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Summary

The opportunistic pathogen Aspergillus fumigatus is ubiquitous in the
environment and predominantly infects immunocompromised patients. Sequencing
of the fungal genome has led to an increased understanding of the organism;
however the functions of many genes remain unknown. A putative translation
elongation factor 1By (eEF1By, termed elfA; 750 bp) is expressed, and exhibits
glutathione s-transferase activity, in A. fumigatus. The work presented here
demonstrates the role of EIfA in protein synthesis, but also that it plays a key role in
the oxidative stress response and may be involved in actin cytoskeleton organisation.
Phenotypic analysis demonstrates that an elfA deficient strain (A. fumigatus AelfA)
was significantly more sensitive to the oxidants H,O, (> 1 mM) (p = 0.0003),
diamide (> 0.5 mM) (p < 0.001), and 4, 4’-dithiodipyridine (> 7.5 pM) (p = 0.0056),
and was significantly more resistant to voriconazole (> 0.5 pg/ml) (p = 0.0251) than
the wild-type. Comparative proteomics, under basal and oxidative stress conditions,
revealed significantly (p < 0.05) altered expression of proteins involved in protein
synthesis, the oxidative stress response and actin cytoskeleton organization. In
parallel, comparative proteomics of A. fumigatus Apes3, a non-ribosomal peptide
synthetase deficient strain, supports a structural role for this peptide with the altered
expression of proteins functioning in morphogenesis and germination. A. fumigatus
Apes3 exhibited a reduced germination rate in static cultures and confocal
microscopy revealed not only shorter germ tubes but reduced surface (1,3)-B-glucan
in this mutant. Moreover, the reduced surface (1,3)-B-glucan explains the lower MIC
of A. fumigatus Apes3 to voriconazole measured in this study as surface (1,3)-B-
glucan sequesters azoles preventing entry into the cell. Overall, this work highlights
the diverse roles of A. fumigatus elfA, with respect to protein synthesis, oxidative
stress and actin cytoskeleton organisation. In addition to this, the advantages of
combining targeted gene deletion with comparative proteomics for elucidating the

role of proteins of unknown function are also revealed.
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1. Introduction
1.1 Aspergillus fumigatus
1.1.1 General description

The ascomycete Aspergillus fumigatus is an opportunistic human pathogen
(Brakhage and Langfelder, 2002). A. fumigatus is a saprotroph and plays an
important role in recycling environmental carbon and nitrogen in its natural
ecological niche, the soil (Latge, 1999). In the laboratory, A. fumigatus can grow
rapidly on minimal agar plates containing a carbon source (e.g., glucose), a nitrogen
source (e.g., nitrate), and trace elements (Brakhage and Langfelder, 2002). A.
fumigatus can be recognised by its grey-green conidia (Figure 1.1). The conidia are
2.5 to 3 um in size, which not only enables them to become and remain airborne, but
also facilitates their entry into the lung alveoli (Brakhage and Langfelder, 2002;
Latge, 1999). A. fumigatus is a thermotolerant fungus and can grow at temperatures
up to 55 °C, while the conidia can survive at temperatures up to 70 °C (Bhabhra and
Askew, 2005; Latge, 1999)

Reproduction in A. fumigatus occurs asexually via haploid conidia, although
recently, sexual reproduction has been described (O'Gorman et al., 2009). The
asexual lifecycle of A. fumigatus is as follows; (i) the conidia germinate into septate
mycelia, (ii) conidiophores are produced by the mycelia, (iii) the conidia are released
from the conidiophores and the cycle continues (Figure 1.1). Following the
sequencing of the A. fumigatus genome, studies identified genes involved in sexual

reproduction (Galagan et al., 2005; Nierman et al., 2005; Paoletti et al., 2005).
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Figure 1.1: The life cycle of A. fumigatus.

A.

Scanning electron microscopy of A. fumigatus conidial head releasing
asexual conidia. (Image from www.aspergillus.org.uk)

A. fumigatus ATCC46645 colony growing on Aspergillus minimum media.
Germinating conidia form septate mycelia, which then form conidiophores.
Conidia are released from the conidiophores and germinate continuing the

cycle.



The mating-type (MAT) genes associated with sexual reproduction along with genes
involved in pheromone production and detection were identified (Galagan et al.,
2005; Paoletti et al., 2005). O’ Gorman et al. (2009) experimentally verified the
existence of a sexual cycle in A. fumigatus, and described the telomorph;

Neosartorya fumigata.

1.1.2 Pathogenesis

There are approximately two hundred species of Aspergillus, of which less
than twenty cause disease in humans (Hohl and Feldmesser, 2007). A. fumigatus is
the most pathogenic, followed by A. flavus, A. terreus, A. niger and A. nidulans
(Dagenais and Keller, 2009). A. fumigatus not only causes invasive disease in
immunocompromised patients, but also allergic disease in patients with atopic
immune systems (Denning et al., 2002). A. fumigatus is responsible for 4 % of
patient deaths in European teaching hospitals and is the principal infectious agent
causing death in leukaemia and bone marrow transplant patients (Denning et al.,
2002). A. fumigatus infections have increased in the past twenty years as the number
of immunosuppressed patients increased. Increases in organ transplants, the use of
immunosuppressive therapy and the population of HIV infected individuals has
contributed to this increase in A. fumigatus infections (Dagenais and Keller, 2009;
Hohl and Feldmesser, 2007; Brakhage and Langfelder, 2002).

In the environment, conidia are estimated to be present at concentrations of 1
— 100 conidia per m*® (Denning et al., 2002) and humans are thought to inhale

hundreds of these conidia each day (Latge, 1999). Once inhaled, due to their small



size, conidia can travel to the alveoli and so, most Aspergillus infections occur in the
respiratory tract (McCormick et al., 2010). In immunocompetent individuals these
conidia do not pose a threat as the innate immune system is able to eliminate them
(Latge, 1999). Conidia that are not removed by mucociliary clearance are subjected
to the innate immune system in the form of alveolar macrophages (Dagenais and
Keller, 2009). Alveolar macrophages phagocytose and kill the conidia in an NADPH
oxidase dependent manner and also recruit neutrophils by initiating a
proinflammatory response (Dagenais and Keller, 2009; Hohl and Feldmesser, 2007).
Conidia that have evaded both mucociliary clearance and the alveolar macrophages
germinate to form hyphae, which are too large to be destroyed by macrophages
(Dagenais and Keller, 2009). These hyphae are targeted by neutrophils, which
release microbicidal molecules and reactive oxygen species (McCormick et al.,
2010; Hohl and Feldmesser, 2007). Neutrophils also release neutrophil extracellular
traps (NETS) when they are dying which are composed of nuclear DNA decorated
with fungicidal proteins (Bruns et al., 2010b). The NETs are fungistatic and restrict
hyphal growth but do not eliminate the fungus (Bruns et al., 2010b).

In individuals with a compromised immune system, A. fumigatus germinates
and causes infection, known as aspergillosis, which depending on the site of
infection can be classified into three categories; (i) allergic bronchopulmonary
aspergillosis (ABPA), (ii) aspergilloma and (iii) invasive aspergillosis (1A) (Latge,
1999). ABPA is a hypersensitivity-type lung disease wherein A. fumigatus
germinates in the bronchi and elicits a continued immune response (Knutsen and

Slavin, 2011; Latge, 1999). It mainly affects patients suffering from asthma or cystic



fibrosis, where the increased levels of viscous mucus facilitate germination
(Dagenais and Keller, 2009; Latge, 1999). Diagnosis of ABPA is difficult, and if left
untreated can result in airway destruction, pulmonary fibrosis and ultimately
respiratory failure (Knutsen and Slavin, 2011; Latge, 1999).

Aspergilloma, also known as “fungus ball” or mycetoma, occurs in pre-
existing lung cavities that may have resulted from another pulmonary disease such as
tuberculosis (Knutsen and Slavin, 2011; Dagenais and Keller, 2009). The
aspergilloma is composed of a spherical mass of hyphae which are embedded in a
proteinaceous matrix with sporulating structures to the periphery of the “fungus ball”
(Latge, 1999). Hemoptysis is a common symptom of aspergilloma and results from
the disruption of blood vessels by the fungus in the cavity wall or the bronchus
(Knutsen and Slavin, 2011; Latge, 1999). This happens centimetres from the
aspergilloma and results in internal bleeding which ultimately may become fatal
(Latge, 1999). Aspergillomas are detected by chest radiographs and treatment
involves antifungals and surgery to remove the fungal mass (Knutsen and Slavin,
2011).

Invasive aspergillosis (IA) is the most serious of the diseases resulting from
Aspergillus infection. It affects patients with suppressed immune systems
(neutropenia and corticosteroid-induced immunosuppression) due to treatment for
leukaemia, solid-organ transplantation, graft-versus-host disease and other
hematological conditions (Dagenais and Keller, 2009). Due to the
immunosuppression, A. fumigatus conidia germinate and rapid hyphal growth

colonises the surrounding tissue and invades the blood vessels resulting in



thrombosis, haemorrhage and dissemination to other organs (McCormick et al.,
2010; Dagenais and Keller, 2009; Latge, 1999). Diagnosis of IA is difficult and
requires isolation of the A. fumigatus from biopsy, however due to the severe illness
in the patient, suitable samples are usually unobtainable (Thornton, 2010). Culturing
from sputum samples invites possible contamination from airborne conidia, and may
not be reliable (Latge, 1999). Definitive diagnosis of 1A sometimes only occurs at
autopsy. Treatment of IA involves the administration of antifungals such as
voriconazole and amphotericin B (Knutsen and Slavin, 2011). In high-risk
populations, the mortality rates for 1A patients are usually between 40 — 90 %

(Dagenais and Keller, 2009).

1.1.3 Virulence factors

Virulence in A. fumigatus is multi-factorial, with no single defined virulence
factor so far identified, however a number of different adaptive factors that
contribute to the virulence of this organism have been elucidated (McCormick et al.,
2010; Latge, 1999). Basic traits, including the small size of conidia, thermotolerance,
stress resistance and adaptive capabilities, cell wall composition, nutrient acquisition
ability, secreted proteases and secondary metabolites all contribute to the virulence
of A. fumigatus (Abad et al., 2010; Dagenais and Keller, 2009; Hohl and Feldmesser,
2007; Latge, 1999). As described earlier, the small size of the A. fumigatus conidia
enables them to travel deep into the respiratory system to the alveoli, whereas the
larger conidia of other Aspergillus spp. are easily removed from the upper

respiratory tract by mucociliary clearance (Dagenais and Keller, 2009).



As described earlier, the thermotolerant nature of A. fumigatus enables it to
grow not only at 37 °C but also at temperatures up to 55 °C. As other environmental
moulds are unable to grow at temperatures above 35 °C, it has been proposed that
thermotolerance may be one of the reasons A. fumigatus is a successful human
pathogen (Bhabhra and Askew, 2005). Disruption of A. fumigatus crgA, which
encodes a protein associated with thermotolerance, ribosome biogenesis and
virulence, resulted in a strain that grew normally at 25 °C but had reduced growth at
higher temperatures (Bhabhra et al., 2004). This disruption strain had attenuated
virulence in a murine model (at 37 °C) but not in a Drosphila melanogaster model of
infection (at 25 °C) (Bhabhra et al., 2004). It has been proposed that genes involved
in thermotolerance also influence the stress response and possibly contribute to the
virulence of A. fumigatus (Dagenais and Keller, 2009; Bhabhra and Askew, 2005).
A comparative proteomic study of the heat shock response in A. fumigatus identified
proteins involved in translation, protein folding, cytoskeletal organisation,
metabolism the oxidative stress response (Albrecht et al., 2010b).

A. fumigatus encounters various different stresses including reactive oxygen
species (ROS), hypoxia and nutrient starvation in a host. Alveolar macrophages
destroy conidia that have been phagocytosed in a ROS-dependent manner, while
neutrophils attack hyphae with microcidal molecules and ROS (McCormick et al.,
2010; Dagenais and Keller, 2009; Hohl and Feldmesser, 2007). Yet, disruption of
various genes involved in the oxidative stress response (e.g., Afyapl (Lessing et al.,
2007), catA (Paris et al., 2003) and the four superoxide dismutase genes (Lambou et

al., 2010)) did not lead to attenuated virulence. However, the significance of the



ability of A. fumigatus to neutralise ROS is particularly evident in patients suffering
from chronic granulomatous disease (CGD). CGD sufferers lack a functional
NADPH activity and are susceptible to Aspergillus infection, particularly 1A
(Hartmann et al., 2011). As well as the oxidative stress response, A. fumigatus
produces the pigment melanin, which plays a role in protecting conidia by
scavenging ROS (Dagenais and Keller, 2009). White conidia, which lack melanin,
have been shown to be less virulent in a murine model of invasive aspergillosis (Jahn
et al., 1997). Melanin also aids the virulence of A. fumigatus by reducing fungal cell
phagocytosis and intracellular trafficking to acidified compartments (Hohl and
Feldmesser, 2007).

During infection, A. fumigatus encounters low levels of oxygen and therefore
must adapt to hypoxic conditions (Willger et al., 2008). Sterol regulatory element-
binding proteins (SREBPs) are required for adaptation to hypoxic environments as
oxygen sensors via sterol synthesis (Hartmann et al., 2011). In A. fumigatus the
deletion of srbA resulted in a strain that was not only unable to grow in hypoxic
conditions (1 % O,, 5% CO,), but was sensitive to azoles and most importantly, was
unable to cause disease in two murine models of IA (Willger et al., 2008). Therefore
the ability to adapt to hypoxic conditions is necessary for virulence in A. fumigatus.

One of the defence mechanisms of the host involves nutrient deprivation, so
the ability of A. fumigatus to acquire essential nutrients in this environment is
important for virulence (Abad et al., 2010; Hohl and Feldmesser, 2007). A.
fumigatus secretes enzymes, the majority of which are proteases that degrade host

proteins providing nutrients but also break down physical barriers in the host



allowing for increased growth (Abad et al., 2010). Individual proteases have not
been identified as virulence factors and it is thought that proteases play an
overlapping role in virulence (Abad et al., 2010). However, a deletion strain for
methylcitrate synthase, a key enzyme in the metabolism of the by-product of amino
acid degradation, had attenuated virulence in a murine model of IA indicating that
amino acid degradation is an important feature of virulence (lIbrahim-Granet et al.,
2008).

