&ardiner et al., 2005§B) Gliotoxin structure.
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A. fumigatuscauses severe disease and mortality in immunosuppressed
patientgTekaia and Latgé, 2008hd it is thanainGT producer within théspergillus
spp (Lewis et al., 2005)GT has been established as a virulence factar fefmigatus
(Sugui et al., 2007 and multiple studies have focused on the effect this toxin has on

animal cellg{Mullbacher et al., 1988; Nouri et al., 2015)

Toxicity of GT can be mediated by the disulphide bridge that (i) can-trnbss
with proteins containing cysteine residues leading to theitiraion and (i) can
generate reactive oxygen species through redox cydtiggre 1.3)(Gardiner et al.,
2006; Rodriguez and Carrasco, 199Fprmation of the disulphide bridge can be
repressed by the addition of cellular reductants like glutathione (GSH) and
dithiothreitol (DTT). These agents will inhibit the production of redox species and

impede the formain of the disulphide bridge (Figure 1&ardiner et al., 2005)
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Figure 1.3: (A) Redox cycling of GT between the reduced (dithiol) and oxid
(disulphide) forms(B) Gliotoxin biosynthetic gene cluster. Images adapted f
(Dolan et al., 2015)

Recent studie®n the GT biosynthetic pathway have revealed that GT is
encoded by a 13 gene clusterAinfumigatugknown asthe gli cluster) Figure 1.3
and that it requires of an oxidoreductase (GIliT) to protect the organism against
exogenous GTScharf et al., 2010; Schrettl et al., 2010Bnes encoding enzymes
for the biosynthesis of fungal SM are normally clustered within the genome of the

organism(Bok and Keller, 2004; Brown et al., 1996)

Figure 1.4shows current knowledge about the GT biosynthetic mechanism in
A. fumigatus This process starts with the assembly of pheaglaé and serine by
GliP to form cyclephenylalanyiserine, which, by the action of GIiC and GIiG is

converted to dis-glutathionylatedntermediatgBalibar and Walsh, 2006; Chang et
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al., 2013; Davis et gl2011; Scharf et al., 2011)he next step is catalysed by GIiK
whi c h r e nglutamykmoietiessfromn GSKGallagher et al., 20125ubsequent
reactions will yield an intermediate which, by the action of-ené&thyltransferase
(GIiN), is N-methylated Scharf et al., 2014V Itimately,GIiT will close the disulphide
bridge(Scharf et al., 2010; Schrettl et al., 2010B¢cretion of GT from the dedill

be carried out by GliA, MFS transpori@gWang et al., 2014)

Recently, a regulatory mechanism of GT biosynthesis was identified by Dolan
et al. (2014), whereby a gliotoxlms-thiomethyltransfease (GtmA) was observed to
bis-methylate dithiol GT to form &is-methyl GT derivative. This would prevent

disulphide closure by GIiT during GT biosynthe@tggure 1.4YDolan et al., 2014)
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Figure 1.4 Gliotoxin biosynthesis and secretion. Figure obtained from Detlah
(2015).

The work described above has aimed to dissect the GT biosynthetic pathway

of A. fumigatusand understand how the biosynthesis of this molecule is controlled to
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avoid its deleterious affects. Oxidoreductase (GIliT) and MFS transporiAy),(Gve

been shown to be part of a spibtection mechanism whereby dithiol GT is oxidised
and secreted outside the cell thereby attenuating the intracellular toxicity of the dithiol
form (Owens et al., 201%charf et al., 2010; Schrettl et al., 2010b; Wang et al., 2014)
Recently, an RNAseq analysis dk. fumigatugmliT compared to wiletype has aimed

to elucidate the cellular processes involved ingeitection against GT O6 Ke e f f e
al., 2014) It is surprising to note that most studies on GT are ethrout on the
producing fungus(A. fumigatuy} and on mammalian model organisms like
Saccharomyces cerevisi@&hamilos et al., 2008While research on the response of
GT-naive fungito this molecule is practically neaxistent. Phenotypic assays have
been carried out oi\. niger, A. nidulans Candida albicansand Cryptococcus
neoformansin the presence of exogenous GT, and growth inhibition has been
observed. Despite thantifungal capacity of GT on these organisms, no insights into

the cellular processes involved have been carried out until the present thesis.

1.5 Sulphur metabolism

As mentioned earlier, comparative transcriptomic, proteomic and metabolomics,
are powerful tools to elucidate the overall state of the cell under different conditions
like stress. The interconnectivity of the different cellular processes is exemplified in
any Tomics study where adaptation to an environmental alarm triggers multiple
responses. IM\. niger, mosti omics investigations havamed tomimic industrial
fermentationswhere the fungus can encounter stress conditions such as nutrient
deficiency (e.gcarbon starvation). Studies carried out under carbon limitation have

aimed to understantthe effect on hydrolytic enzyme productiGran Munster et al.,
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2014, 2015; Nitsche et al., 2012Z}hough carbon is an essential nutrjghere are
ot her el ement s, |l i ke sul phur required

as much attention.

In fungi, organosulphur compounds are involved in protein biosynthesis
(methionine and cysteine), stress response (glutathione, ergottadirahey, 2013;
Pdcsi et al., 2004)ron metabolism (F& clustersYAmich et al., 2013)secondary
metabolism (ETP toxingDavis et al., 2011; Sheridan et al., 2048y methylation
reactions (SAM)(Attieh et al., 2000b; Dolan et al.,, 2014; Sdhat al., 2014)
Aspergillus sppcan acquire sulphur from inorganic sulphate and suipbutaining

amino acids through different metabolic pathways.
1.5.1 Assimilation of inorganic sulphur

Inorganic sulphate (S®) is transported imt the cell by sulphatpermease
(encoded bysB gene inA. nidulan3. Once in the cell, ATP sulfurylase@ yields
adenosine hophosulfate (APS) which will be phosphorylated by an APS kinase
encoded bysDt h a't wi | |-p hgoesnpehr caat depho3péosulfate (PARS)
(Figurel.5) (Marzluf, 1997) The next step in the assimilation of sulphur is carried out
by PAPS reductaseAin A. nidulang releasing sulphite (S9) that subsequently will
be reduced by a sulphite reductase to produce sulphitle (Fgure 1.5. In
filamentous fungi, sulphide can be condensed O-@ketylserine to form cysteine by
cysteine synthaseysBgene) or to (iifO-acetylnomoserine to generate homocysteine

through homocysteine synthasggDgene) Figure 1.6)(Brzywczy et al., 2007)
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Figure 1.5 Sulphur assimilation inA. nidulans Inorganic sulphur (S€) is
transformedinto sulphide &) through a series of enzymes (shown in hlt
Sulphate permease (sBYTP suphurilase (sC), APS kinase (SIPAPS reductas
(sA) and sulphite reductase.

Homocysteine and cysteine can interconvert through the forward and reverse
transsulfuration pathwaygSohn et al., 2014)The reverse pathway involves the
conversion of homocysteine to cystathionine and cysteine by the action of
cyst at hsynthase (CBS) [@ncoded mecAin A. nidulan$ and cystathionine
o-lyase (CGL) A. nidulansmecBgeng ( Si e (Ek o e The forward patBway 9 )
requi res c-ysthase (GGB)detBgenemn A.oniduland and cystathionine
b-lyase (CBL) A. nidulans metdsto convert cysteine to hamysteine (Figure 1.6)
(Brzywczy et al ., .ThoughfilameStous faakgidka.aitdulaasl . , 20
and Neurospora crassaan incorporate sulphide through cysteine synthase and
homocysteine synthase, and can use both the reverse and forward transsulfuration
pathway, yeasts likeS. cerevisiae Schizosaccharomycgsombe and Hansenula
polymorpha do not contain some of the enzgsn required to catalyse the
aforementioned reactionS. cerevisiaéacks cysteine synthase thus the last step of the
sulphur assimilation pathway is dependent on homocysteine syntmes$25 Er

metl7 (Figure 1.6 (Thomas and SurdiKerjan, 1997)S. pombés unable to perform
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the reverse transsul furati on pasynthasay

and c y st ayadei(Bozgwcay eet ab, 2002)and H. polymorpha lacks

homocysteine synthase activifyigure 1.¢ (Sohn et al., 2014)

A
cysD l l cysB
mecA mecB
Homocysteine Cystathionine Cysteine
metG metB
B

O-acetylhow
Met25 l

CYs4 CYs3
e ——

. — o .
Homocysteine Cystathionine
STR3 STR2

Cysteine

1 CYs1

CYs4 CYS3
Homocysteine Cystathionine Cysteine
STR3 STR2

Figure 1.6: Sulphur incorporation into amino acids {A) A. nidulans(B) S.

cerevisiaeand(C) H. polymorphalmage adapted froildohn et al. (2014).

22

due



It was observed th&. cerevisiaenet25mutant (deletions between nucleotide
32071 270) equired organic sulphur sourckke Cys, Met and Hcyfor growth
(Thomas and SurdiKerjan, 1997) Contrary to this observatiomeletion of its
homolog inA. nidulans(cysD hadthe same nutritional requirement as to wild type
andcouldassimilate sulphate usingcy¢BBr zywczy et al ., .2002;
Thus is appears that filamentous fungi have a larger set of enzymes employed for

sulphur assimilation.

1.5.2 Biosynthesis of sulphurcontaining amino acids

Methionine (Met) is a sulphtoontaining amino acid required for protein
synthesis as well as other cellular processes like methylation and polyamine
biosynthesigSauter et al., 2013)n fungi, Sadenosylmethionine (SAM) synthetase
catalyzes the formation of SAM from methionine and AFRre 1.7 (Gerke et al.,
2012) SAM synthetase is encoded by only one gene in Aggstrgillusspecies$asA
in A. nidulan3 however two independent coding genes are foun8.iceresiae
(SAMl1landSAM2 (Gerke et al., 2012 SAM is themain donor of methyl groups in
cells It is involved in the transmethylation of proteins, DNA, RNA, polysaccharides
and phospholipids, whereby methyltransferases transfer the methyl group cfoSAM
the different substrate@Kanai et al., 2013)This leads to the formation d&
adenosylhomocysteine (SAH), which behaves as a substrate for the next reaction in
the methionine cye. SAH hydrolase sahl) catalyses the hydrolysis of SAH to
homocysteine (Hcy) and adenosine (Ado). The last reaction in the cycle involves the
methylation of Hcy by a cobalamindependent methionine synthadéef6 in A.
niger) that uses-Bnethyttetrahydofolate (CH-THF) as the methyl donoF{gure 1.7

(SaintMacary et al., 2015)The generation of methionine from Hcy, independent of
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Met6, have also been described in fundgn S. cerevisiaea SAM-Hcy
methyltransferase (SAM4) and &methylmethionine (SMMHcy methyltransferase
(MHT1) were characterised and found to play a major role in the control of Met/SAM
equilibrium(Thomas et al., 2000Additionally, this balance can also be regulated by

the methionine salvage cycle, alstown as the Yang cycle. In this pathway SAM is
decarboxylated to form dcSAM (decarboxylated SAM) which donates aminopropyl
groups to putrescine and in a reaction catalysed by spermidine synthase, it generates
s per mi dimethyltoadénosing (MTAMTA is then metabolized in the Yang

cycle to generate more methionirkégure 1.7 (Sauter et al., 2013Yhese pathways

aid in the maitenance of cytosolidMet and SAM levels and corroborate the

importancehesemetabolites havewithin the cell.

Met biosynthesis converges with the reverse transsulfuration pathway whereby
its precursor, Hcy, can be converted to cysteine usiygs t a t hsynthase and b
cyst at Hyase Rigure@.7(0Si e Bk o eRromaysteine, tHix @dhidh pf
glutamylcysteine synthetagencoded byGSH1in S. cerevisiage and glutathione
synthetas€GSH2in S. cerevisiagwill lead to the synthesid glutathione(Ljungdahl
and Daignasfornier, 2012) In S. cerevisiaeand S. pombg del et-i on o 1
glutamylcysteine synthase produces GSH auxotrophy and only upon GSH
supplementation in the medium growtmdoe restore(Chaudhuri et al., 197). GSH
is a nonprotein thiol that has an important role in the response to oxidative stress in
the cell. It also exists in an oxidised form (GSSG) where the thiol gr@k) ©Of its
cysteine is oxidised. GSH behaves as a potent antioxidant, thusyredotive oxygen
species (ROS) (superoxide Q) hydrogen peroxide [KD2] and hydroxyl radicals

[-OH]) and xenobiotics are produced, if not removed properly, they can cause the
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oxidative obliteration of cel(Pdcsi et al., 2004)In this scenario, GSH donates

electrons to a glutathione peroxidase tiediuces HO> to produce HO.
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Figure 1.7 Methionine metabolism iA. nidulans Enzymes involved in the methionine cycle (SAM synthetase/; methyltransferases
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glutathione synthetaseSH?) ar e shown. Metabolites appear -mnes:hydd hAM al(deen
methylthioribose), THF (tetrahydrofolate)da@Hs-THF (5-methyttetrahydrofolate).
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1.5.3 Transcriptional r egulation of sulphur metabolism

Control of sulphur assimilation and metabolism at the transcriptional level is
carried out by catabolite repression which involves posdivé negative regulatory
proteins. InA. nidulans meR gene encodes forteanscriptional activator of sulphur
metabolism gene@\atorff et al., 2003jhile scon(A, B, C andD) genes encode for
negativeacting regulatory protein®atorff et al., 1993)SconB shws high similarity
with Met30 inS. cerevisiaeBoth proteins contain alpox motif that binds to a Skpl
protein, which is a subunit of multiprotein ubiquitin ligases (SCF complékiesprff
et al., 1998) In S. cerevisiaeSCR®3° complex targets Met4 (MetR ortholog) for
degradation by the 26S proteasome when intracellular SAM incrgRaeion et al.,
2000) Similarly, SCF®"Bcomplex represses MetR activity when excess cysteine is
present irA. nidulangNatorff et al., 1998)SconC belongs to the Skpl family proteins
and was proposed to interact with Scofotrowska et al., 20005CF complexes
also contain a scaffold protein (Cdc53/cullin), a RING finger protein andgaitib

conjugating enzyme~gure 1.3( Si ek o et al ., 2014)

@ @ @ sulfur assimilation genes
@ ATGRYRYCAT-[ |-

Figure 1.8 Regulation of sulphur metabolism iA. nidulans by catabolite
repression (Image from Sienko et al., 2014).
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Genes regulated by MetR includeB (sulphate permeasekC (ATP
sulphurylase)¢cysB(cysteine synthase) amgsD(homocysteine synthas@atorff et
al., 2003) Deletion ofcysBandscongenes gconBandscon( cause a shortage of
cysteine and a derepression of Met&endent genes . nidulans( Si e Gk o et
2014) All three mutants have shown an overproduction of sulphide and -an up
regulation of sulphide:quinone reductase which is involved in sulphide detoxification.
Additionally, functional categories ovemesented in the mutants compared to wild
type strain included genes from the carbohydrate and energy metabolism, particularly
trehalose synthesis and degradation, which is known to occur in response to stress
( Si e & o e OveralllSienko €2 4l. 12014) observed that the dysregulation of
g e n e scysB nsoguyBa n dscow@overlapped in most functional categories and
hypothesised that despite each mutation have a different defect in sulphur metabolism,

all of them lead to elevated sulphide production and activation of the stress response.

In A. fumigatusMetR is required for assimilation of inorganic sulphur sources
a s netRmutant was unable to grow in the presence of sulphaté# 30 a sole
source of sulphur or any other inorganic sulphur sourée $&?2, thioSQ? and
nitrophenylSG?) (Amich et al., 2013)On the contraryA. fumigatusvt andgmetR
grew at a similar rate on medium containing organic sulphur sources like methionine,
cysteine or glutathionfAmich et al., 2013)This group also observed that MetR was
required for the utilisation of volatile sulphur compounds derived from methionine
catabolism as a source of sulpi@mich et al., 2013) An interesting regulatory
crosstalk betwen sulphur assimilation and iron homeostasis was observed whereby in
A. fumigatugpmetRseveral genes involved in iron acquisitiemd@® mirB, amcAand
hapX) were upregulated despite enough iron was present in the media, thus

c onf i rmetRstragn has defect in iron regulatioAmich et al., 2013)
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A new transcriptional regulator has beieentified andcharacterisedn A.
nidulansby Pilsyk et al. (2015)it was named MetZ and it contains a bZIP domain
similar to that from MetR. OverexpressionmétZi n metRmutant strain appeared
to partially «compl metiRby activatingegengsheecading fprp e o f

sulphate permeases and homocysteine synthé&se g sy k et al ., 2015)

Gerke et al. (2012) observed that overexpressica®Ain A. nidulansresults
in altered sterigmatocyst (fungal secondary metabolite) production. Moreover,
protein interaction studies of SasA were carried out using tandem affinity purification
(TAP) technology which revealed double tagged V&EBA as a putative partner. Both
of these proteins are involvadthe regulation of secondary metabolism in fungi thus
these observations are indicative of a crosstalk between sulphur metabolism and

secondary metabolis(@Gerke et al., 2012)

In the bacteriunBaccharopolysporapinosa metEencodes for a cobalamin
independent methionine synthase and it produces a secondary metabolite known as
spinosad. Whespinosad accumulates in fermentation broths, proteomic analysis has
shown the increased abundance of Métlang et al, 2014) Another association
between methionine biosynthesis and secondary metabolism was established and from
there, compar at i vmetEpnd wildtgpe havedbees tauiediodt® o f
elucidate how the metabolic network $f spinosadaptsto metEabsencdYang et
al., 2015) These tudies revealed an enrichment of functional categories involved in
primary metabolism and gen enetEmgutant stiaio r mat i
compared to the wiltlype and prove the importance of MetE in the overall regulation

of the cell (Yang et al., 2015)
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Deletion of another cobalamindependent methionine synthaseef§ was
performed by SaiAMacary et al. (2015) in the pathogenic funddagnaporthe
oryzae M. oryzaeis the causative agent of several crop related diseases (rice) and
anal ysi s o0 nmetghsers camedtoat motestapligh the influence of this
enzyme in the pathogenicity of the fungus. It was observed that the mutant strain was
nonpathogenic and that upon addition of exogenous methionine and SAM, the
pathogenic phenotype was resto(8dintMacary et al., 2015)n addition, the levels
of SAM related metabolites (cysteine, cystathione, Hcy, SAM and SAH) were
increased irM. oryzaegamet§ which could be explainedytan increased activity of

the transsulphuration pathwéyaintMacary et al., 2015)

1.6 SAM dependent Methyltransferases (SAMMTases)

Methylation is a process where a methylugyr@CHs) replaces a hydrogen atom
from strong nucleophiles like -RH, ROOH, RNH2 and RSH, among others
(Bauerle et al., 2015)Figure 1.9. In most reactions, SAM is the source of methyl
groups whereby the transfer e€Hs generates SAH that can be recycled in the
methibnine cycle Figure 1.7. This process is catalysed by SAWTases which
depending on the atomic target they are classifieddntN-, O- andS-MTases. These
enzymes act in a wide range of substrates such as proteins (including histones), DNA
and RNA, thg they are involved in many important cellular functions like signal
transduction, protein repaichromatin regulatiomnd gene silencin@BSchubert et al.,
2003) SAM MTasesare also involved in the methylation of natural products derived

from primary of secondary metaboligiiiscombe et al., 2012)
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Figure 1.9 N-, C- andS- methylations ohatural products. Methyl groupsCOHs)

are represented in rg@) N-methylation of dimethylplantazolizin by BamL to for
plantazolicin(Lee et al., 2013)(B) Consecutive methylations at ar€sidue ofa

carpabenem intermediate by ThKarous et al., 2015JC) S methyhation of GT
by GtmA to form a bisnethylated product iA. fumigatugDolan et al., 2014)

1.6.1 Natural product methyltransferases

Natural product mtayltransferases (NPMT®ancatlyse the methylation of
small molecules likeofactors, pigmentgntibiotics andignallingcompounds. fius
methylation has an important role in the functionality of cellular metaboliBemost
abundant NPMTs ar®-MTases (54 %), followed bi-MTases (23 %)C-MTases

(18 %) andS-MTases (3 %]Liscombe et al., 2012)

SeveralD-, N- andC- methyltransferases are part of the biosynthetic machinery
of secondary metabolites (SM). Coenzyme A (Ce&ders and carboxylic acids of
phenylpropanoids, flavonoids and alkaloids constitute the most comrstnages for
O-MTasesin plants(Lam et al., 2007)Two O-MTases (VVOMT1 and VVOMT?2)
isolated from Cabernet Sauvignograpes have been shown to methylate
hydroxypyrazines (HP). As HP is the precursor of methoxypyrazines (MPs), which are
synthesised as a SM during amino acid metabolism and confer herbaceous properties
to some wines, these MTases can have important apphs in conferring flavour to

wine (Dunlevy et al., 2010)

The biosynthetic pathway of thienamycin, a carbapenem antibiotic produced
by Streptomyces cattleydas remaing largely unknown. Only two enzymes (ThnE
and ThnM) have been identified and are known to catalyse the first two steps of this

pathway. Recently, a third enzyme (ThnK) was shown to perform the-&dndent
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methylation of a biosynthetic substrate internagali((2R,3R,5REarbapenam) at C6
(Marous et al., 2015)Interestingy, ThnK appeared to carry out two sequential
methylations ultimately generating an ethyl chain a{Kaérous et al., 2015Figure

1.9.

Another SAMdependent methyltransferase (BamL) was identified and
characterized irBacillus amyloliquefaciensBamL catalyses the SAM dependent
double methylation oN-terminal arginine residues of dimethylplantazolizin to form
plantazolicin (PZN) and SAKLee et al., 2013)Figure 1.9. PZN is a polyheterocyclic
antibiotic with bactericidal activity towards anthraxawsative agentB; anthraci$.

The enzyme was highly selective to desmethylPZN or very similar substrates. The
importance of BamL was confirmed by the observation that deletion of the MTase
gene yielded an intermediate (desmethylPZN) lacking antibioticitsc{Lee et al.,
2013) As mentioned irSection 1.4 SAM-dependent MTase, GIiN, is part of the
gliotoxin biosynthetic machinery of\. fumigatus where it methylates an amide

residue which confers stdiby to the ETP(Scharf et al., 2014)

Smethylation is a less common type of modification mainly associated with
the detoxification of xenobiotic thiols in bacteria, plants amammals(Li et al.,
2012a; Zhao et al., 2012¢Carried out bySMTases, also known as Thiol MTases
(TMT), they can detoxify a broad range of reactive thiols through the formation of less

reactive thiomethyl derivativg#ttieh et al., 2000b; Dolan et al., 2014)

The bacteriuntreptomyces clavuligerugroduces a dithiolopyrrolone class
of antibiotic known as holomycin. The biosynthesis @ thatural product requires of
a dithiol oxidase (HIml) that closes the disulphide bridge of dihydroholomycin

(holomycin precursor) to form the bicyclic oxidised form (holomycin). Deletion of
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himl would presumably lead to the accumulation of the toxic rimégliate
dihydroholomycin, however, a methylated form of this metaboBen¢thylated
dihydroholomycin) was identified. Thus, it was hypothesised that a-8é&péndent
MTase was methylating the free thiols in order to deal with the toxicity of
dihydroholonycin (Li et al., 2012a)However, so far, the identification of this enzyme

has remained elusive.

A novel role of a fungaB-MTase (GtmA) was found by Dolan et al. (2014).
GtmA was identified and characterized An fumigatusto behave as a negative
regul ator of gl i ot agtmAresultediroas nanetske i gliotaxin wh e r ¢
production. This was the first demonstratmf aS-MTase fromA. fumigatusnvolved
in the regulation of secondary metabolite GT, and notmeliection (Figure 1.9)

(Dolan et al., 2014)

The Smethylation of small molecules will be discussed in more detail in

Chapter 5.

1.6.2 Secondary metabolism regulators: rolen methylation

Biosynthetic and regulatory genes encoding for fungal secondary metabolites
(SM) appear clustered within the genome of the organism. LaeA, a putative SAM
MTase, is the global regulator of secondary metabolism and it is responsible for the
control of several SM clusters including sterigmatocystin (ST), penicillin, lovastatin
and gliotoxin in severahspergillus spp(Bok and Keller2004) Deletion oflaeAin
A. nidulans A. fumigatusand A. flavushave demonstrated that this enzyme was
regulating a significant amount of SM clusters (~50(B9k and Keller, 2004; Kale
et al., 2008; Perrin et al., 200A SAM-binding site mutant of LaeA was generated

and resultedn loss offunctionality.Due to the location of this regulator in the nucleus
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it has been hypothesised to behave as a histone MBakeand Keller, 2004; Bok et

al., 2006) Biochemical identification of methylation substrates for LaeA have not been
described so far. A novel automethylation reaction was observed at a methionine
residue situated close to the SAM binding site of LaeA.imidulanswhich could
indicate that tls process occurs due to the absence of appropriate substrates or as a

selfregulatory mechanisifPatananan et al., 2013)

LaeA is part of the velvet complex composed of LaeA, VeA and VelB that
couples differentiation (asexual and sexual) and secondary metabolism in fungi
(Figure 1.10)(Bayram et al., 2008)In addition, LaeA regulates another velvet
complex (VelBVosA) which takes part in the repression of asexual development
(Sarikaya Bayram et al., 201®Beveral interacting partners have been identified for
VeA, most ofthem are SAMMTases with high homology to LaeA. These include
LImF (LaeAlike MTase F), VipC (velvet interacting protein), and VapB (VipC

associated protein @almer et al., 2013; Sarikafgayram et al., 2014, 2015)

LImF was found to negatively regulate ST pwotion, and despite its SAM motif
is required for functionality, no methylation substrate has been identifi§@giener
et al., 2013) VipC and VipD form a heterodimer complex that interacts with VeA
resulting in decreased secondary metabolism. Moreover, VapB was observed to play

arole in heterochromatin regulati@@gure 1.10)SarikayaBayram et al., 2014)
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Figure 1.10: SAM-MTases regulate fungal secondary metaboli&invVelB-VeA-
LaeA trimetic complex positively regulates secondary metabolism (sterigmato
(ST) production) and sexual developme(ii) VeA recruits MTases VipB/ipC
thereby reducing SM production and activating asexual genes. The comple
affects hisone posttranslational modifications (H3K9m¢SarikayaBayram et al.,
2014)

1.7 Epigenetic regulation infilamentous fungi

DNA within the nucleus of an organism interacts with a number of proteins to
form chromatin. The fundamental unit of chromatin is the nucleosome, which consist
on DNA wrapped around a core of histones (two copies of H2A, H2B, H3 and H4).
The nature of chromatin can be regulated by posttranslational modifications on
histones and interactions with other protei@®to andNakayama, 2012)Loosely
packed chromatin is termed euchromatin and it is accessible for transcription while
heterochromatin is referred to the tightly packed chromatin which is not available for
transcription (Figure 1. 11). Histones have long taidd extend from the nucleosomes

that can be covalently modified at different amino acid residues through modifications
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such as methylation, acetylation or phosphorylation. These posttranslational
modifications are heritable and do not require change®iDMNA sequence, thus they

are denoted as epigenetic modifications. Most posttranslational modifications are
found in H3 tails, specially at lysine 4 (H3K4) and lysine 9 (H3K9). Typical histone
modifications associated with active transcription (euchrothatnclude the
hyperacetylation of lysine 4 and 9 residues (K4 and H9) of H3 and the trimethylation
of H3K4 (H3K4me3) (Figure 1.11). Gene silencing (heterochromatin) occurs when
H3K9 is trimethylated and other K residues are hypoacety{@etb and Nakayama,

2012)

Euchromatin Heterochromatin
s 3 '3 ™)
H3K9 acetylation

woobba”

Omw t,»;mm»

DNA Me Me ‘Me Me

H3K4 methylation \H3K9 methylation

Figure 1.11:Most common histone modifications. Two stages of chromatin. In
adapted fronf{Goto and Nakayama, 2012)

The field of fungal epigenetics is currently attracting a lot of attention as a tool
to improve fungal strains. A recent rew by Aghcheh and Kubicek, (2015) discussed
potential applications of chromatin regulation on secondary metabolites and hydrolytic

enzyme productiofAghcheh and Kubicek, 2015)
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1.7.1 Crosstalk of sulphur and secondary metabofim in chromatin regulation

As mentioned earlieefforts towards the identification of LaeA methylation
substrates, rather than itself, have been unsuccessful. disandocalisation and
function as a regulator of SM gene clusters has led to speculate of an epigenetic control
through modifications of chromatin structyfReyesDominguez et al., 2010; Strauss
and ReyeDominguez, 2011)Recently, two groups have observed the influence of
LaeA on histone methylation. . nidulans ReyesDominguez et al. (2010) deleted
hepAand clrD genes involved in heterochromatin formation which encode for an
heterochromatin protein and a H3K9 histone methyltransferase, respectively, and
found that mutant strains displayed an overexpressioar@ginvolved in secondary
metabolite biosynthesis, especially, sterigmatocystin (ST) biosynthetic genes and the
general regulatoiaeA (ReyesDominguez et al., 2010Moreover, they showed that
in A. nidulanscdaeA HepA occupancy at the promoter region of ST increased and so
did the levels of H3K9 methylation. Thus, they hypothesised towards a role of LaeA
in reversing heterochromatin formation by the HepA/ClIrD comp(&eyes

Dominguez eal., 2010)

SarikayaBayram et al. (2014) observed that overexpression of nuclear MTase,
VapB, caused a decrease in H3K9me3 (gene silencing). Deletioap& in A.
nidulansresulted in an increase of H3K9me3 marks at the promoter regions of several
genes involved in asexual conidiation regulation, thus it was proposed that VapB
played a role in active transcription by interfering with CIrD activity or by increasing

demethylase activity at H3K9 residu@arikayaBayram et al., 2014)

SasA catalyses the biosynthesis of SAM, which is the methyl donor of LaeA

and several other MTases. TAP analysis of SasA idettifistone2B as a putative
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interaction partner and it was proposed that SasA might affect LaeA function and

consequently histor2B (Gerke et al., 2012)

SAHases another key enzyme in the maintenance of methylation homeostasis
whereby it catalyses the hydrolysis of SAH to Hcy and Ado. SAH is thgrdjuct of
methylation reactions, whichf, mot removed by SAHase, can interfere with MTases
and competitively inhibit their activity. Such scenario was describédabidopsis
where a missense mutation of tBAHgene resulted in reduced methylation of hon
GC sequences that are under the comfdMT3 DNA MTase(Mull et al., 2006)
These authors described that, the susceptibility of the methylation process by SAH
perturbations was due to the requirementao€CMT3 pathway that uses of two
enzymes, SUVH H3 K9 MTase and CMT3 cytosine MTase, which guide DNA
methylation to the cytosine residue. This work led the authors to propose that
controlled SAH downregulation could be a useful tool for dissecting regioti in
genome controlled by the interplay between histone and DNA methylgharket

al., 2006)

1.7.2 Epigenetics of hydrolytic enzyme production

Genome sequence analysisTof reeseishowed that many genes encoding
carbohydrateactive enzymes (CAZymes) are clustered in discrete-¢oatinuous)
regions with genes encoding nrdhosomal polypeptide synthases (NRPS) and
polyketide synthases (PK@)artinez et al., 2008)Due to the regulatory control of
LaeA on SM gene clusters, deletionTofreeselael (A. nidulans laeAkomolog), was
carried out by Sei bot h Ileetl mutahtstraiGssiBolvetl) .
complete loss of cellulase productig8eiboth et al., 2012)On the other hand,

overexpression daellead to an increased expression of cellulase gene transcription
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(Seiboth et al., 2012XYRL1 is the general regulator of cellulase production, and so
the relationship between LAE1 and XYR1 was investigatdd neeseilt was show

that both LAE1 and XYR1 depend on each other as no cellulase production was
observed whemyrlwa s o v er e x pr elaebstah or(viokeysa($eibotha
et al., 2012)As LAEL1 is part of the velvet complexell, an homolog of. nidulans

veA was deleted iff. reeseiA similar response to that observedTinreeseifdael

was seen igxyrl, whereby expression of cellulases, xylanasesriwas impaired

when grown on lactose or sophorgkarimi Aghcheh et al., 2014)

Owing to the hypothesis that SM genes are regulated by LaeA at the level of
chromatin structure by reversing heterochromatin formgRayesDominguez et al.,
2010; Strauss and ReyBeminguez, 2011)histone methylation was investigated in
the CAZy coding regiongAghcheh and Kubicek,®5; Kubicek, 2013; Seiboth et al.,
2012) Chromatin immunoprecipitation in combination with hidnoughput
sequencing (ChHeq) with antibodies against H3K4me2 and H3K4me3 (associated
with transcription) and H3K9me3 (associated with gene silencing) was carried out in
T. reesewild-t y p e laeh Though it was observed that some transcribed genes
had H3K4me2 and H3K4me3 enrichment and H3K9me9 absence, there was no histone
change observed for any of the CAZyme genes affected by L(KHEAicek, 2013;
Seiboth et al., 2012)n 2013, the same group published a Cédl analysis on thE
reeseiwild-type, OHael(overexpresselhel) a laedwhgre (i) 13 genes exhibited
H3K9 met hyl a tlaelostain ibut wherl mdempndent of LAEL and (ii) 74
genes showed H3K4 methylation and a correlation with LAE1 regulation but no direct
implication of LAE1 on epigenetic control in @1 a n dlaelgstrains (Karimi-

Aghcheh et al., 2013)Thus this authors concluded that the theory proposeA.for
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nidulans where LaeA counteracts H3K9me3 is somehow unlikely Torreesei

(Karimi-Aghcheh et al., 2013)

Recently, an interesting observation was made by MigiSousa et al. (2015)
where inT. reeseigxyrl, chromatin appeared more compact compared to the wild
type strain at the promoter regions of some CAZymes. They determined that XYR1
was required for chromatin loosening of two cellobiohydrolaslesl(andcbh? and
two xylanasesxynlandxynll) genes, when grown on sophorose (inducing conditions)

(Mello-de-Sousa et al., 2015)

The impact of secondary metabolite regulators (velvet complex) on CAZymes
production has also be@tserved imMAspergillus sppTargeted studies on cell wall
polysaccharides, have revealed that in the absened#®dr vosAthere is an increase
in the upregulation ofgelA gelB and fksA whi ch ar e-1,3glncaro!| v ed
biosynthesis. Additionally, chromatimmunao-precipitation (ChlIP) studies indicated
that tagged proteins VelB and VosA accumulated at the promoter regikeAdf b
1,3glucan synthase). A model was proposed wherebyVib®A-VelB complex
r e pr e-glanssyntbesis through its binding to promoter regions of cell wall
biosynthetic gene@ark et al., 2015}t is noteworthy that id\. nidulansgosAthere
is an increase in the expression of genes associated to ST biosynthesis compared to
wild-type. Due to the variability of the velvet complexes, the authors suggested the

formation d the VelB-VeA-LaeA instead of VosA/elB (Park et al., 2015)

Comparative proteomic analysis Af flavuswild-typ e  aweAlgrowm on
starch, revealed a production of glucose in the -yifst but an accumulation of

maltose and maltotriose in the mutgiiuran et al., 2014)This was corroborated by

a high glucoamyl as e-(1®)cahdl, ‘) glycosidievbonds &f c | e a
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amylose and amylopectin, releasing glucose) in the-wwildp e ¢ o myeAr e d
Additionally, an i-amglasewasobselivad iné&ea rputaet straim 0 n
which could compensate for the reduction of glucoamylaseitgcéind account for

the observed accumulation of maltose and maltoti(iDsean et al., 2014)Deletion

of laeAin A.flavusr esul t ed i n a similar veAeithponse
reduction of glucoamylase activity. These resultartjesuggest a key role for the

velvet complex on amylase productiuran et al., 2014)