The ability of A. fumigatus to sequester iron in the host has contributed to the
virulence of this pathogen. Iron is important as it acts as a cofactor in enzymatic
reactions and also as a catalyst in electron transport systems (Dagenais and Keller,
2009). A. fumigatus acquires iron by two processes, (i) siderophore-mediated iron
uptake and (ii) reductive iron assimilation (Schrettl and Haas, 2011; Schrettl et al.,
2007). Reductive iron assimilation has been determined as dispensable for virulence,
however siderophore-mediated iron uptake is essential (Schrettl et al., 2007; Schrettl
et al.,, 2004). Mutant strains for genes involved in siderophore biosynthesis; A.
fumigatus sidA, sidC, sidD and sidF, all had decreased virulence in neutropenic mice
models if IA (Schrettl et al., 2007). The mutant for A. fumigatus sidA, which
catalyses the first step in biosynthesis, was avirulent in both neutropenic and non-
neutropenic models of IA, indicating the importance of iron acquisition in A.
fumigatus virulence (Hissen et al., 2005; Schrettl et al., 2004).

A. fumigatus secretes various secondary metabolites some of which have
been implicated in virulence (Dagenais and Keller, 2009). These secondary

metabolites produced in A. fumigatus include gliotoxin, fumagillin, fumitremorgins,



fumitoxin, fumigaclavines among others (Latge, 1999). Of these secondary
metabolites, gliotoxin, the most potent toxin produced by A. fumigatus, has been
characterised the best (Kwon-Chung and Sugui, 2009). Gliotoxin has been detected
in insect and animal models of IA and also in the sera of patients with IA (Dagenais
and Keller, 2009). Gliotoxin contributes to A. fumigatus virulence in preventing
macrophage and neutrophil phagocytosis, inhibiting the NADPH of neutrophils and
suppressing ROS production in neutrophils, and cilliary movement of epithelial cells
(Abad et al., 2010; Dagenais and Keller, 2009; Kwon-Chung and Sugui, 2009).
Investigation of the pathogenesis and multi-factorial virulence of A.
fumigatus has been aided greatly by the sequencing of the whole genome of this

fungus (Nierman et al., 2005) (Section 1.1.4).

1.1.4 A. fumigatus Genome

The genome sequence of A. fumigatus Af293 was published in 2005
(Nierman et al., 2005). Following sequencing, the genome was found to be 29.4 Mb
in size and contained 9,926 predicted genes present on eight chromosomes (Nierman
et al., 2005). The genome sequence of A. fumigatus Af293 is available online in the
Central Aspergillus Data Repository (CADRE) (Mabey et al., 2004). The genome
sequences of eight Aspergillus spp in total; A. clavatus, A. flavus, A. nidulans, A.
niger, A. oryzae, A. terreus and A. fumigatus; Af293, A1163, are available on

CADRE (www.cadre-genomes.org.uk). CADRE assigns each gene with a unique

CADRE identification number and provides transcript information regarding, for

example, the exon location, cDNA sequence and predicted protein sequence.
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Studies have compared the genome sequences of different Aspergillus spp.
providing information regarding genes related to pathogenicity, sexual reproduction,
and also identification of a translocation event between two strains of A. fumigatus
(Fedorova et al., 2008; Galagan et al., 2005). Fedorova et al. (2008) compared the A.
fumigatus Af293 and A1163 genome sequences and identified a translocation event
that took place between Chromosomes 1 and 6 of Af293 and a genomic region of
A1163. In a comparison of the genome sequences of A. fumigatus, A. nidulans and
A. oryzae, the genome of A. fumigatus was the smallest followed by A. oryzae (37
Mb) and A. nidulans (30 Mb). The three species of Aspergilli shared approximately
70 % amino acid identity for orthologous proteins (Galagan et al., 2005). A.
fumigatus contained approximately 500 genes that were found to have no
orthologues in A. nidulans or A. niger (Nierman et al., 2005). Many of these genes
related to secondary metabolite production and were found in clusters (Nierman et
al., 2005).

The availability of the genome sequence of A. fumigatus has accommodated
both genome-wide transcriptional analysis and proteomic investigations of A.

fumigatus (Kniemeyer, 2011; Schrettl et al., 2008; Perrin et al., 2007).

1.2 Functional Genomics

Sequencing of the A. fumigatus genome, along with the advent of efficient
genetic transformation techniques, has facilitated functional genomics investigations
in filamentous fungi, including A. fumigatus (Meyer et al.,, 2011). Functional

genomics is a research tool used to define the biological function of genes and their

11



products (Hieter and Boguski, 1997). It analyses and characterises the responses in
the proteome and/or the transcriptome to elucidate gene function.

One of the strategies for the elucidation of gene function is gene deletion and
this has been deployed extensively in A. fumigatus (Davis et al., 2011a; Schrettl et
al., 2010; Dagenais and Keller, 2009; Lessing et al., 2007). Over the course of the
past decade, gene deletion strategies have improved considerably due to the
development of efficient gene transformation techniques, increased availability of
selection markers, and the development of strains deficient for the non-homologous
end joining pathway which resulted in increased gene targeting efficiencies (Meyer
et al., 2011; da Silva Ferreira et al., 2006; Brakhage and Langfelder, 2002; Kubodera
et al., 2002). These topics will be discussed in more detail in Chapter 3.

Upon deletion of a gene of interest, comparative phenotypic analysis between
the wild-type and the deletion strain is carried out to identify phenotypes associated
with the loss of the gene of interest (Doyle, 2011). Comparative phenotypic analysis
involves exposing both the wild-type and deletion strains to physical and chemical
stresses (e.g., temperature, oxidative stress, antifungal drugs and cell wall
perturbants) (Doyle, 2011). While comparative phenotypic analysis provides
information towards possible gene functions, it does not offer an insight into the
consequences of the gene deletion in the cell. To determine the effects of a gene
deletion on the cell, the transcriptomes or proteomes of the wild-type and the gene
deletion strains, respectively, need to be compared (Doyle, 2011; Willger et al.,

2008; Lessing et al., 2007; Perrin et al., 2007).
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In A. fumigatus, LaeA is a transcriptional regulator of secondary metabolite
gene clusters (Perrin et al., 2007). A comparison of the transcriptional profiles of the
wild-type strain and an A. fumigatus AlaeA strain revealed that 943 genes,
representing 9.5 % of the genome, were differentially expressed between the two
strains (Perrin et al., 2007). These genes were involved in processes including
secondary metabolism, cell wall biogenesis and carbohydrate metabolism. The most
significant observation was that genes associated with 13 of the 26 secondary
metabolite biosynthesis clusters in A. fumigatus were expressed at lower levels in A.
fumigatus AlaeA compared to the wild-type strain confirming the regulatory role of
A. fumigatus laeA. As secondary metabolites in A. fumigatus have been implicated in
virulence, A. fumigatus laeA represents a novel target on the basis of its influence on
secondary metabolism.

It has been hypothesised that A. fumigatus encounters hypoxic
microenvironments in the host due to the influx of phagocytes and neutrophils, and
necrosis of tissue (Willger et al., 2008). The transcription factors, sterol regulatory
element-binding proteins, which include A. fumigatus srbA, have been associated
with hypoxia adaptation (Willger et al., 2008). The transcriptomes of wild-type and
A. fumigatus AsrbA exposed to hypoxia were analysed and compared and 87 genes
were differentially regulated (Willger et al., 2008). Genes involved in sterol
biosynthesis, cell wall biosynthesis and hyphal morphology were repressed in A.
fumigatus AsrbA. The implications of the repression of these genes were increased
sensitivity of A. fumigatus AsrbA to azoles and reduced virulence in two murine

models of IA. This study determined that hypoxia adaptation was possible in A.
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fumigatus and most likely contributes to its pathogenicity, warranting further study
in terms of azole drug resistance mechanisms, sterol metabolism and hypoxia
adaptation (Willger et al., 2008).

Alternatively, comparison of secreted metabolites from wild-type and gene
deletion strains may also provide insight into gene function. This was the case with
A. fumigatus gliG, a putative glutathione s-transferase that is part of the gliotoxin
biosynthetic cluster (Davis et al., 2011a; Gardiner et al., 2005). A comparison of the
secreted metabolites from A. fumigatus AgliG with the wild-type strain revealed the
absence of gliotoxin in A. fumigatus AgliG but the presence of an alternative
metabolite (Davis et al., 2011a). Characterisation of this metabolite determined it as
a gliotoxin precursor and therefore it was confirmed that A. fumigatus gliG is
essential for gliotoxin biosynthesis in A. fumigatus (Davis et al., 2011a).

In addition to its use in elucidating gene function in A. fumigatus, functional
genomics has also been employed to investigate the interactions of human bronchial
epithelial cells with A. fumigatus conidia (Gomez et al., 2010). Gomez et al. (2010)
analysed the transcriptomic response of the human bronchial epithelial cells
following interaction with A. fumigatus conidia and identified increased transcripts
of genes involved in repair and inflammatory processes, while the transcripts of
genes involved with mitosis were decreased. This study demonstrated the ability of
functional genomics to provide information regarding the host response to A.
fumigatus, of which a greater understanding may provide new drug targets and

improve drug development.
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1.3 Comparative proteomics

Although relatively new in A. fumigatus study, comparative proteomics
investigations have gained momentum in recent years. Improvements in protein
extraction techniques, the availability of sequenced genomes, and finally the
availability of proteomics technologies such as Liquid Chromatography Mass
Spectrometry (LC-MS/MS) have aided the progression of proteome studies (Doyle,
2011; Kniemeyer, 2011). In A. fumigatus in particular, the development of strategies
for efficient protein extraction from mycelia, which is difficult due to the presence of
a robust cell wall, has been important for the development of this area of research
(Carberry and Doyle, 2007; Kniemeyer et al., 2006).

Some of the first proteomic studies in A. fumigatus were involved with
mapping and cataloguing the fungal proteome and subproteomes (Vodisch et al.,
2009; Carberry et al., 2006). Using two-dimensional polyacrylamide gel
electrophoresis (2D-PAGE) and Matrix Assisted Laser Desorption lonisation Time
of Flight Mass Spectrometry (MALDI-ToF MS), Carberry et al. (2006) mapped and
identified 50 proteins in the A. fumigatus proteome. In the same study, Carberry et
al. (2006) used GSH-Sepharose affinity chromatography to selectively detect and
purify glutathione binding proteins in A. fumigatus prior to 2D-PAGE. Vodisch et al.
(2009) combined 2D-PAGE with MALDI-ToF-MS/MS to identify 334 proteins in A.
fumigatus. They also mapped the mitochondrial proteome in the same study,
identifying 147 proteins (Vodisch et al., 2009). The proteome of dormant conidia has

also been characterised using 2D-PAGE with MALDI-ToF-MS/MS (Teutschbein et
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al., 2010). In total 449 proteins were identified involved in processes including
translation, energy, metabolism and the stress response (Teutschbein et al., 2010).

Comparative proteomics comprises the separation of proteins using 2D-
PAGE, followed by image analysis to determine differentially expressed proteins,
which are then identified by mass spectrometry (Kniemeyer et al., 2009; Carberry
and Doyle, 2007). Image analysis software compares stained gels and detects protein
spots that are present at different intensities between gels. Alternatively, protein
samples can be labelled with fluorescent dyes in Differential Gel Electrophoresis
(DIGE) (Unlu et al., 1997). With DIGE, protein extracts are pre-labelled with
different fluorescent cyanine dyes. The protein extracts are then separated on the
same IEF strip and, following 2D-PAGE, are scanned using a fluorescent scanner
and the proteins are quantified according to the fluorescence intensity of the protein
spots. Three different dyes are available for labelling, allowing for the comparison of
three different protein extracts (Minden et al., 2009).

Comparative proteomic studies have been undertaken to investigate changes
in the proteome due to the addition of stress (e.g., heat shock (Albrecht et al., 2010b)
and H,0, (Lessing et al., 2007)), antifungals (e.g., amphotericin B (Gautam et al.,
2008) and caspofungin (Cagas et al., 2011)) and also to complement gene deletion
studies (Sato et al., 2009). Comparative proteomics to explore the effect of H,O, on
the A. fumigatus proteome identified 27 proteins with up-regulated expression and
17 proteins with down-regulated expression (Lessing et al., 2007). The predominant
increased expression of a mitochondrial peroxiredoxin Prx1 and Allergen Asp f3,

which have been classified as thioredoxin peroxidases, indicated the importance of
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the thioredoxin system in response to oxidative stress (Lessing et al., 2007). Lessing
et al. (2007) also used comparative proteomics to investigate the effects of deleting
the transcription factor Afyapl, involved in the oxidative stress response, in A.
fumigatus. This led to the identification of 29 proteins whose expression was down-
regulated in A. fumigatus Ayapl. Interestingly, these proteins were found to be
increased in expression in A. fumigatus in response to H,0O,, confirming Afyapl
involvement in the regulation of these proteins.

In A. nidulans, comparative proteomics was employed to investigate the
deletion of a glutathione reductase (glrA) (Sato et al., 2009). A. nidulans AglrA
displayed reduced resistance to oxidative stress, decreased intracellular glutathione
and was sensitive to temperature. Following 2D-PAGE and comparative image
analysis, 13 and 7 proteins were up-regulated and down-regulated respectively.
Proteins involved in the oxidative stress response were identified, among them a
thioredoxin reductase, a cytochrome c peroxidase, catalase B and a glutathione s-
transferase. This revealed interplay between the glutathione systems and both the
thioredoxin system and the hydrogen peroxide defence mechanisms.