In A. nidulansmRNA | eveimut ah ag mlucdhlse) encoding
genemutAwer e si gni f i c taeAsttaipcommactdtcvalditypitwasa o
observed that sGFP (synthetic green fluorescent protein) labelling of MutA showed a
signal during the late stages of vegetative growth and development in wild type while

t here was no slaecg(Baikayadaytara et al.e2010f or @

Work investigating a cellulase gene Magnaporthe oryzaéMoCel7Q when
grown in different substrates indicated anragulation of the cellulase gene when
grown in carboxymethylcellulose (CMC) compared to the growth on standard medium
(Vu et al., 2013) It was observed a H3K4 methylation at the locusvioiCel7C

occurred under CMC additigivu et al., 2013)

An interesting regulatory crosstalk betweetpbur metabolism and cellulase
gene expression was shownHi jecoring whereby a putative E3 ubiquitin ligase
(LIMPET) (homolog ofS. cerevisiae Met3@vas identified as a binding protein to the
promoter region of the cellobiohydrolagbli2 geng(Gremel et al., 2008)impetwas
also responsive to growth on cellulase inducing conditions (sophorose as the carbon

source) and sulphur limitatidiGremel et al., 2008)
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1.8 Endoplasmic ReticulumQuality Control (ERQC) System

As previously mentioned. nigeris a natural cell factory for secretory proteins.
Both secreted and membrane proteins fold in the lumen of the endoplasmic reticulum
(ER) where they reach their native and functional confaongbDeng et al., 2013)
The Sec61l complex (translocon) is responsible for the translocation of nascent
polypeptides into the lumen where protein folding is staffapoport, 2007)Here,
various molecular chaperones and enzyrteg. foldases)some of which are
members of the ER quality control (ERQC), assist protein foliingoault and Ng,
2012) Chaperones maintain nascent protein solubility to prevent their aggregation an
ease foldingdDeng et al., 2013Many proteins can become glycosylated, after which
they are placed into COPII coated vesicles and are delivered to the Golgi, where further
modifications can take place. From here the vesicles are transported to the tip of the
growing hyphae where they da with the plasma membrane and the proteins are
released extracellularlgTaheriTalesh et al., 2008)f the balance between protein
folding capacity and demand is altered, unfolded and misfolded proteins accumulate
in the ER, causing ER stre€3arvalho et al., 2006; Deng et al., 20I)eER folding
capacity can be comprored by spontaneous errors during transcription and
translation as well as cellular stresses like hypoxia, oxidative stress, nutrient limitation
or increased temperatu(@embar and Brodsky, 2008%ince the accumulation of
unfolded or misfolded proteins are toxic to the cell, their occurrence activates a series
of responses kown asfolded protein response (UBRyhich produces factors that
aid in proein folding (Deng et al., 2013; Krishnan and Askew, 201#}he UPRis
not enough to relieve stregsoteins are targetedrfdestruction by the Efassociated

degradation (ERAD) pathwg{arvalho et al., 2011)
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1.8.1 Unfolded Protein Response (UPR)

The UPR stressesponse was best characterise8accharomyces cerevisiae
but it is now been studied in a number of filamentous fungi incluéingiger
(Krishnan and Askew, 2014; Mulder et al., 200%his responsesiaimed towards
maintaining the fidelity of the protein folding activities of the ER and its main aspects

are onserved from yeast to mammgigishnan and Askew, 2014)

In S. cerevisiaelrel (inositolrequiring proteinl) is an ERlocalised
transmembrane protein with a cytosolic domain linked to an endoribonuclease
(RNase) and a stress sensing luminal dor(taorennykh and Walter, 2012)nder
normal conditions, Irel (IreA iA. nigel) is bound to BiP (a Hsp70 type chaperone)
which maintains Irel in an inactive stalegurel1.12. When the ER is stressed, BiP
dissociates from Irel allowingifdrel dimerization and activation of the cytoplasmic
domain by transautophosphorylation which activates the RNase dfitnigiman and
Askew, 2014)RNase activity splices an unconventional intron flanlmRNA that
allows for tanslation into a bZIP transcription factor Ha&lg(re 1.12 (Krishnan,

2014). Hacl then migrates into the nucleus where it binds to UPR elements (UPRES)
and other sequences in the promoter region of target genes inducing their expression

(Figure 1.12 (Vembar and Brodsky, 2008)

In A. niger, HacA (Hacl ortholog) targets the promoters of genes encoding for
ER-localised chaperones and foldases as asthehacAgene itself(Mulder et al.,
2004) Recently, a Hac®* mutant £ stands for constitutively active) was generated
in A. nigerand compared transcriptionally to a wild type strain to identify HacA

responsive geng€arvalho et al., 2012)Jp-regulation of genes involved protein
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glycosylation, intracellular protein transport, exocytosis and protein complex

assemblyas observeih the HacA” mutant(Carvalho et al., 2012)

Importantly, the UPR can be induced by agentstlikecamycin (TM) or DTT
under laboratory conditiondn A. niger, the UPR has been widely studias it is
induced when ER stress occurs in the cell. This typress in a known bottleneck
for the expression of homologous and heterologous prof€asalho et al., 2012;

Guillemette et al., 2007; MacKenzie and Guillemette, 2005)

Despite UPR activation, some proteins will fail to attain their proper
conformation(Krishnan et al., 2013)'hese abnormal proteins camrh aggregates in
the ER which camrause stress in the lumand are disposed through ERsociated
degradation (ERAD), a pathway thdirects unfolded proteins tthe proteasome

(Krishnan and Askew, 2014)
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Figure 1.12 The yeast unfolded protein response. Image from Vembar et al.,

1.8.2 Endoplasmic Reticulum Associated Degradation (ERAD)

Misfolded or unassembledproteins can be targeted for proteasomal
degradation through the ERAD pathwayhere substratesre polyubiquitinated and
transferred to the cytos@Figure 1.13)In S.cerevisiagit was observed that location
of a lesion in a protein dictates the type of ERAD pathway the substrate is going to
use. When the misfolded domain is located in the ¢gtopic side of the ER, in the

lumen or in the membrane of the ER they follow the ERAERAGL and ERAC
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M, respectively(Figure 1.13)Carvalho et al., 2006; Huyer et al., 2004; Vashist and
Ng, 2004) ERAD-L and ERADM require a complex embedded in the ER membrane,
known asthe Hrd1 complexwhile ERAD-C requires of the Doal0 compléxigure
1.13) (Thibault and Ng, 2012)These complexes bear receptors which recognise
misfolded substrates and constitute the ERAD degradation gignggiano et al.,

2014)

RVAVS

\ recognition
. ER lumen

retrotranslocation =DIgase
y Cytosol

ubiquitination

W —» Proteasome

48



ERAD-C ERAD-L ERAD-M

ER lumen

Cytosol

Doa10 complex Hrd1 complex

Figure 1.13:ERAD pathwayA) Schematic of protein degradation through ER/
(B) Different ERAD pathways based on the location of the misfolded do
(shown in red). Proteins with a misfolded domain in the cytoplasm are dec
through theDoalOcomplex while proteins with abnormabmainsin the lumen or
membrane region use thérdl complex.Both complexes are named based ¢
ubiquitin ligase (Doal0 and Hrd1 ubiquitin ligadeigure obtained from Fuggian
et al. (2014).

Once luminal proteins are selected by ERAD, they need eofully
retrotranslocated across the ER membrane into the cytoplasm where the proteasome is
located. In the case of membrane substrates, only certain domains of the polypeptide
require transport into the cytos@Ruggiano et al., 2014)Thus, ubiquitination of
substrates, will occur at late stages of retrotranslocation for luminal proteins while it
will be generally simultaneous in the case of membrane prdimset al., 2013)A
model was proposed in which Hdrl induces ubiquitination of substrates at the

cytoplasmic side of the ER membrane that signals the recruitment of the ATPase
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complex(Figure 1.13) In yeast, this complex is cormped of Cdc48 and cofactors
Ufdl and Npl4 that hydrolyse ATP and provide the mechanical force to move the
ubiquitinated substrates fully out of the membrane into the cytpésl 2003)
Ultimately, polyubiquitinated substrates are transferred to thegsome where they

are degraded (Figure 1.13).

The ERAD pathway has been studied in fungi, particulariy.inigerprotein
overpioducing strains in terms of its impact on hetegous protein production. In
work carried out by Carvalho et al. (2011), certain genes of the ERAD pathway,
including derA doaA hrdC, mifA and mnsA were deleted and compared to their
parental strai underER-stress conditions (Tunicamyciand DTT). Surprisingly,
althoughit was expected that deletion of these genes would cause significant ER
stress, no apoptotic phenotype was observed and authors concluded that alternative
pathways besides ERAD might beyihg a role in the removal of misfolded proteins

(Carvalho et al., 2011)

In A. fumigatusdeletion ofhrdA (hrd1 homolog) was shown to aectite of the

UPR respase and conferregsistant to voriconazol&rishnan et al., 2013)

1.9 Thesis Rationale and objectives

GT is an ETP class of toxin majorly producedAyfumigatughat has redox
cycling capacity, antifungal activity and it has been esthétl as a virulence factor in
Aspergillusrelated infections affecting immunocompromised individ¢@rberry et
al., 2012; Coleman et al., 2011; Dagenais and Keller, 2009; @areiral., 2005;

Sugui et al., 2007Research on GT has migifocused on deciphering the mechanism
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of biosynthesis of this toxin and several deletion strategies have been performed on
genes within theli cluster(Davis et al., 2011; Gallagher et al., 2012; Scharf et al.,
2010; Schrettl et al., 2010b;akg et al., 2014)These investigations have considerably
dissected this biosynthetic machinery and shown a fundamentabretgition

strategy present iA. fumigatusgainst the deleterious effects of its own tq@oharf

et al., 2010; Schrettl et al., 2010b; Wang et al.,, 2014Wor k carri ed out
et al. (2014) was the first largecale transcriptomic approach performed An
fumigatusqmliT targeted to understand cellular processes involved irpsatiéction

against GT.

Other fungal organisms lik8. cerevisiadave been used to screen genes linked
with GT resistance and sengity as mammalian model syster{fGhamilos et al.,
2008) The effect GT has on othéungi has considerably lackeattention as only
phenotypic studies have been carried out to prove the antifungal properties of GT, with
no focus on the cellular processes affected in the orgafismberryet al., 2012,

Coleman et al., 2011)

It thus appears that the mechanism of GT cytotoxicity is mostly studied in
Aspergillus spp (A. fumigatuy producing this toxin, where sqifotection

mechanisms (e.g. GliT and GIliA) are operating and not im&ve fungi.

Therefore, the objectives of this thesis are as follows;

1. To useA. nigeras an alternative model for the study of GT cytotoxicity as it
does no produce GT.
2. Perform Labefree quantitative (LFQ) proteomic analysisfofnigerexposed

to GT coupld to comparative metabolite analysis of selected metabolic
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pathways under the same conditions to determine the respoAsaigerto
exogenous GT.

3. Characterise a putative SANependent methyltransferase identified from the
proteomic analysis and assessdtionality withinA. nigerexposed to GT.

4. To assess if the response of A. niger to GT can inform on recombinant protein
overexpression.

5. To exploit fungal natural products like siderophores as biomarkers of infection.
Develop an enzymbnked immunosorbent assay (ELISA) system for the
quantification of siderophor@~usC) and evaluate this peptide asradicator

of fungal infection.
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Chapter 2

Materials and Methods
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2 Materials and Methods

2.1 Materials

All chemicals werepurchased from Sigmaldrich Chemical Co. Ltd (UK),

unless otherwise stated.

2.1.1 Solutions for pH Adjustment

2.1.1.1 5 M Hydrochloric Acid (HCI)

Hydrochloric acid (43.64 ml) was added to deionised water (40 ml) in a glass
graduated cylinder. The final volume was atipd to 100 ml with deionised water.

The solution was stored at room temperature.

2.1.1.2 5 M Sodium Hydroxide (NaOH)

NaOH (20 g) was added to deionised water (80 ml). The solution was mixed
and brought to a final volume of 100 ml with deionised water.sbh&ion was stored

at room temperature.

2.1.2 AspergillusMedia and Agar

2.1.2.1 Potato Dextrose Broth (PDB)

Potato dextrose broth (24 g) was added to 800 ml distilled water, mixed and

made up to 1L. The solution was autoclaved at 121 °C for 15 min and stored at 4 °C.

2.1.2.2 Potato Dextrose Agar (PDA)

Agar (9 g) (Fisher Chemical) was added to 500 ml Potato Dextrose Broth

(Section 2.1.2.1). The solution was autoclaved at 121 °C for 15 min and allowed to
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cool to ~50 °(hefore being poured into 90 mnetA dishes under sterilenditions.

The plates were allowed to set and were stored at 4 °C.

2.1.2.3 Malt Extract Agar (MEA)

Malt extract agar (50 g) (Oxoid Ltd, Hants, England) was dissolved in 1 L of
distilled water. The solution was autoclaved at 115 °C for 10 min and allowed to cool

to ~50 °Chefore being poured into 90 mnetd dishes under sterile conditions.

2.1.2.4 AspergillusMinimal Media (AMM)

2.1.2.4.1 Aspergillus Trace Elements

NaB4O7.10HO (40 mg), CuS@5H0 (400 mg), FeS©O7H.O (800 mg),
NaMo0O.2H0 (800 mg), ZnS@H-0 (8 g) were dissolveith order in 800 ml distilled
water, allowing each to dissolve completely before addition of the next component.
The solution was brought to a final volume of 1 L with distilled water. The solution

was filter sterilised into 50 ml aliquots and storeel&t°C.

2.1.2.4.2 50 X AspergillusSalt Solution

KCI (26 g), MgSQ.7H0 (26 g) and KEHPQ; (76 g) were dissolved in 800 ml
distilled water. The solution was brought to 1 L with distilled water and autoclaved at

121 °C for 15 min. The solution was stored at room tenyrera

2.1.2.4.3 100 X Ammonium Tartrate

Ammonium tartrate (92 g) was dissolved in 1 L distilled water and autoclaved.

The solution was stored at room temperature.
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2.1.2.4.4 AMM Liquid Media

AspergillusTrace Elements (1 ml) (Section 2.1.2.4.1), 5@3pergillusSalt
Solution (20 ml) (Section 2.1.2.4.2), 100 X Ammonium tartrate (10 ml) (Section
2.1.2.4.3) and glucose (10 g) were added to 800 ml distilled water and dissolved. The
pH of the solution was adjusted to 6.8 and made up to a final volume of 1 L with
distilled water. Tle solution was autoclaved at 105 °C for 30 min and stored at room

temperature.

2.1.2.4.5 AMM Agar

Agar (9 g) (Fisher Chemical) was added to 500 ml of AMM Liquid media
(Section 2.1.2.4.4) before it was autoclaved at 105 °C for 30 min. The solution was
allowed to cobto ~60 °C before being poed (25 ml) into 90 mm sterileg®i dishes,

under sterile conditions. The plates were allowed to set and stored at 4 °C.

2.1.2.5 Transformation Media

2.1.2.5.1 Trace Elements

FeSQ.7H20 (5 g) and EDTA (50 g) were dissolved in 400 ml of destivater
and pH was adjusted to approximately pH 5.5. To this solution Zi@8¢D (22 g),
HsBOs3 (11 g), MnCh.4H0 (5 g), CoC4.6H0 (1.6 g), CuS@5H.0 (1.6 g) and
(NH4)sM07)24.4H,0 (1.1 g) were added in the order described. The solution was
adjusted to pH 6.5 and brought to 1 L with distilled water. The solution was filter

sterilised into 50 ml aliquots and stored at 4 °C.

2.1.2.5.2 50 X Nitrate Salts

NaNGQ; (300 g), KCI (26 g), KHPQs (76 9 and MgSQ.7HO (26 g) were

dissolved in 800 ml of distilled water. The solution was adjusted to pH 5.5 with KOH.
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2.1.2.5.3 5 % Uridine

Uridine (1.25 g) was dissolved in 25 ml of distilled water. Solution was filter

sterilised and stored at 4 °C.

2.1.2.5.4 Transformation Liquid Media

50 X Nitrate Salts (20 ml) (Section 2.1.2.5.2), glucose (20 g), yeast extract (5
g), casamino acids (2 g) and uracil (1 g) were added to 800 ml distilled water and
dissolved. The pH of the solution was adjusted to 6 and made up to a fimakevoiu
1 L with distilled water. The solution was autoclaved at 105 °C for 30 min and stored
at room temperature. After autoclave, trace elements (1 ml) (Section 2.1.2.5.1) and
uridine (5 ml) (Section 2.1.2.5.3) were added to 1 L of autoclaved media. lTtierso

was stored at room temperature.

2.1.2.5.5 Transformation Agar

Agar (9 g) (Fisher Chemical) was added to 500 ml liquid media (Section
2.1.2.5.4) before it was autoclaved at 105 °C for 30 min. The solution was allowed to
cool to ~50 °C before pouring (25 mlxan90 mm sterile &tri dishes, under sterile

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

2.1.3 Plate Assays

Plate assays on AMM (Section 2.1.2.4.5) and Transformation Agar (Section

2.1.2.5.5) were used at range of gliotoxin concentrationsl¢Tal).

Table 2.1: Gliotoxin concentration used in plate assays to test for phenotypic

alterations irA. niger.
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Reagent Stock Concentration  Concentration range used

Gliotoxin 1 mg/ml in Methanol 07 10 pg/mi

2.1.4 E. coliMedia and Agar

2.1.4.1 Luria -Bertani Broth (LB)

LB Broth (25 g) (Difco, Maryland, USA) was dissolved in 1 L distilled water.

The solution was autoclaved at 121 °C for 15 min and stored at 4 °C.

2.1.4.2 Luria-Bertani Agar (LB Agar)

Agar (9 ml) (Fisher Chemical) was added to 500 ml of LB (Section 2.1.4.1)
before it was autoclaved at 121 °C for 15 min. The solution was allowed to cool to ~50
°C before poung (25 ml) into 90 mm steriled®ri dishes, under sterile conditions. The

plates were allowed to set and stored at 4 °C.

2.1.4.3 Terrific Broth (TB)

Terrific Broth (47.6 g) (Difco, Maryland, USA) and glycerol (4 ml) were
dissolved in 1 L distilled water. The solution was autoclaved at 121 °C for 15 min and

stored at 4 °C.

2.1.5 Reagents forE. coli protein extraction

2.1.5.1 Leupeptin (1 mg/ml)

Leupeptin (10 mg) was dissolveddistilled water (10 ml). The solution was

split into 1 ml aliquots and stored-20 °C.
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2.1.5.2 Lysozyme (10 mg/ml)

Lysozyme (100 mg) was dissolved in distilled water (10 ml). The solution was

split into 1 ml aliquots and stored-20 °C.

2.1.5.3 E. coliLysis Buffer

Trizmabase (3.02 g), EDTA (0189 mg), NaCl (2.92 g) and glycerol (50 ml)
were dissolved in 400 ml deionised water and adjusted to pH 8. The final volume was
brought up to 500 ml with deionised water and stored @t 8&fore use, the solution
was broughto 4 pg/ml Leupeptin, 1 mM PMSF a®d pg/miLysozyme by addition

of appropriate amounts ofdlstock solutions (Section 2.1.5.1, 2.1.10.2 and 2)1.5

2.1.5.4 Sodium Deoxycholate (5 % (w/V))

Sodium Deoxycholate (1 g) was dissolved in deionised water (20 ). T

solution was split into aliquots and stored24 °C.

2.1.5.5 0.15 M Sodium Chloride (NaCl)

NaCl (0.9 g) was dissolved in deionised water (100 ml). The solution was steded at

°C.

2.1.5.6 Deoxyribonuclease | (DNase I) (5 KU/ml)

DNase | (15 KU) was dissolved in .M NaCl (3 ml) (Section 2.1.5)5The

solution was split into aliquots and storedz4 °C.

2.1.5.7 2 M Magnesium Chloride

Magnesium Chloride (1.9 g) was dissolved in deionised water (10 ml) and

stored at 4 °C.
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2.1.6 Ampicillin (200 mg/ml)

Ampicillin was prepared as stk solution (100 mg/ml) in deionised water and
filter sterilised. Prior to use, the stock solution was diluted to a final working

concentration of 100 pg/ml.

217 1 M | s o {+Thigyalakctoppranoside (IPTG) Stock Solution

IPTG (238 mg) was dissolved in 1 deionised water. The solution was filter

sterilised using a 0.2 um filter (Millipore, USA) and stored24 °C.

2.1.8 Phosphate Buffer Saline (PBS)

Ten PBS tablets (Oxoid) were dissolved in 1 L distilled water. The solution

was autoclaved at 121 °C for 15 naimd stored at room temperature.

2.1.9 Phosphate Buffer Salineg Tween 20 (0.05 % (v/v)) (PBST 0.05 %)

Tween20 (500 ul) was added to 1 L PBS (Section 2.1.7). The solution was

mixed and stored at room temperature.

2.1.10 Lysis Reagents

2.1.10.1Pepstatin A (1 mg/ml)

Pepstatin A10 mg) was dissolved in distilled water (10 ml). The solution was

split into 1 ml aliquots and stored-20 °C.

2.1.10.2200 mM Phenylmethylsulfonyl fluoride (PMSF)

PMSF (34.8 mg) was dissolved in methanol (1 ml). The solution was stored at

-20 °C.

60



2.1.10.3A. niger Mycelial Lysis Buffer; reducing

Tris-HCI (15.7 9, NaCl .9 g) EDTA (5.8 9, 10 % glycerol (100 ml) was
added to 800 ml deionised water before adjusting the pH to 7.5. The solution was
brought to 1 L with deionised water. The solution was storecP@t Bdore use, the
solution was brought to 30 mM DTT, 1 mM PMSF and 1 pg/ml Pepstatin A by

addition of appropriate amounts o&thtock solutions (Section 2.1.10.1 and 2.210

2.1.10.4A. niger Mycelial Lysis Buffer; non-reducing

Tris-HCI (15.7 9, NaCl (2.9 g) EDTA (5.8 9, 10 % glycerol (100 ml) was
added to 800 ml deionised water before adjusting the pH to 7.5. The solution was
brought to 1 L with deionised water. The solution was stored@t Before use, the
solution was brought to 1 mM PMSF and 1 pg/ml PdpstA by addition of

appropriate amounts ofdlstock solutions (Section 2.1.10.1 and 2.2)10

2.1.11 0.1 M Hydrochloric Acid (HCI)

5 M HCI (4 ml) (Section 2.1.1.1) was added to deionised water (196 ml).

Solution was stored at room temperature.

2.1.12 SDSPAGE Reagernts

2.1.12.11.5 M Tris-HCI, pH 8.3

Tris-HCI (47.3 g) was dissolved in deionised water (160 ml). The pH was
adjusted to pH 8.3. The final volume was brought to 200 ml with deionised water. The

solution was stored at 4 °C.
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2.1.12.20.5 M Tris-HCI, pH 6.8

Tris-HCI (15.8 g) wadissolved in deionised water (160 ml). The pH was
adjusted to pH 6.8. The final volume was brought to 200 ml with deionised water. The

solution was stored at 4 °C.

2.1.12.3Sodium Dodecyl Sulfate (SDS) (10 % (w/v))

SDS (10 g) was added to distilled water (80 nmigl @issolved. The solution

was adjusted to 100 ml with distilled water and stored at room temperature.

2.1.12.4Ammonium Persulphate (APS) (10 % (w/v))

Ammonium persulphate (50 mg) was added to deionised water (500 pl) and

mixed. The solution was stored at 4 °C asdd within 8 h.

2.1.12.5Bromophenol Blue (1 % (w/v))

Bromophenol blue (0.2 g) was added to distilled water (20 ml). The solution

was stored at 4 °C.

2.1.12.6Bromophenol Blue (0.5 % (w/v))

Bromophenol blue (0.1 g) was added to distilled water (20 ml). The solution

was sbred at 4 °C.

2.1.12.75 X Solubilization Buffer

Glycerol (8 ml) was added to deionised water (4 ml), containi@gnl.of 10
% SDS (Section 2.1.12) and 1 ml of 0.5 Mris-HCI, pH 6.8 (Section 2.1.12). 2
mercaptoethanol (0.4 ml) was added to the solution @ithml of 0.5 % (w/v)

bromophenl blue solution (Section 2.1.1). Stored in 1 ml aliquots a0 °C.
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2.1.12.85 X Electrode Running Buffer

Trizma base (30 g), glycine (144 g) and SDS (10 g) were dissolved in deionised
water (1600 ml). The final volume was adjuste 2 L. The solution was stored at

room temperature.

2.1.12.91 X Electrode Running Buffer

5 X Electrode running Buffer (200 ml) (Section 2.1.11.8) was added to 800 ml

distilled water. The solution was stored at room temperature.

2.1.12.10 Coomassie® Blue Stain Solution

Coomassie® Brilliant Blue R (1 g), glacial acetic acid (100 ml), methanol (300
ml) and deionised water (100 ml) were added to a 1 L glass bottle and mixed. The
solution was brought to a final volume of 1 L with deionised water and stored at room

temperature.

2.1.12.11 Destain Solution

Glacial acetic acid (100 ml) was added to distilled water (600 ml) and methanol

(300 ml). The solution was stored at room temperature.

2.1.12.12 Colloidal Coomassie® Stain Solutions

2.1.12.12.1 Fixing Solution

Ethanol (500 ml) and phosphoric acid (30 ml) wadeled to distilled water

(470 ml). The solution was mixed and used within the day.
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2.1.12.12.2 Incubation Buffer

Ammonium sulphate (170 g), methanol (340 ml) and phosphoric acid (30 ml)
were added to deionised water (400 ml). The solution was namédroughto 1 L

with deionised watelThe solution was made up fresh on the day.

2.1.13 Western Blot Reagents

2.1.13.1Towbin Electrotransfer Buffer

Trizma base (6.06 g) and glycine (28.8 g) were added to 200 ml methanol and
600 ml distilled water. The solution was brought to 1 L wittilled water and stored

at room temperature.

2.1.13.2Blocking solution

Marvel® (Powdered milk) (1 g) was added to PBST50% (v/v) (20 ml)

(Section 2.1.

2.1.13.3Antibody Buffer

Marvel® (Powdered milk) (200 mg) was added to PBST 0.05 % (20/)nl)

(Section 2.1.9

2.1.13.43 , -Bi@minibenzidine (DAB) Substrate Buffer

Tris-HCI (3.15 g) was added to distilled water (150 ml) and dissolved. The pH
of the solution was adjusted to pH 7.6. The final volume wasgdht to 200 ml and

stored at 4C.
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2.1.14 Bradford Solution

Bradford Reagat (BioRad) was diluted 1/5 in PBS. This was stored at 4 °C for

up to one week.

2.1.15 DNA Electrophoresis Reagents

2.1.15.150 X Tris-Acetate Buffer (TAE)

Trizma base (242 g) was added to deionised water (700 ml) and mixed until
dissolved. Glacial acetic acid (57.1 rahd 0.5 M EDTA (pH 8) (100 ml) were added
and mixed. The volume was adjusted to 1 L with distilled water. The solution was

stored at room temperature.

2.1.15.21 X Tris Acetate Buffer (TAE)

50 X TAE (20 ml) (Section 2.1.16) was added to distilled water (980 ml).

The solution was stored at room temperature.

2.1.15.3Ethidium Bromide

Ethidium bromide was supplied at 10 mg/ml, of whicpl 3vas used per 100

ml agarose gel.

2.1.15.46X DNA Loading Dye

Loading dye(New England BioLabsyas used at the concentration supplied.

2.1.16 Reagents br GST-Protein Purification by Gel Filtration Chromatography

2.1.16.1Glutathione Agarose

Glutathione agarose was provided as a lyophilised powdewder was

swollenin 50 ml water andeft overnight at 4 C for 100 % swelling to occur.
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Subsequently, agarose beadgse washed with 10 volumes of watelRBS according

t o manudirstauttions.e r 6

2.1.16.2Cleansing Buffer 1

Boric acid (6.2 g) and NaCl (29.2 g) were dissolved in deionised water (800
ml), adjusted to pH 8.5 and brought to 1 L with deionised water. Solwaarfilter

sterilised and stored at room temperature.

2.1.16.3Cleansing Buffer 2

Sodium acetate (8.2 g) and NaCl (29.2 g) were dissolved in deionised water
(800 ml), adjusted to pH 4.5 and brought to 1 L with deionised water. Solution was

filter sterilised and stred at room temperature.

2.1.16.4Elution Buffer

Tris-HCI (3.9 g) and reduced glutathione (1.5 g) were dissolved in deionised
water (400 ml), pH adjusted to pH 9 and brought to 500 ml. Solution was filter

sterilised, stored at room temperature and used withig.a da

2.1.16.5Storage Buffer

NaCl (58.4 g) and sodium azide00 mg were dissolved in deionised water

(400 ml). Solution was mixed and brought to 500 ml.

2.1.17 Glycerol (40 % (v/v))

Glycerol (40 ml) was added to deionised water (60 ml). The solution was

autoclaved and sted at 4 °C.
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2.1.18 Glycerol (80 % (v/v))

Glycerol (80 ml) was added to deionised water (20 ml). The solution was

autoclaved and stored at 4 °C.

2.1.19 ReversePhase High Performance Liquid Chromatography (RPHPLC)

Solvents

2.1.19.1Solvent A1

NaHPQ; (3 g) and loctanesulfoni@acid (0.5 g) were added to HPLC grade

water (1 L) (pH 4.5). Solution was prepared fresh on day of use.

2.1.19.2Solvent A2

Trifluoroacetic acid (TFA) (1 ml) was added to 999 ml of HPLC grade water

to yield a solution of 1.1 % (v/v) of TCA and water.

2.1.19.3Solvent B1

HPLC grade acetonitrile (100 %)

2.1.19.4Solvent B2

Trifluoroacetic acid (1 ml) (TCA) was added to 999 ml of HPLC grade

acetonitrile to yield a solution of 0.1 % (v/v) of TCA and acetonitrile.

2.1.20 Intracellular Glutathione Measurement

2.1.20.1125 mM Sodium Phosphate Monobasic

Sodium phosphate monobasic (1.5 g) was dissolved in distilled water (100 ml).

It was stored at 4 °C until required for use.
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2.1.20.2125 mM Sodium Phosphate Dibasic

Sodium phosphate dibasic (1.77 g) was dissolved in distilled water (100 ml). It

was stored at 4 °QOntil required for use.

2.1.20.3GSH/GSSG Assay Buffer (125 mM Sodium posphate (pH 7.5), 6.3 mM

EDTA)

125 mM sodium phgphate monobasic (Section 2.120@vas added, dropwise,
to 125 mM sodium phosphatkbasic (100 ml) (Section 2.1.2), until the pH was
adjuste to 7.5. EDTA (235 mg) was dissolved in 100 ml of this sodium phosphate

buffer. It was stored at 4 °C until ready for use.

2.1.20.45 6snlfosalicilic acid (5 % (w/v)) (5 % SSA)

SSA (0.5 g) was dissolved in GSH/GSSG Assay Buffer (10 ml)ti(Bec

2.1.203). The saltion was stored on ice.

2.1.20.5Triethanolamine (50 % (v/v))

Triethanolamine (25@l) was mixed with GSH/GSSG Assay Buffer (25K

(Section 2.1.2(8). Solution was used within a day.

2.1.20.62-Vinylpyridine (20 % (v/v))

2-vinylpyridine (20 ul) was mixed with GSH/GSSG g5ay Buffer (80ul)

(Section 2.1.2(3).

2.1.20.71 0 mM-dithip-big(2-nitrobenzoic acid) (DTNB)

DTNB (7.927 mg) was dissolved in GSH/GSSG #sBuffer (2 ml) (Section

2.1.203). This was covered in tinfoil and stored on ice.
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2.1.20.8DTNB containing 1 U Glutathione Redctase

For every sample to be assayed, 1 U of glutathione reductase was added to 42

pl of 20 mM DTNB (Section 2.1.20).

2.1.20.93 0 mMiigoti nami de a d e n-phasphated reduced | e ot i

tetrasodium salt hydrate (NADPH)

NADPH (25 mg) was dissolved in GSH/GS$#Gsay Buffer (1 ml) (Section
2.1.203). This was aliquoted into smaller volumes, covered in tinfoil and stoiied at

20 °C until required for use.

2.1.20.10 5 mM NADPH

1 volurme of 30 mM NADPH (Section 2.1.2) was added to 5 volumes of
GSH/GS$% Assay Buffer (SectioB.1.203). This was covered in tinfoil and stored on

ice.

2.1.20.11 1 mg/ml Glutathione; reduced

Reduced glutathione (1 mg) was dissolved in GSH/GSS@yAgffer (1 ml)

(Section 2.1.2(8). This was covered in tinfoil and stored on ice.

2.1.20.12 2 mg/ml Glutathione; oxidised

Oxidised glutathione (2 mg) was dissolved in GSH/GSSGyBsiffer (1 ml)

(Section 2.1.2@). This was covered in tinfoil and stored on ice.
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2.1.21 2D-PAGE Reagents

2.1.21.1Trichloroacetic Acid (100 % (w/v)) (100 % TCA)

TCA (100 g) was dissolved in water (45.5 ml). Hodution was stored in the

dark at 4 °C.

2.1.21.2Trichloroacetic Acid (10 % (w/v)) (10 % TCA)

100 % TCA (Section 2.1.21) (10 ml) was added to water (90 ml).

2.1.21.3lIsoelectric Focusing Buffer (IEF)

Urea (24 g), thiourea (7.6 g), CHAPS (2 g), Tritor1B0 (0.50 ml) andrizma
base (60 mg) were brought to 50 ml with distilled water. The solution was split into 1
ml aliquots which were stored &0 °C until use. After thawing, DTT (5 mg) and
appropriate AmpholytesGE Healthcarge (8 pl) were added to a 1 ml aliquot

immedately prior to use.

2.1.21.41PG Strip Equilibration Buffer

Glycerol (150 ml), SDS (10 g), urea (180 g), and Trizma base (3 g) were added
to 400 ml deionised water. The pH was adjusted to pH 6.8. The final volume was

adjusted to 500 ml. The solution was froze®@ml aliquots at20 °C until use.

2.1.21.5Reduction Buffer

DTT (400 mg) was added to IPG Strip EquilibratiBuffer (20 ml) (Section
2.1.214). This volume was adequate for two strips. The solution was made up fresh

on the day.
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2.1.21.6Alkylation Buffer

lodoacetamide500 mg) was added to IPG Strip Equilibration Buffer (20 ml)
(Section 2.1.20.4). This volume was adequate for two strips. Trace amounts of
bromophenol blue was added to the solution. The solution was made up fresh on the

day.

2.1.21.7Agarose Sealing Solution (0.5 YA\garose)

Trizma base (1.5 g), glycine (7.2 g) and SDS (0.5 g) were dissolved in
deionised water (80 ml). Agarose (0.5 g) and bromophenol blugu28Qa. % (w/v)
solution) (Section 2.1.18) were added and the solution was adjusted to 100 ml with

deionisd water.

2.1.22 Mass Spectrometry Reagents

2.1.22.1Liquid Chromatography Mass Spectrometry Reagents (LEMS/MS)

2.1.22.1.1100 mM Ammonium Bicarbonate (NHYHCO3)

NH4HCO3 (400 mg) was dissolved in HPEgrade water (50 ml). The solution

was made up fresh on the day.

2.1.22.1.2100 mM Ammonium Bicarbonate/ Acetonitrile (1:1 (v/v))

100 mM ammonium lgarbonate (5 ml) (Section 2.1.221) was added to

acetronitrile (5 ml). The solution was made up fresh on the day.

2.1.22.1.310 mM Ammonium Bicarbonate containing Acetonitrile (10 % (v/v))

100 mM ammonium lgiabonate (1 ml) (Section 2.1.221) and acetonitrile (1

ml) was added to deionised water (8 ml). The solution was made up fresh on the day.
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2.1.22.1.4Trypsin Solution for in-gel digestion (13 ng/|)

10 mM ammonium bicarbonate containing acetonitrile (10vA%) (1.5 ml)
(Section 2.1.22.3) was added to 20 ug 8equencing Grade Trypsin (Promegajl

briefly vortexed until dissolved.

2.1.22.1.9ormic Acid (0.1 % (v/v))

Formic acid (1 ml) was added to H@S grade water (1 L).

2.1.22.1.6~ormic Acid (0.1 % (v/v)) in LC-MS Grade Acetonitrile (90 % (v/v))

LC-MS grade water (100 ml) was added to-MS grade acetonitrile (900 ml)

in a darkened bottle. Formic acid (1 ml) was added to this using a glass pipette.

2.1.22.2Reagents for analysis by GExactive

2.1.22.2.Resuspension Buffer

Urea (36 g), thiourea (144d) and trisHCI (1.6 g) were dissolved in 40 ml
deionised water and pH was adjusted to pH 8. Solution was brought to a final volume

of 100 ml with deionised water and stored at 4 °C.

2.1.22.2.50 mM Ammonium Bicarbonate (NHsHCO3)

NHsHCO3 (200 mg) was dissolved HPLC-grade water (50 ml). The solution

was made up fresh on the day.

2.1.22.2.30 mM Dithiothreitol (DTT)

DTT (77 mg) was dissolved in 50 mM ammoniurndsbonate (1 ml) (Section

2.1.222.2). The solution was made up fresh on the day.
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2.1.22.2.565 mM lodoacetamide (IAA)

IAA (101.7 mg) was dissolved in 50 mM ammoniuntasbonate (1 ml)

(Section 2.1.22.2). The solution was made up fresh on the day.

2.1.22.2.FProteaseMAX (1 % (w/v))

ProteaseMAX (1 mg) (Promega) was resuspended in 50 mM ammonium
bicarbonate (100 pl)Section 2.1.22.2)immediately before use. Solution was made

into 20 ul aliquots, snap frozen and storeeR@t°C until use.

2.1.22.2.6Trypsin Solution (1 pg/ul)

Sequencing grade trypsin (20 pg) (V5111, Promega) was resuspended in
trypsin resuspension buffer (20 pl) (V542A, Prome&olution was kept on ice until

ready for use. Snafpeeze any remaining trypsin and store24t °C for later use.

2.1.22.2.1Reagents for Millipore ZipTip c1s tips

2.1.22.2.7.Resuspension Solution

Trifluoroacetic acid (TFA) (5 ul) was added to tMIS grade water (995 ul).

2.1.22.2.7.Equilibration and Washing Solutions

TFA (1 ul) was added to L®AS grade water (999 ul).

2.1.22.2.7.3Vetting Solution

TFA (1 pl) was added to LIS grade water (199 pl) and LMS grade

acetonitrile (800 pl).
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2.1.22.2.7 Elution Solution

TFA (1 pl) was added to L®AS grade water (39@l) and LGMS grade

acetonitrile (600 pl).

2.1.22.2.7.50ading Buffer

Acetonitrile (20 ml) and TFA (0.5 ml) were added to deionised water (980 ml).
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2.2 Methods

2.2.1 Microbiological Culture Methods

Fungal and bacterial strains used in this study are list€dble 2.2

2.2.1.1 Aspergillus nigergrowth, maintenance and storage

A. niger strains vere maintained on PDA (Section 2.1.2.2), MEA (Section
2.1.2.3) or AMM agar (Section 2.1.2.4.5) (Section 2.1.2.B.5)erile inoculation loop
was used to seed conidia onto gglates from conidial stds. Plates were incubated
at 30 € for 57 days with periodic checking until fully grown. Conidia were harvested
from agar plates by adding stef®8ST (Section 2.1.ponto the plate and rubbing the
surface with an inoculation Igoto dislodge the conididdarvested conidia were
filtered through sterile Ntacloth (filtration cloth, Millipore) to remove any hyphal
elements washed with sterile PB&ection 2.1.8and collected. The conidia were
centrifuged at 3000 g for 15 min andshed again with sterile PBS (10)rffection
2.1.8. Harvestedtonidia were stored at 4 °C until required. Aliquots of the conidial
suspensions (500 pl) were added to 500 pl of sterile &pyerol (Section 2.1.18
Thetubes were vortexed and srfapzen in liquid nitrogen before transferring {60

oC for longterm storage.

2.2.1.2 Aspergillus nidulansgrowth, maintenance and storage

As mentioned in Section 2.2.1.1, but incubated at 37 °C.
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Table 2.2 Fungal and bacterial strains used in this study, including antibiotics used.

Species Strain Antibiotics Reference

A. niger CBS 513.88 N/A ATCC collection

A. niger N593 N/A Gift from Dr. Arthur F.J. Ramr
(Leiden University

A. niger M T-11N593 Hygromycin (20 Thisstudy

A. niger Environmental Isolate N/A Carberry et al. (2012)

A. nidulans FGSCA4 N/A Carberry et al. (2012)

E. coli BL21 Ampicillin (10 NA
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2.2.1.3 E. coligrowth, maintenance and storage

E. coli strains were grown on LB agé®ection 2.1.£) overnight at 37C or
LB broth (Section 2.1.41) overnight at 37 °C with shaking at 200 rpm. Both media
were supplemented with ampicillin (100 pg/ml, final concentrat{@®ction 2.1.%
Bacterial strais were stored at 4 °C for short term storage. For long term storage, 500
ul of freshly grown liquid culture was mixed with 500 ul of 40 % (v/v) glycerol
(Section 2.1.1) Tubes were snafsozen in liquid nitrogen before transferring-ic0
°C. To regeneta bacterial strains, tubes were thawed on ice. A sterile inoculation loop

was used to streak the culture onto a LB agar plate containing 100 pg/ml ampicillin.

2.2.2 Protein Characterization Methods

2.2.2.1 Bradford Protein Assay

Bio-Rad protein assay dye waituted 15 in PBS (Section 2.1)&rior to use.
The sample to be assayed was also diluted appropriately. 20 ul sample was added to
980 pl of the diluted BieRad protein assay dye and mixed thoroughly. The final
sample (1 ml) was transferred to a 1 ml plastic cewatt] incubated for 5 min at room
temperature. The #s was read relative to a blank and the protein concentration was
determined based on values obtained from a standard curve. All samples were prepared

and analysed in duplicate.

2.2.2.2 Sodium Dodecyl SulphatePolyacrylamide Gel Electrophoresis (SDS

PAGE)

SDSPAGE gels, both stacking and separating, were prepared according to
Table 2.3 and 2,4respectively. The gels were cast using the Nriratean 1l gel

casting apparatus (BioRad, CA, USA) according to theunnfarm ct ur er 6 s g ui
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Samples were prepared by adding one volume of 5 X Solubilisation Buffer (Section
2.1.127) to every 4 volumes of sample. Samples were boiled for 5 min and centrifuged
briefly, before loading onto the gel with a Hamilton syringe cEtghoresis for 1D
separation was carried out initially at 80 V for 30 min, increasing to 120 V until the
sample reached the bottom of the separating gel, using 1 X Ele&rothing Buffer

(Section 2.1.1®)

Table 2.3 Reagents composition for SEFBAGE Separating Gels

% Acrylamide 12 %

Number of Minigels 2 5
1.5 M TrisHCI pH 8.3 2.8 ml 7 mi
10 % SDS 112 pl 280
30 % Acrylamide, 0.8 % Methylene b 4.52 ml 11.3 mi
Acrylamide

Distilled Water 3.72 ml 9.3 ml
10 %Ammonium Persulfate 40 ul 100 pl
TEMED 9.2 ul 23 ul
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Table 2.4 Reagents composition for SEFAGE Stacking Gel

% Acrylamide 4%

Number of Minigels 2 5
0.5 M TrisHCI pH 6.8 1.25 ml 3.12 ml
10 % SDS 20 ul 50 ul
30 % Acrylamide, 0.8 % Methyleres 650 pl 1.62 ml
Acrylamide

Distilled Water 3.05 ml 7.62 ml
10 % Ammonium Persulfate 100 pl 250 pl
TEMED 10 pl 25 pl

2.2.2.3 lIsoelectric Focusing (IEF) and 2DPAGE

Protein samples were prepared to the appropriate concentration and volume for
the IPG strip size according T@ble 2.5 Bromophenol blue was added to the protein
samples, which were then centrifuged at 12,000 x g for 5 min. Protein samples were
loaded ind the positive end of the ceramic IPG strip holders. The IPG strip was added,
getside down, using a forceps, while the holder was tilted slightly to evenly distribute
the sample along the holder. Care was taken to prevent the trapping of air bubbles
undeneath the strip. The strips were overlaid with Plus One Drystrip Coverfluid
(Amersham) (I 1.5 ml) and subjected to IEF on an IPGphor II IEF Unit using the

following programme;
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Step 50 V 12 h

Step 250V 0.15h
Gradient 5000 V 2h
Step 5000 V 5h
Gradient 8000 V 2h
Step 8000 V 1h
Step 250 V 1h

Following IEF, the IPG strips were equilibratedReduction Buffer (Section
2.1.215) for 20 min, followed by equilibration inlRylation Buffer (Section 2.1.26)
for 20 min. The IPG strips were gad in 1 X Electrogl Running Buffer (Section
2.1.129) and placed on top of 12 % SIPAGE gels (able 2.§ using a forceps. The
gels were overlaid with AgaroSealing Solution (Section 2.1.7). Once set, the gels
were placed in the PROTEAN Plus Dodeca|@BIO-R A D) as per manuf ¢
instructions. The gels were electrophoresed in 1 X EleetRachning Buffer (Section
2.1.129) overnight at 1.5 W per gel. In the morning, the voltage was increased to 5 W
per gel until the dydront was 2 cm from the enof the gels. The gels were stained

with Colloidd Coomassie® Blue (Section 2.2.12)10

Table 2.5 Protein amounts and volumes for different length IPG Strips

Strip Length Protein Amount Volume of IEF Buffer
7cm 125 pg 125 pl
13 cm 300 ug 250 pl

80



Table 2.6 Reagents composition for Large SIPBGE Separating Gels

% Acrylamide 12 %

Number of Minigels 2 10
1.5 M TrisHCI pH 8.3 31.5ml 157.5 mi
10 % SDS 1.21 mi 6.05 ml
30 % Acrylamide, 0.8 % Methylene b 50.7 ml 253.5 ml
Acrylamide

Distilled Water 41.7 mi 208.5 ml
10 % Ammonium Persulfate 405 pl 2.25ml
TEMED 105 pl 525 pl

2.2.2.4 Colloidal Coomassie® Staining

Following SDSPAGE, gels were incubated for 3Thovernight inFixing
Solution (Section 2.1.122.1) with gentle rocking. This was poureff and the gels
were washed 3 X 20 min with deionised water. The gels were thanquigated in
Incubation Buffer (Section 2.1.112.2) for 1 h before a quantity of Colloidal
Coomassie® Blue @50 (Serva Electrophoresis, Germany) was scattered over each
gel to attain a concentration of approximately 350 pg/ml. Gels were incubated, with

stain, for 5 days and washed repeatedly with deionised water.

2.2.2.5 Western Blot Analysis

Nitrocellulose paper (NCP), and 6 sheets of filter paper, of appropriate size,
were presoaked in Towbin BuffefSection 2.1.13)ifor 15 min. The SDSAGE gels

were removed carefully from the electrophoresis unit. They were assembled on the

81



transfer unit as follows; 3 sheets of soaked filter paper, soaked NCFRSGE gel,

and 3 sheets obaked filter paper. Transfer occurred at 18 V for 30 min. The NCP
was blocked in Western Blocking Buffg@@ection 2.1.13)Xor 1 h at room temperature

with gentle rocking. The Western blocking buffer was poured off and the primary
antibody, diluted in Anbody Buffer(Section 2.1.13.3)was added to the blots for 1 h

at room temperature with gentle rocking. The antibody was removed and the blots
were washed 3 X 5 min with PBST 0.05(%ection 2.1.2 The secondary antibody,
diluted in Antibody buffer, wasdded to the blots for 1 h at room temperature with
gentle rocking. The secondary antibody was removed and the blots were washed 3 X
5 min in PBST 0.05 %. The blots were developed dissolving DAB (10 mg) in DAB
Substrate Buffe(Section 2.1.134(15ml). Hy dr ogen per oxi de (7 ¢
the substrate solution which was then applied to blots. Blots were allowed to develop
for 10 min and distilled water was applied to stop the reaction and reduce background

staining.

2.2.3 Protein Extraction from A. niger

2.2.3.1 Whole Protein Extraction using Lysis Buffer

Mycelia from A. niger liquid cultures (CBS 513.88; 48 h; 3C) in PDB
(Section 2.1.2 lwere harvested by filtering through miracloth, dried on tissue paper
and snap frozen in liquid NThe mycelia were ground int fine powder using a
pestle and mortar under liquictNr'he graind mycelia (500 mg) were weigt into a
2 ml Eppendorf tube and Lysis Buff@ection 2.1.10)3d 900 el ) was addeoc
were then sonicated with a sonication probe (Bandelin Sonopuldeia Electronic,
Berlin) at 10 % power, cycle 6 for 10 s. This was repeated twice more with the sample

been cooled on ice between each sonication. The sample was then subjected to bead
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beating at 30 Hz for 5 min in a bead beater (MM300, Retsch®). Samwweles
incubated on ice for 1 h. The lysate was centrifuged at 13,000 x g for 10 mi@ at 4
and the supernatant was removed to a clean microcentrifuge tube. Aliquots were stored

at’ 20°C until required for use.

2.2.3.2 Whole Protein Extraction using 0.1 M HCI

Mycelia from A. niger liquid cultures (CBS 513.88; 48 h; 3C) in PDB
(Section 2.1.2 1were harvested by filtering through miracloth, dried on tissue paper
and snap frozen in liquid NThe mycelia were ground into a fine powder using a
pestle and anortar under liquid N The ground mycelia (100 mg) were weighed into
a 2 ml Eppendorf tube and 0.1 M H@ection 2.1.11( 250 €1 ) was added
were then vortexed and incubated on ice for 1 h. After incubation, samples were
centrifuged at 13,000 x fgr 10 min at £C and the HCGbupernatants were removed

to a clean microcentrifuge tube and used within the day.

2.2.3.3 Whole Protein Extraction for 2D-PAGE

Mycelia fromA. nigerliquid cultures (Environmental Isolate; 48 h; D) in
AMM were harvested throughmiracloth and washed with cold deionised water. The
mycelia were dried in tissue, snap frozen in liquidaNd ground into a fine powder
using a pestle and a mortar under liquid Te ground mycelia (250 mg) was added
to 10 % (w/v) TCA (1.5 ml)Section2.1.21.2 and incubated on ice for 30 min. The
samples were sonicated with a sonication probe (Bandelin Sonopuls, Bandelin
electronic, Berlin) for 10 s at 10 % power on cycle 6. This was carried out 4 times in
total with cooling on ice between each st€pe lysed samples were incubated on ice
for a further 30 min before centrifugation at 12,00@ for 10 min at 4°C. The

supernatants we r® wasiaddedforithd sachples &0 vorteked.dcé H

83



cold acetone (1 ml) was added to each sample langdllets were rsuspended as

much as possible by pipetting and vortexing. The samples were stér@0 & and

were vortexed every 10 min for 1 h. They were then stored overnigl2CiC. The

samples were centrifuged at 12,000 g for 10 min. Thersapants were discarded and

icecol d acetone (500 €l) was added to each
being centrifuged at 12,000 g for 10 min &C4 The supernatants were discarded and

the pellets were left to adry for 5 min. IEF Buffe(Section 2.1.2183( 500 ¢l ) wa
added to the pellets which weresespended as much as possible by pipetting and
vortexing. The samples were incubated at room temperature for 1 h before centrifuging

at 13,000 x g for 3 min in a benchtop microfuge. The swgiants were removed to

clean microcentrifuge tubes and aliquots were store®@fC until required for use.

2.2.3.4 Protein Extraction for Q -Exactive Analysis

2.2.3.4.1 Extraction of Supernatant Proteins fromA. niger

Supernatant, frozen at70°C (50 ml) was defrosteand centrifuged at 4,500
rpom (4°C) for 30 min. The supernatant was removed to a clean container and passed
through 0.2 em filters. (Settorp2.1%1)(vashadded T CA
to the filtered supernatant so that it comprised 10 % (v/v) of the final solution. This
was mixed and incubated on a daisy wheel overnight@t 8amples were centrifuged
at 12,000 x g (4C) for 30 min and supernatant was removed. Remairetigtpvas
washed with icecold acetone (1 ml) and was centrifuged for 10 min at 13,000 x g (4
°C). The wash step was repeated twice with 5 min centrifugation each time. Acetone
was removed after the final wash and the pellet was allowed to dry for ndlranrg
min before resuspension with appropriate volume of-&espension BufferSection

2.1.222.1). Final concentration of protein should be approximately 3 mg/ml.
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2.2.3.4.2 Extraction of Mycelial Proteins from A. niger

A. niger protein lysategSection 2.2.21) were assaye@Sectin 2.2.2.) to
guantify the protein concentration in each sample. Samples were brought to 15 % TCA
by addition of the appropriate volume of cold 100 % TCA solution, vortexed briefly
and incubated on ice for 30 min. iceld acetone (50& | ) was added t
TCA/protein suspension, vortexed briefly and incubateid 2@ °C for 1 h. Samples
were centrifuged at 12,000 x g, 10 mirfC4and the supernatant was discarded. Pellets
were washed t wi cooaldacetdndr AcBtond wasnhoved dfter ithe e
final wash and the pellet was allowed to dry for no more than 5 min before re
suspension with appropriate volume of-®espension Buffe(Section 2.1.22.2)1

Final concentration of protein should be approximately 3 mg/ml.

2.2.4 In-Gel Digestionof Protein Spots from 2DPAGE gels

In-Gel digestion was carried out accordingSieevchenko et al. (2007)he
samples were excised from the gel and placed in 1.5 ml microcentrifuge tubes. The gel
pieces were detained by adding 100 mM Ammonium Bicarbt@Acetonitrile (1:1
(v/v)) (Section 2.1.22.1)2( 100 ¢l ) f or 1 h at room tem
i nterval s. The |l iquid was removed and 50
gel pieces. The liquid was removed before addition of trypsin isnl{Section
212214(50 €l1) to each gel pi ec% for30ma, sampl
checked to ensure the gel piece was covered with trypsin solution, before incubation
for a further 2. 5 h at 2C. It required, 10 mM Ammonium bicarbonatesaadded to
cover the gel pieces. The gel pieces were incubated overnight@t Biie gel pieces
were sonicated in a sonication bath for 10 min. They were then centrifuged at 12,000

x g for 10 min and supernatants were removed to a clean microcentuhege t
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2.2.5 Digestion ofA. nigerextracted proteins for analysis by QExactive

Samples (15 ¢l ; 50 ¢ (bection A1.2RDIsveres pe n s i
brought to room temperature for 10 min to ensure urea was in solution. Ammonium
bicarbonate (78.5 ¢l ; 50 mM) w Sestiona d d e d
2.1.22.2.3 was added to the samples followed by incubation aC56or 20 min.

Samples werelal owed to <cool at room {(Secigmer at ur
2.1.22.2.2 was added, followed by incubation at room temperature for 15 min in the

dar k. Foll owi ng reducti on and (Sectknyl ati o
21.222% and 1. 8 Section21f22.2)dveremddedto each of the samples,
followed by incubation at 37C overnight. The next day, samples were spun briefly to

coll ect any condensate and acidified by
incubated at room temperaturefam3 n. Sampl es (15 e€g) wer e
and were then reduced to dryness using a Thermo Scientific DNA120 Speed Vac
concentrator. Samples were then stored 20 °C until Q-Exactive analysis was

performed.

2.2.6 Zip Tip Protocol

To purify the trypsiadigested peptide¢Section 2.2.p for analysis by @
Exactive, the ZipTip procedure was used (Millipore). In brief, trypsin digested
peptides werers u s p e n d e d -suspensdroBuffgifSectRe2.1.22.7.1).The
peptide samples were sonicated for 2 toihelp resuspend the pellet, followed by a
brief centrifugation. The peptide samples were then processed usitigsZagcording
to the manufacturerds instructions. The |
using a ThermoScientific DNA120 Speedd/concentratorand-seu s pended i n 1

of loading buffer(Section 2.1.22.7.5)
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2.2.7 Organic Extraction of A. nigerand A. nidulansCulture Supernatants

A. nigerandA. nidulandiquid cultures were grown for 45 h in PBD and AMM.
Gl i ot oxi n (cncéntratog)/amliMe®Hi contrdl were added to the liquid
cultures after 45 h growth and 2 ml aliquots of supernatant were extracted from the
cultures every 30 min for 4 h. Culture supernatants (2 ml) were added to chloroform
(2 ml) in a 15 ml tube and agted vigorously for 3 min, with regular venting of the
tube. The mixtures were centrifuged at 3000 x g, 10 min at room temperature to
separate the organic layer from the aqueous layer. The lower organic layer (2 ml
approximately) was retained and reduceddrynessusing a Thermo Scientific
DNA120 Speed Vac concentrator. The dried extract retained in the tube, was re
suspended in HPLC gr ad-suspemded xracowas theda 0 ¢ |

transferred to a clean glass vial and storad24t°C.

2.2.8 ReversePhasei High Performance Liquid Chromatography (RP-HPLC)

Analysis

2.2.8.1 RP-HPLC detection of Sadenosylhomocysteinease activity

To analyse SAH enzymatic breakdowh, niger CBS 513.88 was grow(n = 3
biological replicatesat 30°C for 48 h in PDBand nycelia extractedasper Section
2.2.3.9. SAH (50 pg/ml final concentration) was spiked into fenigerlysates and
samples were analysed using revgrsase higtperformance liquid chromatography
(RP-HPLC; C1s column (Agilent Zorbax Eclipse XDE18 4.6 x 150mm) (Agilent
1200 System) after 0, 35, 70 and 105 min spsking. Gradient elutioiTable 2.7
was performed with Solvent A consisting in 25 nNH.PQ; and 2.3 mM octane

sulfonic acid pH 4.5,in HPLC grade water (Sigmaldrich) and Solvent B consisting

87



of 100 % acetonitril€Uthus, 2003; Zhou et al., 2003l cultures were grown up in

triplicate and each oneascompare to a standard curve (6.25100 pg/ml SAH).

Table 2.7 RP-HPLC Gradient for SAH degradation

Time % B
0 5

2 5

13 20
14 20
15 100
18 5

25 5

2.2.8.2 Detection and quantification of amino acids by RFHPLC

Intracellular methionine(Met), valine (Val), phenylalanine (Phe) and
leucine/isoleucine (Leu/lle) wereeasured using the method 8tin et al., 2005with
modifications.A. nigerCBS 513.881f = 3 biological replicates) was cultured for 45 h
in PDB at 30°C prior addition of gliotoxin (2.5 pg/ml final) and methanol solvent
contol for 3 h. Mycelia were harvested through miracloth and snap frozen in liquid
N2. Mycelia (500 mg) in lysis buffer (900 ppection 2.1.10)3vere sonicated, bead
beaten and clarified using centrifugation. Protsamcentrationsvere quantified by
Bradfad Assay and brought to the same concentragohthaldialdehyde (OPA) (50

ul) was added t@\. nigerlysates (10 pul; 1/5 in 50 mModiumphosphateH 7.6 to
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effect amino acidderivatiation All samples were incubated for 90 s at room
temperature andnmediately loaded (20 ul) on the HPLGgColumn (Agilent Zorbax
Eclipse XDBC18 4.6 x 150 mm Gradient elution was performed with Solvent A
consisting of 0.1 % (v/v) trifluoroacetic acid in 99.9% HPLC grade water (Sigma
Aldrich) and Solvent B consistinof 0.1 % (v/v) trifluoroacetic acid in 99.9 %
acetonitrile (Sigm&ldrich) (Table 2.8) Quantification was enabled using
commercially available Mt obtained from Sigm&ldrich. Statistical analyses were

carried out tessi ng Student ds t

Table 2.8 RP-HPLC Gradient for Amino Acid Analysis

Time % B
0 40
4.50 40
11.50 541
16.50 54.8
21.50 100
26.50 100
27.50 40
35 40

2.2.8.3 RP-HPLC detection of gliotoxin and BmGT

Organic extracts frorA. niger(Section2.2.y wer e | oade&RT-( 60

HPLC column (Agilent Zorbax Eclipse XBDB18, 9.4 x 250 mm). Gradient elution
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was performed with Solvent éonsisting of 0.1 % (v/v) trifluoroacetic acid in 99.9%
HPLC grade water (Sigmaldrich) and Solvent B consisting of 0.1 % (v/v)

trifluoroacetic &id in 99.9 % acetonitrile (Sigmaldrich) (Table 2.9)

Table 2.9 RP-HPLC Gradient for Amino Acid Analysis.

Time % B
0 30
20 100
23 100
25 20

2.2.9 Gliotoxin Thiomethyltransferase Activity

A. nigerCBS 513.88 mycelial lysates were obtained following 48 h growth in
PDB media (45 h culture followed by supplementation with gliotoxin (2.5 pg/ml)
(Induced) or methanol (Uninduced) for 3 h. Mycelia were gnagen and ground in
liquid N2, and lysed byonication and beabeating in lysis buffeA. Protein lysates
were clarified by centrifugation prior to use in assays. Reaction mixtures were carried
out essentially as described jolan et al.(2014 with modifications Tris (2-
Carboxyethyl) phosphind CEP-reduced gliotoxin (1 mg/ml; 2 ul), SAM (25 mg/ml
in PBS, 3 pl),A. nigerlysate (20 ul 3 mg/mlprotein and PBS (75 ul). Negative
controls used 20 pl lysis buffer instead of lys&®eactions were incubated at 37 °
for 3 h andterminatedby adjustment to 15 % (v/v) TCA, vortexed briefly and

incubated on ice for 30 min. Samples were centrifuged at 10,600rXL.0 min, 4°C.
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Supernatants were diluted 1/10 in 0.1 % (v/v) formic acid and spin filtered priorto LC
MS/MS anaysis (Agilent lon Trap 6340) to detedhiomethylated gliotoxin

derivativegDolan et al., 2014)

2.2.10 Liquid Chromatography Mass Spectrometry (LC-MS)

A 6340 Model lon Trap L&Mass Spectrometer (Agilent Technologies,
Ireland) with system software V6.2 was usedietermine the identity of peptides or
metabolites using electrospray ionisation. Bovine serum albumin (BSA) standard (10
fmol) was analysed, identified and used to verify accuracy of identification and

optimum machine functionality before samples waralysed.

2.2.10.1LC-MS/MS Analysis of Peptide Mixtures

Peptide mixtures generated fromgal digestion of protein spots or bands from
SDSPAGE (Section 223wer e spin filtered (Agil ent
Cellulose Acetate) prior to L&IS/MS analysis. SampldSection 2.23( 5 el ) wer ¢
loaded onto &orbax 300 8 C-18 NaneHPLC Chip 7 5 x 180 mm separation
column; 40 nL enrichment column) with 0.1 % (vfgymic acid(Section 2.1.22.1)5
ataflowrateo f 4 Pdptidesiwere eluted over a 15 min gradient bf1D0 %

(v/v) Acetonitrile/formic acid(Section 2.1.22.1)6with a post run of 5 min, using a
flow rate of0 . 6 ¢ Thé etuted peptides werenised and analysed by the mass
spectrometeMS" analysis was carried out on the 3 most abundant peptide precursor
ions in each sample, as selected automatically by the mass spectromepeptides

from the MS spectra were compared to the NCBI nr date using MASCOT

(www.matrixscience.cojnfor identification of the proteins. For the database search,

the criteria were set as a peptide tolerance + 2 Da and peptide charge 1+, 2+, 3+, with

a MS/MS tolerance ¥1 Da and 2 missed cleavages. A fixed modification
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Carboxymethyl (C) and a variable modification of oxidation of methionine were also

set.

2.2.10.2LC-MS/MS Analysis of A. niger Metabolites

Metabolites isolated by (i) organic extraction from culture supernatamts o
niger andA. nidulans(Section 2.2.yand (ii) metabolites obtained from the gliotoxin
thiomethylation assaySgction 2.2.9 were analysed by L#MS/MS. Samples were
diluted in 0.1 % (v/v) formic acidSection 2.1.22.5) prior to mass spectrometrydn
wer e | oaahte dZofbdx 3@0ISB-C8 NaneHPLC Chi p (75 em x
separation column; 40 nL enrichment columaith 0.1 % (v/v) formic aciqSection
21.2215)at a flow rate of 4 el / min. Met abol

gradient with a post run of 5 min.

Metabolites isolated frorA. nigerHCI lysates (Section 2.23) were analysed
by LC-MS/MS. Samples were diluted in 0.1 % (v/v) formic a&e¢ton 2.1.221.5
prior to mass spectr oconeaPorgus Graphitized €arbmn | oad
(PGC) Chip (75 em x 43 mm separwathdDbn col
% (v/v) formic acid(Section 2.1.22.5)at a fl ow rate eowered el /[

eluted using the appropriate gradient with a post run of 5 min.

MS" was carried out on the 3 most abundant precursor ions at each timepoint,
with n ranging from 2 to 5, depending on the analysis. Singly charged ions were not
excluded from the analigswith the precursor range adjusted to include ions mith

between 15 and 2200.
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2.2.11 Q-Exactive Analysis

Peptide samples were run on a Thermo Scientific Q Exactive mass
spectrometer connected to a Dionex Ultimate 3000 (RSLCnhano) chromatography
system.Each ample was loaded onto an EASSfray PepMap RSLC C18 Column
(50 cm x 75 &em), and was separated by an
min at a flow rate of 250 nL/min. The mass spectrometer was operated in positive ion
mode with a capillargempergure of 220 °C, and with a potential of 2500 V applied
to the frit. All data was acquired with the mass spectrometer operating in automatic
data dependent switching mode. A high resolution (140,000) MS scar2(800
Dalton)was performed using the Q Exaetto select the 15 most intense ions prior to

MS/MS analysis usinglCD (higherenergy collisional dissociation).

Protein identification and label free quantitative (LFQ) analysis was conducted

using MaxQuant (version 1.2.2 Bttp://maxquant.org/supported by the Andromeda

database search engine to correlate MS/MS data agaistriigerUniprot database

and Perseus to organise the data (Version 1.4.Ed).protein identification the
following search parameters meused: precurseon mass tolerance of 1.5 Da,
fragment ion mass tolerance of 6 ppm with cysteine carbamidomethylation as a fixed
modification and a maximum of 2 missed cleavage sites allowed. False Discovery
Rates (FDR) were set to 0.01 for both petidad proteins and only peptides with
minimum length of six amino acid length were considered for identification. Proteins
were considered identified when a minimum of two peptides for each parent protein

was observed.

LFQ intensities measured for individluruns were grouped based on their

experimental treatment. The data was the log2 transformed and an ANGMAQS)
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was performed between the control and individual treatment samples to identify
differentially abundant proteins. Proteins with statislcaignificant differential
expression were extracted and these were used to generate maps of expression. To
improve visual representation of differentially abundant proteins mean values were

generated for each treatment and used to build the maps.

A gualtative assessment was also conducted. This involved the identification
of proteins that were completely absent in a specific treatment. Those proteins that
were completely missing from all replicates of a particular group but present in other
groups weredetermined manually from the data matrix. These proteins are not
considered statistically significant as the values for absences are given as NaN (not a
number) which is not a valid value for an ANOVA analysis. However the complete
absence of a protein fioa group may be biologically significant and these proteins

were reported as qualitatively differentially expressed.

2.2.12 Intracellular Glutathione Measurement

Intracellular glutathione was measured using a method adapted from the
literature(Carberry et al., 2012; Rahman et al., 2008ptal glutathione (glutathione
(GSH) and glutathione disulfide (GSSG)) and GSSG only were measured
independently, allowing for the calculation of GSH only. Care was taken throughout
all steps in this procedure to avoid exposing the samples to light. All tulres we

covered in tinfoil and a lid was kept on the ice box.

2.2.12.1Sample Preparation

Mycelia from 48 h cultures in PDB were harvested through miracloth and dried

on tissue paper, removing as much excess liquid as possible. Mycelia (300 mg) were
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weighted into a 2 mEppendorf tube ah5 % (w/v) SSA (Section 2.1.20.4 ( 300 ¢l )
was added along with a tungsten bead. The samples werdbatan at 30 Hz for 5

min followed by centrifugation at 12,000y for 10 min t £C. The supernatants were

removed to clean microceiftige tubes covered in tinfoil and neutralised using
triethanolanme (Section 2.1.20)5 The samples were diluted (1/10 1/30) in
GSH/GSSG Assay Buffer (Section 2.1.2018efore centrifugation at 12,08 for 10

min at 4°C. The supernatants were reradvo clean microcentrifuge tubes. Samples

were stored &t 70 °C if not assayed immediately.

2.2.12.2GSH Standard Preparation

GSH (1 mg/ml) (Section 2.1.20.1Was diluted 1/100 in GSH/G% Assay
Buffer (Section 2.1.20)3 t o gi ve a stockI| A204amolimlr at i o
stock was prepared by adding 800 ¢l of
GSH/GSSG Assay Buffer (Section 2.1.20.2\ series of dilutions was carried out on

the 26.4 nmol/ml preparation in order to generate a standard curve.

2.2.12.3GSSG Stamlard Preparation

GSSG (2 mg/ml) (Section 2.1.20.@as diluted 1/100 in GSH/G% Assay
Buffer (Section 2.1.20)3 t o give a stock of concentr a
stock was prepared by adding 800 ¢l of
GSH/GSSGAssay Buffer (Section 2.1.20.3A series of dilutions were carried out on

the 26.4 nmol/ml preparation in order to generate a standard curve.

2.2.12.4Pre-treatment of GSSG Samples

GSSG standards and samples to be assayed for GSSG weeateé with 2

vinylpyridine, which covalently reacts with GSH, preventing its oxidation to GSSG,
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thereby allowing for the measurement of GSSG o@hinylpyridine (Section

21206 (2 el ) was added t oGSBEG $tandatds (8ectiomm Bl a
2.2.12.3 and samplew be asayed for GSSG (Section 2.2.12 . Fhis was carried out

in a fume hood. The samples were incubated at room temperature for 1 h before
triethanolamine (Section2.1.20.5 ( 6 €1 ) was added to- each
vinylpyridine. The samplewere incubated for 10 min at room temperature before

being assayed.

2.2.12.5Glutathione Assay

All samples to be assayed for GSH or GSSG were assayed in the same manner.
The blank/ standar d/ sampl avellimkt@titeedlaje. Twas ad
this,10mM DTNB + GR (Section2.1.2008 (44. 2 ¢l ) was added a
mM NADPH (Section 2.1.20.30 (42 €1 ) was added to eact

gently shaken to mix. The absorbance at 412 nm was measured after 1 min 30 sec.