Comparative proteomics was used to investigate the effect of the antifungal
amphotericin B on A. fumigatus (Gautam et al., 2008). The exact mechanism by
which amphotericin B acts as an antifungal is unknown, however it known that it
targets and forms pores in the cell membrane (Baginski et al., 2006). Increased
expression of 76 proteins and decreased expression of 9 proteins was observed in A.
fumigatus upon exposure to amphotericin B (Gautam et al., 2008). Proteins

associated with ergosterol biosynthesis, cell wall maintenance, cell stress and
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transport were all differentially expressed. As amphotericin B targets ergosterol
biosynthesis the identification of ERG13 as one of the up-regulated proteins
suggested its increased expression is to overcome the stress caused by amphotericin
B. Gautam et al. (2008) also investigated the transcriptome of A. fumigatus in the
presence and absence of amphotericin B by microarray analysis. The expression of
295 genes were differentially expressed, 165 genes were up-regulated while 130
genes were down-regulated. These genes belonged to the same functional categories
as observed for the differentially regulated proteins.

Other studies have employed both comparative proteomics and
transcriptomics to investigate the effects of gene deletion or applied stress (e.g., heat
shock (Albrecht et al., 2010b)). However poor correlation between mRNA levels and
protein expression levels have been observed in Aspergillus and yeast (Albrecht et
al., 2010b; Greenbaum et al., 2003). In examining the effects of heat shock in A.
fumigatus, only 32 proteins and the respective transcripts correlated in their
differential regulation despite the differential expression of 91 proteins, although it
should be noted that the proteome and transcriptome were profiled by two different
groups (Albrecht et al., 2010b; Nierman et al., 2005). In a functional profiling study
of the A. fumigatus biofilm, poor correlation between the transcriptome and
proteome was observed (Bruns et al., 2010a). Bruns et al. (2010a) observed good
correlation for genes and proteins involved in protein and amino acid metabolism,
however, in the case of heat shock proteins, gene expression was the reverse of
protein expression. There are a number of factors that may contribute to the poor

correlation between proteomic and transcriptomic data. A delay between
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transcription and translation may account for the presence of a gene in the
transcriptome but its absence at the protein level (Greenbaum et al., 2003).
Additionally, if the response to a stress (e.g., heat shock or oxidative stress) is being
investigated, translation may be repressed under these conditions. So while a gene
may be up-regulated at the transcript level, it may not be translated and consequently
the protein levels do not correlate (Albrecht et al., 2010b).

While the transcriptome provides significant information regarding mRNA
expression levels in a cell in response to a stress, ultimately it is the protein levels
and concomitant interactions that are the facilitatory agents in the cell with regard
adaptation to a new environment (Greenbaum et al., 2003). For this reason,
comparative proteomics is a powerful tool for investigating the impact a gene

deletion has on the cell as a whole, that is, for studying fungal systems biology.

1.4  Systems biology

Genomics, transcriptomics and proteomics along with metabolomics all
contribute to a systems understanding of cellular processes and responses (Andersen
and Nielsen, 2009). The integration of information from genomic, transcriptomic,
proteomic and metabolomic studies increases knowledge at the different levels; from
gene to protein and also metabolic fluxes, and how this influences the interaction of
different components in the cell (Zhang et al., 2010). Because regulation in the cell
occurs on the transcriptomic, proteomic and metabolomic level, it is important to

take a holistic view of the cellular system (Andersen and Nielsen, 2009).
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Systems biology is more advanced in bacterial research however advances
are being made in fungal research (Albrecht et al., 2011). A functional map of S.
cerevisiae has been published recently which contains genetic interaction profiles for
75 % of genome (Costanzo et al., 2010). This functional map provides a wealth of
information on the links between genotypes and phenotypes. In A. niger a metabolic
network comprising 2240 enzymatic reactions was constructed providing a
comprehensive overview of A. niger metabolism (Andersen et al., 2008). This
metabolic map has potential to aid the development of high-yield production
platforms in A. niger (Andersen et al., 2008).

In A. fumigatus, systems biology studies in transcriptomics and proteomics
have been carried out (Gautam et al., 2008; Willger et al., 2008; Lessing et al.,
2007), however genetic modelling of a network encompassing the data obtained
from the systems studies has yet to be developed (Albrecht et al., 2011). The
establishment of a data warehouse, Omnifung (www.omnifung.hki-jena.de), storing
data from microarrays and 2D-PAGE (Priebe et al., 2011), and the Aspergillus
Genome Database (www.aspergillusgenome.org) (Arnaud et al., 2010), containing
gene and protein sequence data aid researchers however an integrated data
warehouse combining this information is required for the complete systems biology
of A. fumigatus (Kniemeyer, 2011). Understanding the systems of A. fumigatus will
lead to a greater understanding of pathogenicity and responses to host immune
system, leading on to the prediction of drug targets, and the potential for
development of vaccines (Albrecht et al., 2011; Andersen and Nielsen, 2009). One

area in which there is a deficit in information is protein synthesis in A. fumigatus
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with respect to the functions of the individual components of this process and their

roles in the overall system of the organism.

1.5 Protein synthesis in eukaryotes

Protein synthesis is a fundamental process that is divided into four stages;
initiation, elongation, termination and ribosome recycling (Deplazes et al., 2009;
Rodnina and Wintermeyer, 2009; Preiss and Hentze, 2003). It is carried out by
ribosomes and translation factors which include; eukaryotic initiation factors (elF),
elongation factors (EF) and termination release factors (eRF) (Deplazes et al., 2009;
Valouev et al., 2009; Preiss and Hentze, 2003). Protein synthesis is regulated in
response to intracellular growth, extracellular signals and stress conditions (Deplazes
et al., 2009). This regulation of protein synthesis primarily occurs at the initiation
stage, however regulation has also been seen to occur during elongation (Jackson et
al., 2010; Deplazes et al., 2009; Shenton et al., 2006). In response to stress, protein
synthesis is usually reduced to prevent translation errors and in addition to this,
molecular chaperone systems are often up-regulated to deal with any increase in
denatured or misfolded proteins (Deplazes et al., 2009; Shenton et al., 2006).

Ribosomes are large ribonucleoprotein assemblies that carry out protein
synthesis (Rodnina and Wintermeyer, 2009; Preiss and Hentze, 2003). The
eukaryotic ribosome is composed of two subunits, the 40S subunit and the 60S

subunit (Figure 1.2) (Zemp and Kutay, 2007).
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Figure 1.2: Schematic representation of the ribosome. Incoming aminoacyl-tRNA
enters the A site, the P site holds the tRNA that is linked to the peptidyl-tRNA, while
the E site holds the deacylated tRNA. Image taken from

www.sgugenetics.pbworks.com.
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The decoding of MRNA by aminoacyl-tRNA occurs at the small 40S subunit, while
the large 60S subunit is responsible for catalysing the formation of peptide bonds
(Rodnina and Wintermeyer, 2009)

The ribosome has three sites; P, A, and E, that are directly involved in
translation (Figure 1.2). The P site holds the tRNA that is linked to the peptidyl-
tRNA, the A site accommodates the incoming aminoacyl-tRNA, and the E site
houses deacylated tRNA prior to its release from the ribosome (Jackson et al., 2010).
Protein synthesis is usually carried out by polysomes where multiple ribosomes
translate the mMRNA (Merrick, 2010).

Translation initiation is the most complex step of translation and therefore
can often be the rate-limiting step (Gallie, 2002). Translation initiation can be
divided into four steps; (i) the formation of the 43S complex, (ii) recruitment of the
43S complex to the capped 5’ end of the mRNA, (ii1) scanning of the 5’ untranslated
region (5 UTR) of the mRNA for the start codon, and (iv) assembly of the 80S
ribosome by the joining of the 60S subunit (Figure 1.3) (Preiss and Hentze, 2003). In
the cell, the 40S and 60S subunits of the ribosome form the 80S ribosome, which is
favoured by physiological conditions (Jackson et al., 2010; Preiss and Hentze, 2003).
The first step in the formation of the 43S complex is the dissociation of the 80S
ribosome into the 40S and 60S subunits by elF3, elF1 and elF1A (Jackson et al.,
2010; Preiss and Hentze, 2003). The ternary complex comprised of elF2 and initiator
Met-tRNA;M® binds the 40S subunit to form the 43S complex (Jackson et al., 2010;

Deplazes et al., 2009; Preiss and Hentze, 2003; Gallie, 2002).
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The 43S complex then scans the 5° UTR until the start codon is positioned at the 40S
subunit. Codon/anti-codon interaction results in GTP hydrolysis of elF2-GTP
reducing its affinity for Met-tRNA;M* and resulting in the partial dissociation of elF2
from the 40S subunit. Finally hydrolysis of elF5B-bound GTP results in the release
of initiation factors from the 40S subunit and joining of the 60S subunit to form the
80S ribosome required for elongation.

Translation elongation can be separated into three steps; decoding of the
MRNA codon by aminoacyl-tRNA, formation of the peptide bond, and finally
translocation of the peptidyl-tRNA from the A site to the P site in the ribosome
(Rodnina and Wintermeyer, 2009).

Revelant to the work presented in this thesis, eukaryotic translation
elongation factor 1A (eEF1A) binds and recruits aminoacyl-tRNA to the A site of
the ribosome where, once a codon/anticodon match is detected, it deposits the
aminoacyl-tRNA (Mateyak and Kinzy, 2010; Ozturk and Kinzy, 2008). eEF1A will
be discussed in more detail in Section 1.6. Once aminoacyl-tRNA has been deposited
in the A site, a peptide bond is formed with the P-site peptidyl tRNA (Mateyak and
Kinzy, 2010; Rodnina and Wintermeyer, 2009). The 60S subunit catalyses the
transfer of the peptidyl moiety from the peptidyl tRNA in the P site to the
aminoacyl-tRNA in the A site resulting in the formation of a peptide bond (Taylor et
al., 2007). The final step of translation elongation is the translocation of the peptidyl-
tRNA from the A and P sites to the P and E sites, respectively, to position the next
codon in the A site for decoding by eEF1A (Mateyak and Kinzy, 2010; Taylor et al.,

2007). Translocation is catalysed by eEF2 in a GTP hydrolysis reaction (Taylor et
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al., 2007; Ejiri, 2002). These three steps of translation repeat until a stop codon
enters the A site.

Translation termination is controlled by the translation releasing factor (eRF)
and the presence of a stop codon in the A site of the ribosome (Valouev et al., 2009;
Alkalaeva et al., 2006). eRF is composed of two subunits; eRF1 which recognises
the three stop codons and catalyses the hydrolysis of the P site peptidyl-tRNA
releasing the complete polypeptide chain, and eRF3 which provides the GTPase
activity for eRF1 (Rodnina and Wintermeyer, 2009; Valouev et al., 2009; Han et al.,
2005). GTP hydrolysis by eRF3 couples eRF1 recognition of the stop codon and
peptidyl-tRNA hydrolysis and ensures that hydrolysis of peptidyl-tRNA by eRF1 is
rapid (Alkalaeva et al., 2006).

Ribosome recycling is the dissociation of the 80S ribosome into the 40S and
60S subunits allowing for their participation in translation initiation once more
(Jackson et al., 2010). As described for translation initiation, elF3, eFI3j, elF1 and
elF1A are all involved in the dissociation of the 80S ribosome into the 40S and 60S
subunits (Pisarev et al., 2007; Preiss and Hentze, 2003). The P site deacylated-tRNA
is released by elF1, while elF3j removes bound mRNA. It is thought that elF3, elF1
and elF1A remain bound to the 40S subunit to prevent its reassociation with the 60S
subunit and allow for its binding to the ternary complex to form the 43S complex in

translation initiation (Pisarev et al., 2007).
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1.6 Eukaryotic elongation factor 1 complex

The eukaryotic elongation factor 1 (eEF1) complex delivers all aminoacyl-
tRNAs to the ribosome with the exception of the initiator tRNA and selenocysteine
tRNAs (Mateyak and Kinzy, 2010). The eEF1 complex is composed of two subunits,
eEF1A and eEF1B (Pittman et al., 2009). eEF1A binds and delivers aminoacyl-
tRNA to the A site of the ribosome. eEF1A is a G-protein and requires a guanine
nucleotide exchange factor (GEF). eEF1B is the GEF for eEF1A and is itself
composed of two subunits; ¢eEF1Ba and eEF1By (Figure 1.4a) (Ozturk and Kinzy,
2008). In metazoans, a third subunit of eEB1B, eEF1Bp, is present (Ozturk and
Kinzy, 2008; Jeppesen et al., 2003). In S. cerevisiae, the eEF1Ba subunit is the
nucleotide exchange factor, while the function of eEF1By has not been fully
elucidated (Pittman et al., 2009). eEF 1By will be discussed in more detail in Section
1.7.

One of the most abundant protein synthesis factors in the cell is eEF1A
(Mateyak and Kinzy, 2010). The canonical function of eEF1A is the delivery of
aminoacyl-tRNA to the elongating ribosome. eEF1A binds aminoacyl-tRNA in a
GTP-dependent manner and delivers it to the A site of the ribosome (Mateyak and
Kinzy, 2010; Rodnina and Wintermeyer, 2009). Once a codon/anticodon match takes
place, the ribosome acts as a GTPase-activating factor resulting in GTP hydrolysis
(Pittman et al., 2009). Because it is now bound to GDP, eEF1A “switches” to its
inactive state and is released from the ribosome (Pittman et al., 2009). GEFs catalyse
the release of GDP from G-proteins as follows; the GEF binds to the G-protein and

releases the phosphate groups, which in turn dissociates the nucleotides (Ozturk and
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Kinzy, 2008; Bos et al., 2007). e¢EF1Ba catalyses this nucleotide exchange
facilitating eEF1A to bind to GTP enabling it to bind aminoacyl-tRNA once more.
The crystal structure of eEF1A from S. cerevisiae has elucidated that it is divided
into three domains; domain I, domain Il and domain Ill (Figure 1.4b) (Andersen et
al., 2001). Domain | binds GTP, domain Il binds aminoacyl-tRNA and finally
domains | and Il interact with aminoacyl-tRNA (Mateyak and Kinzy, 2010; Ejiri,
2002; Andersen et al., 2001).