2.2.13 Molecular Biological Methods

2.2.13.1lsolation of Genomic DNA fromA. niger CBS513.88

A. niger harvested conidia was used to inoculate 50 ml cultures of Potato
Dextrose Brotl{Section 2.1.2.1)The cultures were incubated for 24 h, at 30 °C, with
constant shaking at 200 rpm. The cultueere then filtered through sterile Miracloth,
washed with sterile water and the mycelia was collected. The mycelial mass was
wrapped in tinfoil, snafirozen in liquid nitrogen and ground to a fine powder using a
pestle and mortar. DNA extractions wereriga out using the ZR Fungal/Bacterial
DNA Ki t (Zy mo Research, Californi a, US

recommendations. All buffers and reagents were supplied with the kit. Eluted DNA
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was quantified by reading the absorbance of the sample at 26888nnm using a

Nanodrop 2000 spectrophotometer (Thermo Fisher Scientific).
2.2.13.2Isolation of RNA from A. niger CBS513.88

A. nigerliquid cultures, which were inoculated at 30 °C at the required time,
were filtered thought double autoclaved Miracloth, washiekd sterile water and the
mycelia was collected. The mycelial mass was gr@gen in liquid nitrogen and
ground to a fine powder in a cold mortar and pestle. The RNA was isolated using the
RNeasy Kit supplied by Qi agetuctiona®WbAr di ng
was eluted in RNaskee water (30 pl), quantified using a Nanodrop 2000

spectrophotometer (Thermo Fisher Scientific) and storetDeiC.
2.2.13.3DNase Treatment

A DNase Kit (Sigma) was used to DNase treat RNA samples. RNA samples
(Section 2.2.12) were diluted to 125 ng/ul with Molecular Grade Water. 10 X
Reaction Buffer (1 pl) and DNase | (1 pl) were added to the RNA samples (8 pl) (125
ng/ul) and the mixture was left to incubate at room temperature for 15 min. Stop
solution (1 ul) was added tbe reaction and they were then incubated at 70 °C for 10

min. The samples were chilled on ice and stored@®C if not for immediate use.
2.2.13.4cDNA Synthesis

cDNA synthesis was performed using the qSEW@DNA SuperMix (Quanta
Biosciences) usingthe supp ed reagents in the kit and
instructions. gqScript cDNA SuperMix (5X) (4 pl) and RNdsse water (5 pl) were

added to the DNase treated RNA (11 (8gction 2.2.13). Samples were heated for
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5 min at 25 °C, increased to 42f&€ 30 min, and further increased to 85 ° C for 5 min

before cooling to 4 °© C. After completion, cDNA samples were storetD&C.
2.2.13.5Polymerase Chain Reaction (PCR)

Polymerase chain reaction (PCR) was used to amplify fragments of cDNA for
cloning and taest for recombinant plasmid presenceEincoli. PCR was generally
carried out usingAccuTad™ LA DNA Polymerase(Sigma). The PCR reaction
corditions can be seen in Table 241@d the different cycling parameteexjuired are
shown in Table 2.11Annealirg temperatures were estimatedcas4 °C below the
melting temperature ) of the primers used. Extension times used waré& min/kb
of DNA to be synthesised. Denaturing, annealing and extension steps were repeated
for 35 cycles. All PCR reactions werarried out in 20 pl volumes using@Storm

PCR (Roche) Systerrimers used are sivo on Table 2.12

Table 2.10 Reaction constituents required for PCR.

Reagent Volume per reaction

10 X Reaction Buffer 2 ul

dNTP Mix (10 mM) 2 ul

Primer F (10 uM) 0.4ul

Primer R (10 pM) 0.4 pl

DMSO 0.8 ul

DNA Template 107 100 ng

Sterile Water To a final volume of 20.4 pl
AccuTad™ LA DNA Polymerase 0.2 ¢l
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Table 2.11 PCR cycling conditions.

Time
DenaturationActivation (95 €) 3 min
Denaturation (95 °C) 45 s
Annealing (57 °C) 40 s
Extension (68 °C) 1min30s
Final Extensiorn(68°C) 10 min

Table 2.12 Primers used to amplifyIT-1l cDNA.

Primer Restrictionsite Sequen8é) (50
MT-II-F Hindlll GCAAGCTTATGACCCCCAAAATCTCTC
MT-II-R Xhad GCCTCGAGCTAGGGCTTTCTCCCCA

2.2.13.6PCR Purification

PCR purification was carried out using all the reagents and columns supplied
in the QlAquick PCR Purification Kit ( Qi
instructions. For 1 volume of PCR product of interest, 5 volumes of Buffer PB was
added and mixed.he solution was transferred to a QIAquick column that was placed
in a 2 ml collection tube and centrifuged at 13,000 x g for 1 min. The flow through
was discarded. Buffer PE (750 ul) was added to the column and was then centrifuged
at 13,000 x g for 1 minThe flow through was discarded and the column centrifuged
again at 13,000 x g for 1 min to remove any residual wash buffer. The column was

placed in a sterile microcentrifuge tube and sterile water (30 ul) was added to the
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column to elute the DNA. The aghn was allowed to stand for 2 min before being
centrifuged at 13,000 x g for 30 s. The DNA was store@@®C until required for

use.

2.2.13.7Quantitative PCR (gPCR)

gPCR reactions were performed using a LightCycler® 480-Riea¢ PCR
System (Roche) and Sybré&an Master Mix (Roche). Each reaction had a total volume
of 10 ul and was comprised of: 5 ul SYBR Green Master Mix (Roche), 2 ul PCR grade
water, 1 pl Primer F (10 pmol/ul), 1 pl Primer RO(pmol/p) and 1 pl cDNA 500
ng/pl). The PCR program used consistof 40 °C for 10 min, 95 °C for 10 min
followed by 45 cycles of 95 °C for 10 s, 58 °C for 20 s, 72 °C for 10 s. Melting curve
analysis was carried out for each experiment. Ahriger CBS513.88Actin primer
was used as a reference prir(igohle et al., 2007)The primers used in the gFACR
experiments are shown Table 2.13 Negativecontrols containing no cDNA were
also performed. Each reaction was replicated a minimum of 4 times on eacBylate.
comparison of the cycle threshold values of the control (housekeepingagéngto
the sample, the relative concentration of the teraplas determined using the second
derivative maximum method for relative quantification as described in the Roche
Lightcycler manual. Statistically significant differences between the control and
treatments were confirmed by comparing the normalised rreasing points using

ANOVA (p <0.001) using Graphpad (PRISM) statistical software.

100



Table 2.13 Primer sequences used in gRTR experiments.

Primer Name SequenB8é 50
Actin-gpcrF GGTCTGGAGAGCGGTGGTAT
Actin-gpcrR GAAGAAGGAGCAAGAGCAGTG
MT-II-gpcrF GGTGTACTTGCGACTTCGAC
MT-IlI-gpcrR CAAGGCCAGGAACTCTTTCA

2.2.13.8Agarose Gel Electrophoresis

Agarose gel electrophoresis was used to separate differently sized DNA
fragments, to visualize restriction digest reactions and for estimation of DNA yield.
Agarose gels were cast and run using-Bad electrophoresis equipment. Agarose
gels between 0-8.5 % (w/v) in 1X TAE Buffe(Section 2.1.12) were used, although
for most applications a 1 % (w/v) strength was suitable. Powdered agarose was added
to theappropriate volumef 1X TAE Buffer (Section 2.1.18) in a 200 ml flask. This
was then gently heated in a microwave, with frequent mixing, until the agarose had
dissolved. While allowing the gel to cool, a mould was prepared by inserting the
casting uniinto the casting holder and sealed. After the gel had cooled to ~50 °C, the
molten gel was poured into the prepared mould. Ethidium e /200 ml)
(Section 2.1.18) was added to the casting unit and mixed. A gel comb was inserted
and the gel was lalwed to set on a level surface. Once set, the gel comb was removed
gently, and the set gel in the gel casting unit was placed into the gel electrophoresis
tank, with the wells nearer the negative (black) eleetrdX TAE Buffer (Section

2.1.152) was tha poured into the tank to fully submerge the gel.
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2.2.13.9Loading and Running Samples

DNA samples were prepared by adding 5 volumes of DNA samples to 1
volume d 6X Loading Dye (Section 2.1.14). DNA fragment size was estimated by
running molecular weight markeedongside the unknown samples. Two different
molecular weight markers were used in this study; 1 kb DNA Ladder (BioLabs,
#N32329 and DirectLoa#™ 50 bp DNA Step Ladder(Sigma). Gels were
electrophoresed at 820 V for 3660 min and were visualised usirgSyngene

G:Box.
2.2.14 Cloning
2.2.14.1Restriction Enzyme Digests

Restriction enzymes and 10 X reaction buffers were obtained from Promega
(Sout hampt on, UK) . Reactions were carri ¢

instructions, but a typical reaction was perforrasdollows:

DNA 1 ug
Enzyme 1 0.7 pl
Enzyme 2 0.7 pl
10 X Buffer 2 pl
10 X BSA 0.2 ul
Sterile Water Bring up to 20 pl
The total reaction volume was al ways

order to prevent high glycerol concentrations, which would causesmpextific

di gestion (star activity). Reactions wer
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the manufacter 6 s i nstructions. Digestionl react

electrophoresis (Section 2.2.18.8

2.2.14.2Ligation of DNA fragments

Ligation of DNA fragments was required for the cloningdohigergenes into
the pEXN-GST vector(Figure 2.1)for expressin in E. coli. DNA was digested
(Section 2.2.14)1to give compatible fragments. These fragments were separated by
agarose getlectrophoresis (Section 2.2.1B.8igation of restricted DNA fragments
was carried out using4 DNA ligase(Promega) accordng o t he manuf act
instructions Restriction digests either produce a DNA fragment with an overhang of
singlestranded DNA at either end of the doubteanded section, known as sticky
ends, or blunt ended molecules, which have no such overh&rgaton of
recombinant molecules usually entailed ligation of small fragments (inserts) to large
fragments (backbones). For sticky ended ligation, the preferred ratio of molecules was
3 insert to 1 backbone molecule. This was estimated from the size of theeiftsg

according to the following formula:

Vector (ng) x Insert Size (Kb Molar Ratiolnsert= ng Insert
Vector Size (Kb) Vector

A typical reaction consisted of the following:

Vector DNA 100 ng

Insert DNA asper equation calculation
2X Rapid Ligation Buffer 5 pl

Fast Ligase 1 pl

Sterile Water Brought to 10 pl
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The reaction was incubated at room temperatur@@anin

PT7/Lac O/RBS
’ ﬂ
< EX-N-GST Tev 3]
= P -N-GS Asc |
£
< Vector MCs
Rsr I
5.2 kb stop | Ror!
T7 terminator
\
w \:bo
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Figure 2.1: pEX-N-GST Vector (OriGene)(A) Vector map.(B) Schematic of the

multiple cloning sites.

2.2.14.3Transformation of Competent Cells

Transformation was carried out using the BL21 StafDE3) Kit from
l nvitrogen, according to the manufacture
vial of chemically competert. coli cells was removed frorv0 °C and allowed to

thaw on ice for 30 min. Using ice cold tips, vectotl(bng) was addeid the cells and
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mixed by tapping gently. Vial was incubated on ice for 30 min. Following this, the
sample was heated to 42 °C for 30 s and placed on ice for 2 miwaRmned SOC
media (250 pl) (provided in the Kit) was added to the vial and was inclba&y °C

for 1 h at 200 rpm. Two different volumes of the transformation reaction (50 pl and
100 pl) were spread onto pvearmed LB Agar plates (Section 2.1.4@ntaining 100
pg/ml ampicillin. The plates were incubated at 37 °C mgtt. Colony PCR (&ction
2.2.144) was carried out to verify the presence of the desired insert in the vector of

the sample clones.

2.2.14.4Colony PCR

Bacterial colonies yielded by transformation were directly screened for the
presence of the desired plasmid by PCR. Using asegtniques, an isolated colony
was removed using a sterile tip and placed in a sterile 0.2 ml microcentrifuge tube
containing a PCR master mix, having all the componestessary for PCR (Section
2.2.135) and also streaked onto a reference pt&&lA ard cDNA negative controls
were included and PCR was carriegt @s described in Section 2.233with the
exception that the initial dehaing step was increased to 95 fbr 5 minto allow the

bacterial cells to rupture and release DNA for the PCR wacti

2.2.14.5Small Scale Plasmid Purification

Plasmid purification was carried out using @rgen QIA prep Minprep kit
according to the Qiagen Plasmid Purification manual. All buffers (P1, P2, N3 and PE)
and columns were supplied with the kit and details ofdndonstituents are outlined
in the Qiagen Plasmid Purification Handbook. An isolated colony was picked
aseptically and used to inoculate LB broth (10 ml) (Sectidm2) containing 100

png/ml ampicillin (Section 2.1)6 The culture was grown overnight a7 °C with
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shaking at 200 rpm and the cells were harvested by centrifugation at 2,500 x g for 10
min at 4 °C. The supernatant was removed and the pellet was resuspended in ice cold
Buffer P1 (250 pl) and transferred to a sterile 1.5 microcentrifuge Budter P2 (250

ul) and Buffer N3 (350 ul) were then added and the tubes were inverted 5 times before
centrifugation at 13,000 g for 10 min. The supernatant was transferred to the Qiaprep
Spin Column and centrifuged at 13,000 x g for 1 min. The flow throwas discarded

and the column was washed with Buffer PE (750 ul) and centrifuged at 13,000 x g for
1 min. The flow through was again discarded and the column was centrifuged at 13,000
x g for 1 min to remove residual buffer. The Qiaprep Spin column veaeglin a
sterile 1.5 ml microcentrifuge tube. The DNA was eluted from the column by addition
of sterile water (30 pl) followed by centrifugation at 13,000 x g for 1 min. The purified
plasmid was subsequently analysed by DNA Electrophoresis (Section2138)

and was stored a20 °C until required for use.

2.2.14.6DNA Sequencing

DNA sequencing of recombinant clones was performed by Source Bioscience

(Tramore, Irelandpn a commercial basis.

2.2.15 E. coli Expression using the pEXN-GST expression vector

2.2.15.1Small Scalelnduction of recombinant pEX-N-GST:MT -lI clones

After confirmation that the pEX-GST:MT-lIl vectors were correctly
transformed intde. coli, small scale inductions were carried out to obtain the desired
recombinant protein. A 10 ml aliquot of LB bro{$edion 2.1.41) containing
ampicillin (100 pg/ml)(Section 2.1.pwas inoculated with an isolatéticoli colony

containing pEXN-GST:MT-II plasmid and was incubated overnight at 37 °C while
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shaking at 200 rpm. This starter culture (500 pul) was usetnlate a 250 ml conical
flask containing LB broth (50 pl(Section2.1.41) and ampicillin (100 pg/ml)
(Section 2.1.pand the culture was grown at 37 °C (200 rpm) until an OD600 between
0.6-0.8 was reached. Upon reaching the desired growth level, laaligmot of the
culture was removed and kept as arinduced cell reference for subsequent analysis.
IPTG (Section 2.1.Ywas added to the culture at a final concentration of 0.5 mM. 1 ml
aliquots were removed every hour for 3 h and after overnight aticuo The one ml
aliquots obtained (umduced, 1, 2, 3 and overnight post induction) were centrifuged
for 5 min at 13,000 x g. The supernatants were removed and the samples with the
remaining pellet were stored &0 °C until ready for analysis. The gales were
analysed by SD®AGE Section 2.2.2.Pand Western Blot analysiSéction 2.2.25)

to determine whether recombinant protein was expressed and at whiepotithe

optimal protein expression occurred.

2.2.15.2Large Scale Induction of recombinant pEXN-GST:MT -1l clones

A 100 ml Terrific Broth (Section 2.1.8) culture containing 100 pg/ml
ampicillin (Section 2.1.pwas inoculated with an isolatéfl coli colony containing
recombinant pEXN-GST:MT-1I plasmid and was incubated overnight at 37 °C while
shackig at 200 rpm. Terrific Brotl{Section 2.1.8) (2 L) containing 100 pg/ml
ampicillin (Section 2.1.pwas inoculated with all the overnight starter culture (100 ml)
and the culture was grown at 37 °C (200 rpm) until an OD600 betwedn80véas
obtained. Upn reaching the desired growth level, a 1 ml aliquot of thenduced
culture was removed and kept for subsequent analysis. (Bd¢ion 2.1.Ywas added
to the culture at a final concentration of 0.5 mM and the culture proceeded to grow

overnight. Afterovernight incubation, the cells were centrifug&drvall Lynx 4000,
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Thermo)at 5000 rpmat 4 °C for 20 min. The supernatant was removed and the cell

pellets were stored a20 °C.

2.2.16 Determination of Recombinant Protein Solubility

Upon induction of recombant MT-1l protein inE. coli, it was necessary to
determine its solubility. A pellet harvested from the induction wesuspended in
Lysis Buffer (200 p) (Section 2.1.8) and sonicated for 2 min prior to a 5 min
centrifugation step at 13,000g at 4 €. The supernatant (representing the soluble
fraction) was removed carefully to a new 1.5 ml microfuge tube and placed on ice
while the pellet (insoluble fraction) was-sespended in 200 pl of Lysis Buffer
(Section 2.1.5.Pand stored on ice. A 20 pl aliqt was removed from each sample
and analysed by SBBAGE Section 2.2.2) and Western Blot analysiSéction

2.2.25).

2.2.17 Extraction and Purification of recombinant protein from E. coli

2.2.17.1Preparation of ClearedE. coli Lysates

Cell pellets obtained from Sken 2.2.152 were thawed on ice for 30 min and
re-suspended in Lysis Buffe6gction2.1.53) at 9 ml/ g cells wet weight. A smooth
consistency was ensured by pipetting and stirring the mixture for 15 min at room
temperature. The mixture was then incubated for 1 h 45 min on ice with shaking.
Sodium deoxycholate (5 % (w/v)) (Sectidri.54) was hen added at 80 pl/ 9 ml Lysis
Buffer, followed by DNase (5 KU/ml) (Sectidh1.56) at 40 pl/ 9 ml Lysis Buffer
and 2 M magnesium chloride (Secti@rl.57) to a final concentration of 10 mM.
Samplewas further mixed and incubated for 30 min on ice withking. Once a

smooth consistency was obtained, samples were centrifigmatall Lynx 4000,
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Thermo)at 10000 rpmfor 15 min at 4 €. Lysates were collected and passed through
0.45 um filters. Lysates were retained farther purification and processed the

same day.

2.2.17.2Purification of GST-Tagged Protein from E. coli lysates by Affinity

Chromatography

Purification of GS't agged protein was carried ol
coupled with aXK Column (Amersham Biosciencepacked with GSH agarose (10
ml bedvolume) (Section 2.1.16.1)All the buffers used were filter sterilised before
passing through the column. Lines were purged prior to use and the column was
equilibrated with PBS (Sectio?.1.8. Clear lysates (Secin 2.2.171) were loaded
onto the columrat a flow rate of 1.5 ml/ min, with absorbance monitored at 254 and
280 nm. The flow through was collected and retained for multiple passes through the
column as not all the protein may bind. The column was washed with PBS until no
absorbance was detectd®fotein was eluted with Elution BufféSection 2.1.1@)
and collected in 1 ml fractions. All fractions were analysed by Bradford Protein Assay
and the fractions with the highest concentration were pooled together and checked by

SDSPAGE. Free glutathime was removed by dialysis against PBS (Se@iarg.
2.2.17.3TEV Protease Cleavage of GSMT -lI

Further purification of GST tagged protein required cleavage from the GST
tag. TEV pr ot e a(Bremedapyas exyléd nolthe G8TOagged protein
(1.5 mg/nh, 3 ml) and incubated for®min with gentle shaking. After incubation,
HisLink™pr ot ei n r(Peosegaasg Rided to the mixture and incubated for
further 15 min.After centrifugation at 1000 x por 2 min and supernatant was

transferred to a eln tube. The removal of the free GST tag was carried out by gravity
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flow. An empty column was packed with GSH agarose beads. Subsequently, sample
(containing free protein and GST) was applied to the column. The cleaved GST bound
to the GSH beads and threé protein was collected in the flewough.Sample was

analysed bysDSPAGE to confirm the cleavage.

2.2.18 Dialysis of Recombinant Protein

Dialysis tubing was prsoaked in PB$Section 2.1.8for 10 min prior to use.
Sample known volume to be dialysed wadded to the dialysis tubing with an
additional 25 % free space included to allow for sample volume expansion. The sealed
tubing containing the sample was dialysed against 50 volumeysBiaas carried
out at 4 € with stirring. Three buffer changes werarried out at 3 h intervals. Upon
completion of dialysis, the sample was removed with a pipette and the volume of

sample was then measured, and the concentration was determined.

2.2.19 Generation of MT-II disruption constructs and fungal transformation

The A. niger MT-Il gene (An02g03100) was deleted by replacing the coding
region with the hygromycin selection marker. The deletion cassette was produced by
amplification of the fragmenMTsl (Z5okb)r espon
flanking regions using pmers OFM24/25 and OFM26/27, respectiveialple 14.
The gene coding for hygromycin resistanbph) was amplified from pAN7.1 using
primers OFM28/29 indicated ihable 14 A fusion PCR (Clontech HD cloning kit)
was performed to ligate the three fragnseimto Smal site of pUC19 to generate a
hph:MT-llgp cassette. Amplification of the dis
out by primers OFM34/35T@ble 14. Subsequently, the amplicon was used for

transformation and gene replacemenAimigerN593.
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A. nigerN593 (16 spores/ml) was inoculated into 100 ml liquid transformation
medium (TM) Section 2.1.2.5.4and grown for 20 h at 30 °C. Transformation of
fungal spores were performed according to commapergillus transformation
protocols(Punt and van den Hondel, 19924 € g | i near del eti on
for transformation of generated protoplasts. Protoplasts were plated on TM plates
without yeast extract and casamino acids, containing 1.2 M sorbitol as osmotic
stabilizer and hygr omyci n ele€tie0 antbiatiay / ml ;
supplemented with uracil and uridine. The plates were incubated at 30 %6 farys.

Primary transformants were streal®d on the same TM plates without sorbitol.

Table 2.14 Primer sequences usedNiT-1I deletion experiments.

PrimerName Sequen8é 50
TTCGAGCTCGGTACCCGTTTAAACACATCTCGCTTGCA

OFM24  GGeeGeTAG
TTGATGGTCGTTGTAGTTTGATGGATAGATGTGGACGT
oFmzs 1|
GAGGGCAAAGGAATAGTCGATAATGGTACCGGATGA
OFM26
ATTG
orvipr  ACTCTAGAGGATCCCCGTTTAAACGCCCATCCTCTTTT
AGCTTCATG

OFM28 CTACAACGACCATCAAAGTCGTATAG
OFM29 CTATTCCTTTGCCCTCGGACG
OFM34 GTTAGTAAAAGCCTAGCTTTACATC
OFM35 CTATCCATCGGGCTTCAATTGC
OFM46 GGCTTAAAGTTTATCCAGGAGATG
OFM65 CGCCATATCCACCACAACATAG
OFM70 ATGACCCCCAAAATCTCTCCC
OFM71 CTAGGGCTTTCTCCCCACCG
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2.2.20 Statistical Analysis

Data analysis was carried out using bunltGraphPad prism version 5.01

functions, as specified.
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Chapter 3

Gliotoxin perturbs methionine metabolism

In A. niger
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3 Chapter 3: Gliotoxin perturbs methionine metabolism inA. niger

3.1 Introduction

Gliotoxin (GT) is a nofribosomal peptide secreted by several fungi that can
redox cycle and consequently generate reactive oxygen sf@aiekner et al., 2005)
This toxin has been extensively studied because of its cytotoxic and
immunosuppressive affects on mammalian d&liglibacher et al., 1985; Niide et al.,
2006) A highthroughput screening study in a sigdene deletion library of
Saccharomyces cerevisias been carried out by Chamilos et al. (2008) to identify
genes associated with GT resistance or sensitiitycerevisiaavas used as a fungal
eukaryotic model system to investigate the impact of @Tanimal cells. Strains
lacking CYS3and MEF2 genes were found to be sensitive to GT. These genes are
involved in the transsulfuration pathway and mitochondrial translational elongation,
respectively, and their absence might have a key role in the suw¥ived fungi upon
GT exposurdChamilos et al., 2008).ittle is known, however, about the affect this

toxin has on other fungi.

The production of GT has proven discontinuous amongst fungal species. For
example, pathogenic fungA. fumigatus and plant disease biocontrol agent
Trichoderma virensan produce GWhile A. nigerandA. nidulandack thegli cluster

responsible for the biosynthesis of the tofatron et al., 2007)

Genome sequencing projects of sevé&gpergillusspecies have facilitated the
transcriptomic and proteomic characterization of these fungi. Comparative proteomic
studies using 2BPAGE coupled to MALDIToF mass spectrometihyave been carried
out inA. fumigatusn the presence and absence of (Garberry et al., 2012; Schrettl

et al., 2010h)Due to the ability ofA. fumigatusto biosynthesise GT, these studies
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illuminated, at least in part, the mechanisms of protection this organism has against its
own toxin. Increase abundance of GIiT oxidoreductase was found after GT addition
and was confirmed to be an essential player indtigogsotection proces@arberry et

al., 2012; Scharf et al., 2010; Schrettl et al., 2018npther participant of this self
protection mechanism is GliA, which is a membréoealized MFS transporter. Both
genesgliA andgliT are encoded within thgli cluster and appear to have evolved in
GT-producing fungi but not GT naive fun@@wens et al., 2015; Wang et al., 2014)
This system is responsible for the oxidation of dithiol GT and its secretion from the
producing species, thereby attenuating the intracellular toxicity of the dithiol form
(Section 1.4). Furtherme, transformation 08. cerevisiaavith eithergliT or gliA has

been shown to confer increased resistance t¢Safirettl et al., 2010b; Wang et al.,
2014) Increased abundance of a Cu, Zn superoxide dismutase (SOD) was also
observed which lead to spulate that GT may produce superoxide radicals and that
SOD aids in the defence against these radicas famigatugCarberry et al., 2012;
Lessing et al., 2007)Moreover, RIA-seq analysis on the impact of GT @n
fumigatuswild-t y p e gliThrdvealgd a dysregulation of secondary metabolite
clusters (including gliotoxin), ribosome biogenesis and aregplation in methionine

metabolism among other cellular procedse@6 Keef f e . et al . , 2014)

The affect GT has on other fungi has primarily been studied phenotypically,
whereby GT has been shown to inhibit the growthGandida albicansand
Cryptococcus neoformar(€oleman et al., 2011Yhe antifungal properties of GT
have alsdeen observed iA. niger(Carberry et al., 2012plthough the mechanism

of this growth inhibition remainsnelear.
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As described on Section 12, nigeris widely used as a host for the production
of native and heterologous proteins, and multiple enzymes with biotechnological uses
have been identified in, and purified frafnniger(Broekhuijsen et al., 1993; Withers
et al., 1998)Indeed, the availability oA. niger CBS 513.88 genomic sequence in
2007 (Pel et al., 2007), and the more recent sequencing of a secaigkr strain
ATCC 1015 US Department of Joint Genome Institute, 2008s facilitated its
further development as a tractable system for recombinant protgiression.
Comparative proteomic and transcriptomic analysis have been undertakemiger
to investigate changes due to the addition of stress (e.g., carbon staBedaksma
et d., 2010; van Munster et al., 2014, 2015; Nitsche et al., 2Z2dd@PTT(Guillemette
et al., 2007; MacKenzie and Guillemette, 20@b¢ antifungals (e.g. caspofungin and
fenpropimorph(Meyer et al., 2007)and also changes induced by growth on different
mediacompositions (xyloséFerreira de Oveira et al., 201Q)and maltos€Lu et al.,
2010). These studies aimed find ways to overcome the limitatios nigermight
have during growth under industrial conditions. One of these limitations can be redox
stress and the unfolded protein response (UPR) which affects proteiexpression
(Al-Sheikh et al., 2004)hus, it was speculatedthin my group if understanding the
mechanism of GT sensitivity 5. nigercould provide new insights into factors which
negatively affec{Meyer et al., 2015)rotein expression. As a result, my focus was to
investigateA. nigeras a model to explore GT cytotoxicity and to reveal its interference
with different cellular systems. The work presented in this Chapter is focused on a
proteomic/metabolomic investigation of the methionine (Met) pathway and
complements observations cadiout onA. fumigatusandS. cerevisiawere GT was

shown to dysregulate this pathwgyCh ami | os et al ., 2008;
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Nonetheless, Chapter 4 provides a full analysis of the different cellular systems

dysregulated after GT addition A niger.

The aims of the workarried out in this Chapter were; (i) to carry out phenotypic
analysis ofA. nigerCBS 513.88 in response to gliotoxin (ii) to investigate changes to
the proteome oA. nigerin response to GT with special attention to the meth@nin
and cysteine metabolism, along with sulfur metabolism (iii) to determine changes in
the methioningelated metabolite levels in response to GT. These will include
measurement of MetSAdenosylmethionine (SAM),S-Adenosylhomocysteine

(SAH), Adenosine (Ad) and GSH/GSSG redox balance.
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3.2 Results

3.2.1 Phenotypic analysis ofA. niger CBS 513.88 in response to gliotoxin

Gliotoxin mediated growth inhibition has been observed inAamiger
environmental isolate strain (Carberry et al., 2018) order to characterise the
response of. nigerto GT using comparative proteomics we selected one of the two
A. nigersequenced strains (CBS 513.88). Thus, phenotypic assaysroger CBS
513.88 were carried out in the presence of different coratemis of GT (Oi 10
eg/ ml ) . Figure 3.1 shows A higetCBS513.88muses

a concentration dependent fashion.
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Figure 3.1 GT inhibitsA. nigerCBS 513.88 in a concentrati@ependent fashiol
(A) Phenotypic analysis demonstratiGT-mediated growth inhibition after 72
incubation.(B) Graphical representation of the phenotypic analglsgvn on (A)
Data analysed by ongay ANOVA. (*** p< 0.00Q).
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3.2.2 Label free quantitative (LFQ) proteomics reveals that exogenous gliotoxin

alters the abundance of hundreds of proteins i\. niger CBS 513.88

A. nigerCBS 513.88 was grown for 45 h in PDB prior exposure to MeOH
(control) and GTand 62h. (b= 4 gedpectively). Mycelia \Bere h
harvested and protein wastracted as per Section 2.2_F4otein lysates were trypsin
digested and ProteaseMax was atlae described in Section 2.23ubsequent peptide
mixtures were separated on extend€ddradients and subjected to tandem MS using
a Thermo Fisher @&xactive system. Data analysis was done using theQuant

software (Section 2.2.]11

The times of exposure were selected based on preliminary analyses (data not
shown) which revealed that 3generated a greater proteomic response compared to
earlier time points. 6 h was chosen with the aim to observe signs of recovery or
enhanced sensitivity by gliotoxin in tifiengus. A total of 1364 proteins groups were
identified in A. niger exposed to 3 hexogeous GT, of which 378 exhibited
significantly altered abundange< 0.05) compared to MeGtieated controls (Figure
3.2).0Of these 378 proteins, 158 proteins showed increased abundancé wheer
was exposed to gliotoxin, while 220 proteins were less abuf@ppendix Tables 1
and2). On the other hand, wheXx nigerwas exposed to exogenous GT for 6 h, a total
of 1185proteins were identified of which 34@ere significantly altered in abundance
(p < 0.05) (Figure 3.2). 187 proteins were increased and 156 showed decreased in

abundance upon GT addition (Appendix: Tables 3 and 4).
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Figure 3.3 Overall impact of GT oA. nigerCBS 513.88 protein abundangg)
Differentially abundant proteins betwegn nigerexposed to 3 h GT compared
MeOH control.(B) Differentially abundant proteins betweAnnigerexposed to ¢
h GT compared to MeOH contrdkrey shaded areas highlight the significangy
<0.05)increse (logf ol d O 1) aafdlde r elgsd n( Ip
each set.
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Functional analysis of the differentially abundant proteins was achieved using
the Functional Catalogue (FunCat) annotation (Boiepp et al., 2004J-ollowingA.
nigerexposure to exogenous GT for 3 h and 6 h, FunCat analysis showed 4 categories
overrepresented in the increased abundant protein sets at both time points. These
included metabolism (3 m= 74,p < 0.035 and 6 m = 99,p < 0.0003) cell rescue,
defence and virulence (3 h;= 25,p < 0.014 and 6 hn = 34,p < 0.022), interaction
with the environment (3 = 16,p < 0.001 and 6 m = 23,p <0.002) and cell cycle
and DNA processing (3 = 16,p < 0.034 and 6 hn = 22,p < 0.04§. Categories
enriched at 3 h included protein synthesis (17, p < 0.015) and cellular transport,
transport facilitation and transport routas=(31,p < 0.016), while categories enriched
only at 6 h include transcription € 18,p < 0.0003) and regation of metabolism and
protein function it = 12, p < 0.047) (Figure 3.3). On the other hand, functional
classification of proteins with reduced abundance after GT exposure (3 h) were
metabolism 1§ = 104, p < 0.041), energyn( = 51, p < 8.72¢") and celltype
differentiation 6 = 17, p < 0.047). Protein with binding function or cofactor
requirement (structural or catalytic) was enriched in both time pointsn(3 i12,p
< 1.16€”>and 6 hn = 76,p < 0.001) and categories ovapresented in the decseal
abundance set after 6 h included protein fate 88,p < 0.016) and protein synthesis

(n=20,p < 0.001)(Figure 3.3.
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Figure 3.3 GT exposure induces significant changes in protein abundanke
niger. Functional classification into FunCat! level categories ofA) Protein
families with increased abundancedinnigerCBS 513.88 exposed to GT compal
to the MeOH control an(B) Protein families with decreased abundanca.iniger
CBS 513.88 exposed to GT compared to the MeOH control.
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3.2.3 Gliotoxin exposure increases the abundance of proteins involved in the

methionine cycle

Dysregulation of enzymes involved in methionine and cysteine metabolism
was observed iA. nigerfollowing exposure to exogenous gliotoxin for 3 h whereby
five proteins exhibited reduced and three increased abundance (Figure 3.4). In contrast,
2 proteins decreased in abundanca.inigerin response to exogenous GT for 6 h and

2 proteins were evidémvith increased abundangable 3.1)

S Adenosylhomocysteinase (SAHase), which catalyses the degradation of
SAH to homocysteine (Hcy) and Ado, was increased in abundanogiy.46-fold
and 1.45fold at 3 h and 6 h, respectively, whilst homoserineydetgenase was
similarly abundant at both time poirleg>1.96fold a 3 h andog.1.89fold at 6 h).
Spermidine synthase, involved in methionine recycling and polyamine biosynthesis
(Yang cycle)(Sauter et al., 2013yas increased in abundanceJd@g0fold (at 3 h).
Of the5 proteins exhibiting decreased abundanca.inigerafter 3 h GT exposure,
homologous aspartate aminotranséera (An16g05570 and An04g06380) and 2
homologous malate dehydrogenases (An07g02160 and An15g00070), which are part
of the TCA cycle and the malasspartate shutti@du et al., 2010plso appear to be
involved in the generation of pyruvate from cysteine according to KEGG
classification. Cysteine synthase, which catalyses the formation of cystein©from
acetylserine, was not detectable after GT exposure (at 3 h). Two additionahgrotei
showing reduced abundance after 6 h GT exposure were An04g06§a090-fold)

and An11g09510 (lag.03fold) which are involved in aspartate biosynthesis.
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Table 3.1: Abundance changes of proteins involved in the cysteine and methionine metabolismiger CBS 513.88 after exposure to

gliotoxin (2.5 €g/ml) for 3 h and 6 h, respectively.