In addition to delivering aminoacyl-tRNA to the elongating ribosome, eEF1A
is also an actin binding and bundling protein, an interaction that is conserved from
yeast to mammals (Pittman et al., 2009; Gross and Kinzy, 2005). It has been
estimated that greater than 60 % of eEF1A in the cell is associated with the actin
cytoskeleton (Gross and Kinzy, 2005). Actin is an essential component of the
cytoskeleton involved in a variety of cellular processes ranging from growth and
differentiation to stress response (Farah et al., 2011; Kummasook et al., 2011). The
actin binding and bundling activity of eEF1A is independent of GTP and does not
take place in the presence of aminoacyl-tRNA suggesting mutual exclusiveness of
these two binding factors (Figure 1.4a) (Edmonds et al., 1998; Liu et al., 1996).
Actin binds to domains Il and 11l of eEF1A in S. cerevisiae (Gross and Kinzy, 2007;
Gross and Kinzy, 2005). eEF1Ba also binds to Domain II of éEF1A and Pittman et
al. (2009) have shown that in vitro, eEF1Ba reduces the actin bundling activity of
eEF1A and may act as a regulator in directing eEF1A function to translation

elongation.
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Figure 1.4: The eEF1 complex

A. The eEF1 complex is composed of eEF1A and eEF1B. eEF1B is composed of
two subunits; eEF1Ba and ¢EF1By. eEF1A delivers aminoacyl-tRNA to the
elongating ribosome. eEF1Ba is the nucleotide exchange factor for eEF1A,
while ¢eEF1By may stimulate this reaction. eEF1A also binds and bundles actin,
however this is mutually exclusive of aminoacyl-tRNA binding. eEF1Ba and
actin bind to the same domain in eEF1A therefore eEF1Ba may regulate the
actin binding activity of eEF1A. eEF1By has been shown to bind keratin in
epithelial cells. The dashed arrows indicate putative interactions.

B. The structural organisation of eEF1A from S. cerevisiae. Domain | (Red) binds
GTP, domain Il (Yellow) binds aminoacyl-tRNA, and domains Il and Ill (Dark
Blue) interact with actin. eEF1Ba (Light Blue) binds to domains I and II of

eEF1A. Figure taken from Mateyak and Kinzy (2010).
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The regulation of the actin bundling activity of eEF1A by eEF1Ba is very important
for cytoskeleton organisation as mutant strains of eEF1Ba in S. cerevisiae with a
lowered affinity for eEF1A, induced actin disorganisation which was in the form of
the loss of actin cables and an increased cell size compared to wild-type cells
(Pittman et al., 2009). It has also been demonstrated that disruptions to the actin
cytoskeleton can result in a block in translation initiation (Gross and Kinzy, 2007).
Two specific mutations of eEFIA (F308L and S405P) in S. cerevisiae not only
exhibited actin cytoskeleton disorganisation, but also an increased 80S
ribosome/polysome ratio which is indicative of a defect in translation initiation
(Gross and Kinzy, 2007). This suggests that eEF1A actin organisation influences
translation initiation in yeast.

eEF1A, along with eEF1Ba, has an important function not only in translation
elongation but also in actin cytoskeleton organisation. The function of eEF1By in the
eEF1 complex has not been fully elucidated and will be discussed in more detail in

Section 1.7.

1.7  Eukaryotic elongation factor 1By

eEF1By along with eEF1Ba form the eEF1B complex that provides eEF1A
with GEF activity. Studies have shown that eEF1Ba is the GEF, whereas eEF1By
does not carry out any GEF activity suggesting that it may have a stimulatory
function for eEF1Ba (Esposito and Kinzy, 2010; Le Sourd et al., 2006; Janssen and
Moller, 1988). In S. cerevisiae, eEF1By is encoded by two genes; TEF3 and TEF4

(Valouev et al., 2009; Olarewaju et al., 2004). eEF1By proteins encoded by both of
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these genes were found, along with eEF1Ba, to interact with the release factors eRF1
and eRF3, indicating that eEF1B provides GEF activity for translation termination
(Valouev et al., 2009). Deletion of either or both of the TEF3 and TEF4 genes did
not have any significant effect on total translation or protein synthesis in S.
cerevisiae (Olarewaju et al., 2004).

The crystal structure of the N-terminal region of S. cerevisiae eEF1By
contains a glutathione s-transferase (GST) -like domain, although GST activity was
not observed for this domain (Jeppesen et al., 2003). Prior to this, multiple alignment
analysis, sequence motif searching along with tertiary structure modelling
determined that eEF1By contained an N-terminal that was related to the theta class
of GSTs (Koonin et al., 1994). GST activity, however, has been observed in eEF1By
proteins from different organisms. Specifically, eEF1By from A. fumigatus, purified
by GSH-affinity chromatography exhibited GST activity for the substrates 1-chloro-
2,4-dinitrobenzene (CDNB) and ethacrynic acid (Carberry et al., 2006). In addition
to A. fumigatus eEF1By, orthologues from rice and the silk worm Bombyx mori,
expressed in E. coli, were also amenable to GSH-affinity purification (Kamiie et al.,
2002; Kobayashi et al., 2001), and the eEF1By proteins from both of these
organisms exhibited GST activity. The eEF1By protein from Trypanosoma cruzi
detoxified lipophilic compounds in a GST-like manner (Billaut-Mulot et al., 1997).
It was suggested that the GST activity of eEF1By from T. cruzi may be involved in
protecting lipids from peroxidation in this parasite and consequently contributed to
its resistance to the lipophilic compound clomipramine (Billaut-Mulot et al., 1997).

It has also been hypothesised that the presence of a GST domain in eEF1By may act

32



to protect the elongating ribosome against oxidative stress (Carberry et al., 2006), to
control translation in response to oxidative stress (Ejiri, 2002), or indeed may act to
regulate protein folding in a chaperone like manner (Koonin et al., 1994). Given that
GST activity has already been demonstrated in eEF1By proteins, further studies are
required to fully understand the presence of a GST domain in eEF1By.

Esposito and Kinzy (2010) observed dramatic changes in protein expression
patterns upon the deletion of both TEF3 and TEF4 in S. cerevisiae although the
overall rate of protein synthesis was the same as the wild-type. There was an altered
expression of heat shock proteins in the strain lacking eEF1By. This altered heat
shock protein expression has been implicated in the increased resistance to oxidative
stress observed with the absence of eEF1By in S. cerevisiae (Olarewaju et al., 2004).
eEF1By in S. cerevisiae was first identified through a screen for calcium dependent
membrane-binding protein (Le Sourd et al., 2006; Kambouris et al., 1993). In the
absence of eEF1By in yeast, morphological defects in vacuoles were observed along
with a defect in vacuolar protein turnover (Esposito and Kinzy, 2010). The eEF1By
deletion strain was also sensitive to tunicamycin, which suggested that there was also
a defect in the ER-associated degradation (ERAD) pathway. Both vacuolar protein
turnover and the ERAD pathway are involved in degrading oxidised proteins (Wang
et al.,, 2010). It was observed that there was an increase in oxidised proteins
accumulated in the eEF1By strain, due to the defective vacuolar protein turnover and
ERAD pathways (Esposito and Kinzy, 2010). The results observed in this study by
Esposito and Kinzy (2010) suggest that in S. cerevisiae, eEF1By is involved in a

membrane-associated function in the cell.
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eEF1By has also been linked to the cytoskeleton in mammalian cells where it
has been observed to interact with keratin in epithelial cells (Kim and Coulombe,
2010; Kim et al., 2007). In vitro, eEF1By purified from epithelial cells cross-links
keratin intermediate filament assemblies, while in vivo eEF1By increased the
formation of keratin intermediate filament bindles in the epithelial cells (Kim et al.,
2007). Overexpression of eEF1By in epithelial cells resulted in a disrupted
interaction between eEF1By and keratin, and also reduced protein synthesis. This
suggested that the physical link between eEF1By and keratin has a functional role in

translation in epithelial cells (Kim and Coulombe, 2010; Kim et al., 2007).

1.8 eEF1By in A. fumigatus

As mentioned in Section 1.7, eEFIBy was identified in A. fumigatus
following isolation as a GSH-binding protein (Carberry et al., 2006). In A.
fumigatus, eEF1By is encoded by A. fumigatus elfA. Proteins in A. fumigatus
selected by GSH-Sepharose affinity chromatography were separated by 2D-PAGE
and EIfA was identified as the most abundant protein and was present as two distinct
spots (Carberry et al., 2006). Further analysis by Carberry et al. (2006) determined
that EIfA was present as a monomer in the cell and is approximately 20 kDa. GST
activity was demonstrated in native EIfA, representing the first demonstration of
GST activity in native eEF1By, as previous to this GST activity had only been
determined in recombinantly produced eEF1By (Carberry et al., 2006; Kamiie et al.,

2002; Kobayashi et al., 2001). Phylogenetic analysis of EIfA along with 28 predicted
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GST proteins from a range of fungal species showed that EIfA clustered in the
EF1By-like group (Figure 1.5) (Carberry et al., 2006).

In microarray analysis of A. fumigatus gene expression in response to heat
shock, A. fumigatus elfA was up-regulated two-fold after 1 h of a temperature shift
from 30 °C — 48 °C, suggesting a possible role in protection against heat shock
(Nierman et al., 2005). However in a follow-up study examining the changes in the
A. fumigatus proteome in response to the same heat shock, EIfA was not identified as
being differentially expressed, indicating that while the transcript may have been up-
regulated, this was not translated at the protein level (Albrecht et al., 2010b).

In a comparative proteomic study of an A. fumigatus yapl deletion strain, A.
fumigatus elfA was down-regulated in A. fumigatus Ayapl following exposure to
H.0O, (Lessing et al., 2007). As A. fumigatus yap1l is a transcription factor involved
in the regulation of the response to oxidative stress, Lessing et al. (2007) suggested
that the proteins down-regulated in A. fumigatus Ayap1l in response to H,O, may be
under the regulation of A. fumigatus yapl. This indicates that A. fumigatus elfA may
be involved in the response to oxidative stress however this has not been explored to

date.
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Figure 1.5: Phylogenetic analysis of A. fumigatus EIfA along with 28
predicted GST proteins from other fungal species. EIfA clusters in the
EF1By-like group of proteins. EF1By-like proteins comprise: EAA47645
(Magnaporthe grisea); Q00717 (Aspergillus nidulans); EAA77260
(Gibberella zeae); EAAB5279 ((Magnaporthe grisea); NP_011717
(Saccharomyces cerevisiae); KLLAOD11594G (Kluyveromyces lactis);
KLLAOF26092G (Kluyveromyces lactis); AAA16892 (Saccharomyces
cerevisiae); NP_012842 (Saccharomyces cerevisiae); YALI0C24420G
(Yarrowia lipolytica); YALIOB12562G (Yarrowia lipolytica);
DEHAOD17369G (Debaryomyces hansenii); EAA57903 (Aspergillus
nidulans); XP_323127 (Neurospora crassa); EAA64302 (Aspergillus
nidulans); NP_587885 (Schizsaccharomyces pombe). Ure2 protein comprise:
KLLAO0D19624G (Kluyveromyces lactis); NP_014170 (Saccharomyces
cerevisiae); CAGL0J07392G (Candida glabrata); DEHAOF08635G
(Debaryomyces hansenii); YALIOC03069G (Yarrowia lipolytica). MAK16
proteins comprise: NP_009377 (Saccharomyces cerevisiae); NP_586198
(Encephalitozoon  cuniculi); CAGL0G06248G (Candida glabrata);
KLLAOA04037G (Kluyveromyces lactis); DEHAOF02112G (Debaryomyces
hansenii); YALIOC08052G (Yarrowia lipolytica). Figure taken from
Carberry et al. (2006).
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Furthermore, in A. nidulans, an orthologue of A. fumigatus EIfA was up-regulated in
a glutathione reductase deletion strain (AglrA) (Sato et al., 2009), again suggesting a
possible link with the oxidative stress response.

Overall, there is very little information available regarding the role of A.
fumigatus elfA in translation elongation. It is known that the A. fumigatus elfA GST
domain is enzymatically active (Carberry et al., 2006), however the relevance of the
presence of a GST domain in an elongation factor needs further investigation with
respect to a possible role in redox control and oxidative stress. In other organisms
(e.g., S. cerevisiae and mammalian epithelial cells) eEF1By has been shown to
interact with membranes and the cytoskeleton (Esposito and Kinzy, 2010; Kim et al.,
2007), however it is not known whether A. fumigatus elfA has any interactions with
either the membrane network or the actin cytoskeleton. Thus, it is clear that there
remains a lot to be explored regarding A. fumigatus elfA. Although the GST activity
of EIfA will not be directly evaluated in this thesis nonetheless GST functionality

merits consideration giving their expanding role in fungal systems.

1.9  Glutathione s-transferases
1.9.1 GST function

GSTs (EC 2.5.1.18) are a superfamily of multifunctional proteins functioning
in cellular detoxification of a wide range of exogenous and endogenous compounds
(Frova, 2006). GSTs are phase Il detoxification enzymes and they function by
catalysing the nucleophilic attack of glutathione (GSH: y-Glu-Cys-Gly) on non-polar

compounds that contain an electrophilic carbon, nitrogen or sulphur atom forming
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more soluble non-toxic peptide derivatives (Frova, 2006; Hayes et al., 2005). These
GSH conjugated xenobiotics are removed from the intracellular space by ABC
transporters that pump them into intracellular vacuoles (McGoldrick et al., 2005).
GSTs contribute to the metabolism of oxidative stress products such as peroxides,
drugs, pesticides and other xenobiotics (Oakley, 2005).