. . Logz Fold-  Logz Fold- EC :
Protein Description change 3h  change 6h  Number Accession
Cysteine and methionine metabolism
Adenosylhomocysteinase y 2.4 ¢y 1.4 3311 An08g01960
Ortholog(s) have spermidine synthase activity, role in pantothenate biosyr
process, spermidine biosynthetic process and cytosol, extracetgjamn, y 2.0 - 2.5.1.16 An08g06560
nucleus localization
Homoserine dehydrogenase y 1.9 ¢y 1.8 1113 An02g07430

Cysteine synthase Absent - 2.5.1.47 An02g10750

Aspartate transaminase; phenylalanine:alphaketoglutarate aminotransfer 72 2. 7 - 2.6.1.1 Anl6g05570
Mitochondrial aspartate aminotransferase Z 2.5 Z 1.9 2611 An04g06380
Mitochondrial malate dehydrogenase Z 1.4 - 1.1.1.37 An07g02160
Malate dehydrogenase precursor; Malate dehydrogenase Z 1.3 - 1.1.1.37 An15g00070
Q:E%triggebneatze semaldehyde dehydrogenase, aspartate semialde i Z 1.0 12111 An11g09510
Sulfur metabolism

Pinding, oxidoredutase actity and rolesxdationreduction process  § 1+ 2 1831  An0BGOEOL0
ATP sulfurylase Z 2.2 - 2.7.7.4  Anl11g09790
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Logz Fold-  Logz Fold- EC

change 3h  change 6 h Number Accession

Protein Description

Ortholog(s) have electron transporter, transferring electrons CoQH2

cytochrome c reductase complex and cytochrome c oxidase complex act i z 1.5 ) An02g01830
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Furthermore, in addition to the dysregulation of the cysteine and methionine
metabolism, two SAMlependent methyltransferases (MTases), which utilize SAM as
a methyl donor in tranmethylation reactions, showe@ novaabundance in response
to GT exposuréMT-1 and MT-1l at 3 h; MT-1 and methyltransferase An18g03220 at
6 h) (Table 3.2. Abundance of arN-methyltransferase (An02g08430) was also
increased (logl.44fold at 3 h) after GT addition (TableZ}. Given the unexpected
detection of these MTases atiekir potential interaction with the methionine cycle,
we analysed whether the levels of Melated metabolites were affected. All together,
these data demonstrate the impact GT has in the methionine cycle and cysteine
metabolism is greater at 3 h expasuompared to 6 h which suggests that over time,

A. nigermay be able to recover after GT exposure.
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Table 3.2: Abundance changes in SANependent methyltransferasesAinnigerCBS 513. 88 after expoowudhe to ¢

and 6 h, respectively.

. - Logz Fold- Logz Fold- EC :
Protein Description change3h change6h  Number Accession
Putative methyltransferase (MT) Unique - - An02g03100
Putative SAMdependent methyltransferase ()T Unique Unique - An08g10700
Ortholog(s) have doublstranded DNA 53' exodeoxyribonuclease activit
singlestranded DNA endodeoxyribonuclease activity, tRNA (m5U i .
methyltransferase activity and role in doubteand break repair, tRN, Unique 2.1.1.35  An18903220
modification
Ortholog(s) have historarginine Nmethyltransferase activity, riboson
binding activity and role in pepticdydrginine methylation, to asymmetriee y 1. 4 - 2.1.1- An02g08430
dimethyl arginine, ribosome biogenesis
Aminomethyltransferase Z 1.0 - An08g03070
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Figure 3.4: GT exposure increases abundance of proteins involved in the methionine
cycle. Enzymes in black are increased in abundance after GT addition (3. miger
CBS 513.88. Activity of MTII, an orthdog of A. fumigatusGtmA, utilizes SAM to
effect bisthiomethylation of rGT to BmGT (see Chapter 1 an(C®lan et al., 2014)
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3.2.4 Methionine-related metabolite profiling

Characterization of methionirrelated metabolites was carried out in order to
correlate this data with the proteomic analysis and to assess fundamental changes in
the biochemistry of the fungus. For this purpose, several methods of metabolite
quantificaton were used and developed, these included; (i) quantification of
intracellular methionine levels usimmgphthalaldehyde (O®) derivatization (Section
2.2.8.3, (ii) detection of mycelial SAM, SAH and Ado using a IMS/MS-based
assay (Section 2.2.10.@00wens et al., 2015and (iii) quantification of GSH/GSSG

levels using a spectroptometric based ass@yO 6 Ke e f f e (Sed¢tion2.R.12, 2013

Determination of these metabolites was carried out through the preparation of
samples grown under idecal conditions to those employed for proteomic analyses
(A.nigerCBS 513.88 was grown for 45 h prior &

3 hand 6 h).

3.2.4.1 Intracellular methionine measurement

Intracellular methionine levels were measured using a modffiftdldC method
developed by @n et al. (2005) (Section 2.2.8.Met elution time was identified as
12.307min (Figure 3.6) and a standard curve was generated at a concentration range
of 0.1251 4 mM. This curve was linear and reproducible (Figure 3.5) and was used in
subsequent assays to calculate the amount of intracellular Metriiger extracts,

following previous exposure to either GT or MeOH only.

Met levels were determined A nigerMeOH control extracts and compared
to those in GT exposed extracts. The concentration of Met was determined from the

standard curves and represented as % concentratiowr(sis % normalised data).
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Results indicated that there was a significant increase in the levels of methionine under
gliotoxin exposure for 3 hp(= 0.0132) and 6 hp(= 0.0106) (Figure 3.6). More
specifically, the increment of Met appeared to be highes htcompared to 3 h

gliotoxin addition.

7000 r
6000 |

5000 |

4000

y =1515.3x

3000 R?=0.9991

Area Intensity (mV)

2000 F

1000 |

0 0.5 1 15 2 2.5 3 3.5 4 4.5
Methionine (mM)
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Figure 3.6. Methionine levels were significantly increaseddinnigerCBS 513.88
exposed to GTA)BR(p50.6182) amdB) 6 hf(*m=r0.0106).

3.2.4.2 Intracellular SAM levels

LC-MS detection of SAM was carried out as previously described byn®we
et al. (2015) (Section 2.2.10.2. nigerCBS 513.88 was grown for 45 h and exposed
to exogenous GT (2.5 eg/ml) for 3 h and
was extrated according to Section 2.2.3Roeder et al., 2009nd samples were
analysed by L&andemMS (MS/MS) using electrospray ionization. S analysis
of commercially available SAM standards confirmed the presence of SAM at a
retention time (R) of 8.5 min. SAM was identified by its intact massmfz 399
(C15H22N60sS) that corresponds to tisingly charged ion [(M + H)= 399] and its
fragmentation pattern (250, 136, 102 and 97 m/z) (Figure 3.7). Analysis of SAM in
nigerrevealed a significant decreape=(0.0366) in intensity in GT extracts compared
to MeOH control. On the other hand, SAN4s significantly increaseg € 0.0230) in

A. nigerGT extracts compared to MeOH control (Figure 3T8)s might indicate that
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SAM consumption is higher at 3 h GT exposure compared to 6 h and will be further

discussed in Section 3.3.
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Figure 3.7: (A) Extracted ion chromatograms (EIC) of SAM commercial stanc
(B) SAM (m/z= 399) was used as a reference for identificatiof. inigerlysates.
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Figure 3.8 (A) Significant reduction in the level of SAM . nigerCBS 513.88
after 3 h GT exposue ( 2. 5p=e0436@).(B) SAM tevel was significantly
increased irA. nigerexposed to GT for 6 h g*= 0.0230).

3.2.4.3 Intracellular SAH levels

The strategy for the determination of SAH was the same as per Section 3.2.4.2
utilized for SAM identification. In this case, LG®IS analysis of commercially
available SAH standards confirmed the presence of SAH atad R0.5 min. SAH
was identified by its whole mass of/z385 (G4H20NeOsS) that corresponds to the
singly charged ion [(M + H)= 385 and its fragmentation pattern (250, 136, 134, 88).
When the analysis was carried outAmigersamples (MeOH vs GT), no SAH was
detected in any of the chromatograms. Due to the constant absence of SAH, it was
speculated if SAH had been degraded or sratically broken down into its metabolic

products.

To analyse potential SAH breakdowh, nigerCBS 513.88 was growfor 48
h in PDB (Section 2.1.2)Jand mycelia extrded as per Section 2.2.3.h order to

guantify SAH, a standard curve was generateal@ncentration range of 6.23100
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e g/ ml SAH and a I|inear relationship was
and the mAU (Figure 3.9). SAH (50A. ¢ g/ ml
nigerlysates and samples were analyssithg RPHPLC (Section 2.2.8.)after 0, 35,

70 and 105 min postpiking. Spiked SAH eluted at arRf 5.66 min, which is
comparable to the standard SAH peak at 5.60 min (Figure 3.10). The standard curve

was used to quantify the amount of SAH presence or absence akiegspithe

sample.

The disappearance of SAH over time was evidenA.imiger acid lysates
containing spiked SAH (Figure 3.10). Interestingly Figure 3.10 indicated that (i) SAH
standard is stable in 0.1 AInigerQbates((48i ) SAL
el /rxn | ysate) is @8&c r gtsi®sdmint and (B)pSAH o x i ma
spi ked (5%nigergymh)esn(96 €l /rxn | ysate) i
10 eg/ml after 105 min. All togetihaar t hes

enzymedependent process.
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Figure 3.9 SAH Standard curve, generated by-RPLC quantification.
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Figure 3.1Q A) Overlaid HPLC chromatograms Af nigerHCI lysates analysed ¢
time 0 min (black) and 105 min (dark grey) after SAH spiking AnaigerHCI
lysate with no SAH addition (clear grey). Spiked SAH elutedrat R 66 min (black
arrow). There was no SAH detectiomdnnigerlysatesB) SAH degradtion activity
was found inA. nigerHCI lysates whereby spiked SAH disappeared in a-tand
concentratiordependent fashion.
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Based on these observations, subsequentMISIMS identification of
constituent proteins, using a Thermo Scientific Q HExaciass spectrometer, was
carried out inA. niger acid lysates (Section 2.2)11The resulting spectra were
searched with Sequest HT engine within Proteome Discoverer 1.4. Filters were: (i)
peptide filters; set to high peptide confidence and (ii) prdiieans; set to two peptides
per protein. Overall, 129 proteins were identified using these filters. Table 3.3
represents those proteins with the highest score number50). The remaining

proteins with lower scores (n = 79) are shown on Table 5 of pperddix (Chapter 9).

Results on Table 3.3 reveal the presence of SAHase (marked in bold), thus
potentially explaining the progressive reduction of added SAH and its absence in

native, norspiked samples.
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Table 3.3 A. nigerCBS 51.3.88 mycelial proteingn = 50) identified in 0.1 M HCI lysateby mass spectrometry. The rasuj spectra were

searched with Sequest HT engine within Proteome Discoverer 1.4. Data arranged in order of decreasing score.

Protein Description Score Cozg/i;age ;Jergﬂggs AAs (I:(A[\)/\; ) Csllc. Accession

1,4-alphaD-glucan glucohydrolase 388.25 31.41 9 640 683 4.45 An03g06550
Glyceraldehyde3-phosphate dehydrogenase 250.80 44.94 8 336 36.2 7.11 Anl1l6g01830
Hsp70 protein 143.55 20.72 6 637 69.5 5.17 An07g09990
DnaK-type molecular chaperone 100.80 21.66 6 614 66.8 5.34 Anl16g09260
F1FO-ATPase complex subunit 94.56 46.70 3 182 20.0 4.89 Anl14g04180
Protein similar to elongation factor 1 alpha 89.35 20.87 4 460 49.9 8.92 Anl18g04840
Pyruvae decarboxylase 84.44 31.75 8 567 625 6.76 An02g06820
Actin structural protein 64.18 31.73 6 375 41.6 5.58 An15g00560

Phytase (myenositolhexakisphosphate phosphohydrolas

narrow pH optimum at around 2.5, very little activity at pH 63.65 17.75 3 4r9 525 475 An08gl1030
Cytoplasmic ATPcitrate lyase 62.80 20.62 5 485 52.8 5.96 Anl11g00530
Puative transketolase 56.75 19.44 5 684 74.7 6.43 An08g06570
F1FOATPase complex subunit 55.29 13.85 3 556 60.0 9.07 Anl16g07410
Glutamine synthetase 52.38 41.60 6 375 41.6 5.71 An01g08800
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. - Coverage Unique MW  Calc. .
Protein Description Score (%) Peptides AAs (kDa) ol Accession
Pyruvate kinase 51.43 13.69 3 526 58.1 7.25 An07g08990
6-phosphofructel-kinase 50.13 15.58 5 783 85.7 7.18 Anl1l8g01670
Phosphopyruvate hydratase 50.12 23.29 5 438 47.3 5.40 Anl1l8g06250
Putative UTPglucosel-phosphate uridylyltransferase; Lelc 4997 22 07 6 521 579 7.24 An12g00820
pathwg enzyme
Putative acid aspartic protease, constitutively expressed 49.48 23.62 4 398 434 5.01 An02g07210
Translation elogation factor 2 49.12 12.56 6 844 93.6 6.90 An029g05700
Cu,Znsuperoxide dismutase 48.59 37.01 2 154 159 6.40 An07g03770
Elongation factor 1 beta 48.27 19.54 2 302 334 4.69 An08g03490
Has domain(s) witlpredicted catalytic activity, encyhcyl-
carrierprotein] reductase (NADH) activity, fatty ac 45.88 14.74 8 1214 134.0 5.66 An01g00050
synthase activity, transferase activity
Glycerol dehydrogenase; -&rabnose 1dehydrogenas: 45 74 19.08 3 395  36.7 6.37 An01g06970
[NAD(P)+]

Putative acid alphamylase 45.25 31.88 6 505 55.2 446 Anl11g03340
Ortholog(s) hav_e role in intracellular sterol transport . 45 12 2299 2 174 193 534  An02g03310
extracellular region, fungdlpe vacuole lumen localization

Spil-GTPase binding protein 45.06 23.90 4 251 28.2 4.92 Anl18g02140
NADP-dependent glutamate dehydrogenase 44.87 17.39 3 460 49.3 6.10 An04g00990
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Protein Description Score Cozg/z;age ;Jerggggs AAs (Il\(/lt\)/\; ) Csllc' Accession
Carboxypeptidase Yamily secreted protease 44.52 17.49 5 566 62.6 4.73 An03g05200
ATP:citrate oxaloacetatelyase 44.39 17.53 6 656 715 8.19 Anllg00510
Sorbitol dehydrogenase 39.84 27.94 5 340 36.9 6.25 An01g03480
Extracellular alphaylucosidase prprotein 39.27 7.61 4 985 108.8 5.35 An04g06920
Ortholog ofA. nidulans FGSC A4 AN3975, AN9193/IimJ,

AN2891 andA. fumigatus Af293Afulg10150, Afu2g04380 38.93 21.67 3 300 33.0 5.97 An16g05930
Afu3g15150, Afu3g15280, Afu6g03300

Putative protease 38.33 18.55 5 663 724 5.88 An04g02850
Adenosylhomocysteinase 38.29 12.47 3 449 49.0 6.29 An08g01960
hMoer;h(;gg'srt‘; sggs;‘?@igﬁggshydrOpteroy'”ig'”tama“ 3783  16.80 6 774 870 6.68 An04g01750
Putative mitochondrial heat shock protein 36.29 17.87 6 666 72.1 5.83 Anl6g05090
izgﬂgﬂicefsgtiga:eecreted protease; lysosomal pepst 55 55 19 76 2 595 644 500 An06g00190
Fatty acidsynthase subunit alpha 32.43 4.14 4 1862 2045 6.23 An01g00060
E2 dihydrolipoamidecetyltransferase 31.57 9.93 3 675 72.6 824 An07g02180
Acid phosphatase 31.27 18.47 4 498 54.6 4.64 Anl12g10630
Alpha-amylase (1, 4lphaD-glucan 4glucanohydrolase) 31.24 13.65 3 498 546 4.74 An05g02100
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Protein Description Score Cog)z;age ;Jerggggs AAs (Il\(/lt\)/\; ) Csllc' Accession
gztgl?zlgﬁgsr? have DNA binding activity and cytosol, nucle 30.92 16.26 3 406 439 7.99 An04g08860
Mitochondrial malate dehydrogenase 30.47 26.47 3 340 357 8.94 An07g02160
Glutamate decarboxylase 30.35 16.89 4 515 585 6.20 An08g08840
for traneport into the endoplasmic eticulum sereted pro 2978 2314 4 497 528 544 An0TqO3880
F1FO-ATPase complex subunit 29.65 16.50 2 297 324 7.85 An01g04630
Cytoplasmic pyruvate carboxylase 28.80 5.29 3 1192 130.8 6.51 An04g02090
Aspergillopepsin A, a pepsin family secreted guiotease 28.51 18.27 3 394 413 4.67 Anl4g04710
Protein similar to dipetidyl peptidase Il 28.18 8.61 2 569 62.9 5.07 An12g05960
Ortholog of A. oryzae RIB40: A0090023000241

Neosartorya fischeri NRRL 18INFIA_056230,Aspergillus 27 75 23 44 5 192 20.0 7.71  An11g00890

wentii : Aspwel 0039389 anfispergillus clavatus NRRL:1
ACLA_084080
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3.2.4.4 Intracellular Ado levels

Due to the absence of SAH & nigerprotein lysates, possibly as a result of
SAHase activity, levels of Ado were measured. Ado is groguct of SAHase
catalysed reaction (Figure 1. 11), thus quasdtfon of Ado can give an indication of

SAH breakdown.

SAHase

SAM —— SAH \‘ » Hcy

Ado

Figure 1.11:SAHase catalysed reaction whereby SAH substrate is hydrolyse
Ado and Hcy.

The same method employed for SAM identification was used to detect Ado in
A. nigerCBS 513.88 samples. Initially, a commercially available Ado standard was
analysed by LEMS to identify its retention time and mass spectrum. Ado eluted at a
RT of 10.5 min and was identified by its whole mas®#268. This mass corresponds
to the singly charged ion [(M + H¥ 268] and its fragmentation pattern (136) (Figure
3.12). Analysis of Ado inA. nigerrevealed a significant increase £ 0.0138) in
intensity in GT extracts compared to MeOH control. SirtyilaAdo appeared to be
increased after 6 h GT exposure compared to MeOH control, however this increase

was not significant (Figure 3.13).

143



Inten;
x10 .
53 Ado Adenosine Std
W EIC: m/z 268
4 -
3_
2_
13
0 T T T v TS | Pty T T T T T
- é é 10 12 14 16 18 Time [min]
Intens N
x10 268.1 + MS, 10.5 min
L ]
43 (M+H)*
3]
2
3773
3 136.1 3268 34238
HIJ 1”14‘7 192.9 L |221:l‘}1 2533 I 1] [l“ImI T | | Ill l||| lll
0 T T T - T T m— — T T % (—
160 180 2do 280 300 3do miz

Figure 3.12 EIC of Ado Std. Ado /z = 268) was used as a reference

identification inA. nigerlysates.
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Figure 3.13 (A) Ado levels were significantly increased An nigerlysates aftel
GT exposure (3 h) = 0.0138) andB) also increased after 6 h but not significe

3.2.4.5 Intracellular glutathione metabolism

In addition to quantifying metabolites thin the Met cycle, one sulphur
derivative from this pathway (GSH) is particularly interesting due to its antioxidant
properties. As mentioned in Chapter 1, dysregulation in the level of GSH was observed
in A. fumigatusg@mliT compared to wildype after eposure to GTCarberry et al.,

2012) Thus, in order to establish the importance of this moleculg. inigerin
response to GT, measurement of GSH level was carried out as per Carberry et al.

(2012).

Detemination of GSH and glutathione disulphide (GSSG) levela.iniger
CBS 513.88 under specific conditions was carried out using a spsuttopetric
assay (Setion 2.2.12. This method requires the construction of a GSH and a GSSG
standard curn as described in Section 2.2.26.41 0.4125 nmol/ml). A linear

relationship occurs between the concentration of GSH and the absorbance at 412 nm
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(Figure 3.14). The raount of total GSH and GSSG of the fungal extracts was

calculated from the linear equation.

A. nigerwas grown for 45 h before addition of MeOH (control) and GT (2.5
eg/ ml) for further 3 h and 6 h. Mycelia
protein quantification (Section 2.2.12and for glutatione measurement (Section
2.2.12. Lysates destined for glutathione measurement were prepared using
sulfosalicyclic acid to provide an acidic medium (Rahman et al., 2006). Additionally
samples for the mearement of GSSG levels were treated withr/lpyridine, which
reacts with G8 (but not GSSG) (Section 2.2)Y1dhe concentration of was obtained

from subtracting GSSG from total G§Rahman et al., 2006)

The level of GSH determined M nigerexposed to GT (3 h) was very similar
to that measured on the MeOH control, while the amount of GSBGnigerexposed
to GT was higher compared to controlgre 3.15). Consequently the GSH/GSSG
ratio of gliotoxin exposed cultures was lower than that exposed to MeOH (Table 3.4).
When the GSH and GSSG levels were measurdd mgersamples exposed to 6 h
gliotoxin only the GSH concentration appeared to dsbghtly compared to that
measured on the MeOH control (Figure 3.15). This lead to a decrease GSH/GSSG ratio
of GT exposed cultures to that observed in MeOH samples (Table 3.4). The lack of

significance observed in these changes may be caused by the loanGehtration.
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147



100+

B GSH nmol/mg protein
£ 80 (3 GSSG nmol/mg protein
[

e
5 604
[=2]
£ 40
o
£
< 201
0-
s &
&
& &
B
100-

Bl GSH nmol/mg protein
c 80 E GSSG nmol/mg protein
[}

IS
Q.
=]
E
°
£
=

\‘S\\"

Figure 3.15The amount of GSH and GSSGAnnigerCBS 513.88 in the absen:
and presence ofR)32andB)6k./ ml GT for

Table 3.4 GSH/GSSH ratios foA. nigerCBS 513.88 after 3 h and 6 h exposure to

GT (2.5 €g/ ml).

GT exposure time MeOH Control 2.5 €g/ ml
GSH/GSSG
3h 2.19 1.74
6 h 1.30 1.13
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3.3 Discussion

The work described in this Chapter shows the inhibitory affect that GT has on
the growth ofA. nigerCBS 513.88. Comparative proteomic analysigohigerCBS
513.88 exposed to stibe t h a | concentrations of GT (2
caused the dysregulation of hundreds of proteins within the proteome of the fungus.
An increase abundance of proteins involved in the methionine cycle was observed after
GT addition. Furthermore, dysregulation in the levels of metabolites comprising this
cycle was also observed under these conditions. Met and Ado levels were significantly
higher after GT exposure (3 h) compared to MeOH control while SAM level was
decreasednterestingly, samples extracted from 6 h GT exposed cultures showed an
increase in Met, SAM and Ado. The GSH/GSSG ratid.imigerdecreased at both

time points (3 h and 6 h) after addition of GT, but not significantly.

The affect gliotoxin has in af. nigerenvironmental isolate was phenotypically
first observed by Carberry et al. (2012)
of fully inhibiting A. niger growth. Though our results also indicate a gliotexin
mediated inhibition, the sequenced str@@BS 513.88) was not as sensitive as the
environmental isolate. Differences between strains. ofiger(CBS 513.88 vs ATCC
1015) have been observed in termgehome size and morphology when grown on
solid media whegy CBS 513.88 produces brown spoeesl ATCC 1015 generates
black sporegRokas et al., 200. Thus is it no surprise that the phenotype of both
strains in response to GT is also slightly different-i@ddiated inhibition was also
observed irA. nidulans(Carberry et al., 2012hich, likeA. niger, does not contain

thegli cluster(Patron et al., 2007; Pel et al., 20074) fumigatuswild-type exposed

149



to GT showed no gr owltiThmutam growthiwasmpamed h o we:

(Schrettl ¢ al., 2010b)

Proteomic analysis revealed that the respdnsegerhad to exogenous GT was
higher at 3 h compared to that at 6 h. 10 proteins involved in methionine metabolism
were differentially expressed after 3 h GT exposure relative to 5 psadéier 6 h.
Similarly, 4 SAMdependent methyltransferases (SMMMases) underwent

differential abundance change at 3 h compared to 2 at 6 h.

Sadenosylhomocysteinase (SAHase) exhibitédga 2.46fold increase inA.
nigerexposed to 3 h GT while it hadag. 1.45fold increase at 6 ISAHase catalyzes
the hydrolysis of SAH to Hcy and Ad®e La Haba and Cantgni959) SAH is
produced as a result of the action of SAlEpendent methyltransferases (SAM
MTases) on cellular substrates like proteins, nucleic acids, lipids and small molecules.
SAHase inhibition can lead to the accumigiatof SAH in the cytoplasm of the cell
which in turn can block methylation reactions (by competitive inhibition of SAM
binding) (Hendricks et al., 2004)Thus the role SAHase has dowering the
concentration of SAHs critical for regulating the methylation ability of the cell
(Hendricks et al., 2004)in yeast, downregulation dbahlexpression lead to an
acawmulation of SAH and to a decrease in phosphatidylcholine biosynthesis, which is
dependent on three SAMTasegMalanovic et al., 2008)n Arabidopsis a missense
mutation of theSahlgene §ah1L459F was shown to affect the activity of a CMT3
DNA MTase involved in the methylation of a cytosine base in@@nsequences.
Though no developmental abnormalities were observed the methylation of cytosine

was lost(Mull et al., 2006)
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Comparative 2EPAGE proteomics was carried out Gn albicansexposed to
different antifungal agents including amphotericin B and caspofungin. Analysis
revealed the upegulation of severgiroteins involved in the biosynthesis of sulphur
containing amino acids including SAH1, CYS3, SAM2 and MET6. These authors
speculated towards an increase of energy demand produced during the adaptive
response to these stresgeehamer et al., 20105ahl up-regulation was also

observed whefg. albicanswas challenged to fluconazgl€opping et al., 2005)

At the metabolite level, LA&IS/MS analysis revealed that SAH wdssant in
A. nigerlysates. In addition SAHase activity was observed after spiking SAH in acid
lysates. Ado was identified iA. nigerlysates and appeared to be increased after GT
exposure at both time points compared to MeOH, which is in agreement with th
SAHase activity observed. Due to the elevated abundance of/8Adées after GT
exposure (3 h and 6 h) A&. nigerl hypothesize that the high SAHase activity has a

role in decreasing SAH levels that otherwise would inhibit SViases.

Hcy is a product oSAHase catalysed reactions and at high levels it can be
deleterious in fungfLo et al., 2002and humangJakubowski, 2006)To lower Hcy
levelsin the cell, Hcy can be methylated by MET6 to form methionine or it can-be re
converted to cysteine by the reverse transsulfuration pathway which involves CBS and
CGL( Si e Bk o e Oneaay or,anothdr,b&@h) pathways are orientated towards

the biosyntlesis of amino acids in the cell.

Interestingly, homoserine dehydrogenase (HSDH) was increased in abundance
in A. nigerexposed to GT at 3 h and 6lbgx1.96fold andlog.1.89fold, respectively
compared to MeOH. HS DH -aspartael sgnsaidshyde inte r e d

homoserine, which is involved in the biosynthesis of threonine (Thr), lle and Met
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(Andersen et al., 2011)Biosynthesis of threonine involves the conversion of
homoserine t@-phosphel-homoserine which by the eliminatiari orthophosphate
yields Thr in a reaction catalysed by threonine syntflRamos and Calderon, 1994)
The synthesis of Met from homoserine requires the formati@axfetylhomoserine.

In A. nidulans homocysteine synthase (Hcsl) generates homocysteine Grom
acetylhomoserine and sulphi@lérynberg et al., 2001 hus, the increase abundance

of HSDH can translate into the synthesis of ThiMet.

Interestingly, spermidine synthase (EC: 2.5.1.16) showddga 2.00-fold
abundance increase at 3 h GT addition compared to coftislenzyme is part of the
methionine salvage pathway and acts crossroads with polyamine biosynthesis,
whereby it doates an aminopropyl group from decarboxylated SAM (dcSAM) to
putrescine for the generation of spermidine (Figure GSdluter et al., 2013)n A.
nidulans upregulation of the spermidine synthase gesedd was observed in
response to DNAlamaging agent camptothe¢Malavazi et al., 2006)Additionally,
the spdAencoded protein was increased in response to farnesol, another stress agent
that can cause DNA fragmentation and lead to the geoerafi reactive oxygen

species (ROSWartenberg et al., 2012)

These observations appeared to lead towardsptioduction of Met from
different pathways (Yang cycle and methionine cycle) (Figure 3.4), and thus the levels
of this metabolite were measuredAinnigerexposed to GT (3 h and 6 h) compared to
MeOH. Indeed Met levels were elevated after GT exposure (at 3 h and 6 h) compared

to MeOH control.

Several MTases were increased An niger after exposure to GT at both

timepoints (3 h and 6 h). Two putative MTag®T-l and MT-11) were de novo present
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and a PRMT (protein arginine MTase) was increased in abundance after 3 h GT
presence. After 6 h GT exposure, Mand tRNA (m5U54MTase were uniquely
present. PRMT&atalyzed methylation is proposed to affect geegulation by
modifying proteinnucleic acid interactionf_akowski and Frankel, 2008yhile the
methylation of a Gnethyluridine (m5U) residue at position 54 by tRNA (m5U54)
MTases, is a conservddature in eukaryotic tRNA which, in vitro, influences the
fidelity and rate of protein synthesis as well as the stability of tRNA tertiary structure
(Johansson and Bystrom, 2002he altered expression of these MTapessibly

hi ghlight the affect GT has on transcrip
al. (2014) forA. fumigatusmliT. The two putative MTases have beerregulated in

an A. niger library in response to reductive stress agent, MBcKenzie and
Guillemette, P05) MT-I contains a domain with identity to the ubiquinavié
(UbIE/COQ5) domain which includes a predicted SAMding motif. It was
suggested by these authors that DTT affects the electron transport chain as coenzyme
Q is part of it. MFIl, on the dher hand is the ortholog of ah fumigatusSAM
dependent MTase termed Gtm@olan et al.,, 2014) This MTase has been
demonstrated to methylate GT and to play a role in attenuating GT biosybais

et al., 2014)Due to this homology, Chapter 5 characterizesIMand describes st

role inA. nigerin the presence of GT.

As mentioned earlier, SAM is the methyl donor for SAlEpendent methylation
reactions. IA. nidulans SAM synthetaseSasA catalyses the synthesis of SAM from
methioningGerke et al., 2012)n terms of metabolite analysis, there was a significant
decrease in the level of SAM after 3 h GT exposumapaned to control but a
significant increase after 6 h GT addition. The decrease of SAM at 3 h, can be a

consequence of the increased abundance of a number oi\Ekedes. However, the
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higher levels of SAM at 6 h might suggest that the impact GT has onomath
metabolism is lower compared to 3 h. Indeed this correlates with the small number of
proteins whose abundance dysregulated at 6 h and the potential use of SAHase and

HSDH towards the biosynthesis of amino acids required for fungal growth.

Cysteinesynthase (CS) (EC: 2.5.1.47) was not detectabl@.imiger after
exposure to GT for 3 . nidulansCS, encoded by theysBgene, utilizes the sulphate
assimilation pathway to incorporate sulphide iQeacetylserine to form cysteine
(Brzywczy et al., 2007)Interestingly, an ATP sulfurylase (ATPS) (EC: 2.7.7.4) was
also observetb be decreased only at 3 h GT addition. Encoded bsGlgene, ATPS
is the second enzyme in a cascade of proteins involved in the assimilation of inorganic
sulfate (S@) (Figure 3.16) This enzyme uses ATP and £Qo form adenosiné-
phosphosulfate (APS) and pyrophosphate (fW&ndozaCdzatl et al., 2005APS is
then transformed to sulphite and this into sulphide that is incorporated into amino acids
like Cys and Met through the action of cysteine synthase (CS) and homocysteine
synthase (Hcsl), respectivdatorff et al., 2003)It thus appears that the decrease

observed in CS and ATPS favours the synthesis of Met rather than Cys.
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Figure 3.16 Overview on the impact of GT on sulfur assimilation. Squared b
indicate the mzyme catalysing each reaction in the pathway. In green are

proteins with decreadeabundance after GT exposure for 3 h.

Glutathione (GSH) is an essential sulpleontaining peptide that plays an
important role in the response fungi have to stress. It behaves as an antioxidant
molecule that can react with a number of reactive oxygen spé&ogese 3.17)YPocsi
etal.,2004) The effect of GT (2. 5inA gdemwhs) on
investigated. WherA. niger was exposed to GT for 3 h, the GSH/GSSG ratio
decreased compared to the MeOH control. This was a consequence of an increase in
the amount of GSSG and the lack of change in the levels of GSH, which could be

indicative of an increase in glutathione peroxidase activity that is a common response
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towards oxidative stress. The GSH level could remain the same due to an increase in
GSH biosynthesis. Decrease in the GSH/GSSG ratio has been shawiummigatus
exposedt@c T ( 5 (€abemmylet)al., 2012; Schrettl et al., 2010i)e decrease

in the ratio was due to a reduction in the levels of GSH with no concomitant increase
in GSSG, which lead to the hypothesis that GSH was directly reacting with gliotoxin
and generating mixed gliotoxi@SH disulphides thus protecting the fusgby
attenuating intracellular reduced QCarberry et al., 2012)When A. niger was
exposed to GT for 6 h &ne was no clear difference compared to the control. The
GSSG levels appeared the same and the GSH levels were slightly decreased after GT
exposure compared to control, which could suggest GSH peroxidase activity. The
GSH/GSSG ratio has been measured.inidulansin response to ¥, and diamide

over a 10 h time cours@décsi et al.,, 2005)Though the ratios were significantly
decreased early in the time course, indicating an active response to oxidative stress,
over time, the ratio was gradually recove(Bdcsi et al., 20050verall, theesponse

A. nigerhad towards GT was not significant which could be explained by the low
concentration of GT wused (2.5 eg/ml) or

mechanism.
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Figure 3.17 Schematic of the glutathione redaycle and biosynthesis fror
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Dysregulation oMet metabolisnhas been observedwheat cultivar exposed
to necrotic factor, SnTox3, from the fungbtagnospora nodoruifWinterberg et al.,
2014) Upon SnTox3 infiltration upegulation ofgenes encoding fadAHase, SAM
synthetase, Hc-methyttransferase and syt a t h i-lgasewas ebsdived. These
authors hypothesize that a consequence of thregyation will be an increase in the
levels of SAM and pointed the importance this metabolite has in a series of processes
whereby its methyl group is incorporateldrdugh the biosynthesis of ethylene,
phenylpropanoids and polyamine@/Ninterberg et al., 2014) Interestingly,
phenylpropanoids and their derivatives are sometimes referred to as secondary
metabolites and are involved in the plants defence respéinaser and Bapple,
2011) In A. nidulansthe VELVET complex coordinates secondary metabolism and

sexual developmerifBayram et al., 2008)This is a trimeric complex composed by
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VeA, VelB and a SAMdepenént methyltransferase Lae@ayram et al., 2008)
Intriguingly, Gerke et al. (2012) performed protein interaction studi&asAin order
to investigate its role irA. nidulans These authors fou thatSasAhas several
interaction partners including proteins involved in methionine metabolism, citrate
cycle, gluconeogenesis, fungal morphogenesis, stress response and2BgiGeeke

et al., 2012)

Overall, the work presentedd this chapter describes th#eet of GT on the
metabolism of sulphur containing amino acidsAinniger and the importance this
pathway has in the overall state of the cell. We propose that, at least in part, the
decrease of SAM to exert methylation reactions (e.g. BmGT formation byl,MT
Chapter 5), results in a dysregulation of the Met cycléinniger Due to the
interconnectivity of this cycle with other cellular processes in the cell and the general
response organisms have to stress agents (GT in this study) Chapter 4 will examine

how the metabolic network @&. nigerdeals with GT.
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Chapter 4

The metabolic network @k. nigeris

dysregulated by gliotoxin exposure
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4 Chapter 4: The metabolic network of A. niger is dysregulated by gliotoxin

exposure

4.1 Introduction

Work described in Chapter 3 described a joint proteomics and metabolomics
approach to advance the investigation of SAM metabolisA imgerin response to
GT. However, the response this fungus has to GT was observed to extend to several
other cellular ppcesses. The metabolic network connects with other cellular processes
through regulatory metabolites that bind to transcription factors, riboswitches and
other regulatory macromoleculgs§riining et al., 2010)These interactions are
required for controlling a cells behaviour depending on its requirements and is attained
by mechanisms at the level of transcription, translation and by sigmaduction

(Goncalves et al., 2013)

When a perturbation occurs in the cell, a response is triggered were the
reconfiguration of the metabolic network is required and can range from; adaptations
in production of a fevenzymes and behaviour, up to adjustment of the overall growth
rate (Grining et al., 2010)For example, iMA. nidulans downregulation ofgenes
involved in glycolysis and oxidative phosphorylation was observed under carbon
starvation(Szilagyi et al., 2013)Intermediates of these pathways are involved in a
variety of processes including chromatin modifications, transcriptional repression or
signalling(Griining et al., 2010)0One of these intermediates is ac&lyglA, which is
involved in the biosynthesis of secondary metabolites and fatty acids and is a substrate
for the acetylation of histone@Hynes and Murray, 2010) Wellen et al. (2009)
investigated the affect of ATEitrate lyase (ACL), which converts citrate into acetyl

CoA, in the maintenance of histone acetylation in mammalian cells and observed that
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silencing of ACL resulted in a decreasmdount of histone acetylatigWellen et al.,

2009)

A. nigeris a weltknown secretory workhorse that under industrial production
processes, such as submerged batch cultivations, is subjected to prolonged periods of
carbon starvation. Under these conditiolsnigeractivates an autophagic response
that has beensaociated with the recycling of cytoplasmic nutrients, along with cell
death(Nitsche et al., 2012)'hese are speculated to have protective rolateckto the
degradation of damaged mitochondria or unfolded prstéiockshin et al., 2004).
Additionally, A. nigerdecreases protein biosynthesis, which is one of the most energy
consuming processes of the d@irtining et al., 2010and increases the secretion of
hydrolases that might aid in the scouting or acquisition of carbohydvateslunster
et al.,, 2014, 2015)Also, it has been observed that the production of hydrolases
depends on functional regulators LAE1 and VELT nichoderma reesdiSeiboth et

al., 2012)and VeA inA. fumigatugDhingra et al., 2012)

Under temperature changes, the fuBfgastomyces dermatitidiss able to
morphologically change between a yeast (37 °C) andd{@0 °C) form. This switch
in morphology is known as phase transit{iarty et al., 2015)Marty et al. (2015)
deleted SREB (siderophore biosynthesis repressor Biastonyceg from B.
dermatitidiswhich is a transcription factor (TF) involved in the phase transition and
observed that it not only affected iron processes but had an impact in the regulation of
lipid biosynthesis and transcription. Overall, fungi challenged by external stimuli
generatea response that shows a high degree of g¢alkshetween metabolic and

regulatory processes.
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Thus the aim of the work presented in this Chapter was (i) to explore
perturbations in the metabolic network Af niger CB513.88 in response to GT
exposure (ii) to dissect data groups of selected proteins involved in amino acid
metabolism, specifically branched chain amino acids (BCAAs) and perform
metabolite quantification on them, (iii) to analyse the secretome undesathe
conditions to establish relationships with the mycelial proteome and (iv) to carry out
complementary 2BPAGE coupled to LEMS/MS analysis on anA. niger

environmental strain exposed to the same amount of GT.
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4.2 Results

4.2.1 Label free quantification

Functional classification of proteins identified by label free quantification
(LFQ) (Section 3.2.2) (Figure 3.3¢vealed that categories describing (i) metabolism,
(i) protein binding function or cofactor requirement and (iii) energy showed the
highest levels of dysregulation whén nigerCBS 513.88 was exposed to exogenous
GT (2.5 e€g/ml) for 3 h and 6 h. l denti fic
(n=65) and proteins involved in amino acid metabolism 87) accounts for the high
representation of the metabolism category in the increased and decreased protein set,
respectively. The functional category energy is mainly comprised of proteins involved

in the TCA cycle, glycolysis and pentose phosphate pathway (PPP).