The detoxification of these xenobiotics occurs in three distinct phases; phase
I, phase Il and phase Il (Sheehan et al., 2001). Phase | involves the conversion of
the xenobiotics into more polar metabolites through the unmasking or de novo
formation of a functional group (e.g., a thiol group) (Jancova et al., 2010). Phase |
reactions, of which one of the major reactions is oxidation, are generally catalysed
by cytochrome P450 enzymes (Jancova et al.,, 2010; Sheehan et al., 2001).
Quantitatively, the major phase Il reaction is the conjugation of the activated
xenobiotics to GSH, which is catalysed by GSTs (Figure 1.6) (Sheehan et al., 2001).
The electrophilic site of the activated xenobiotic reacts with the thiolate group of
GSH forming a less toxic and more water soluble compound (Dourado et al., 2008).
Phase Ill involves the active removal of this water soluble conjugated compound
from the cell (Sheehan et al., 2001).

Fungal GSTs mainly appear to be involved in protecting against damage
caused by oxidative stress, heavy metals and antifungals (Morel et al., 2009),
however recent studies have also implicated a fungal GST to have a biosynthetic role
in gliotoxin production (Davis et al., 2011a; Scharf et al., 2011). Fungal GSTs, in

particular those found in A. fumigatus will only be discussed here.
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Figure 1.6: Conjugation of glutathione to xenobiotics. The activated xenobiotic reacts with the thiol group of GSH forming the

glutathione conjugate (Jancova et al., 2010).
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1.9.2 GST classification

GSTs are classified according to (i) sequence similarity and subsequent
immunological reactivity, (ii) substrate specificity and (iii) structural characteristics
(Hayes et al., 2005; Sheehan et al., 2001). In order to be included in the same class,
two GSTs must share a minimum of 40 % sequence identity, and if this identity is
less than 30 % they are allocated to different classes (McGoldrick et al., 2005). The
N-terminus is quite conserved and contains the specific residues required for GSH
binding (Morel et al., 2009; Frova, 2006). Catalytically active tyrosine, serine or
cysteine residues, located within the N-terminus are required for binding the thiol
group of GSH (Frova, 2006). Due to its conservation within a class, the N-terminus
is generally used to determine structural similarities.

Classification of fungal GSTs has advanced in recent years due to the
increase availability of sequenced fungal genomes (Morel et al., 2009). Initially,
characterisation of S. cerevisiae GSTs divided them into the classes; omega, GTT,
Ure2p, MAK16 and EF1By (Morel et al., 2009; Garcera et al., 2006; Rai et al.,
2003; Choi et al., 1998; Koonin et al., 1994). McGoldrick et al. (2005) identified
five clusters of GST-like proteins following comparative multiple sequence
alignment of 67 GST-like sequences from 21 fungal species. These classes were
cluster 1, cluster 2, EF1By, Ure2p and MAKI16. The latter three classes had
previously been identified and related to the GST superfamily (McGoldrick et al.,
2005). Following this, Morel et al. 2009 described seven fungal GST classes in total;
omega, GTT1, GTT2, Ure2p, EF1By, MAK16 and GTE. The cluster 1 class

identified by McGoldrick et al. (2005) was shown to contain GTT1 from S.
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cerevisiae (Morel et al., 2009). Furthermore the GTT class was split into two
classes; GTT1 and GTT2, both of which are fungal specific (Morel et al., 2009).
Cluster 2 was found to contain an Ure2p-related GST from A. nidulans; GSTA
(Morel et al., 2009). The newly identified class, GTE (glutathione transferase
etherase-related), shares sequence homology with bacterial etherases (Morel et al.,
2009). In summary, there are now seven fungal GST classes; omega, GTT1, GTT2,

Ure2p, EF1By, MAK16 and GTE.

1.9.3 GSTsin A. fumigatus

A. fumigatus contains twenty five putative GSTs (Davis, 2011b), of which
only five have confirmed GST activity; GstA, GstB, GstC, GliG and EIfA (Table
1.1) (Davis et al., 2011a; Scharf et al., 2011; Carberry et al., 2006; Burns et al.,
2005). Burns et al. (2005) demonstrated that recombinant GstA, GstB and GstC
exhibited GST activity. Furthermore, RT-PCR of A. fumigatus gstA, gstB and gstC
expression showed increased expression of all three genes in response to 1-chloro-
2,4-nitrobenzene (CDNB) exposure, while A. fumigatus gstA and gstC were up-
regulated in response to H,O, (Burns et al., 2005). A. fumigatus gstB expression was
not induced upon exposure to H,O, indicating that these three GSTs may have
different roles with respect environmental stress in A. fumigatus (Burns et al., 2005).

A. fumigatus gliG is a member of the gliotoxin gene cluster and was predicted
to encode a GST (Davis et al., 2011a; Gardiner et al., 2005). Davis et al. (2011)
demonstrated that recombinant GliG expressed in E. coli exhibited both GST activity

and glutathione reductase activity. As described in Section 1.2, A. fumigatus gliG
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was found to be essential for gliotoxin biosynthesis and was proposed to mediate
GSH addition to an intermediate in the gliotoxin biosynthetic pathway (Davis et al.,
2011a; Scharf et al., 2011). This biosynthetic function of GliG and the presence of a
GST in A. fumigatus elfA highlight the possibility that GSTs in A. fumigatus are
involved in an array of different roles in this fungus, as has been observed in other
organisms (Frova, 2006; Hayes et al., 2005).

Given that GST activity has already been determined in native A. fumigatus
EIfA (Carberry et al., 2006), the work described in this thesis will focus on the
further characterisation of A. fumigatus elfA, in particular with respect to a possible

function in the oxidative stress response, to elucidate its role in the organism.
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Table 1.1: Characterised GSTs in A. fumigatus

A. fumigatus gene  GST Activity Reference
gstA Recombinant protein Burns et al. (2005)
gstB Recombinant protein Burns et al. (2005)
gstC Recombinant protein Burns et al. (2005)
elfA Native protein Carberry et al. (2006)
gliG Recombinant protein Davis et al. (2011a)
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1.10 Oxidative Stress

As a consequence of aerobic respiration, oxidative metabolism results in the
generation of ROS which comprise the superoxide anion (O, ), the hydroxyl radical
('OH) and hydrogen peroxide (H20,) (Farah et al., 2011). The majority of ROS in
the cell, approximately 90 %, is produced by the electron-transport chain (Lushchak,
2011). In order to function properly, the cell is required to strictly monitor and
control the levels of these ROS (Winyard et al., 2005). If the intracellular levels of
ROS increase, the cell is undergoing oxidative stress (Lushchak, 2011; Winyard et
al., 2005). In addition to endogenous sources of ROS (i.e., by-products of
mitochondrial, peroxisomal and ER-localised oxidative metabolism), exogenous
sources from the environment or host cell defence also result in oxidative stress
(Lépez-Mirabal and Winther, 2008; Winyard et al., 2005). ROS are severely
damaging, resulting in impairment of protein function, damage to DNA and
peroxidation of lipids, ultimately causing disruption of cellular functions and
possible cell death (Lopez-Mirabal and Winther, 2008; Wheeler and Grant, 2004;
Hayes and McLellan, 1999). Organisms have in place many different mechanisms to
sense, respond to and ultimately defend against ROS and oxidative stress, some of
which will be discussed in further detail here.

Glutathione is present in its reduced form (GSH) in larger quantities in the
cell than the oxidised form (GSSG) (Anderson et al., 1999). Oxidative stress can be
identified by a disruption in the GSH/GSSG redox balance. The GSH/GSSG redox
pair is considered to be a biological redox buffer due to the high concentration of

glutathione in the cell and also because it can potentially influence the intracellular
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protein thiol redox state (Lopez-Mirabal and Winther, 2008). During oxidative
stress, the concentrations of GSSG can increase resulting in disruption of the redox
balance (i.e., decreased GSH/GSSG ratio) as the intracellular conditions become
more oxidising (Rahman et al., 2006). Thiol groups in proteins are oxidised in a
number of ways when in the presence of ROS. Protein thiols exposed to ROS (e.g.,
H.0,) can be oxidised to form sulfenic acid (R-SOH), which in the presence of free
thiols, such as GSH, is easily converted to disulphide which may be intramolecular,
intermolecular or mixed disulphides with GSH (RS-SG) (Figure 1.7) (Lopez-Mirabal
and Winther, 2008). Alternatively, sulfenic acid can be further oxidised to sulfinic
acid (RSOOH), which can be converted back into reduced thiols by the enzyme
sulfiredoxin, or sulfonic acid (RSOOOH) which is irreversible (Lopez-Mirabal and
Winther, 2008; Biswas et al., 2006). Glutathionylated substrates (RS-SG) can be
reduced by the enzyme glutaredoxin (Grx), and in the process, GSSG is formed. The
reaction of GSH with oxidised proteins, and the formation of GSSG following their
subsequent reduction, disrupt the GSH/GSSG redox balance in the cell. The redox-
active sulphydryl group of GSH also directly scavenges ROS and acts as a cofactor
for the enzyme glutathione peroxidise (Wheeler and Grant, 2004). GSH which is
oxidised in this manner forms GSSG, again disrupting the GSH/GSSG redox balance

in the cell (Wheeler and Grant, 2004).
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Figure 1.7: Protein thiol modifications due to oxidative stress. In the presence of
ROS the thiol group forms a sulfenic acid derivative. This is a reversible
modification if it is converted into a mixed disulphide as this can be reduced by
glutaredoxin (Grx) or thioredoxin (Trx). Alternatively if the sulfenic acid derivative
is oxidised further to sulfinic acid or sulfonic acid derivatives, this damage is
generally irreversible. However in some cases, sulfinic acid can be converted back to

sulfenic acid by Srx.
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Oxidation of proteins can either be reversible or irreversible (Sheehan, 2006;
Ghezzi, 2005). The oxidation of protein thiol groups to sulfonic acid species is
irreversible and these “damaged” proteins must be degraded (Biswas et al., 2006).
The formation of mixed disulphides between proteins and glutathione is known as
glutathionylation (Gao et al., 2009; Ghezzi, 2005). Glutathionylation is a component
of the oxidative stress response in that it protects sensitive thiol groups from
irreversible oxidation and in doing so allows the cell to restore the cognate function
of the protein once the oxidative stress conditions have abated (Sheehan, 2006;
Ghezzi, 2005; Sies et al., 1998). In addition to this, glutathionylation also functions
to provide storage of intracellular glutathione which could be mobilised quickly
under conditions of glutathione demand, and also to modulate protein function (Gao
et al., 2009; Sies et al., 1998). The reversibility of protein glutathionylation is a
means of controlling the GSH/GSSG balance (Ghezzi, 2005).

Deglutathionylation is catalysed by the family of protein disulphide
oxidoreductases, as exchange between thiols and disulphides is very slow (Biswas et
al., 2006; Ghezzi, 2005). Three members of this family; glutaredoxin (Grx),
thioredoxins (Trx) and sulphiredoxins (Srx) have been implicated in
deglutathionylation (Greetham et al.,, 2010). Glutaredoxins form part of the
glutaredoxin system, which includes NADPH, GSH and glutathione reductase which
transfers electrons from NADPH to Grx by GSH (Collinson and Grant, 2003).
Glutaredoxins have been proposed to be the most efficient enzymes for
deglutathionylation (Greetham et al., 2010). Glutaredoxins contain the redox-active

CXXC motif and the two cysteines in the active site form a monothiol or a dithiol
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intermediate after undergoing reversible oxidoreduction (Ghezzi, 2005). Grx
therefore catalyses the reduction of the protein disulphide to their respective
sulphydryls and in doing so becomes oxidised by forming an intramolecular
disulphide in the CXXC active site (Biswas et al., 2006; Ghezzi, 2005). Oxidised
Grx is then reduced by GSH and consequently Grx is dependent on GSH (LOpez-
Mirabal and Winther, 2008).

Thioredoxins are members of the oxidoreductase family of enzymes (Ghezzi,
2005). The thioredoxin system comprises thioredoxin, thioredoxin reductase and
NADPH (Biswas et al., 2006). Thioredoxins catalyse the reduction of protein
disulphides into their corresponding sulphydryls in the same manner as that
described for glutaredoxins (Ghezzi, 2005). Following deglutathionylation, the
oxidised disulphide form of thioredoxin is reduced directly by NADPH and
thioredoxin reductase (Greetham et al., 2010).

It was generally accepted that protein thiols oxidised to form sulfinic acid
derivatives were irreversibly damaged, however an ATP-dependent enzyme,
sulfiredoxin, was identified that was capable of reducing the sulfinic acid derivative
of yeast peroxiredoxins (Biswas et al., 2006; Biteau et al., 2003). Sulfiredoxin
reduces the sulfinic acid derivative to peroxiredoxin-sulfenate and a sulfiredoxin-
disulphide (Biteau et al., 2003).

The enzymes and processes described here, along with others not discussed,
are involved in maintaining the intracellular GSH/GSSG redox balance. Given that
A. fumigatus EIfA has a GST domain it suggests that this protein may have a role in

the oxidative stress response possibly with regard to protein glutathionylation. The
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enzymes and proteins involved in the maintenance of this redox balance are
regulated by transcription factors acting as sensors for oxidative stress conditions,

which will be discussed in Section 1.11.

1.11 Transcription factors in redox regulation

The response to stress conditions in the cell is primarily initiated at the
genetic level and ultimately involves the synthesis of proteins that protect the cell
and restore redox homeostasis (Paulsen and Carroll, 2009). One of the central
regulators of the oxidative stress response is the transcription factor Yapl, a basic
leucine zipper (bZIP) transcription factor (Paulsen and Carroll, 2009). The bZIP
domain is located at the N-terminal end, while located at the C-terminal end is a
highly conserved cysteine-rich domain (CRD) (Qiao et al., 2008). In the absence of
oxidative stress Yapl is located in the cytoplasm, however upon exposure to
oxidative stress, Yapl locates to the nucleus (Rodrigues-Pousada et al., 2010; Qiao
et al., 2008). The location of Yapl is dependent of the CRD and the nuclear export
factor Crm1 (Rodrigues-Pousada et al., 2010; Qiao et al., 2008). In the absence of
oxidative stress, Crml interacts with the CRD of Yapl transporting it into the
cytoplasm. However, upon exposure to oxidative stress, two cysteines in CRD are
oxidised forming an intramolecular disulphide bond disrupting the interaction of
Crml with CRD resulting in the retention of Yapl in the nucleus (Rodrigues-
Pousada et al., 2010; Paulsen and Carroll, 2009).

In A. fumigatus, both Lessing et al. (2007) and Qiao et al. (2008) have

demonstrated that Afyapl is the major regulator of the response to ROS. Deletion of
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Afyapl resulted in a strain sensitive to several oxidants including; H,O,, diamide,
and menadione (Qiao et al., 2008; Lessing et al., 2007). Lessing et al. (2007)
identified putative Yapl targets, which included proteins directly involved in the
oxidative stress response; mitochondrial peroxiredoxin, catalase and cytrochrome c
peroxidase, along with proteins required for protein biosynthesis (e.g., eEF1By, EF-3
and EIF5A), heat shock and metabolism. In the same study, it was also confirmed
that the nuclear localisation of Yap1l is dependent on the presence of oxidative stress.

In A. nidulans, the CCAAT-binding factor, termed AnCF, consists of three
subunits; HapB, HapC and HapE (Thon et al., 2010; Brakhage et al., 1999). HapC
forms a stable heterodimer with HapE, which is then bound by HapB facilitating its
transport into the nucleus (Thoén et al., 2010). AnCF senses the redox status of the
cell via the HapC subunit which contains thiol groups (Thon et al., 2010). In an
oxidised environment, the thiol groups of HapC form intramolecular or
intermolecular disulphide bonds preventing the formation of the heterodimer with
HapE. Consequently AnCF is unable to localise to the nucleus. A. nidulans napA is
the ortholog of the Yapl transcription factor (Asano et al., 2007). Under normal
reduced conditions in the cell AnCF prevents the full expression of A. nidulans napA
(Thon et al.,, 2010). Because AnCF is unable to localise to the nucleus under
oxidative stress, it no longer represses napA expression which is the main regulator

of the oxidative stress response (Thon et al., 2010).
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1.12 Degradation of “damaged” and misfolded proteins

The endoplasmic reticulum (ER) provides the location for the majority of the
protein folding events in the cell. Proteins are translocated into the lumen of the ER
in an unfolded state before, with the aid of ER-resident chaperones, folding enzymes
and post-translational modifications, acquisition of 3D confirmation (Richie et al.,
2009; Malhotra and Kaufman, 2007). The levels of unfolded proteins in the ER
needs to be carefully monitored as unfolded proteins can form toxic aggregates that
interfere with the function of normal proteins (Richie et al., 2009). Disruption to the
redox balance (e.g., under oxidative stress conditions) can also lead to a build up of
unfolded proteins which ultimately results in ER stress (Malhotra and Kaufman,
2007). ER stress results from an imbalance between the amount of unfolded proteins
in the ER and the capacity of the ER to deal with them (Ron and Walter, 2007). In
the event of ER stress, the unfolded protein response (UPR) is initiated (Ron and
Walter, 2007). The UPR is a conserved eukaryotic signalling pathway in the ER
which transmits information regarding the protein folding capacity of the ER to the
nucleus (Richie et al., 2009).

The level of unfolded proteins is detected by a bifunctional protein call Irelp
(Malhotra and Kaufman, 2007). Under non-stressed ER conditions, Irelp is bound to
the protein chaperone BiP and is maintained in an inactive state (Malhotra and
Kaufman, 2007). Under ER stress conditions, the accumulated misfolded proteins
bind to BiP and Irelp is released in an active state (Malhotra and Kaufman, 2007).
Irelp possesses both a protein kinase and an endoribonuclease (Ron and Walter,

2007; Ma and Hendershot, 2001). The endoribonuclease excises an intron from the
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only substrate for Irelp, hacl, and in doing so enables translation of this
transcription factor which activates UPR target genes (Malhotra and Kaufman, 2007,
Ron and Walter, 2007; Ma and Hendershot, 2001). The endoribonuclease activity of
Irelp is regulated by the intrinsic kinase module (Ron and Walter, 2007). Higher
eukaryotes also contain two additional ER stress transducers; AFT6 and PERK
(Malhotra and Kaufman, 2007; Ron and Walter, 2007), the functions of which will
not be discussed here.

Activation of the UPR reduces protein synthesis and translocation to the ER,
consequently reducing the amount of unfolded proteins entering the ER (Ron and
Walter, 2007). In addition to this, up-regulation of UPR target genes involved in the
ER protein-folding machinery increases the capacity of the ER to accommodate
unfolded proteins (Ron and Walter, 2007). Targets of the UPR also includes genes
involved in ER-associated protein degradation (ERAD) (Malhotra and Kaufman,
2007; Ron and Walter, 2007). ERAD is involved in the retro-translocation of
unfolded proteins from the ER lumen to the cytosol where they are degraded by the
ubiquitin-proteasome system (Goeckeler and Brodsky, 2010). In A. fumigatus the
UPR is required for virulence and antifungal tolerance (Richie et al., 2009). An A.
fumigatus deletion strain for hacA, the ortholog of hacl, displayed increased
sensitivity to antifungals, and also had attenuated virulence in different mouse

models of 1A (Richie et al., 2009).
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1.13 Thesis Rationale and objectives

A eukaryotic elongation factor 1By in A. fumigatus has been shown to exhibit
GST activity suggesting a possible role in the oxidative stress response (Carberry et
al., 2006). eEF1By is a member of the eEF1 complex required for the elongation step
of protein biosynthesis. In S. cerevisiae, eEF1By is not essential for translation to
occur (Pittman et al., 2009), and little information is available pertaining to the role
of eEF1By during protein biosynthesis. The identification of GST activity in this
protein raises questions regarding the function of A. fumigatus elfA. It has been
speculated that the presence of a GST domain in eEFIBy may contribute to
protection of the elongating ribosome against oxidative stress (Carberry et al., 2006),
or control of translation in response to oxidative stress (Ejiri, 2002). This intriguing
relationship between eEF1By and GST requires investigation to determine if A.
fumigatus elfA functions in the oxidative stress response.

Comparative proteomics, as described in Section 1.3, is an important and
useful tool for examining the effects of the loss of a protein on the whole proteome
with a view to identifying possible functions for the protein. In addition to using
comparative proteomics to investigate the function of EIfA it will also be used to
investigate the systems interactions in A. fumigatus Apes3. A. fumigatus pes3 will be
discussed in more detail in Chapter 6.

Therefore, the overall work objectives presented in this thesis are as follows;

(i) The targeted deletion of A. fumigatus elfA in the ATCC46645 strain and the
subsequent complementation of A. fumigatus AelfA to facilitate functional

studies.
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(if) Phenotypic characterisation of A. fumigatus AelfA in response to various
stresses and investigation of the GSH/GSSG redox balance in A. fumigatus in

response to hydrogen peroxide.

(iii) Comparative proteomic analysis of A. fumigatus ATCC46645 and AelfA
under both normal growth conditions and following exposure to hydrogen
peroxide to determine the effect of the absence of A. fumigatus elfA on the

proteome in order to elucidate possible functions.

(iv) Application of comparative proteomics to A. fumigatus ATCC46645 and
Apes3 to elucidate a possible function for this nonribosomal peptide

synthetase.
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2.1 Materials
All chemicals were purchased from Sigma-Aldrich Chemical Co. Ltd. (UK),

unless otherwise stated.

2.1.1 Aspergillus Media and Agar

2.1.1.1 Sabouraud Dextrose Broth

Sabouraud-dextrose broth (30 g) (Oxoid, Cambridge, UK) was added to 1 L

distilled water, and dissolved. The solution was autoclaved and stored at 4 °C.

2.1.1.2 Sabouraud Agar

Sabouraud agar (65 g) (Oxoid, Cambridge, UK) was added to 1 L distilled
water and dissolved. The solution was autoclaved and allowed to cool to ~50 °C.
Agar (25 ml) was then poured into 90 mm sterile petri dishes, under sterile

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

2.1.1.3 Malt Extract Agar

Malt extract agar (50 g) (Difco, Maryland, USA) was added to 1 L distilled
water, and dissolved. The solution was autoclaved and allowed to cool to ~50 °C.
Agar (25 ml) was then poured into 90 mm sterile petri dishes, under sterile

conditions. The plates were allowed to set and stored at 4 °C.
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2.1.1.4 Aspergillus Minimal Media (AMM)

2.1.1.4.1 Aspergillus Trace Elements

Na,B;07.7H,0 (40 mg), CuSO..5H,0 (400 mg), FeSO4.7H,O (800 mg),
Na,Mo00.2H,0 (800 mg), and ZnSO,4.7H,0 (8 g) were dissolved in order, in 800 ml
distilled water, allowing each to dissolve completely before addition of the next
component. A few drops of concentrated HCI were added to maintain the solution.
The solution was brought to a final volume of 1 L with distilled water. The solution

was filter sterilised into aliquots (50 ml) and stored at -20 °C.

2.1.1.4.2 Aspergillus Salt Solution

KCI (26 g), MgS0O4.7H,0O (26 g), KH.PO, (76 g) and Aspergillus trace
elements (50 ml) (Section 2.1.1.4.1) were added to 800 ml distilled water and
dissolved. The solution was made up to 1 L with distilled water and autoclaved. The

solution was stored at room temperature.

2.1.1.4.3 100 X Ammonium Tartrate

Ammonium tartrate (92 g) was dissolved in 1 L distilled water. The solution

was autoclaved and stored at room temperature.
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2.1.1.44 AMM Liquid Media

Ammonium tartrate (100 X, 10 ml) (Section 2.1.1.4.3), Salt Solution (50 X,
20ml) (Section 2.1.1.4.2), and glucose (10 g) were added to 800 ml distilled water
and dissolved. The pH of the solution was adjusted to pH 6.8 and made up to a final
volume of 1 L with distilled water. The solution was autoclaved at 105 °C for 30 min

and stored at room temperature.

2.1.1.45 AMM Agar

Agar (20 g) (Fischer) was added to 1 L of AMM Liquid media (Section
2.1.1.4.4), before it was autoclaved, and stirred. The solution was autoclaved at 105
°C for 30 min and allowed to cool to ~50 °C before being poured (25 ml) into 90
mm sterile petri dishes, under sterile conditions. The plates were allowed to set and

stored at 4 °C.

2.1.1.5 Regeneration Agar

2.1.1.5.1 1.8 % (w/v) Regeneration Agar

Salt Solution (50 X, 20 ml) (Section 2.1.1.4.2) and ammonium tartrate (100
X, 10 ml) (Section 2.1.1.4.3) were added to 800 ml distilled water and mixed. The
solution was adjusted to pH 6.8. Sucrose (342 g) was added and dissolved. The
solution was made to a final volume of 1 L with distilled water. Agar (18 Q)
(Fischer) was added to the solution. The solution was autoclaved and kept at 65 °C

until required.
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2.1.1.5.2 0.7 % (w/v) Regeneration Agar

Salt Solution (50 X, 20 ml) (Section 2.1.1.4.2) and ammonium tartrate (100
X, 10 ml) (Section 2.1.1.4.3) were added to 800 ml distilled water and mixed. The
solution was adjusted to pH 6.8. Sucrose (342 g) was added and dissolved. The
solution was made to a final volume of 1 L with distilled water. Agar (7 g) (Fischer)
was added to the solution. The solution was autoclaved and kept at 65 °C until

required.

2.1.1.6 RPMI 1640 containing 2 % (w/v) glucose

Glucose (2 g) was dissolved in RPMI 1640 (100 ml). The solution was

filtered through a sterile 0.22 um filter and stored at 4 °C until required for use.

2.1.2 Solutions for pH Adjustment

2.1.2.1 5 M Hydrochloric Acid (HCI)

Deionised water (40 ml) and HCI (43.64 ml) were added slowly to a glass
graduated cylinder. The final volume was adjusted to 100 ml with deionised water.

The solution was stored at room temperature.

2.1.2.2 5 M Sodium Hydroxide (NaOH)

NaOH pellets (20 g) were added to deionised water (80 ml) and dissolved by
stirring. The final volume was adjusted to 100 ml with deionised water. The solution

was stored at room temperature.
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2.1.3 Phosphate Buffer Saline (PBS)

One PBS tablet (20 X) was added to 200 ml of distilled water and dissolved

by stirring. The solution was autoclaved and stored at room temperature.

2.1.4 Phosphate Buffer Saline-Tween 20 (0.05 % (v/v)) (PBST 0.05 %0)

Tween-20 (0.5 ml) was added to 1 L PBS (Section 2.1.3). The solution was

mixed and stored at room temperature.

2.1.5 Phosphate Buffer Saline-Tween 20 (0.1 % (v/v)) (PBST 0.1 %)

Tween-20 (1.0 ml) was added to 1 L PBS (Section 2.1.3). The solution was

mixed and stored at room temperature.

2.1.6 Plate Assays

The reagents and the concentrations at which they were used are listed in

Table 2.1.

2.1.7 Luria-Bertani Broth (LB Broth)

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

water. The solution was autoclaved and stored at 4 °C.
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Table 2.1: Reagents and concentrations used in Plate Assays to test for phenotypic alterations in A. fumigatus.

Condition Tested Reagent added Concentrations tested
Oxidative Stress H>0, 0-5mM
Diamide 0-4mM
Menadione 0-50 uM
Sensitivity to thiol-reactive reagent 4,4’-dithiodipyridine 0-7.5uM
Sensitivity to reducing agent DTT 0-5mM
Sensitivity to antifungals Voriconazole 0—-1 pg/ml
Amphotericin B 0—-1 pg/ml
Sensitivity to gliotoxin Gliotoxin 0—10 pg/ml
Osmotic stress Glycerol 0-10% (v/v)
Secreted proteases Skimmed Milk 0-0.5% (w/v)
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2.1.8 Luria-Bertani Agar (LB Agar)

LB Agar (40 g) (Difco, Maryland, USA) was dissolved in 1 L distilled water.
The solution was autoclaved and allowed to cool to ~50 °C. Agar (25 ml) was
poured into sterile 90 mm petri dishes, under sterile conditions and allowed to set.