4.2.1.1 Hydrolytic enzyme abundance is increased in response to GT

In A. niger exposed to exgenous GT the abundance of 22 glyside
hydrolases (GHs) was increased, while that of ti{fe®l4g04190, An05902410,
An08g05790Wwas attenuated at 3 h (Table 4.1). Similarly at 6 heggIosure26 GHs
showed increasedbundancecompared toone that was detectable at lower levels
(Table 4.). Other than GHs peptidase abundancehowed high levels of
dysregulationwherebyl6 showed increaseahd 4decreased abundan@@ 3 h) and
18increased witl8 showing reduced abundanae6 hpostGT exposuréTable 42).

The majority of these degradative enzymase observed at both tinp®ints 68 %

GHs and44 % peptidases)For the GHs showing increased abundance after GT
exposure at both timgoints, 83 %1 = 25) contained signal peptide (SP), suggesting
they could be destined for secretion. Interestingly, the three GHs exhibiting reduced

abundance at both time points after GT exposure did not contain SP. Based on the
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CarbohydratéActive Enzymes (CAZy) databasghttp://www.cazy.ory (Cantarel et

al., 2009) there are three GH families that are characteristic for starch degradation;
GH13, GH15 and GH31, whmyclha eessidasdy and on s i ¢
glucoamylases. The data herein shows the increased abundance of 7 proteins from the
GH13 family (AgtC,AamA, AmyC, AgsA, AgtA, GdbA and AgsE), one from the

GH15 family (GlaA) and two from the GH31 family (AgdA, AgdB), which could have

arole in scavenging starch (glucose) from the media. Some of the GHs identified, other

than their typical catalytic modul@lso contained carbohydrate binding modules

(CBMs) that intimately bind to the polysaccharide and prolong their association to

facilitate catalysigShoseyov et al., 2006)
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Table 4.1 CarbohydratéActive Enzymes (CAZy) undergoing a significaptg 0.05) change in abundanceAnnigerCBS 513.88 following

exposure to gliotoxin (2.5 pg/ml), relative to methanol solvent control. Data sorted by fold change, in descending order.

Protein description Fold change Fold change CAZy Name  SP Protein IDs
(Log2) 3 h (Log2) 6 h Family

Putativeendomannanase; induced by caspofungin Unique - GH76 dfgC - An14903520

Glucan betdl,3 exoglucanase y 4.0 y 3.6 GH55 exsG SP An01g12450

1,4-alphaD-glucan glucohydrolase; secreted glucoamyl: 3.6 CBM20  glaA SP An03g06550
most highly expressed at the periphery of colon GH15

repressed by jxgse and induced by maltose

Betamannosidase; glycosyl hydrolase family 2; contett y 3. 5 y 3.2 GH2 mndA  SP An11g06540
several putative Njlycosylation sites

Alpha-galactosidase; alpkd-acetylgalactosaminidas § 3. 3 y 3.3 CBM13 aglA SP An069g00170
variant A; CreA regulated; protein levels influencey GH27

presence of starch

Glucan 1,3betaglucosidase; putative glucanotréerase; y 3.1 y 3.3 GH17 bgtB SP An03g05290
induced by caspofungin

Putative 1,3betaglucanosyltransferase; predicted sig §y 3. 0 y 2. 3 CBM43 geld SP An09g00670
peptide secretion sequence GH72

<
]
w
w

Putative GPlanchored glucanosyltransferase; cell w ¢ 3. 0 y 2. 4 GHI16 crhD SP An01g11010
protein;induced byfenpropimorph
Putative alphayalactosidase variant B; expression y 2.9 y 3. 4 GH27 agiB SP An02g11150

induced on xylan; XInR regulated
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Protein description Fold change Fold change CAZy Name SP Protein IDs
(Log2) 3 h (Log2) 6 h Family

Putative alphd,6-mannanase - y 2. GH76 - - An07g07700

Putative alphaylucanotransferase y .7 y 3. GH13 agtC SP An15g07800

Extracellular alphajlucosidase prprotein; the mature ¢ .7 y 3. GH31 agdA SP An04906920

form of the enzyme is a heterosubupitotein; AmyR

dependant induction on maltose

Putative endoglucanase y .7 y 2. CBM1 eglB SP An16906800

GH5

Putative acid alphamylase; abundantly expressed on Yy .7 y 2. GH13 aamA SP An11g03340

maltose; most highly expressed at plegiphery of colonies

repressed by xylose and induced byltosse

Alpha-amylase y .5 GH13 amyC SP An04906930

Ortholog(s) have glucan endg6-betaglucosidase activity ¢ . 3 y 2. GH30 - SP An03g00500

Glycosylphosphatidylinositehnchored chitinase, similar 1 - gy 2. GH18 CtcA SP An09g06400

ChiA of A. nidulans; expression indwtdy tunicamycin

and DTT

Secreted, thermostablethgalactosidase y .2 y 3. GH35 lacA SP An01g12150

Has domain(s) with predicted carbohydrate bindin - y 2. GH92 - - An14904240

catalytic activity and role in carbohydrate metabolic proc

Putative 1,3betaglucanosyltransferase; predicted sig V% - y 2. GH72 - SP An08g07350

peptide secretion sequence

N-Acetyl-betaglucosaminidase y . 0 y 2. GH20 nagl SP An09g02240




Protein description Fold change Fold change CAZy Name SP Protein IDs
(Log2) 3 h (Log2) 6 h Family

Putative 1,3alphaglucan synthase; induced in the prese - y 1.9 GHI13 agsA SP An049g09890

of cell wall stressinducing compounds such as Calcoflt GT5

White, SDS, and caspofungin

Mannosytoligosaccharide 1;alphamannosidase - y 1.9 GH47 msdS  SP An01g12550

GPlanchored alphglucanosyltransferase; alpiglucan - y 1.7 GHI13 agtA SP An09g03100

transferase; induced by  caspofungin/  Alpl

glucanotransferase; alplaanylase

Putative alphaglucosidase; AmyR dependant induction y .7 y 1.3 GH31 agdB SP An01g10930

maltose

Putative betaglucosidase - y 1.6 GHS - - An15g01890

Putative 1,3betaglucanosyltransferase; predicted sig Yy . 3 GH72 gelA SP An10g00400

peptide secretion sequence; induced by caspoful

expressed during germination

Glycogen debranching enzyme; -Bphaglucan synthase y 1 y1.843 GH13 gdbA - An01g06120

Alpha glucosidase |; expression enhanced by mall § - GH63 - SP An15g01420

expression induced by tunicamycin and DTT

Putative 1,3alphaglucan synthase; moderately induced - y 1.0 GHI13 agskE SP An09g03070

the presence of cell wall stresslucingcompounds such & GT5

Calcofluor White, SDS, and caspofungin

1,4-alphaglucan branching enzyme z .4 Z 2.1 CBM48 gbeA - An14g04190

GH13
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Protein description Fold change Fold change CAZy Name SP Protein IDs
(Log2) 3 h (Log2) 6 h Family

Has domain(s) with predicted cation binding, hydrol Z 1. 9 - GH2 - - An059g02410
activity, hydrolyzing Gglycosyl compounds activity an
role in carbohydrate metabolic process

Ortholog(s) have glycogen phosphorylase activity, iole 72 1. 1 - GT35 - - An08g05790
glycogen catabolic process, response to heat and
surface, cytoplasm, hyphal cell wall localization

168



Similar to the GHs, most of the peptidases that were iseteia abundance after GT
exposue (at 3 h and 6 h) containe® $8 %). On the contrary, those peptidases that showed
decreased abundanceeafGT exposure lackedPS(9 out of 10). This observation further
confirms the potential role of these hydrolases in secretory pathwaygstotbases with the
highest levels of abundamafter GTexposure where classified as members of the Al pepsin
family proteases and S53 sedolisin family proteases, based on MEROPS database
(merops.sanger.ac.ukyable 4.2) Interestingly, these two famikehave been observed to
be the most abundant under carbon starvation conditioAsniger(Braaksma et al., 2010)
(Nitsche et al., 2012)Generally, extracellular proteases are associated with the hydrolysis
of polypeptides into smaller molecules &bsorption by the cell whiletiracellular protease
can play important ftes in metabolism regulation (Rao et al, 1998)us the increased
abundance of peptidases containing SP could indicate a role in scavenging amino acids for

diverse metabolic roles within the cell.
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Table 4.2Peptidases undergoing a significapt<(0.05) change in abundanceAn nigerCBS 513.88 following exposure to gliotoxin (2.5

pg/ml), relative to methanol solvent control. Data sorted by fold change, in descending order.

Protein description Fold change Fold change Peptidase Name  SP Protein IDs
(Log2) 3 h (Log2) 6 h Family

Pepsin family secreted protease Unique - A0l - SP An189g01320

Sedolisin family secreted protease y 4.0 y 4. 4 S53.007 - SP An01g01750

Putative serine carboxypeptidase; guidtease y 3.5 y 3.4 S10 pepF SP An07g08030

Pepsin family secreted protease; only detected u §y 3. 5 y 3. 3 A01.080 pepAb - An01g00370

starvation conditions

Carboxypeptidase Y family secreted protease; expres y 3. 4 y 3. 1 S10.016 protF SP An03g05200

repressed by tunicamycin and DTT

Sedolisin family secreted protease; lysosomal pepst §y 3. 4 y 2. 6 S53.007 - SP An03g01010

insensitive protease

Sedolisin family secreted protease; lysosomal pepst ¢y 3. 3 gy 3.1 - - SP An06g00190

insensitive protease

Secreted lysosomal RiXaa carboxypeptidase y 3.2 y 2. 4 S28.004 protA SP An08g04490

Aspergillopepsin A, a pepsin family secreted acid prote ¢ 2. 6 y 2. 4 A01.016 pepA SP An149g04710

expression increases by growth without ammonia; ui

carbon control and pH regulation

Serinetype carboxypeptidase Y family secreted neu § 2. 3 y 1. 6 S10.014 - SP An02g04690

protease
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Protein description Fold change Fold change Peptidase Name  SP Protein IDs

(Log2) 3 h (Log2) 6 h Family

Sedolisin family secreted protease; putative lysosc ¢ 1. 9 y 3. 3 S53.010 protB SP An08g04640
pepstatininsensitive protease

Putative  estherase/lipase/thioesterase; acylamino - y 1.9 S09.012 - - An09g02830
peptidase; repressed by growth on starch and lactate

Ortholog(s) have extracellular region localization - y 1. 8 S10.016 - SP An069g00310
Protein similar to dipeptidyl peptidase Il; express y 1. 7 - S28 - SP An12g05960
repressed by tunicamycin and DTT

Ortholog(s) have endoplasnigticulum localization y 1.6 y 1.5 M28.010 - - An02g06300
Putative protease - y 1. 3 S09.057 protC SP An049g02850
Vacuolar aminopeptidase Y family secreted prote ¢y 1. 2 y 1. 8 M28.001 ape3 SP An03g01660

expression repressed by tunicamycin and DTT

Prolyl amino peptidase involved in protein degradati
removes MNterminal proline and hydroxyproline residu
from peptides

Ortholog(s) have dipeptidase activity and cytople -
localization

<
N
N

<
N
=

S33.008 papA - An11g04730

<>
[N
[N

M24.A09 - - An05g00050

Protein with similarity to Bstereospecific aminopeptidas -
acid protease; expression induced by tunicamycin and

<>
[N
o

1

1

1

An16906750

Putative vacuolar serine proteinase; putative signalsequ  y 1. 0 - S8 pepC SP An07g03880
for transport into theendoplasmic reticulum; secrett
protein
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Protein description Fold change Fold change Peptidase Name  SP Protein IDs
(Log2) 3 h (Log2) 6 h Family

Putative zinc aminopeptidase - y 1. 0 MO01.007 apsA - An049g03930

Ortholog(s)have ubiquitin thiolesterase activity, ubiquiti ~ Absent - C12.003 - - An029g13920

specific protease activity, role in protein deubiquitinat

and cytosol, nucleus localization

Ortholog(s) have endopeptidase activator activity and Absent - T01.984 - - An049g01870

in proteasomalubiquitin-independent protein catabol

proces

Putative metallopeptidase - Absent M24.A11 - - An01g14920

Ortholog(s) have endopeptidase activator activity and - Absent T01.P02 - - An04g01800

in proteasomal ubiquitindependen protein catabolic

process

Ortholog(s) have RNA polymerase Il core promc Z 2. 6 - C01.084 - - An01g01720

proximal region sequenepecific DNA binding, cysteine

type peptidase activity

Has domain(s) with predicted seritypecarboxypeptidasc Z 2. 1 - S10 - SP An05g01870

activity and role in proteolysis

Putative dipeptidypeptidase V; seringy/pe peptidase Z 1.9 - S09.012 - - An169g08150

Putative glutamate carboxypeptidds@ protein; represse Z 1.1 Z 1.7 M20.017 - - Anl11g11180

by growth on starch arldctate

Ortholog(s) have ubiquitispecific protease activity,rolei Z 1. 0 - C19.A59 - - An09g05480

endocytosis, protein deubiquitination and cell division ¢
cytosol, nucleus, transport vesicle localization

172



Protein description Fold change Fold change Peptidase Name  SP Protein IDs
(Log2) 3 h (Log2) 6 h Family

Ortholog(s) have aminopeptidase activity, role incell  Z 1. 0 - M18.A01 - - An029g11940
response to drug, chaperemediated protein folding

proteolysis and cytosol, extracellulaegion, fungaltype

vacuole lumen, ribosome localization
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4.2.1.2 Gliotoxin alters the abundance of proteins involved in the central

carbohydrate metabolism

The functional category describimgcreased abundance proteins involved in energy
metabolism was significantly represented from the sample set of proteins identified by
LC-MS/MS (n = 51; p = 8.72¢° (Section 3.2.2)Fluctuations in the abundance of
proteins involved in glycolysis/gluconeogenesis and fermentative pathways was
observed after GT exposure M niger (Table 4.3). Additionally, the majority of
enzymes constituting the citric acid cycle were detected apedaapd decreased in

abundance (Table 4.3) (Figure 4.1).

Glycolytic enzymes altered after GT exposure included the increased abundance of
glucokinaseGlkA) and decreased abundance of TpiA, FbaA, Pgil, PgmB and PgmA.
In the fermentative pathway, proteins involved in the degradation of ethanol appeared
increased (PdcA and Achl) and decreased (PdcB, AcuA, AldA and putative alcohol
dehydrogenase) after GT addit to A. niger. Subunit E1 (U and
pyruvate dehydrogenase complex were decreased in the presence of gibtmdim

time points An07g09530, An01g00100 and An07g02180, respectivElik enzyme
represents the link between glycolysis ahd TCA cycle whereby pyruvate, the
product of glycolysis is decarboxylated and oxidised into ac (Minic, 2015)

The next two steps in the citric acid cycle involve the condensation of -&@iyvith
oxaloacetate to form citrate catalysed by CitA (decreased) and subsequergioanver
into isocitrate by Acol (decreased)wo subunits form the oxoglutarate
dehydrogenase complexAn niger(An04g04750 and An11g11280) that catalyses the

c o nv e r sketoghutaraté to duiccim@oA. An04g04750 showed a lpg.25fold

decrease at 3 While An11g11280 was decreasedJdg85fold at 3 h, which could
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result in a reduction in the levels of succiBdA. Those enzymes responsible for the
conversion of oxaloglutarate to oxaloacetate (OAA) showed decreased abundance
after GT addition toA. niger These enzymes include; succinate digAse
(An17901670), succinate dehydrogenase (An02g12770), fumarate hydratase (FumR)
and malate dehydrogenase (Mdhl and MdhA). The decrease of most enzymes
involved in the citric acid cycle would suggest duetion in the levels of ATP and

citrate that are essential for energy production in the mitochondria.
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Table 4.3 Abundance changes of proteins involved in the central carbon metabolfsmigerCBS 513.88 after exposure to gliotoxin (2.5

e g/ ml3)h and 6 n, respectively.

Protein description Fold change  Fold change EC Alias Accession
(Log2) 3 h (Log2) 6 h number

Glycolysis/Gluconeogenesis

Pyruvate decarboxylase y 2.829 y 2.908 41.1.1 PdcA An02g06820
Acetyl-CoA hydrolase ¥ 1.509 y1.519 3.1.2.1 Achl Anl16g07110
Putative glucokinase y1.474 y 1.286 2.7.1.2 GIkA An12g08610
Triosephosphate isomerase Z 2.9 Z 3.4 5311 TpiA Anl4g04920
Fructose bisphosphate aldolase Z 2.9 Z 1.5 41213 Fbal An02g07470
Aldehyde dehydrogenase 72.586 Z 1.0 1.2.1.3  AldA An08g07290
Putative glucos®-phosphate isomerase Z 1.6, - 5.3.1.9 Pgil Anl169g05420
Pyruvate decarbolylase Z 1.6 - 4111 PdcB An09g01030
Putative phosphoglucomutase Z 1.6, - 54.2.2 PgmB An02g07650
Phosphoglycerateutase Z 1.4 Z 1.4 5421 - An16g02990
Putative acetyCoA synthase Z 1.3 Absent 6.2.1.1 AcuA An04g05620

176



Protein description Fold change  Fold change EC Alias  Accession
(Log2) 3 h (Log2) 6 h number

TCA cycle

Putative phosphoenolpyruvatarboxykinase 1.31494 1.79362 4.1.1.49 - An11g02550

Fumarate hydratase Z 3.6 Z 2.8 4212 fumR An129g07850

Mitochondrial aconitate hydratase Z 3.3 Z 2.7 4213 acol An08g10530

ATP:citrate oxaloacetatelyase Z 3.0 Z 2.2 2338 - An11g00510

Putative citrate  synthase; predicted -té¥minal )

mitochondrial import signal and at€rminal peroxisoma Z 2.9 Z 3.6 2.3.3.1 citA An09g06680

target sequence (AKL)

Succinate dehydrogenase (ubiquinone) Z 2.8 Z 1.8 1.35.1 - An02g12770

E2 dihydrolipoamide acetyltransferase Z 2.8 7 2.6 23112 - An07g02180

Cytoplasmic ATPcitrate lyase z 2.7 Z 2.3. 2338 - An11g00530

Cytoplasmic pyruvate carboxylase Z 2.5 Z 2.0 6.4.1.1 pyc  An04g02090

Putative oxoglutarate dehydrogenaseiuced by growtt 5 o o i 1242 i An04g04750

on starch and lactate

Ortholog(s) have succinateoA ligase (ADPforming) 6.2.1.4/

activity, role in succinflCoA metabolic process ar Z 2.1 Z 1.8 6. 2‘ 1'5 - Anl179g01670

mitochondrial nucleoid localization
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Protein description Fold change  Fold change EC Alias  Accession
(Log2) 3 h (Log2) 6 h number

Pyruvate dehydrogenase (lipoamide) Z 2.0 - 1.24.1 - An01g00100

Dihydrolipoamide Ssuccinyl transferase Z 1.8 - 2.3.1.61 - Anl11g11280

Alphasubunit E1 of the pyruvate dehydrogenase com| Z 1. 4. Z 1.6 1.24.1 pdal An07g09530

Mitochondrial malate dehydrogenase Z 1.4 - 1.1.1.37 mdhl An07g02160

Malate dehydrogenase precursor; Malate dehydrogen Z 1.3 - 1.1.2.37 mdhA An15g00070
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Figure 4.1 A. nigerCBS 513.88 citric acid cycle obtained from KEGG databagp:(/www.genome.jp/kega/keggl.himKEGG enzyme

entries are represented as rectangular boxes with 4 number digits. Green boxes represent proteins that were decrdased aftab@il
exposure and include oxoglutarate dehydrogenase (1.2.4.2), dihydrolipoasude$/l transferase (21.61), succinate Coligase activity
(6.2.1.4, 6.2.1.5), succinate dehydrogenase (1.3.5.1), fumarate hydratase (4.2.1.2), malate dehydrogenase (1.1 4dyB#)asitré?e3.3.1
ATP:citrate oxaloacetatelyase (2.3.3.8), aconitate hydratase (4.pyr®yate carboxylase (6.4.1.1), pyruvate dehydrogenase (1.2.4..
E2 dihydrolipoamide acetyltransferase (2.3.1.12). Red box represents a protein with increased abundance after GT

phosphoenlpyruvate carboxykinase (4.1.1.49).
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4.2.1.3 Exogenous gliotoxin affects the abundance of proteins involved in amino

acid metabolism inA. niger

FunCat classification of the altered protein abundanée mgerCBS 513.88
revealed an enrichment of proteins involved in raomiacid metabolism upon
exogenous GT exposure (at 3 h and 6 h). The abundance of 9 proteins was increased
while that of 22 was attenuated at 3 h (Table 4.4). Similarly at 6 h GT exposure, 9
proteins showed increased abundance compared to 17 that wevatatleMost of
these enzymes were observed at both time pairts20, 54 %). From the proteins
showing increased abundance after GT exposure at both time pointsn&/m)aNere
involved in amino acid biosynthesis. Proteins involved in the biosynthigdsianched
chain amino acids (BCAAs) includedin14g00780and An01g14130Q those for the
biosynthesis of aromatic amino acids were two homologous profi6$g06150
(known as ARO3 in S. cerevisiae and An04g03620 that are 3deoxy7-
phosphoheptulonate syrasesAn13g0108(sS. cerevisia#llS1) andAn17g0233(S.
cerevisiaeSER3J are involved in histidine and serine biosynthesis, respectively. Two
homologous glutaminasesAr{02g13750 and An11g07960 and a glutamate
decarboxylase (An08g08840) were increasedalimndance and are involved in
nitrogen metabolism. ButyryCoA dehydrogenasd(101g12960 and Damino acid

oxidase An01g02430 play different roles in the metabolism of BCAAs.

Of the 26 proteins decreasedAnnigerin response to exogenous GT, 13 are
involved in amino acid catabolism, specifically BCAA catabolism were 6 proteins
were identified An14g04420 An13g03150 Anl17g01150 An04g05720
An08g05400 and An07g04280). Proteins involved in glutamate (An02g14590

homolog ofS.cerevisia€&sDH2 and An17g00910 homolog of UGA1), phenylalanine
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(An11g02170) and threonine (An08g07290 and An04g03400) catabolism were also
identified. The other 13 proteins unrelated to catabolism were involved in a wide range
of processes including (i) biosynthe&1019g1193kknown as HIS5 irS. cerevisiag
An02g0325&known as LEU1AN02g07500as LYS1 andAn159g02340as ARG1, (ii)
oxidative deglycation of glycated amino acids1119g05340and An02g08980), (iii)
nitrogen metabolismAn119g02980homolog of AMD2S. cereisiae An01g08800
known as GLNJ) and (iv) components of the malaspartate shuttle (An16g05570,
An049g06380 and An03g0112@hich all resembleS. cerevisiaeAAT2) which

exchange NADH formed in the cytosol for mitochondrial NADu et al., 2010)
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Table 4.4 Abundance changes of proteins involved in amind aetabolism ilPA. nigerCBS 513 . 88

for3hand 6 h (n=37).

after exposure

Protein description Fold change Fold change EC number Alias Accession
(Log2) 3 h (Log2) 6 h

Ortholog(s) have extracellular region localization y 2. y 2.6 N/A An02g13750

ATP phosphoribosyltransferase y 2. y 1.1 2.4.2.17 An13g01086

Ortholog(s) have role in isoleucine biosynthetic proc

_mltochondrlal translation _and cytpsol, ml_tochondl g 1. i N/A An14g00786

intermembrane space, mitochondrial matrix, nucl

localization

Glutamate decarboxylase y 1. y 1. 3 4.1.1.15 An08g08846

Ortholog(s) have butyryCoA dehydrogenase activity ar

role in fatty acid betaxidation using acyCoA y 1. y 1. 3 1.3.99- An01g12960

dehydrogenase

Putative glutaminase y 1.6 3.5.1.2 An11g07960

OrthoI(_)g(s) have E_hmlnoamd ox_ldase activity and role i g 1.4 1433 An01g02430

D-alanine metabolic process;\aline metabolic process

3-deoxy7-phosphoheptulonate synthase y 1. y1.119 2.5.1.54 An01g06156

Phosphoglycerate dehydrogenase y 1. y 1.3 1.1.1.95 An17g02336

Ortholog(s) have -8leoxy7-phosphoheptulonate syntha g 1. §1.119 25154 An04g03628

activity
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Protein description Fold change Fold change EC number Alias Accession
(Log2) 3 h (Log2) 6 h

Putative betasopropylmalate dehydrogenase y 1.0 - 1.1.1.85 leu2A  An01g14136

Has domain(s) with predicted -t8/droxyisobutyrate

dehydrogenase activity, coenzyme binding, nuclec

binding, phosphogluconate dehydrogenas: Absent - 1.1.1.31 An14g04426

(decarboxylating) activity and role in pentgseosphate

shunt, valine metabolic process

Histidinol-phosphate aminotransferase Absent - 2.6.1.9 An01g11936

NAD+-dependent glutamate dehydrogenase Absent - 1.4.1.2 An02g14596

Orthplog(s) ha\{e -:Bsopro_pylmalate dehydratase activi Absent i 49133 An02g03256

role in leucine biosynthetic process and cytosol localiza

Putative fumarylacetoacetate hydrolase Absent Z 4.0 3.7.1.2 An11902176

Has domaln(s) with predicted catalytic activity and role i Absent 1244 An13g03156

metabolic process

Putatlve_ acyilCoA  dehydrogenase; induced | 5 4 4 5 3 8 1.3.99.3; An17g01156

fenpropimorph 1.3.8.7

Putative ketothiolase;-BetoacylCoA thiolase 4.0 3. 4 2.3.1.16 potl  An04g0572§

Saccharopine dehydrogenase 3.2 2. 4 1517 lysl  An02g07508

Pl_Jtatlvg _ acetyCoA acetylt_ransferase; -BetoacylCoA 5 3 9 5 3 1 23116 An08g05406

thiolase; induced by fenpropimorph

Alanine transaminase Z 3.0 Z 2.4 2.6.1.2 An11902620
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Protein description Fold change Fold change EC number Alias Accession
(Log2) 3 h (Log2) 6 h
Ortholog(s) have fructossdmino acid oxidase activity Z 2.9 1.5.3- An11g05340
Aspartate transaminase; phenylalanine:alphaketoglut 5 9 7 i 2611 An16¢05570
aminotransferase
Aldehyde dehydrogenase involved in ethanol utilizati 5 o g 5 1. 0 1213 aldA  An08g07296
repressed by growth on starch and lactate
Argininosuccinate synthase Z 2.5 - 6.3.4.5 An15g02346
Putative aldehyde dehydrogenase Z 2.5 3.8 12151213 An04g03406
Mitochondrial aspartate aminotransferase Z 2.5 1.9 2.6.1.1 MASpAT An04g06380
Putative amidase/acetamidase Z 2.2 2.7 3514 An11902980
Has.dom.aln(_s) with p_redlcted oxidoreductase activity 5 9 9 5 2 g 153 An02g08980
role in oxidatiorreduction process
IGlutamlne synthetase; induced by growdh starch anc 5 1 9 5 3 0 6.3.1.2 An01g08800
actate
Aspartate transaminase; phenylalanine:alphaketoglut 5 1 8 2611 An03g01120
aminotransferase
. . . 2.6.1.19;
Gammaaminobutyrate transaminase Z 1.6 2z 1.7 26.1.92 An17g00916
; 2.1.3.2;
Aspartate carbamoyltransferase Z 1.5 - 6355 An08g07426
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Protein description Fold change Fold change EC number Alias Accession
(Log2) 3 h (Log2) 6 h

Has domain(s) with predicted aeg$bA dehydrogenas

activity, flavin adenine dinucleotide binding activity and r 21.363 - 113??210 An07g04286
in oxidationreduction process D

Pentafunctional arom polypeptide; contains 1.1.1.25;

dehydroquinate synthasej@hydroquinate dehydratase- | i . 2.7.1.71;

dehydroquinase), shikimate-dghydrogenase, shikima z 1.2 2.5.1.19; An08g06810
kinase, and EPSP synthase domains 4.2.1.10

Aminomethyltransferase Z 1.0 - 2.1.2.10 An08g03076

BProtein was involved in amino acid biosyntheSRrotein was involved in amino acid catabolism.
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Alterationsin proteins of BCAA metabolism showed the highest levels of
dysregulation. Valine (Val), leucine (Leu) and isoleucine (lle) are jointly denoted as
BCAAs as they contain a branched carbon skeleton. Intracellular BCAAs and
phenylalanine (Phe) levels wereasared in order to correlate the proteomic data with
the metabolite analysis. Determination of these amino acids was carried out using the
same HPLGbased o-phthalaldehyde (OPA) derivatization method used for

methionine quantificationSection 2.2.8.2

Sample preparation was carried out followBection 2.2.3.linder identical
growth conditions to those employed for proteomic analyses. The standamd c
generated for methioningection 3.2.4.1was used in the assay to calculate the
amount of intracellular BCAAs and phenylalanine An niger extracts with and
without GT. RPHPLC analysis of Val, Phe, Leu and lle standards showed a peak at a
retention time of 13.045 min for Val, 13.547 min for Rimel 14.560 min for Leu and

lle which coeluted in the same peak (Figure 4.2).

Met levels were determined M nigerMeOH control extracts and compared to those

in GT exposed extracts. The concentration of amino acids was determined from the
standard cwe (Section 3.2.4) and represented as % concentration (shown as %
normalised data). Results indicated that there was a significant increase in the levels
of all amino acids measuredder GTexposure for 3 h and 6 h (Figure 4.2). The

increase of these ano acids appeared to be higher at 6 h caegbto 3 h GTaddition.
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Figure 4.2 RP-HPLC combined with FLD detection of selected amino acids. i
niger mycelial lysates(A) BCAAs and Phe standards eluting at a retention tim
13.045 min (val), 13.547 min (phe) and 14.560 min (leu(iB)Overlaid HPLC

analysis ofA. nigercontrol (black) compared to GT exposed (red).
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Figure 4.3 BCAAs and Phe levels were significantly increasedimiger CBS
513.88 exposed tA 3BTp<0.@5) (Bp<ec0h¥) antB) 6
(*** p<0.001). Amino acids levels under GT exposure were normalised to the
obtained under MeOH caioil and plotted as % (normalised data).
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4.2.2 GT alters the extracellular proteome(secretome)of A. niger CBS 513.88

A. nigerCBS 513.88 was grown for 45 h in potato dextrose broth (PDB) prior
exposure to methanol (cont rne=KYesprativly)GT ( 2.
Supernatants were harvested and protein was extracted as per &8c3id.1 Protein
lysates were trypsidigested and ProteaseMax was added as describ®dction
2.2.11 Subsequent peptide mixtures were separated agradients and subjected to
tandem MS using a Thermo FisheiEQactive system. Data analysis was done using
the MaxQuant softwareSection 2.2.11 A total of 161 extracellular proteins were
identified inA. nigerexposed to 3 h exogenous GT, of which 1Hileited significantly
altered abundance € 0.05) compared to MeGHeated controls. Of these proteins,

8 exhibited increased abundance whemigerwas exposed to GT, while 3 proteins
were less abundant (Table 4.5). Wiemigerwas exposed to exogerooGT for 6 h,

a total of 146 proteins were identified of which 20 were significantly altered in
abundancep(< 0.05). 10 proteins were increased and 10 showed decreased abundance

upon GT addition (Table 4.5).

Of the total ( = 22) extracellular proteinsydregulated after GT additiofhl
were glycoside hydrolases (GHs), 2 were secreted peptidas@2g01550and
An129g03300 and 2 were cell wall components (An14g02100 and An03g04190). The
GHs increased in abundance included AgdA, AglA, Laa#01g01540and AgtC.
Interestingly, all of them, with the exception of An01g01540, were also increased in
abundance in the mycelial proteome in response to GT. Those GHs shown to have
decreased abundance were DfgC, GlaA, XynB, CrhB, An03g05530 and AbfB.
Surprisingly, twoGHs (DfgC and GlaA) found to be increased in the mycelial

proteome appeared at decreased levels in the secretome. DfgC was uniquely present
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in the mycelia at 3 h GT addition while it was decreased in abundance in the secretome
only after 6 h GT addition. I&A, on the other hand, showed increased abundance after
GT exposure at both 3 h and 6 h GT exposure in the mycelial proteome while it
appeared slightly decreased in the secretome after 6 h. This observation could be
explained by a detrimental affect GTshan the secretory pathway of these two

enzymes.
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Table 4.5 A. nigerCBS 513.88 supernatant proteims<22) undergoing significant differential expressipr<(0.05) following exposure to

gliotoxin (2.5 egolml ) relative to the ¢

Fold change Fold change

(log2)3h  (Log2) 6 h Name GH SP Accession

Protein description

Extracellular alphalucosidase prprotein; the mature forn
of the enzyme is a heterosubunit protein; AmyR depen ¢ 2. 6 y 4.0
induction on maltose

agdA;

GH31 SP  An04g06926-E
algu

Alpha-galactosidase; alpHd-acetylgalactosaminidas

variant A; CreA regulated; protein levels influenced - - CBM13; B
presence of starch; -jlycosylation verified at 6 of ¢ y 1.9 y 3.2 adA GH27 SP An06g00176
potential Nglycosylation sites

Ortholog(s) have extracellular region localization y 1.9 y 3.1 - - SP An11g00100
Ortholog(s) have endoribonuclease activity, role in R

catabolic process, apoptotic process, cell morphogenesi g 1.8 ) ) ) ) An02g06986°
cytosol, extracellular region, fungatype vacuole

localization

Glycosylpho_sphatldylln05|tol (GRBnchored cell wal g 1.7 g 1.7 cwpA i Sp An14g02100
mannoprotein

Secreted, thermostable befalactosidase; XInR regulated - gy 1.6 lacA GH35 SP  An01g12156°8
Put_atlve glpha,alphaehalase; expression repressed g 1.4 g 1.7 i GH65 Sp An01g01540
tunicamycin and DTT

Secreted serine protease y 1.4 y 1.8 - - SP An02g01550
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. - Fold change Fold change .
Protein description (log2) 3 h (Log2) 6h Name GH SP Accession
Putative alphaylucanotransferase y 1.3 ¢y 2.7 agtC GH13 SP  An15g07806-8
6-hydroxy-D-nicotine oxidase 41{DNO - y 1.2 - - SP An03g00460
Phytase; expression repressed by tunicamycin and DTT - y 1. 2 phyA3 - SP  An12¢01916®
Ortholog(s) have spore wall localization Z 1.6 Z 2.6 - SP An03g04190
Ortholog ofA. fumigatus Af293Afulg06590, Afu7g06750
A. oryzae RIB40 AO090011000051Aspergillus wenti: i ; i
Aspwel 0046559, Aspwel 0170184 andspergillus z 1.5 SP Anl15g07520
sydowii: Aspsyl 0042124
Putative endomannanase; induced by caspofungin - Z 1.4 ?r:gr?B GH76 - An14g03526
Ortholog(s) have role in hyphal growth, response to c
response to heat, response to OX|dat|vg stress, re_sponsg i 5 1 9 ) sp An01g06280
stress, sporocarp development involved in se:
reproduction
Putative C_BP—Ianchored glucanosyltransferase; induced 5 1 1 crhB CBM18; Sp An07g07530
caspofungin GH16
Pepsin family secreted acid protease; predicted si 5 1.1 5 3 1 protG; i sp An12g03300
sequence for secretion pepAc
Secreted enda,4-xylanase; glycoside hydrolase family 1 ) XVNB:
highly expressed on xylose; expression repressec - Z 1.1 an’ GH11 SP An01g00780

tunicamycin and DTT; XInR regulated
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. - Fold change Fold change .
Protein description (log2) 3 h (Log2) 6 h Name GH SP Accession
Endobetal,4-glucanase - Z 1.1 - GH12 SP An03g05530
1,4-alphaD-glucan glucohydrolase; secreted glucoamyla
most highly expressed at the periphery of colonies; : CBM20:
repressed by xylose and induced by maltose; AmyR - 21.077 glaA GH15  SF An03g06556
dependant induction on maltose
Alpha-arabinofuranosidase B, glycosyl hydrolase invol )
in degradation of plant cell wall polysaccharidaidabinan:; 71.044 e CBM42 o An15¢02300
glycosylatedabundantly expressed onxylose GH54
Putative RNase T2 ] 71.042 - ] sp  An01g10580

SP: Presence of signal peptidBrotein was identified by LFQ proteomic in mycelial lysates at®®totein was identified at 6 h.
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4.2.3 Comparative 2D-PAGE analysis of A. niger environmental isolate

foll owing exposure to gliotoxin (2.5 ¢

Comparative proteomic analysis Af nigerenvironmental isolate (Env. Isol.)
exposed to GT under the same emsmental conditions as Carberry et al. (2012) was
carried out in order to observe similarities or differences compared to the sequenced
CBS 513.88 strairA. nigerwas culturedrf{= 5, biological replicates) for 45 h in AMM
and exposed t d) bedorelhe Byteligdwere barvestgd amd protein was
extracted as described in Senti®.2.3.3 The protein lysates were TCA/Acetone
precipitated and resuspiad in IEF Buffer before separation on pH 4 7 strips
Following separation byt2 % SDSPAGE, staning with Colloidal Coomassiavas
performed and analysed using Proger¥s&meSpot Software (Nonlinear Dynamics

Ltd. UK) (Figure 4.4).

Thirty five proteinswere found to be differentially expressed; 17 proteins had
a fold inpx<o065wei d81had( a f pkdospmmiggase O
exposed to GT when compared to MeOH control. These spots were excised from the
gels, trypsin digested as describedSection 2.2.4and analysed by L&MS/MS

(Section 2.2.101
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Colloidal Coomassie stained ZPAGE gel
of A. nigermycelial proteins: MeOH
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Colloidal Coomassistained 2DPAGE gel
of A. nigermycelial proteins: GT

Figure 4.4 2D-PAGE analysis oA. nigerenvironmental isolatéA) MeOH control
andB)f ol | owi ng exposure to gliotoxin
separated on pH-47 strips followedby SDSPAGE. Proteins found to b
significantly differentially expresseg &« 0.05), after analysis using Progen®$i:

SameSpot software, are numbered.
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4.2.4 LC-MS/MS identification of differentially expressed proteins

Thirty five proteins were identified from the excised spots byNIE/MS
(Table 4.6). The protein identified as having the highest fold increa&enigerin
response to GT compared to MeOH was ae€tyhA hydrohse An16g07110) which
was also excised frotwo different spots (987 and 71Ie protein with the highest

fold decrease was Hsp90 chaperohe09g06590).

The majority of the proteins identified by ZPAGE were involved in the
central carbon metabolism which includes ac€@gA hydrolase, pyruvate
decarboxylaseE2 dihydrolipoamide acetyltransferadeose phosphate isomerase,
phosphogucomutase, phosphomate hydratase, fructose bisphosphate aldolase and
aconite hydratase. Other proteins identified were associated with the folding and
transport of newly synthesised proteins and incl&ad@4g09170 (ATPase activity),

An02g07190molecular chaperone Hsp9ARM09g0659) and Hsp70An07g09990.
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Table 4.6 Proteins undergoing significant differential expressipr 0.05) inA. nigerenvironmental isolate following exposure to gliotoxin

(2.5 e€g/ ml) r el at ideng&fication was ackieved dyn2PBAGE bnd LAME/BIS. e i n

Protein description Fold Coverage _ Spot
Change (%) tMr tpl Protein IDs No.

Proteins with increased abundance

Acetyl-CoA hydrolase; protein levels influenced by 1 27 4% 58455  6.04 An16g07110 987

presence of lactate
Ortholog(s) have ATPase activity, ubiquitin binding activ 1.8 2% 90612 5.04 An049g09170 878
Ortholog(s) have mRNA binding activity, role in negati

0,
regulation of MAPK cascade and cytosol localization 1.7 3% 38867 555 An07g07150 1113
Eﬁgggﬁf; O?ifg:fﬁxy'ase; protein levels influenced g 9% 62934  5.80 An02g06826 1090
Putative zinc aminopeptidase 1.6 2% 98060 5.21 An049g03930 341
Ortholog(s) have poly(A) RNA binding activity, role
regulatlpn of nucleartranscrlbed m_RNA pql_y(A) tai 20 82600  5.66 An01g03050
shortening, regulation of translational initiation a
cytoplasmic stress granule, nucleus, ribosome localizat
Srcee;é’gggﬁf Eﬁ;‘:'ease; protein levels influenced by 1 g 22% 58455  6.04 An16g07116 711
Homoserine dehydrogenase 1.5 18% 38892 5.49 An02g07436 1094
E2 dihydrolipoamide acetyltransferase 1.4 6% 51645 6.02 An079g02180 747
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Protein description Fold Coverage . Spot
Change (%) tMr tpl Protein IDs No.

Triosephosphatasomerase 1.3 16% 27008 5.61 An14g04920 1456

Putatlve phosphogluqomutase; Leloir pathway enzy 13 8% 60555  5.69 An02g07650 718

induced by caspofungin

Pyruvate decarboxylase; protein levels influenced 13 7% 62934 58 An02g06820 638

presence of starch

Ortholog(s) have role in positive regulation of RP

polymerase Il transcriptional preinitiation compl 13 3% 53804  5.66 An02g07190 896

assembly, proteasome regulatory particle assen

ubiquitin-dependent protein catabolic process

Ortholog(s) have protein domain specific binding activit 1.3 3% 44282  5.67 An18g06230 985

Phosphopyruvate hydratase 1.2 17% 47358 5.30 An18g06250 968

Actin structural protein 1.2 17% 41818 5.37 An15g00560 1453

Ortholog(s) have 5S rRNA bindingtructural constituent o

ribosome activity, role in ribosomal large subunit assen 1.2 5% 34946  8.69 An08g05736 1319

and cytosol localization

Proteins with decreased abudance

Hsp90 chaperone 3.8 4% 79781 4.95 An09g06590 386

Fructosebisphosphate aldolase; repressed by growtlr 39 9% 39664 552 An02g07476 1052

starch and lactose

S-adenosylmethionine synthase 3.1 23% 42127  5.67 An08g02700 977
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Protein description Fold Coverage . Spot
Change (%) tMr tpl Protein IDs No.

Elongation factor 1 beta 2.8 63% 33465 4.42 An08g03490 1295

Phosphopyruvate hydratase 2.7 42% 47358 5.39 An189g06250 897

Aldehyde dehydrogenase involved in ethanol utilizati 29 11% 54124  6.15 An08g07296 851

repressed by growth on starch and lactate

Has dpmal_n(s_) Wlth_ _predlcted nucleic acid bindi 59 3% 35415  8.93 An07g02990 1112

nucleotide binding activity

Mitochondrial aspartate aminotransferase 2.1 8% 47036 8.94 An04g06386 1013

Phosphopyruvate hydratase 2.0 32% 47358 5.39 An18g06250 889

Hsp70 protein; induced by growth on starch and lactate 1.5 11% 65401 5.34 An07g09990 518

Ortholog(s) have role in hyperosmotic response, respon

antibiotic, response to salt stress and intracell 1.5 10% 52522 5.36 An01g06960 816

localization

Mitochondrial aconitate hydratase 1.4 9% 85819 6.35 An08g10536 422

ATP synthase subunit beta 1.4 9% 55647 5.18 ASPNIDRAFT_211159 928

Hsp70 protein; induced by growth on starch and lactate 1.4 8% 73168 5.09 An07g09990 524

Ortholog(s) have 5S rRNAinding, structural constituent ¢

ribosome activity, role in ribosomal large subunit assen 1.4 5% 34946  8.69 An08g05730 1159

and cytosol localization
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Protein description
Spot

No.

Fold Coverage

Change (%) tMr tpl Protein IDs

Putative  citrate  synthase; predicted  Nterminal
mitochondrial import signal and a-t€rminal peroxisoma 1.3 13% 52225 8.57 An09g06686 936
target sequence (AKL)

Ortholog(s) have RSC complex, SWI/SNF compl

o 1.3 5% 73459  5.07 An079g02300 404
cytoplasm localization

Ortholog(s) have poly(A) RNA binding activity, role it
regulation of nuclearanscribed mRNA poly(A) i , 9% 78883 5.73 An01g03050 351
shortening, regulation of translational initiation a
cytoplasmic stress granule, nucleus, ribosome localizat

tMr: theoretical molecular mass; tpl: theoretical isoelectric point; Spot No. from FigurdP4otein also detected by LFQ analysis (Section

3.2.2) onA. nigerCBS 513.88.
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4.3 Discussion

Alterations in the proteome &. nigerCBS 513.88 in response to exogenous
GT were investigated and compared to that exposed to MeOH control. A significant
dysregulation of the metabolic network An nigeroccurred under GT addition and
involved the increase in abundance of hydrolytic enzymes (GHs and proteases), the
decrease in mitochondrial energy metabolism and dysregulation of amino acid
biosynthesis and catabolism. A significant increase in the eV AAs and Phe
was observed under GT addition compared to MeOH. The secretdmaigerCBS
513.88 was also investigated under the same conddaiwthis was observed that GHs
and poteases were the main proteins to be secreteftlitionally, using 2D
PAGE/LGMS/MS analysis, the proteome of ak niger Env. Isol. was also
investigated and showed a correlation with that of the CBS 513.88 strain in terms of

energy metabolism.

A significanty increased abundaeof hydrolytic enzymes wasserved after
exposure taGT (at 3 h and 6 h) iA. nigerCBS 513.88The upregulation of glycoside
hydrolases (GHs) and proteases has been demonstrated in transcriptomic and
proteomic analysis oA. nigerand A. nidulansgrown under carbon starvatiguan
Munster et al., 2014, 2015; Nitsche et al., 2012; Szilagyal., 2013) Like GT
exposure, carbon starvation is a type of stress that triggers a response by filamentous
fungi. Munster et al. (2014)roposed that the increased number of genes encoding
CAZymes observed under carbon limitation could have a swpuile during
starvation, releasing sugars from complex polysacchajdesMunster et al., 2014)

Of the dycoside hydrolases showing increased abundanoesponse t&T, 22 out

of 30 werealsoidentified in theextracellular proteome @&. nigergrown on carbon
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limitation. These include GlaA, AamA, AgdA, CrhD, BgtB, GelD, BxgA, AglA,
NagA, An03g00500, MsdS, EgiBgdB, AgIB, An149g04240 (noFs, AmyC, MndA,
An07g07700 (no SP), GelA, DfgC (nd®y An08g07350, CtcAvan Munster et al.,
2015) Due to the presence of atBrminal signal peptide & in the majority 83 %)

of GHs with increased abundaraier GT addition, Ihypothesise that this response

is a consequence of a carbon limitation or a glucosedd induced b&T, whereby

A. nigerresponds by synthesizing these enzymes in order to breakdown complex
carbohydrates. In agreement with this hypothesis, some of these GHs; AamA, AmyC,
GlaA, AgdA and AgdB, have been predicted to have a role in starchdgpn and

are under the control of AmyR, which is the transcriptional regulator of starch
degrading enzymg¥uan et al., 2008)Also, AgIB and LacA appeared to be regulated

by both XInR and AraR under-Rylose treatment while AglA and AgsA were solely
regulated byXInR and AraR, respectively, under SEB (steaxploded sugarcane
bagasse)de Souza et al., 2013Yhe transcriptional activator XInR controls the
regulation of the xylaolytic/cellulolytic system irA. niger(van Peij et al., 1998a)
AraR is a transcriptional regulator that can interact with XInR lagls a role in

polysaccharidelegradatior{Battaglia et al., 2011)

Interestingly, some of the proteingth increased abundaniceresponse t&T
were possibly involvedni autolysis or cell wall remodelling. NagA has a role in the
degradation of cell wall component chifjfusztahelyi et al., 200&nd along with
An07g07700was identified inA. nigerunder carbon starvatigivan Munster et al.,
2014; Nitsche et al., 2012FtcA (endechitinase) is an ortholog ¢fie GPlanchored
A. nidulansChiA, which is thought taemodel the structure of chitin to a looser

arrangemendluring growth(Yamazaki et al., 2008)
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In addition to the increase in GHs, a number of peptidasessalswed
increasedabundancafter GT exposure at both time points. These proteases (68 %)
also contained a Skidicating a potential extracellular role. Stuglien protease
activity in A. niger are mainly focused in exploiting its naturally high secretion
capacity in biotechnologlpy manipulatingA. nigerstrains that are more efficient in
recombinant protein production (Guillemette et al., 2007). Extracelprateases
generally play a role in the breakdown of large polypeptides into smaller molecules
for absorption by the cell (Rao et al., 1998). Thustgase activation has been shown
to occurunder nutrient limitatiome. carboror nitrogen(Nitsche et al.2012) (McNeil

et al., 1998)

In this study, we obserdethat 13 out of 22 peptidasesith increased
abundanceafter GT exposure were also expressedAinniger grown under carbon
starvation(Braaksma et al., 2010) (Nitsche et al., 20I)ese proteases include
An18g01320, An01g01750PepF (An07g08030), An01g00370, An03g01010,
An06g00190, PepA (An14g04710), An02g04690, An08g04640, An09g02830,
An12905960, An03g0166(ReC (An07g03880). Though these authors relate the
increase in proteasés an autolytic process observed in aging cekuduring batch
cultivation, Ihypothesize that although autolysis might be occurring at a low extent,
this is a general responserteet nutrient requirementalso, because a number of
proteasesacked SH7 out of 22), it is suggested that intracellular proteolytic activity
is activated during>T exposureand couldhave a role in disposing of intracellular
damaged protein®verall, this data indicates that the respoftsaigerhas to GT is
very similar b the response it has under carbon starvation and suggests that GT causes

a nutrient requirement that leads to the production of hydrolytic enzymes.
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The secretome oA. niger under GT exposure was clearly enriched in
hydrolases, mainly GHs. Three extracellular GHs (AgdA, AglA, LacA) with increased
abundance under GT addition were also observed to be increased in the proteome of
A. niger Interestingly these proteins are regeth by AmyR, XInR and AraR,
respectively, and reinforce the idea of nutrient scavenging from the media.
An01g01540 ianUU t r ehal ase wi t PA nidulanswhich playsay t o T
role inthe hydrolysis of trehalose into glucose. TreA localizékénconidiospore wall
and isnecessary for development on trehalose as a carbon spuceé Enf er t ar
Fontaine, 1997)Enzymes containing gycosylphosphatidylinositol (GPI) anchoring
signal at the protein @rminus were increased (AgtC) and decreased (CrhB and
CwpA) after GT exposure. In fungi, GRhchoredroteins can be found attached to
t h €l,3@lucan or the chitin part of the cell wédamveld et al., 2005Plaine et al.

(2008) studied the effect of caspofungin ©nalbicans using a libray of potential
GPlanchored gene mutants, in order to elucidate roles of GPI proteins. These authors
hypothesised about functions in cell wall structure and remodglRtajne et al.,

2008)

It was surprising to observe that DfgC and GlaA decreased in the seereto
while they were highly increased in abundance within the mycelial proteome. This
could point towards a defect in the secretory pathway of these GHs. The affect of DTT
on the secretory systemAf nigerwas investigated by Guillemette et al. (2007) veher
they observed an uggulation of genes that encode for vesicle transport proteins and
endoplasmic reticulum (ERjssociated degradation (ERAD) protej@aiillemette et
al., 2007) Other GHs found at decreased abundance in the secretome were XynB and
AbfB, an endel,4-b-xylanase B and arabinofuranosidase B, respectively. XynB is a

xylanolytic enzyme controlled by XInR while AbfB is involved in the hydrolydis o
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arabinoxylan and arabinan. Both enzymes appeared increased in abundanée when
niger was grown on xylose which indicates their role in the degradation of polymers

(Lu et al., 2010)

Glucose can be used as a sole carbon substrate for the growth of flamentous
fungi, where it can be catabolized into pyruvate and a€&ml throughglycolysis
(Lu et al., 2010)There are three irreversible steps in glycolysis that cannot be used in
gluconeogenesis in the cell which include (i) conversion of glucose to giGeose
phosphate by hexokinases, (ii) phosphorylation of fructophoSphate and (iii)
conversion of phosmenolpyruvate to pyruvate. IA. nidulans deletion of two
hexokinase genebXkAandglkA) was shown to abolish growth on glucose as the sole
carbon sourcgFlipphi et al., 2003) However no nutritional deficiencies were
observedirs i n gl e gikAEligphi et algp2003)Increasd abundance of GIkKA
in A. nigerin response to GT suggests glucose uptaim the media and potential
utilization towards glycolysis. On the other hand, six glycolytic enzymes
(An079g06780TpiA, Fbal, Pgil, PgmB amth16902990 were abundanedecreased
after GT addition and catalyse reversible reactions within the pathwagah&ither

be indicative of glycolysis or gluconeogenesis depletion (Figure 4.5).

Pyruvate can be transported into the mitochondria where by the action of the
pyruvate dehydrogenase complex it is converted to aCet{l. Citrate synthase then
condenses>aloacetate derived from the cytoplasm with ac€gA to form citrate
and start the TCA cycle. Both of these enzymes were decreased in abundance in
response to GT for 3 h and 6 h along with aconitate hydratase which converts citrate
to isocitrate. TCA cyle enzymes succinate Cdfgase,dihydrolipoamide Ssuccinyl

transferase succinate dehydrogenase, FUmR and malate dehydrogenase (Mdhl,
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MdhA) were also decreased after GT exposure for 3 h. Pusztahelyi et al. (2011)
mapped the intracellular proteomefofnidulansin response to menadione stress agent
and found fluctuating protein expression patterns for the glycolytic enzymes PgmB
(repression) and FbaA (induction) and for TCA cycle enzymes AcoA, MdhA and
MdhC (repressedPusztahelyi et al., 2011Yhey proposed that the dysregulation
observed is due tA. nidulanshaving to cope with glucose shortagBsisztahelyi et

al., 2011) Though FbaA was induced in Pusztahelyi et al. (2011) study, Pocsi et al.
(2005) found it highly repressed in response to GSH/GSSG redox imbalance. They
speculagd that this repression might result in intracellular accumulatidrucfose

1,6-bisphosphate, which can protect mitochondria function@#itcsi et al., 2005)

In the cytoplasm, pyruvate can either be converted to oxaloacetate (OAA) by
pyruvate carboxylase or to acewliyde by pyruvate decarboxylase. If OAA is
formed, it can be transported to the mitochondria where it will be incorporated into the
TCA cycle. Acetaldehyde is the first intermediate of ethanol catabolism (alcohol
fermentation), which is another pathway dgican use to produce ener@yynes and
Murray, 2010) In A. nidulans deletion of cytochrome C which is an essential
component of the oxidative respiratory pathway led to production of ethanol and
persistent viability through its ability to fermg@radshaw et al., 2001Jwo pyruvate
decarboxylases were differentially dysregulatedimigerexposed to GT, whereby
PdcA was increased at 3 h and érid PdcB was decreased only after 3 h, indicating
acetaldehyde production at both time pointsAlmidulans aldA gene encodes for
aldehyde dehydrogenase which converts acetaldehyde to 4€difgthi et al., 2009;
Mathieu et al., 2005)AcetylCoA is then formed from acetate via aceDgA
synthase (AcuA) oacetylCoA hydrolase (Achl{Carman et al., 200&nd alsat can

be produced from cytoplasmic citrate throughabton of ATRcitrate lyase (encoded
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by aclAin A. nidulan$ (Reiser et al., 2010)n A. nigerexposed taGT, AcuA and
ATP-citrate lyase were decreased in abundance and Achl was increased at 3 h and 6
h GT exposure. Decrease in abundance of-aifiate lyase, aldehyde dehydrogenase

and alcohol dehydrogenase was observed by Carberry et al. (2012Awhengdus

was exposed to exogenous ({arberry et al., 2012)

The dysregulation of the TCA cycle and fermentatpathways upon GT
addition can be a consequence of a glucose limitation and would entail an overall
reduction of the energy metabolism. This could explain why there is such an increase

in the abundance of hydrolytic enzymes containing signal peptide.

The e@ntral carbon metabolism is a very well interconnected metabolic
network where carbohydrates are converted into metabolic prec(¥&iars, 2015)
Figure 4.5 indicates thaterconnectivity of the TCA cycle where intermediates like
acetylCoA are involved in the biosynthesis of fatty dsciand some secondary
metabolites, and in the acetylation of proteins including histones as previously
mentionedHynes and Murray, 20102-oxoglutarate is a precursor of glutamate and
glutamine which are involved in nitrogen assimilation while pyruvate is a precursor

for Leu biosynthesigMinic, 2015)
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Figure 4.5: Reactions of the central carbon metabolism dysregulatéd mgerin response to GT for 3 h. Enzymes in red appeare
increased after GT addition (glucokinase, GIkA; pyruvate decarboxylase, PdcA &idCae hydrolase, Achl) while those in green wi
decreased in abundance (glucésghosphate isomerase, Pgil; fructose bisphosphate aldolase, Fbal; triosephosphate isomer:
phosphoglucomutase, PgmB; pyruvate decarboxylase PdcB; aldehyde dehgseodedA; acetyl CoAsynthase, AcuA; ATRitrate liase,

AclA; pyruvate dehydrogenase and enzymes involved in the citric acid cycle).
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Analysis of theproteins included in the amino acid metabolism category
revealed aysregulation of proteins involved in BCAAs, Phe and His metabolism and
nitrogen assimilation among others. Genes encoding for enzymes involved in amino
acid biosynthesis are induced in response to amino acid star¢afimgdahl and
DaignanFornier, 2012) In filamentous fungi this genetic system is call@dss
pathway control while in yeast is termed general amino acid control (GAAC)
(Hinnebusch, 2005Y he transcriptional activator for GAAC is named Gcn4 and CpcA
for the crosgpathway control. Severah. niger enzymes homologous tproteins
encoded by genes under the control of Gen&.iwerevisiaavhere observed to be
dysregulated in response to GT at 3 h and 6 h, which incliti&d; HIS5 ARG]
LYS1 ARO3 SER3AAT2 LEU1 andGDH2 (Brisco and Kohlhaw, 1990; Ljungdahl

and Daignasf-ornier, 2012)

Two enzymes#An02g0325Qwith 3-isopropylmalate dehydratase activignd
b-isopropylmalate dehydrogenas@peared decreased and increased, respectively
whenA. nigerwas exposed to GT for 3 h. Their homologs in yeast, LEU1 and LEU2
catal yse t heisoprapnlvrea Isd téetoisomdproaieHith is part of
the leucine biosynthetic pathwéohlhaw, 2003) These enzymes are cytoplasmic
and appear to be regulated differentlf£U1 is slightly upregulated by transcription
factor Gen4 whileLEU2 maintains basal levels of expressi@@ohlhaw, 2003)
Though both enzymes are involved in the biosynthesis of leucine, the difference in
abundance between thecould be due to GT having different affects on their
regulation.Two homologous @leoxy7-phosphoheptulonate synthases (An01g06150
and An04g03620were increased at both 3 h and 6 h exposure tdriA. nidulans
the An01g06150 ortholog (encodeddpG), catalyses thérst step in the shikimate

pathway, which ultimately leads to the bioflyesis of folates, ubiquinone and
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aromatic anino acidgdHartmann et al., 2001nterestingly, my data revealed that Phe
levels were increased after GT addition at both time poims imger D-amino acid
oxidase (DAO) is a FARontaining flavoenzyme that plagscatabolic role whereby
D-amino acids are used as carbon and energy so(fPadiegioni et al., 2008)
Takahash et al. (2014) recombindly expresseda DAO from the thermophilic
bacteriaRubrobacter xylanophiluand found it had high affinity fooranded-chain
D-amino acids(Takahashi et al.,, 2014)n A. niger DAO (An01g02430) was
increased only after 6 h exposure to GT which could imply a role in carbon
metabolism. Overall, the increase in proteins involved in amino acid biosynthesis

might suggest their use in the biosynthesis of GHs and peptidases.

Of the proteis with decreased abundance in response to GA. iniger,
approximately 50 % were involved in BCAA catabolishm13g03150 is an ortholog
of A. nidulansputative branchedhain keto acid( BCK A s ) dehydr ogenas
subunit), which catalyses the oxidative decarboxylatfdB@KAs to their respective
acyFCoA derivatives being (i) isovalergoA for leucine, (ii) isobutyrylCoA for
valine and (iii) 2methylbutanoylCoA in the case of isoleucingodriguez et al.,
2004) After decarboxylation, each ae@oA derivative is cataboksl through three

independent pathways that will lead to the citric acid cycle (Figude 4.6

Acyl-CoA dehydrogenaseA(17g01150 from A. niger showed strog
similarity to AcdA from A. nidulans AcdA was investigated by Reisetrral. (2010) as
a potential fatty acid (FACo A dehydr ogenase i roxidationed i n
Though they observed t hatacdAmuthét resulted ini nduc
no deectable phenotype on FAs as sole carbon sources, thus concluding that this

enzyme had n o-oXidationcpathwayReiserret att, 20&0)t tvas argued

213



by MaggicHall et al. (2008) that acysCoA dehylrogenases were not specifico
oxidation, as they can also be invedl in the degradation of Val, Leandlle, as
recently confirmed inA. nidulans(Maggio-Hall et al., 2008) Indeed, ayl-CoA
dehydrogenaseA0079g04280 from A. nigershowed strong homology to IvdA from
A. oryzaeand A. thaliana In A. oyzaeivdA gene encodes fomasovalerytCoA
dehydrogenase (IVD) that catafgs the conversion of isovaler@oA to 3
methylcrotonylCoA in the leucine catabolisntigure 4.6 (Yamashita et al., 2007)
In Arabidopsis thalianaisovalery}CoA dehydrogenase (AtlVD) was found to have
substrate specificity towards isovalebA and also to isobutyry€CoA which is an

intermediate of the valine degradation path\{agischner et al., 2001)

Interegingly, An01g12960s theA. nigerortholog ofA. nidulansscdA which
encodes an acoA dehydrogenase involved i mi t o ¢ hoaidation of fatty b
acids and catmlism of BCAAs (Maggio-Hall et al., 2008)It was the only acyCoA
dehydrogenase found increased in abundance after GT addifioniger Maggio et
al (2008) providedevidence that mitochondrigb-oxidation of fatty acids and
catabolismof BCAAs utilize the same gt CoA dehydrogenase encodeddngA In

f un gi-oxidé&idncab servdor ATP and energy production

Putative 3-hydroxyisobutyrate dehydrogena&&n14g04420) is involved in
valine metabolism whereby it catalyses the oxidation -tfy@oxyisobutyrate to
methylmalonate semialdehyd€igure 4.6)(Kazakov et al., 2009)ts homolog inC.
albicans(Hpd1) was additionally observed to have substrate specificity towards 3
hydroxypropionate, which is an intermediate of bh@xidation pathwayOtzen et al.,
2014) Two homologous &etoacytCoA thiolases (An04g05720 and An08g05400)

were abundanedecreased inA. niger after GT addition. Based on KEGG
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classification, these thiolases aresolved in the generation of acef@loA and
propionytCoA from 2methylacetoacetylCoA (Figure 4.6) In bacteria, these
enzymes are also knownlRATC and catalyse the last step in isoleucine degradation
(Kazakov et al., 2009)The increase in BCAAs biosynthesis and decrease in
catabolism might reflect the use of pyruvate for BCAAs production. At thebolé

level, both valine and leucine/isoleucine were increaséd imgerin response to GT

for 3 h and 6 h. These amino acids can subsequently be used as the building blocks for
protein synthesisSurprisingly, GT has been shown to affect the biosyrghek
BCAAs by interfering with acetolactate synthase (ALS) in tobacco plants, which
catalyses the first step in the biosynthesis of these amino(Beidsyuchi et al., 1996)
These authors observed that-@iEdiated growth inhibition was reduced wiggowth
medium was supplemented with valine, leucine and isoleucine and hypothesised

towards the protective effects of amino acids in tobacco plidaraguchi et al., 1996)

Additionally, alteration of proteins involved in nitrogen metabolism was
observed in response to GT. NAlnked glutamate dehydrogenase (An02g14590,
GDH2) was not detected after 3 h GT exposure while glutamine synthetase
(An01g08800 GLN1) was decreased after 3 h and 6 h exposure to @GT rger.
GDH2 provides ammonium for treynthesis of glutamine by GLNLjungdahl and
DaignanFornier, 2012)A decrease of these enzymes could lead to the accumulation

of glutamate which is a precursor for the biosynthesis of multiple arvids.a
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Figure 4.6: Overview of the BCAAs catabolism. Proteins decreased in abundance after GT addiiongi@rare denoted in green font.
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The proteome oA. nigerenvironmental isolate was also investigated when
exposed to GT for 3 h (2.5 e€g/ml). When
differentially increased, which corresponded to 15 proteins while, 18 proteins showed
decreased levels. Three proteins witentified from multiple spots, acet@oA
hydrolase was identified from 2 individual spots, pyruvate decarboxylase was also
identified from two individual spots, and so watsosphopyruvate hydratasehich
indicates the presence of isoforms of these protepossibly as a result of
posttranslational modifications. Some of the proteins identified in this investigation,
overlap with those identified fok. niger CBS 513.88 exposed to GT for 3 h (LFQ
proteomic analysis). The proteins showing increased abgedafor both
investigations were involved in the central carbon metabolism (AG&t hydrolase
and pyruvate decarboxylase), methionine metabolism (homoserine dehydrogenase)
and ribosome assemblxri08g05730 wittbS rRNA binding activity) Those proteins
with decreased abundance in both studies were involved in glycolysis and the TCA
cycle, and included: fructose bisphosphate aldolase, aldehyde dehydrogenase,
aspartate aminotransferase, triose phosphate isomerase, aconitate hydratase and citrate
synthaseThe effect GT has on the depletion of the TCA cycle on Botfigerstrains
is thus confirmedS-adenosylmethionine synthase, involved in SAM biosynthesis as
descibed in Chapter 3, was decreased in abundance in the EnVhisabservation
is surprisirg considering SAM is needed for multiple methylation reastiocluding
the methylation of GT&s described in Chapter 5) but could be the reason as to why
the levelof GT sensitivityis higher in the Env. Isol. strain compared to the CBS
513.88. Also diferent from the CBS 513.88 strain was the increase in abundance of

theE2 subunit of the pyruvate dehydrogenase complex.
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Proteins dysregulated only in tle nigerEnv. Isol. and not in the sequenced
strain included a putative zinc aminopeptidase (An09803 which was increased in
abundance after GT addition. In the gespergillus this peptidase is known as
AspA and was described to be cytosolic, thus it does not contain signal peptide. Itis a
M1 family member which acts preferentially on theédmnal lysine of substrates
(Basten et al., 2001A. nigerAn02g07190 (Thp) is an ortholog of. cerevisia®pt3
and was increased after GT addition. Rpt3 is a component of the 19 S ATPase subunit

of the proteasome, where ubiquitinated proteins are deg(Reduet al., 2013)

Increased abundance of An04g09170 (Cdc48Ainfumigatuy was also
observed in the Env. Iso. after GT exposure. Cdc48 is an ATPase that mediates the
release of ubiquitinated tRNA linked nascent peptides from ribosomes to destruction
by the proteasom@erma et al., 2013)Cdc48 was observed increasedidumigatus
in respnse to heat shock strggdbrecht et al., 2010and inA. nidulansin response
to farnesol(Wartenberg et al., 2012 heseauthors pointed towards the increase of
Cdc48 as part of the UPRediated stress response to farn€¥dhrtenbeg et al.,

2012) Overall the increase of Rpt3 and Cdc48 in response to GT is indicative of

damaged and improperly folded proteins.