They were stored at 4 °C.

2.1.9 80 % (v/v) Glycerol

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

autoclaved and stored at 4 °C.

2.1.10 10 % (w/v) Sodium Dodecyl Sulphate (SDS)

SDS (10 g) was added to 100 ml of deionised water, and dissolved. This
solution was stored at room temperature. If the SDS precipitated, the solution was

placed at 37 °C until the SDS had returned into solution.

2.1.11 20 % (w/v) SDS

SDS (20 g) was added to 100 ml of deionised water, and dissolved. This
solution was stored at room temperature. If the SDS precipitated, the solution was

placed at 37 °C until the SDS had returned into solution.
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2.1.12 Antibiotics and Supplements

Hygromycin B was supplied by Melford Laboratories Ltd., Suffolk, UK.
Antibiotics were prepared in water and stored at -20 °C, with the exception of

hygromycin B, which was stored at 4 °C. See Table 2.2.

Table 2.2: Common antibiotics and supplements with working concentrations

Antibiotic Diluent Stock Typical Working
Concentration Concentration
Ampicillin Water 100 mg/ml 100 pg/ml
Hygromycin B Water 400 mg/mi 250 pg/ml
Pyrithiamine Water 100 pg/ml 100 ng/ml

2.1.13 DNA Electrophoresis Reagents

2.1.13.1 50 X Tris-Acetate Buffer (TAE)

Trizma base (242 g) was added to 57.1 ml glacial acetic acid and 100 ml of
0.5 M EDTA, pH 8.0. The volume was adjusted to 1 L with distilled water. The

solution was stored at room temperature.

2.1.13.2 1 X Tris Acetate Buffer (TAE)

50 X TAE (20 ml) (Section 2.1.13.1) was added to distilled water (980 ml).

The solution was stored at room temperature.
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2.1.13.3 Ethidium Bromide

Ethidium bromide was supplied at 10 mg/ml, of which 3 pl was used per 100

ml agarose gel.

2.1.13.4 6 X DNA Loading Dye

Loading dye (Promega, Southampton, UK) was used at the concentration

supplied.

2.1.14 DNA Reagents

2.1.14.1 100 % (v/v) Ethanol (ice-cold)

Molecular Biology Grade Ethanol (100 % (v/v)) was poured into a sterile 50

ml falcon tube and stored at — 20 °C.

2.1.14.2 70 % (v/v) Ethanol (ice-cold)

Molecular Biology Grade Ethanol (35 ml) was added to 15 ml of Molecular
Biology Grade H,O in a sterile 50 ml falcon tube and the solution was stored at —

20°C.

2.1.14.3 3 M Sodium Acetate

Sodium acetate (12.3 g) was dissolved in 50 ml of Molecular Grade H,0 and

the pH was adjusted to pH 5.2. The solution was stored at room temperature.

2.1.144 Table of primers

All the primers used are listed in Table 2.3
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Table 2.3: List of primers and sequences used in this study.

Primer Name

Sequence 5° — 3’

elfA 5° Pstl

elfA 3’ Asel

elfA 5°

elfA 3’

elfA 5’ nest

elfA 3’ nest

optrAl

optrA2

5%elfA 02/10 dig

3 elfA 02/10 dig

5’elfA RT-PCR

3’ elfA RT-PCR

calmF

calimR

TGTCTGCAGGTTAGGAGGTAGATTGCTC

ATTATTAATGCCCAACCTGTGAATGAG

AGACCCAACTCTCTCTCC

CATAGAAGGGTTTCGCGC

CTCCAGCCCACATTCTTG

TAGCGTGTGGAGTTGAGG

GAGGACCTGGACAAGTAC

GTACCACTGGTCACGATG

GGGTCATGAAGGTACGTAC

AGCCTTGGGAATCTCACG

ATTTCTCGCCAAGTTCCC

AGCCTTGGGAATCTCACG

CCGAGTACAAGGAAGCTTTCTC

GAATCATCTCGTCGATTCGTCGTCTCAGT
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2.1.15 RNA Electrophoresis Reagents

2.1.151 RNA Glassware

All glassware required for RNA reagent preparation and RNA extraction was

autoclaved twice before use.

2.1.15.2 0.5MEDTA

EDTA (18.612 g) was dissolved in twice autoclaved distilled water (100 ml).

2.1.15.3 10 X Formaldehyde Agarose (FA) Gel Buffer

MOPS (41.9 g) (0.2 M), sodium acetate (6.8 g) (82 mM) and 0.5 M EDTA
pH 8.0 (20 ml) (Section 2.1.15.2) were dissolved in 800 ml twice autoclaved distilled
H,O. The pH of the solution was adjusted to pH 7.0 and the volume was adjusted to
1 L with twice autoclaved distilled H,O. The solution was autoclaved and stored at

room temperature.

2.1.15.4 1 X Formaldehyde Agarose (FA) Running Buffer

10 X FA gel buffer (100 ml) (Section 2.1.15.3), 37 % (v/v) formaldehyde (20
ml) and twice autoclaved distilled H,0O, to a final volume of 1 L, were mixed by

stirring. The solution was stored at room temperature.
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2.1.16 Aspergillus Transformation Reagents

2.1.16.1 0.7 M Potassium Chloride

KCI (26.1 g) was dissolved in 500 ml distilled water. The solution was

autoclaved and stored at room temperature.

2.1.16.2 25 mM Potassium Phosphate Monobasic

KH,PO, (1.7 g) was dissolved in 500 ml distilled water.

2.1.16.3 25 mM Potassium Phosphate Dibasic

K2HPO, (0.87 g) was dissolved in 200 ml distilled water.

2.1.16.4 Lysis Buffer

KCI (26.1 g) was dissolved in 25 mM KH,PO, (350 ml) (Section 2.1.16.2).
The pH was adjusted to pH 5.8 with 25 mM K,;HPO, (Section 2.1.16.3). The

solution was brought to a final volume of 500 ml with distilled water.

2.1.16.5 Lysis Buffer containing Lytic Enzymes

Lytic enzymes from Trichoderma harzianum (0.45 g) were added to 15 ml
Lysis Buffer (Section 2.1.16.4) and dissolved. The solution was filter sterilised using

0.45 um filters.
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2.1.16.6 Buffer L6

Sorbitol (72.88 @), Tris-HCI (0.484 g), and CaCl.2H,O (0.588 g) were
dissolved in 400 ml distilled water. The pH was adjusted to pH 7.5. The solution was

autoclaved and stored at room temperature.

2.1.16.7 Buffer L7

PEG 6000 (60 g) was added to distilled water (40 ml). Tris-HCI (0.157 g)
and CaCl,.6H,O (0.219 g) was added. Concentrated HCI was added to aid
dissolving. The pH was adjusted to pH 7.5. The solution was autoclaved and stored

at room temperature.

2.1.17 Southern Blot Reagents

21171 Southern Transfer Buffer

Sodium hydroxide (0.6 M, 16 g) and sodium chloride (0.4 M, 35.07 g) were
dissolved in 800 ml distilled water. The volume was adjusted to 1 L with distilled

water.

2.1.17.2 20 X SSC

Sodium chloride (175.3 g) and sodium citrate (88.2 g) were added to distilled
water (800 ml). The pH was adjusted to pH 7.0. The final volume was adjusted to 1

L with distilled water. The solution was autoclaved and stored at room temperature.
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2.1.17.3 2 X SSC

20 X SSC (100 ml) (Section 2.1.17.2) was added to 900 ml distilled water

and stored at room temperature.

2.1.17.4 Dig Buffer 1

Maleic Acid (2.322 g) and sodium chloride (1.75 g) were added to distilled
water (150 ml). NaOH (5 M) (Section2.1.2.2) was added to aid dissolving. The pH
was adjusted to pH 7.5. The final volume was adjusted to 200 ml with distilled

water. The solution was filter sterilised and stored at room temperature.

2.1.17.5 Blocking Reagent

Blocking reagent was obtained from Roche Applied Science (Mannheim,

Germany)

2.1.17.6 10 % (w/v) Lauroylsarcosine

Lauroylsarcosine (1 g) was dissolved in 10 ml distilled water.

2.1.17.7 Membrane Pre-Hybridisation Buffer

SDS (35 g), formamide (250 ml), 10 % (w/v) blocking reagent (Roche
Applied Science) (100 ml), 10 % (w/v) laurylosarcosine (5 ml) (Section 2.1.17.6)
and 20 X SSC (125 ml) (Section 2.1.17.2) were dissolved in water to give a final
volume of 500 ml. The solution was stirred well and autoclaved. The solution was

stored at 4 °C.
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21.17.8 1 X SSC 0.1 % (w/v) SDS

20 X SSC (50 ml) (Section 2.1.17.2) and 10 % (w/v) SDS (4 ml) (Section
2.1.10) were added to distilled water (946 ml). The solution was mixed and stored at

room temperature.

2.1.17.9 Dig Wash Buffer (0.3 % (v/v) Tween-20 in Dig Buffer 1)

Tween-20 (0.15 g) was added to Dig Buffer 1 (50 ml) (Section 2.1.17.4). The
solution was mixed and filter sterilised (0.22 pum filter). It was stored at room

temperature.

2.1.17.10 Dig Buffer 2

Blocking reagent (0.2 g) (Section 2.1.17.5) was dissolved in Dig Buffer 1 (20
ml) (Section 2.1.17.4) by stirring with low heat. The solution was filter sterilised

(0.22 pm filter) and used immediately.

2.1.17.11 Dig Buffer 3

Tris-HCI (1.575 g), NaCl (0.584 g) and MgCl, (1.02 g) were dissolved in
distilled water (90 ml). The pH was adjusted to pH 9.5 and the final volume adjusted
to 100 ml with distilled water. The solution was filter sterilised (0.22 pum filter) and

stored at room temperature.
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2.1.17.12 Anti-Digoxigenin-Alkaline Phosphatase (AP), Fab fragment

conjugate

Anti-Digoxigenin-AP, Fab fragments (Roche Applied Science, Mannheim,

Germany) (2 pl) was added to 20 ml Dig Buffer 2 (Section 2.1.17.10).

2.1.17.13 Chemiluminescent Substrate Phosphate Detection (CSPD)

Substrate

CSPD (50 pl) (Roche Applied Science, Mannheim, Germany) was added to

Dig Buffer 3 (5 ml) (Section 2.1.17.11).

2.1.17.14 DIG-labelled deoxynucleotide triphosphates (ANTP’s)

Pre-mixed DIG-labelled dNTPs were purchased from Roche Applied Science
and used according to the supplied recommendations for the generation of DIG-

labelled probes for Southern Blot detection.

2.1.18 Chemicals for Photography

2.1.18.1 Developer Solution

The Developer (Kodak) was diluted 1/4 in distilled water and stored in a

tinfoil covered glass bottle in a dark room.

2.1.18.2 Fixer Solution

The Fixer (Kodak) was diluted 1/5 in distilled water and stored in a tinfoil

covered glass bottle in a dark room.
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2.1.19 SDS-PAGE Reagents

2.1.19.1 1.5 M Tris-HCI, pH 8.8

Trizma base (18.15 g) was dissolved in 75 ml deionised water. The pH was
adjusted to pH 8.8. The final volume was adjusted to 100 ml with deionised water.

The solution was stored at 4 °C.

2.1.19.2 0.5M Tris-HCI, pH 6.8

Trizma base (6.05 g) was dissolved in 75 ml deionised water. The pH was
adjusted to pH 6.8. The final volume was adjusted to 100 ml with deionised water.

The solution was stored at 4 °C.

2.1.19.3 10 % (w/v) Ammonium Persulphate

Ammonium persulphate (0.1 g) was added to 1 ml deionised water. The

solution was mixed, stored at 4 °C and used immediately.

2.1.19.4 30 % (w/v) Acrylamide/Bis

Protogel was obtained from National Diagnostics (Hessle Hull, England) and

contained 30 % (w/v) acrylamide: 0.8 % (w/v) bis-acrylamide.

2.1.19.5 0.5 % (w/v) Bromophenol Blue

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

solution was stored at 4 °C.
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2.1.19.6 5 X Solubilisation Buffer; reducing

Glycerol (10 ml), 10 % (w/v) SDS (1.6 ml) (Section 2.1.10), 0.5 M Tris-HClI,
pH 6.8 (1 ml) (Section 2.1.19.2) was added to deionised water (1.4 ml). The solution
was mixed and then 2-mercaptoethanol (0.4 ml) was added along with 0.5 % (w/v)
Bromophenol blue solution (0.2 ml) (Section 2.1.19.5). The solution was mixed

again, aliquoted and stored at -20 °C.

2.1.19.7 4 X Solubilisation Buffer; non-reducing

Glycerol (3 ml) and 20 % (w/v) SDS (1 ml) (Section 2.1.11) were added to
0.5 M Tris-HCI, pH 6.8 (1.25 ml) (Section 2.1.19.2). 0.5 % (w/v) Bromophenol blue
solution (0.1 ml) (Section 2.1.19.5) was added and the solution was mixed. It was

aliquoted and stored at — 20 °C.

2.1.19.8 5 X Electrode Running Buffer

Trizma base (15 g), glycine (72 g) and SDS (5 g) were dissolved in deionised
water (800 ml). The final volume was adjusted to 1 L. The solution was stored at

room temperature.

2.1.19.9 1 X Electrode Running Buffer

5 X Electrode Running Buffer (200 ml) (Section 2.1.19.8) was added to 800

ml distilled water. The solution was stored at room temperature.
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2.1.19.10 Coomassie® Blue Stain Solution

Coomassie® Brilliant Blue R (2 g), glacial acetic acid (100 ml), methanol
(450 ml) and deionised water (50 ml) were added to a glass bottle and mixed. The
solution was brought to a final volume of 1 L with deionised water. The solution was

stored at room temperature.