On the contrary, two heat shock proteins Hsp90 and Hsp70 were decreased in
abundance after GT exposureAnnigerEnv. lso. Heat shock proteins are molecular
chaperones generally linked to the folding of newly synthesised proteins, thus, its
decrease suggests that GT effects the appropriate folding and nuclear transport of

proteins(Pusztahelyi et al., 2011)

Finally, it is clear from the data above that GT majorly affects the metabolic

network ofA. nigerand consequently the regulatory processes associate. Wiik
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worth noticing that the Velvet complex is involved in the regulation of several
pathways of this network like the catabolism of BCAAs, the production of cellulases
and proteasg®hingra et al 2012; Roze et al., 2010; Seiboth et al., 20Apart from

the functionality of the Velvet complex in secondary metabolishgs been observed
that the production of CAZymes and proteases depends on functional regulators
BCcVELL and BCLAEL, irBotrytis cinereawhich are thé. nidulansorthologs of VeA

and the SAM-dependent methyltransferakaeA, respectivelySchumacher et al.,
2015) LaeA in A. nidulanswas shown to control thexpression of carbohydrate
metabolism enzymes such asilld cell-specific Umutanase, which is imlved in
establishment of fully mature fruiting bodi¢Sarikaya Bayram et al., 2010hn
Trichodermareesej LAE1 (A. nidulansLaeA ortholog) has been shown to regulate
the expression of genes involved in lignocellulose degradation wherebya#il a
deletion mutant, a number of cellulases and nad®s where no longer expressed.
Additionally, XYR1, the cellulase and hemicellulase transcriptional regulator, was
shown to be dependent on LaeA and vice véeiboth et al., 2012 he deletion of
vell, which is theT. reesebrtholog ofA. nidulansveA also diminished the expression

of xylanases, cellulases and XYR1 when grown on ladidaemi Aghcheh et al.,
2014) TheA. nigerortholog of XYR1, XInR, was describeds the transcriptional
activator of xylanolytic enzymgwan Peij et al., 1998bMHerein,A. nigerexposed to

GT led to an increased abundance of AgIB, LacA and AglA, whrehunder the
control of XInR. InA. fumigatusdeletion ofveAwas shown to cause a reduction of
protease activityDhingra et al., 2012)t was proposed by Roze et al. (2010) that VeA
acts as a negative regulator of BCAA catabolism when they obsdratddyveA
mutantin A. parasiticusvas able to generate high levels of metabolites derived from

the catabolism of Val, Leu and I[®oze et al., 2010)Thus, it is possible that the
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dysregulation of hydrolytic enzymes and BCAA after GT addition, are mediated by

alterations to the Velvet complex.

The work presented here, in addition to the work described in Chapter 3, shows
the changes occurred in the metabolic networR.ofigerand its connections with
other processes in the cell in response to GT. Through this analysis | was able to
identify puative enzymes and assign functionality to one of them-(MThapter 5)

which appear to play an important roleAnnigerdefence mechanism against GT.
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Chapters

S-Methylation of exogenous gliotoxin by

Aspergillus niger
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5 Chapter 5: S'methylation of gliotoxin by Aspergillus niger

5.1 Introduction

Thiol methylation takes place in numerou®iological transmethylation
reactions These reactions are catalysed by thiomethyltransferadé$s{Tand are
usually SAM dependd, wherebythe methyl group of &M is transferred to a
substrate. Although not as commor\asr C- methylations Smethylation has been
reported in thiol containing small molecules and biological thiols of proteins
containing cysteine and methionine resid(f&tieh et al., 2000a; Dolan el., 2014;

Scharf et al., 2014; Sengupta et al., 2014; Zhao et al., 2012)

A cysteine methyltransferase frol. cerevisiaewas shown to methylate
trehalose6-phosphate synthase (TPS), which is an enzyme involved in the formation
of trehaloses-phosphatand subsequently trehalog&engupta et al., 2014)rehalose
has an important rolas a stabilizer of cellular structurasd protection of biological
membranes and enzymes undegsg condition§Voit, 2003) Due to the reduction of
trehalose levels as a consequence of the deletion of cysteine methyltransferase
compared to wild type, it was proposed that the cysteine methyltransfecaaadia
in protecting the yeast from various stress condit{@®ngupta et al., 2014protein
thiomethylation has also been observe&uglena gracilis whereby a methioning
methyltransferase was observed to methylate cytochroiff@moqui et al., 1985)
Although these results indicate a role of TMTs in thiomethylating proteins, a greater

amount of research has been done on small molecule methylation.

Several plant TMTs have been described in relation to detoxification
mechanisms. PpSABATH1, a TMT ideméfl in Physcomitrella patensdisplayed

high levels of activity towards thiobenzoic adidhao et al., 2012)Interestingly,
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exposure oP. patengo thiobenzoic acighduced the expression of tRpSABATH1

gene and overexpressionBpSABATHIn transgenic plants increased the tolerance

to thiobenzoic acid, thus suggesting the RISABATHas in the detoxification of
xenobiotic thiols(Zhao et al., 2012)in Brassica oleracceaa TMT was observed to
methylate several thiols including bisulfide ion, aromatic thiols and thiocyanate
(Attieh et al., 2000a, 2000bRecombinant expression of the TMT indicated a
preference for thiocyanate as the methyl acceptor. These reactive thiols are formed
during the hydrolysis of glucosinolates, indicating the potential ralei®Enzyme as

a detoxification mechanism of reactive thiols generated from glucosinolate

degradatior{Attieh et al., 2000a, 2000b)

In bacteria,Li et al. (2012 identified anS-methyl derivative of holomycin in
Streptomyces clavuligerudolomycin is a naturally occurring antibiotic characterised
for the presence of a disulphide bridge which is formed by the action of a thioredoxin
oxidoreductase (HIml) on the dithiol precurgbirand Walsh, 2011)Deletion ofHImI
sensitizedS. clavuligerugo exogenous holomycin however no growth impairment
was observed whef , -@irmbethylhydroholomycin was exogenously added. Based on
these observationki et al. (2012 proposedhe S-methylation of holomycin as a back
up mechanism for seffrotection against dithiol forms of metabolites when HIiml is
absent [Figure 5.). Other TMTs have been implicated in the biosynthesis of
antibiotics. A TMT fromStreptomyces lasaliensiScm18 catalyses the final step in
the biosynthesis of echinomycin from its precursor tricAtWWatanabe et al., 2006)

This stepnvolves the conversion of the disulphide bond in triostin A into a thioacetal
bridge and the transfer of a methyl group into a receiving sulphur atom in echinomycin

(Hotta et al., 2014; Watanabe et al., 200B) the same way, TrsK, which is

223



homologous to Ecml8, catalyses the last step in echinomycin formation in

Streptomyces triostinicyglotta et al., 2014; Praseuth et al., 2008yure 5.1).
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Figure 5.1: Bacterial TMTs involved in secondary metabolisfA) Schematic
representation of homolycin thiomethylation $h clavuligerug(lmage addapte:
from Li et al,, 2012. (B) Ecm18 fromS. lasaliensisnd TrsK fromS. triostinicus
catalyse the last step in th@synthesis of echinomycin (Image addapted frtwtta

et al, 2014.
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In fungi, several thiomethylated derivatives of secondary metabolite toxins
have been reported. The first thiomethyl derivative of gliotoxin, which is an
epipolythiodioxopiperazineTP) type of toxin, was extracted and separated by layer
chromatography in culture filtrates @fliocladium delisquense$Kirby and Sefton,
1980) Bisdethiobis(methylthio)gliotoxin (BmGT) has also been observed in other
fungal species liké. fumigatugAmitani et al., 1995andPenicilliumspp.(Sun et al.,
2012) Other bis(methylthic)lerivatives that arise from known ET¥pe toxins
include; didethiobis(methylthio)hyalodendrin producedHyplodendrorspp(Boente
et al., 1991)chetoseminudin B identified i@haetomium seminudufiujimoto et al.,
2004) bionectin C which was isolated from the fun@isnectra byssicol§Zheng et
al., 2006)and chetracin D that was isolated fr@mdiodendron truncatuniLi et al.,
2012b; Welch and Williams, 2014Figure 5.2. Although limited of information
about tke functionality of these derivatives can be found in the literature, it is
interesting to note that ETPs contain a characteristic disulphide bridge which accounts
for the deleterious affects of the toxin, and methylation of the free thiols renders an
inactve toxin. Despite of the presence of these methylated ETPs in fungi, the TMTs

responsible of their generation have remained elusive, until very recently.
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Figure 5.2: Bis-thiomethyl derivativesof ETP toxin®dapted from(Welch and
Williams, 2014)

The first fungal gliotoxirbisthiomethyltransferase (GtmAlpolan et al., 2014)
termed thiol thiomethyltranferase (TtmA) in Scharf et al. (2014), was identifiad in
fumigatus where it catalyses the methylation of dithgllotoxin (rGT) to form
bisdethiobis(methylthio)gliotoxin (BmGT{Figure 5.3) Unexpectedly, the deletion of
gtmAfrom A. fumigatusdoes not seem to confer increased sensitivity to exogenous
gliotoxin, and instead leads to an oyoduction of exogenous gliotoxin. In effect,
BmGT formation primarily seems to serve as a negative regulatory mechanism to
effect attenuation of gliotoxin biosynthesis & fumigatus(Dolan et al., 2014)
Puzzlingly, although orthologs gtmAare detected in certain gliotoximaive fungi,
including A. niger (Dolan et al., 2014)the functionality of the encoded enzyme
remains obscure, although BmGT formation has been demonstrafedhidulans

upon exposure to exogenous gliotog@charf et al., 2014)

2 SAM

A J

GtmA

Figure 5.3:Bis-thiol methylation of rGT to BmGT by GtmA in A. fumigat(3olan
et al., 2014)
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The objectives of the work presented in this chapter were, (i) to investigate the
mechanism of GT thiomethylation in fungi unable to synthesise GT, (ii) to
recombinanyy express theA. niger orthologue of GtmA, termed MT, (iii) to
characterise recombinant MTand (iv) to assess functionalitf the A. nigergMT-

Il mutant.
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5.2 Results

5.2.1 In vivo bis-thiomethylation of gliotoxin in Aspergillusspp.

Proteomicanalysis discussed in Chapter8&veakd that when exogenous @&T
added toA. niger (3 h and 6 h), it increases the abundance of a number of SAM
dependent methyltransferas@avo of these enzymes (MITand MT-1I) showed
unique abundace under GIexposue conditions(Table 3.2, Chapter 3fFurthermore,
the two methyltransferases were atdiserved to be induced by dithiothreitol (DTT;
20 mM) in anA. niger suldraction library (MacKenzie and Guillemette, 2005)
Interestingly, we and others have noted that-Mis an otholog of GtmA
(AFUA_2G11120), which is a SAMependent gliotoximis-thiomethyltransferase,

rGT to BmGT (Dolan et al., 2014; Scharf et al., 2014)

Based on this observation, and in order to confirrA.ihiger CBS513.88 is
capable of thiomethylating gliotoxA.n, gl
nigerliquid cultures over a 4 h period and 2 ml aliquots of supernatant were organically
extracted as described in Section 2.2Jptake of GT byA. nige was observed
followed by conversion to BmGT, which is secreted to the culture medium over a 4 h
time-course (Fyure 5.4. An identicalin vivo bis-thiomethylation process is observed
in A. nidulansFGSC4 exposed to exogenous gliotoxin (2.5 [igbwer a4 h period
(Section 2.2.y (Figure 5.4. Interestingly,A. nidulansis also sensitive to exogenous
gliotoxin (Carerry et al., 2012pmnd is devoid of theli cluster responsible for
gliotoxin biosynthesigPatron et al., 2007)This observation shows that gliotoxin
naiveAspergillus sppare able tdis-thiomethylate exogenous gliotoxiScharf et al.,

2014)
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Figure 5.4 In vivo bisthiomethylation of gliotoxin byAspergillus spp (A)
Gl i otoxin (2.A5nigerGBSH13)38 calwrdsasdconveaed to Bm(
over 4 h(B) The same process occursAinnidulansFGSC4.

Y Axis on graphs represents Area Intensig) (of GT (black) and BmGT (grey
obtained from LEMS/MS analysis aseakcribed in Section 2.2.70
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5.2.2 Invitro bisthiomethylation of gliotoxin by A. niger CBS 513.88 lysates

5.2.2.1 Development of a SAMdependent methyltransferase (SAMMTase)

Assay

GT thiomethylation was analysed using a nol€l-MS/MS based assay
(Section 2.2.9 This procedure provides an accurate method for the determination of
GT thiomethyl derivatives, specificallnone and bis-thiomethyl gliotoxin. This
protocol presents an aantage compared to spectrophotomdiased MTase assays
in that it can differentiate between merand bisthiomehyl derivatives of a dithiol
substrate (i.e. rGT). GT, and its thiometagrivatives have known mass and
fragmentation patterns that fadlie the detection of these metabolites. The masses of
gliotoxin, monodethiomono(methylthio)gliotoxin (MmGBnd BmGT are 327, 343
and 357 respectively (Figure 5.5). The identity of these masses was confirmed by
comparison to commercial standards in the case of GT and BmGT and by comparison

of mass spectral data with that of MmGT as published by Dolan et a#)(201

A B C
0 s 0 s Q
N/ N/ N/
A Pt Mo o
SH O S
OH O OH O OH ~
m/z327 m/z343 m/z357

Figure 5.5: Structure and mass (+'Hof (A) GT (m/z327),(B) MmGT (m/z327)
and(C) BmGT (m/z327).
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5.2.2.2 Methylation analysis byA. niger CBS 513.88 protein lysates

Using the aforementionedC-MS/MS assay for the determination of GT
thiomethyl derivatives (Figure 5.§Section 2.2.9 significant f < 0.0006) MMGT
(m/z343) wasdetectableonly in reactions catalysed lpyotein lysates derived from
A. nigerpreviouslyexposed to exogenous glim x i n (2. 5 (Fegaré 53l f or
When unexposed control lysates were used (protein lysates derivedAfraiger
liquid cultures exposed to methanol only), no thiomethylation of GT was detectable
(Figure 5.. These data strongly suggest that a gheed thiol methyltransferase,

present only after GT exposure, possiblyM,Tmediates the observed bioactivity.
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Figure 5.6 (A) Schematic representation of the-MS/MS basedh vitro gliotoxin
methylation assayB) A. nigerprotein lysates obtained from umduced cultures
are unable to methylate gliotoxi(CC) A. nigerprotein lysates obtained from C

induced cultures are responsible for methylating gliotoxin.
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5.2.3 Recombinant expression of MTI in E. coli

Based on the homology of MIT to GtmA, MT-Il was chosen as the candidate
MTase responsible for the observed methylation. First, quantitative reverse
transcriptase PCR (qRPCR) was performed oA. niger CBS 513.88 in order to
examineMT-1l expression undea range of culture conditionsing specific primers
(Table 2.13 to yield a MT-II amplicon. gqRTPCR analysis(Section 2.2.13)7
confirmed the upegulation p < 0.0001) ofMT-II in A. nigerwild-type exposed to
exogenous GTor 3 h compared to MeOHFigure 5.7. In agreement with the
observations in MacKenzie et al. (2008)T-1l was also induced by DTT, but by
al most 1000 times |l ess on an equivalent
DTT: 10 mM) (Figure 5.7. Thus, recombinant expression of MiTasa GST fusion
protein (Section 2.2.)5eemed the next step in the quest to confirm this enzyme as

the one responsible for BmGT formation.
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Figure 5.7. gRT-PCR confirms increased levelsMfl-1l expression in response
exogenougA) GT (8 & M, 3. 69 (B)®TTd(10imMc 142 fold

increase)

5.2.3.1 Amplification of MT-II

Primers were designed to amplify tMT-II open reading frame and also to
incorporate two restriction sitegjindlll and Xhd into the forward and reverse
primers,respectively, to allow for directional cloning into the pBEXGST expression
vector (Section 2.2.13)6 cDNA was isolated fromA. niger CBS 513.88 cultures

exposed to MeOH control (cDNRo) and gl i ot @RNAgr)far2h. 5 e g/ m

A. niger synthesised cDNA was PCR amplified usiwig-1l and actin &cf)
(Bohle et al., 2007rimers, separately and tNe-11 cDNA PCR product was verified
by gel electrophoresig=igure 5.§. MT-Il was expressed when PCR was carried out
with cDNAGT, compared to cDNAeon, Which indicates that gliotoxin exposure-up

regulaesMT-II. ThusMT-II was amplified fromA. nigercDNAGT.

235



bp

500 Actin

200

2000
1500

1000

MT-1I
2000
1500
1000

500

500

Figure 5. 8 (A) PCR amplification of cDNfyeon and cDNAsT using MT-Il and
actin primers. Lane M: Molecular weight marker ladder. Lanactin cDNAwmeoH
product at 170 bp and absencévii-1l cDNAwmeoH product. Lane 2actincDNAGT
product at 170 bp ardT-1l cDNAGT product at 864 bp. Lane 3: DNA amplificatic
PCR product ofctin (232 bp) andMT-1l (1127 bp). Land: Negative control witk
PCR master mix present but no DN@) Amplification of MT-Il from cDNAGT

(lane 1). Lane 2: Negative control.

5.2.3.2 Cloning of MT-II into the pEX-N-GST vector

After amplification, band purification and restriction diges was carried out
(Section 2.2.14)1 MT-11 cDNA was ligated into the pESN-GST vector throulg the
restriction sitesHindlll and Xhd (Section2.2.14.2. Consequent transformation in
One Shot BL21 ells was carried out (Section 2.2.14 Bnalysis of transformants was
based on selection of colonies grown on |
37 °C. After overnight incubation, colony PCR was performed using individual

colonies as the template DNA&€ction 2.2.14.1 PCR productsvere analysed by gel
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electrophoresisHigure 5.9. A PCR product corresponding to the size of K&l

cDNA product was obtained for two of the colonies.

bp M 1 2 3 4 5 6 7 8

2000
1500

1000 <+ 364 bp

Figure 5.9 Colony PCR of transformed BLZA. colicells containindiT-11 cDNA

within the pEXN-GST vector. Lane M: Molecular weight marker ladder. Lane
I 6: Colonies screened by PCR tdiT-Il (864 bp). Of the six colonies analyse
two were PCR positive (lanes 1 and 3), with an expected product at 864 bp. |
PCR produtusing cDNAsT as the template (positive control). Lane 8: Nega
control, PCR master mix only (no DNA present). This is to check for ¢

contaminating DNA.
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The two positive colonies 1 and 3 were grown overnight and restriction digested with

Hindlll and Xhad to confirm the integration d#iT-Il into pEX-N-GST (igure 5.10.

<— 5200 bp

<— 864 bp

Figure 5.1Q Restrictiondigest to confirmMT-Il integration into the pEXN-GST
plasmid. Lane M: Molecular weight marker ladder. Lane 1 and 2: DigesteeNsE
GST vector wih MT-II cDNA inserted produced two DNA bands as expecte
approximately 5.2 Kb and 864 bp, respectively. Lane 3: DigestedNHEST

vector.

The restriction digestions and colony PCR confirmed the presence NdfTthegene

in the pEXN-GST plasmid.
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5.2.3.3 Sequence analysis of the pEEX-GST/MT-II clones

The plasmid was sequenced to confirm tatll remained in frame to enable
protein expression. Sequence analysis was performed on a commercial basis (Source
Bioscience, Ireland), and was compared to thalipred sequences according to
BLAST, with ID An02g03100 (CBS 513.88 strain). The sequencing ofMidl
cDNA in the pEXN-GST plasmid confirmed the correct sequenc®l®fll and also
a correct ligation and cloning into thasmid Figure 5.1). There isone discrete
residue change, which results in an alteration of amino acid seqUerde $.2. The
translated MTI protein sequence was aligned with the predicted protein sequence in
BLAST and this alignment confirmed that the gene remainddame for protein

expressionKigure 5.12).

Sequence_1: M7l in pEX -N GST Sequenced
Sequence_2: MT1l (An02g03100) Predicted
Identities: 863/864 (99 %)

Seq_1 CCAABACCGAAAACCTGTATTTTCAGGGCGCGATCGCCGGCGCGCOHGATC

TR
Seq_2 0

Seq_1 ATGACCCCCAAAATCTCTCCCTCTTABTACAGCATTTGTATCCCGCTIICAC

TR T
Seq_2 ATGACCCCCAAAATCTCTCCCTCTTEBTACAGCATTTGTATCCCGCTRICCAC

Seq_1 CTTGCCGAGAAACTCACTGGCETITCBIBCGTCCAGCACTCTGGTABECTG

AR SRR
Seq 2 CTTGCCGAGAAACTCACTGGCEWITCBIBCGTCCAGCACTCTGGTARPECTG

Seq_1 TCTACCCCGAGTAACAAACCTATGGCTGTCTTCGACAATRITEGAGGAATTGC

TR ST
Seq 2 TCTACCCCGAGTAACAAACCTATBBEATGALTGCCTGCGGACTGGGAABIGTA

Seq_1 TCCAGCTATTTGAACAGCACGGBACGIGAAGAGACATTGGACGCTGEMTTG(

LT TSRO
Seq 2 TCCAGCTATTTGAACAGCACGGBACGTGAAGAGACATTGGACGCTG24UTTG(
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Seq_1
Seq_2
Seq_1
Seq_2
Seq_1
Seq_2
Seq_1
Seq_2
Seq_1
Seq_2
Seq_1
Seq_2
Seq_1
Seq_2
Seq_1
Seq_2
Seq_1
Seq_2
Seq_1
Seq_2
Seq_1

Seq_2

GGGGATATAACGGAGCTGATGRTEBAGTAGCGAATTGAGAGGGAAGEIGTG(

TR AT
GGGGATATAACGGAGCTGATGBUEBAGTAGCGAATTGAGAGGGAAGEIE TG(

GTGAACGCTGAGGCGAAGGTCCAGSBATBUGHETGCCGGCGGATAAGHEAT

TR AR
GTGAACGCTGAGGCGAAGGTCGABBATAOGGGGCTGCCGGCGGATIRAGTA

ACGCATGTGTTGACGGCTTTTGBTGAIMCCTGATGCGAGGGCTGCHSIGAG,

TR
ACGCATGTGTTGACGGCTTTTGBTEAMICCTGATGCGAGGGCTGCHHIGAG!

GAATGCTTCCGTATCCTCCAGTGTETCHGGGACTTCGACGTGGAGGAANTCT

TR [T
GAATGCTTCCGTATCCTCCAGTGTRGIIGGGACTTCGACGTGGAGGABTTCT

TCGTGGCTCGTCATCATGAAAGBASKITAATGGCCTGGAACGTCAAGHBICCCC

LT AT ST AR
TCGTGGCTCGTCATCATGAAAGAAGCCATCGAAACCAGEITCTGGABMDGTC/

ACCATGAAAGAGTTCCTGGCCTOGUBAGAACBEACGAGTCTTTCGTGAHMA

TSNP CTVRRTACED AR
ACCATGAAAGAGTTCCTGGCCTGAEBGAABBEACGAGTCTTTCGTG/AA

GCTCGGTTCGAAGAGGAAGGGETCGGAAGATACTGCTGTGCAGAGGEAIGAC(

ARG
GCTCGGTTCGAAGAGGAAGGGETGGAAGATACTGCTGTGCAGAGGERIGAC(

TCATTGARTATCCGAATTCATGCEINGIEHEAGGAATGATCCCCATTGTGABCEGGT

LRSI
TCATTGACTATATCCGAATTCATBERBBTEGAATGATCCCCATTGTGACEGGT

GCCTTTTGGACACCCGAGCAGCGGGAGAAGTATGAGGTGARGERIABMIGGT(

AT TR AARATR
GCCTTTTGGACACCCGAGCAGTBGGAGBBGAAGGCACCGGTGGTGABICAG(

GAGTATCTGGAGGAGAAGTTTGEIGETGATTAGGATGGAGCCGGTEROTGT

L TR RRTAARR
GAGTATCTGGAGGAGAAGTTTGEIGETGATTAGGATGGAGCCGGTEIOTGT

CTTGCGGTGGGGAGAAAGCBEAAG

[T
CTTGCGGTGGGGAGAAAGCBENAG

Figure 5.11 Alignment of the sequence MT-1I cDNA within the pEXN-GST

vector with the sequence predicted from BLAST. Alterations of residue:

highlighted in yellow.
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Identities: 286/287 (99 %)

Predicted MTPKISPSSYLTPAFVSRYHLAEKLTGOFV
Sequenced GDHPPKSPTTENLYF@GAGAPDLKITPKISPSSYLTPAFVSRYHLAEKLT®OFV

*%k% *% * *kkkkkkk *

Predicted APLVQHSGILSTPSNKPMAVFDNACGLGIVSSYLNSTLPEDVKRHWTLTOGE
Sequenced APLVOHSGILSTPSNKPMAVFEDNACGLGIVSSYLNSTLPEDVKRHWTLTI2GL

* *% *%% *kkkkkkkhhhhhhkx *% * *kkkkkkk *

Predicted TKLRIEREGWVNAEAKVVDAQCTEMPABRAFMMIPDARAAMRECFRILQST
Sequenced TKLRIEREGWVNAEAKVVDAQCTEMPABKAXFMMIPDARAAMRECFRILQSEG

*kkkkkkkkkkkkkkkkkkkkhkhhkhkhkhkkkkkkkkkkhhhhkhkkhkkkkkkkkkkhhhkkx

Predicted VLATSTWRNSSWLVIMKEAIETTAWNVKFPTMKEESH\HMNREBEEGFEDLO
Sequenced VLATSTWRNSSWLVIMKEAIETTAWNVKFPTMKEHSH\HMREWEEGFEPA0

kkkkkkkkkkkkkkkkkkkkkhkkkkkkkkkkkkkkkkkkhkhkhkk kkkkkkkkkkkkkkhkkx

Predicted VEVTAVQRETSLFEVGGGMIPIVTGAFWTPEQREKYEAKAPVVIREY I2£BkK
Sequenced VEVTAVORETSLTISEFMEVGGGMIPIVTGAFWTPEQOREKYEAKAPVVIB&EY|

*kkkkkkkkkkkkkkkkkkkkhkkkkkkkkkkkkkkkkkkkhhkkkkkkkkkkkkkkkkkkk

Predicted GVIRMEPVAVLAVGRKE7
Sequened GVIRMEPVAVLAVGRKRL7

*khkkkkkkkkkkkkkkk

Figure 5.12 MT-II protein sequence translated from cloned cDNA. Sequencinc
performed on a commercial basis from Source Bioscience Sequencing, Irelan
figure shows that the cloned DNA fMT-Il (Sequenced, underlined in red) is
frame with the Nterminal GST tag (yellow). The pEXN-GST vector (underlined ii
green) shows the location of the TEV cleavage site (blue).

One of the observed amino acids was nqiraslicted (Table 5.)2 Thischange may

indicatenonconserved aspectd the gene or they may liie to errors introduced

during the amplification of the cDNA by PCR.
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Table 5.2: Sequencef residue that result in a different protein sequence between the
predicted protein sequence from BLAST (CBS 513.88) and the actual sequenced strain

(CBS 513.88)

Predicted (BLAST) Sequenced (clone MTlI)
Residues Amino Acid Residues Amino Acid
GAC Aspartic Acid (D) | GGC Glycine (G)
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5.2.3.4 Expression and purification of MT-11 -GST

Detection of the recombinant MIT expression inE. coli was carried out by
induction using IPTG followed by SBDBAGE and Western Blot analysis. Small scale
cultures were induced and grown for 3 h in LB, with samples takemguetion and
each hour posnhduction. Western blot resulted in an approximate muéeanass of
58.9 kDa, whichvas expected of the recombinant MTGST, only in the insoluble

fraction of the lysate@~igure 5.13.

In order to improve M7l solubility, the cultures were grown on Terrificdh
and induced with IPTG for 12 h (2%2). Oneml samples were removed before
induction with IPTG and after 12 h induction. These extracts were subjected {0 SDS
PAGE and Wetern blot analysis (Figure 518BothSDSPAGE and Western showed
the presence of MI-GST at the correct molecular mass, 5&Ba. Soluble

recombinant M1l was observed on lane 4.
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55— - - — <— MT-II-GST

40 m—
35 =—
25—

Figure 5.13 Expressiorand solubility evaluation of recombinant MI'grown in

LB. SDSPAGE (A) and Western Blof{B) analysis of MFIl. Lane M: Protein
molecular mass marker. Lane 1:-uuced cells, pellet fraction (insoluble). La
2: Urrinduced cells, supernatant fraction (soluble). Lane 3: Induced cells

pellet fraction (insoluble). Lane 4: Induced cells J1supernatant fraction (soluble
Lane 5: Induced cells (2 h), pellet fraction (insoluble). Lane 6: Induced cells
supernatant fraction (soluble). Lane 7: Induced cells (3 h), pellet fraction (insol

Lane 8: Induced cells (3 h), supernatanttitn (soluble).
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kbDa M 1 2 3 4

70
55

MT-II-GST

35
25

Figure 5.14 (A) SDSPAGE and(B) Western blot analysis of recombinant NIT
(rMT-II) solubility. Lane M: Protein molecular mass marker. Lane 1 and 2 co
the uninduced cells (insoluble and soluble fraction, respectively); Lane 3 &

contain the induced cells (12 h) (insoluble aolisle fraction, respectively).
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The soluble fraction containing the recombinant-NFIGST, was subjected to
GSHAgarose affinity chromatography using an AKTA Puriig0 (Figure5.15
(Section 2.2.172 The optical density was monitored thghwut the purification at
280 nm. GST tagged MT binds to the GSH ligand and impurities are removed by
washing with buffer (until low mAUs observed). Recombinant MWas eluted under

mild, nondenaturing conditions (elution buffer: 10 mM reduced ghitette in 50 mM

Tris-HCI, pH 9).
5,000 -
4,500 - - 100
4,000 -
3,500 - - 80
=2
E 3,000 -
E 2,500 S0 a
E 2,000 - | 40
1,500 -
1,000 - L 90
500 -
0 -1 T T T T T T _L ] T T 0
0 20 40 60 80 100 120 140 160 180 200

Retention volume (ml)

— mAU % B

Figure 5.15 AKTA purification of MT-II-GST protein purified by GStdgarose
affinity chromatography. Thg. coliinduced lysates (soluble fraction) (~ 200 r
were allowed to bind the column at a flow rate of 1 ml/mid &he flow through
was collected over 1 h period on ice. The column was washed with PBS ur
MAUSs dropped to 0 10 and the MTII-GST protein was eluted in one ml fractio
with elution buffer (% B). The recombinant MT-GST protein eluted as

conentrated peak spanning 4x one ml fractions.
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Protein purity was assessed by SBSGE and_C-MS/MS analysis of digested
MT-II-GST protein. Peptides (8 % coverage) corresponding to an UbiE/COQ5 family

methyltransferasAn02g03100 wereidentified (Figure5.16).

kDa M 1 An02g03100Protein Sequence Coverage: 8 %
2 S eer Matched peptides shown in bold red.
130 — 1 MTPXISPSSY LTPAFVSRYH LAEKLTGVFV APLVQHSGIL STPSNKPMAV
(SR

72—

EGWDDESFVK
55 e 4= MT-II-GST TG AFWIPEQRER
36 m—

28—

Figure 5.16 (A) SDSPAGE analysis of MAlI-GST protein. Lane M contains tt
molecular weight marker. Lane 1 contains the purified -MGST. (B)

Confirmation of identity by LEMS/MS analysis (8 % sequence coverage)

247



5.2.4 Assessment oMT -Il activity

5.2.4.1 SAM MTase Assay using recombinant MTII

GT bis-thiomethylation was carried out as per Section XZ with modifications:

reduced GT (1 mg/ ml ; 2 ¢l) and SAM (5 mg

reaction catalysed by M-GST (30 pmol/eaction) (Figure 5.7 After 3 h reaction

time (unless stated otherwise), products were analygedl(sBMS/MS (Section

2.2.10.3.
NH» o =N -
O\H/\/\?A(_?‘NW
(o] H3C ) N§/N
HO OH
SAM SAH
Hs @
N7 3h LC-MS/MS

z
m
I;
o
I
<
o
|
()]
W
|
y

analysis

Figure 5.17 Schematic representation of the MS/MS based in vitro rG1
methylation assay using MIT-GST.

In order to measure the generation of gliotoxin methyl derivatives, standard
curves for GT and BmGT were construciasl perSection XZ(Figure 5.18. The
standards were prepared at a concentration range ¢f 20 25 € g/ ml . A
relationship occurs bewen the concentration of GT and BmGT and the area intensity.
The standard curves were used in subsequent assays to calculate the amount of GT,

MmGT and BmGT in MTII-GST catalysed reactions. In order to measure MmGT,
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known levels of GT and BmGT obtaineafn the standard curves after 3 h reaction

t
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Figure 5.18 GT and BmGT standard curvé#®) Standard curve prepared for t
measurement of GTB) Standard curve prepared for tmeasurement of BmGT.

BmGT (pg/ml)
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5.2.4.2 Biochemical characterization of MT-II

Figure 5.19depicts how,in vitro, MT-II-GST progressively thiomethylates
dithiol GT, using SAM as the methyl donor, through the sequential formation of
MmGT and then BmGT. Indeed BmGT levels were highest after 3 h reaction time,

compared to 1 h (43 % final) and 2 h (73 % finaly(ife 5.20.

HS O HS © S
NT MT-II N~ MT-II N~
NY\\/on = N\n/*\/OH — N\n/\\/OH
SH S
oH © o © O oH © °\
Substrate Intermediate/ Product 2
Product 1
Intenss- Time:0h 4 Time:1h 4 Time:2h - Time:3h
x10
0.8 4 0.8 0.8 - 2 0.8+ 2
0.6 - 0.6 4 0.6 0.6
1
0.4 0.4 2 0.4 1 0.4 -
1
1
0.2 0.2 0.2 0.2
oo o 00 I 5 T T L) l 00 [ Ll T T T ] 00 ] T T &‘ T ‘l
6.0 7.0 6.0 70 6.0 7.0 6.0 7.0
Time [min]
1: m/z 343 (MmGT) 2: m/z 357 (BmGT)

Figure 5.19 MT-1I-GST mediates the proggsive thiomethylation of rGT throug
the formation first of MMGT and then BmGT. EICrofz343 (MmGT) andn/z357

(BmGT) at different reaction times.
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Figure 5.2Q The effect of reaction time on MIT catalysed-thiometylation of

rGT.

In order to further characterise recombinant-MTthe capacity of this enzyme
to methylate GT to MMGT and BmGT was investigated (enzyme concentration,

reaction temperature, pH and inhibitors).

5.2.4.2.1 Characterization of BmGT formation by MT -l

To test the effect of temperature on MTactivity, the SAMMTase assayas
carried out as in Section 2.2Mth the samples incubated at 4 °C, 20 °C, 30 °C, 37 °C
and 50 °C. Generation of BmGT was optimal at 37 °C, followed closely by 30 °C.
Reduce bisthiomethylation was observed at 4 °C, 20 °C and 50 °C (Figure 5.21).
Investigation into the effect of pH on the activity of Nfwas also undertaken. Here,
assays were carried out over a range of pH values; 3, 5, 7.5, 9 and 11. Results are
shown inFigure 5.21 whereby it is clear that pH has an effect on the activity el MT

with optimal BmGT formation occurring at pH 7.5.
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Figure 5.21 The effect of temperatuf@) and pH (B), on the conversion of GT t
BmGT by MT-II.

For further optimization of theis-thiomethylation of rGT by MTlI-GST, an
evaluation into the affect of enzyme concentration was carried out. Figureh®®8
that BmGT formation is dependent on MIT concentration, whereby 120
pmol/reaction resulted in approximately 90is-thiomethylation. Reduced BmGT
levels were observed at 30 pmol/reaction and 60 pmol/reaction compared to 120

pmol/reaction. AdditionallyMmGT and BmGT levels were observed to decrease and
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