2.1.19.11 Destain Solution

Glacial acetic acid (100 ml) and methanol (300 ml) was added to deionised

water (600 ml). The solution was stored at room temperature.

2.1.19.12 Colloidal Coomassie® Blue Stain Solutions

2.1.19.12.1  Fixing Solution

Ethanol (500 ml) and phosphoric acid (30 ml) was added to deionised water

(470 ml). The solution was mixed. The solution was made up fresh on the day.

2.1.19.12.2  Incubation Buffer

Methanol (340 ml), phosphoric acid (30 ml) and ammonium sulphate (170 g)
were added to deionised water (630 ml). The solution was mixed. The solution was

made up fresh on the day.
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2.1.19.12.3  Stain Solution

Methanol (340 ml), phosphoric acid (30 ml), ammonium sulphate (170 g) and
Colloidal Coomassie® Blue G-250 (0.35 g) (Serva Electrophoresis, Germany) were
added to deionised water (630 ml). The solution was mixed. The solution was made

up fresh on the day.

2.1.20 Western Blot Reagents

2.1.20.1 Towbin Electrotransfer Buffer

Trizma base (30.3 g) and glycine (144 g) were added to 3 L deionised water
and 1 L methanol. The pH was adjusted to pH 8 — 8.5. The final volume was

adjusted to 5 L with deionised water. The solution was stored at room temperature.

2.1.20.2 Blocking Solution

Marvel® (Powdered Milk) (5 g) was added to 100 ml PBST 0.05% (Section

2.1.4).

2.1.20.3 Antibody Buffer

Marvel® (Powdered Milk) (1 g) was added to 100 ml PBST 0.05% (Section

2.1.4).

2.1.20.4 ECL

SuperSignal® West Pico Chemiluminescent Substrate (Pierce) was used.
Equal volumes of the SuperSignal® West Pico Stable Peroxide Solution and

SuperSignal® West Pico Luminol/Enhancer Solution were mixed just before use.
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2.1.21 Lysis Reagents

2.1.21.1 A. fumigatus Mycelia Lysis Buffer

Tris-HCI (12.5 g), NaCl (2.9 g), EDTA (7.44 g), 10 % Glycerol (100 ml) was
added to 800 ml of deionised water. The pH was adjusted to pH 7.5 using 5 M HCI.
The final volume was adjusted to 1 L with deionised water. The solution was stored
at 4 °C. DTT (30 mM, final conc.), PMSF (1 mM, final conc.) and Pepstatin A (1

pg/ml, final conc.) were added directly before use.

2.1.21.2 A. fumigatus Mycelia Lysis Buffer; non-reducing

Tris-HCI (12.5 g), NaCl (2.9 g), EDTA (7.44 g), 10 % (v/v) Glycerol (100
ml) was added to 800 ml of deionised water. The pH was adjusted to pH 7.5. The
final volume was adjusted to 1 L with deionised water. The solution was stored at 4
°C. PMSF (1 mM, final conc.) and Pepstatin A (1 pg/ml, final conc.) were added

directly before use.

2.1.22 Bradford Solution

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

for up to one week.

2.1.23 2D-PAGE Solutions

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

Trichloroacetic Acid (100 g) was dissolved in water (45.4 ml).
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2.1.23.2 Trichloroacetic Acid 10 % (w/v) (10 % TCA)

100 % TCA (Section 2.1.23.1) (10 ml) was added to water (90 ml).

2.1.23.3 Isoelectric focusing Buffer (IEF)

Urea (48 g), thiourea (15.2 g), CHAPS (4 g), Triton X-100 (1 ml), and
Trizma base (0.12 g) were dissolved in 50 ml deionised water. The final volume was
adjusted to 100 ml with deionised water. The solution was aliquoted into 1 ml
aliquots which were stored at — 20 °C until use. After thawing, DTT (0.01 g) and the

appropriate Ampholytes (8 pl/ml) (GE Healthcare) were added.

2.1.23.4 IPG 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 frozen in 50 ml aliquots at — 20 °C until

use.

2.1.23.5 Reduction Buffer

A 50 ml aliquot of the IPG Equilibration Buffer (Section 2.1.23.4) was
thawed and the pH checked to ensure it was still pH 6.8. DTT (1 g) was dissolved

into the buffer. The solution was made up fresh on the day.
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2.1.23.6 Alkylation Buffer

A 50 ml aliquot of the IPG Equilibration Buffer (Section 2.1.23.4) was
thawed and the pH checked to ensure it was still pH 6.8. lodoacetamide (1.25 g) was
dissolved into the buffer. Bromophenol Blue (200 pl of 0.5 % (w/v) solution)

(Section 2.1.19.5) was also added. The solution was made up fresh on the day.

2.1.23.7 Agarose Sealing Solution

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 blue (400 ul of 0.5 %
(w/v) solution) (Section 2.1.19.5) was added. The final volume was adjusted to 100

ml with deionised water.

2.1.24 Mass Spectrometry Reagents

2.1.24.1 100 mM Ammonium bicarbonate (NH;HCO3)

NH4HCO3; (400 mg) was dissolved in HPLC-grade water (50 ml). The

solution was made up fresh on the day.

2.1.24.2 100 mM Ammonium bicarbonate / Acetonitrile (1:1 (v/v))

100 mM ammonium bicarbonate (5 ml) (Section 2.1.24.1) was added to

acetonitrile (5 ml). The solution was made up fresh on the day.
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2.1.24.3 10 mM Ammonium bicarbonate containing acetonitrile 10 %

(VvIv)

100 mM ammonium bicarbonate (1 ml) (Section 2.1.24.1) and acetonitrile (1
ml) was added to deionised water (8 ml). This solution was made up fresh on the

day.

2.1.24.4 Trypsin Solution

10 mM ammonium bicarbonate containing acetonitrile 10 % (v/v) (1.5 ml)
(Section 2.1.24.3) was added to 20 pg of Sequencing Grade Trypsin (Promega) and

briefly vortexed until dissolved.

2.1.24.5 0.1 % (v/v) Formic Acid in LC-MS Grade Water

Formic Acid (1 ml) was added to of LC-MS Grade water (999 ml) using a

glass pipette. The bottle was inverted to mix, taking care not to create air bubbles.

2.1.24.6 0.1 % (v/v) Formic Acid in 90 % (v/v) LC-MS Grade Acetonitrile

LC-MS Grade Water (100 ml) was added to LC-MS Grade acetonitrile (900
ml) in a darkened bottle. 1 ml of this was removed and formic acid (1 ml) was added
to this using a glass pipette. The bottle was inverted to mix, taking care not to create

air bubbles.

2.1.24.7 0.1% (v/v) Trifluoroacetic acid

Trifluoroacetic acid (TFA) (10 ul) was added to deionised water (9.99 ml).
The solution was prepared freshly before each use.
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2.1.25 Reverse-Phase High Performance liquid Chromatography (RP-HPLC)

Solvents

2.1.25.1 Solvent A (0.1 % (v/v) Trifluoroacetic Acid in HPLC Grade H,0)

TFA (1 ml) was added to 999 ml HPLC Grade water to give a 0.1 % (v/v)

TFA and water solution. The solution was prepared freshly before each use.

2.1.25.2 Solvent B (0.1 % (v/v) Trifluoroacetic Acid in HPLC Grade

Acetonitrile)

TFA (1 ml) was added to 999 ml HPLC Grade acetonitrile to give a 0.1 %
(v/v) TFA and acetonitrile solution. The solution was prepared freshly before each

use.

2.1.26 Intracellular Glutathione measurement

2.1.26.1 125 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.

2.1.26.2 125 mM Sodium Phosphate dibasic

Sodium Phosphate dibasic (1.7745 g) was dissolved in distilled water (100

ml). It was stored at 4 °C until required for use.

79



2.1.26.3 GSH/GSSG Assay Buffer (125 mM Sodium Phosphate (pH 7.5)

6.3 mM EDTA

125 mM sodium phosphate monobasic (Section 2.1.26.1) was added,
dropwise, to 125 mM sodium phosphate dibasic (100 ml) (Section 2.1.26.2), until the
pH was adjusted to pH 7.5. EDTA (0.2345 g) was dissolved in 100 ml of this sodium

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

2.1.26.4 5 % (w/v) 5°5-sulfosalicyclic acid (5 % SSA)

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

2.1.26.3). The solution was stored on ice.

2.1.26.5 50 % (v/v) Triethanolamine

Triethanolamine (250 ul) was mixed with GSH/GSSG Assay Buffer (250 ul)

(Section 2.1.26.3).

2.1.26.6 20 % (v/v) 2-vinylpyridine

2-vinylpyridine (20 pl) was mixed with GSH/GSSG Assay Buffer (80 pl)

(Section 2.1.26.3). This was carried out in a fumehood.

2.1.26.7 10 mM 5,5°-dithio-bis(2-nitrobenzoic acid) (DTNB)

DTNB (11.89 mg) was dissolved in GSH/GSSG Assay Buffer (3 ml)

(Section 2.1.26.3). This was covered in tinfoil and stored on ice.
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2.1.26.8 DTNB containing 1 UN Glutathione Reductase

For every well to be assayed, 1 UN of glutathione reductase was added to 42

pl of 10 mM DTNB (Section 2.1.26.7).

2.1.26.9 30 mM pB-nicotinamide adenine dinucleotide 2’-phosphate

reduced tetrasodium salt hydrate (NADPH)

NADPH (25 mg) was dissolved in GSH/GSSG Assay Buffer (1 ml) (Section
2.1.26.3). This was aliquoted into smaller volumes, covered in tinfoil and stored at —

20 °C until required for use.

2.1.26.10 5 mM NADPH

1 volume of 30 mM NADPH (Section 2.1.26.9) was added to 5 volumes of
GSH/GSSG Assay Buffer (Section 2.1.26.3). This was covered in tinfoil and stored

on ice.

2.1.26.11 1 mg/ml Glutathione

Glutathione (1 mg) was dissolved in GSH/GSSG Assay Buffer (1 ml)

(Section 2.1.26.3). This was covered in tinfoil and stored on ice.

2.1.26.12 2 mg/ml Glutathione disulfide

Glutathione disulfide (2 mg) was dissolved in GSH/GSSG Assay Buffer (1

ml) (Section 2.1.25.3). This was covered in tinfoil and stored on ice.
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2.1.27 Biotinylation of Glutathione disulfide

2.1.27.1 Sulfo-NHS-LC-Biotin

Sulfo-NHS-LC-Biotin was obtained from Proteochem (Denver, USA).

2.1.27.2 1 M Tris-HCI (pH 7.2)

Tris-HCI (7.88 g) was dissolved in water (30 ml). The pH was adjusted to pH

7.2 and the final volume adjusted to 50 ml with water.

2.1.28 Confocal Imaging

2.1.28.1 50 mM Sodium Phosphate Monobasic

Sodium phosphate monobasic (0.6 g) was dissolved in distilled water (100

ml). It was stored at 4 °C until required for use.

2.1.28.2 50 mM Sodium Phosphate Dibasic

Sodium phosphate dibasic (0.7098 g) was dissolved in distilled water (100

ml). It was stored at 4 °C until required for use.

2.1.28.3 50 mM Sodium Phosphate Buffer (pH 7.4)

50 mM sodium phosphate monobasic (Section 2.1.28.1) was added,
dropwise, to 50 mM sodium phosphate dibasic (100 ml) (Section 2.1.28.2), until the

pH was adjusted to pH 7.4.
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2.1.28.4 4 % (v/v) Formaldehyde, 50 mM Sodium Phosphate Buffer (pH

7.4)

37 % (v/v) formaldehyde (1.81 ml) was added to 50 mM sodium phosphate

buffer (8.19 ml) (Section 2.1.28.3).

2.1.28.5 Confocal Buffer (50 mg/ml BSA in PBS)

BSA (0.5 g) was dissolved in PBS (10 ml) (Section 2.1.3).

2.1.29 50 mM Sodium Phosphate Buffer (pH 7.4) containing 150 mM NacCl

NaCl (0.8766 g) was dissolved in 50 mM Sodium Phosphate Buffer (pH 7.4)

(100 ml) (Section 2.1.28.3).
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2.2 Methods

2.2.1 Microbiological Methods- strain storage and growth

The fungal and bacterial strains used in this study are listed in Table 2.3.

2.2.1.1 A. fumigatus growth, maintenance and storage

A. fumigatus strains were maintained on Malt extract (ME) agar (Section
2.1.1.3) or AMM (Aspergillus minimal media) agar (Section 2.1.1.4.5). A loop of
spores from a stock spore solution was spread onto a culture plate. Plates were
incubated at 37 °C for 5-7 days with periodic checking. Once fully grown, the plates
were sealed with parafilm, and stored inverted in a sealed plastic bag at 4 °C. For
permanent storage of Aspergillus spores, freshly grown spores were harvested from
agar plates by adding 10 ml of sterile PBST 0.1% (Section 2.1.5) to the conidial
culture and rubbing the surface with a disposable spreader to dislodge the spores.
The spores were transferred to a 50 ml sterile tube using a sterile Pasteur pipette.
They were centrifuged at 2000 g for 10 min. The supernatant was removed and the
conidia were resuspended in sterile PBS (Section 2.1.3) and stored at 4 °C until
required. Aliquots of the conidial suspensions (500 pl) were added to 500 pl of
sterile 80 % glycerol (Section 2.1.9). The tubes were vortexed and rapid-frozen in

liquid nitrogen before transferring to -80 °C for long-term storage.
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Table 2.4: Fungal and Bacterial Strains used, including antibiotics and supplements used.

Species Strain Antibiotics/Supplements  Reference

A. fumigatus ATCC46645 N/A ATCC collection

A. fumigatus AakuB Hygromycin (250 ug/ml)  (da Silva Ferreira et al.,
2006)

A. fumigatus AelfAo% Pyrithiamine (100 ng/ml)  This study

A. fumigatus AakuB:AelfA Pyrithiamine (100 ng/ml)  This study

A. fumigatus AelfA*:e[fAC Hygromycin (200 pg/ml)  This study

A. fumigatus Apes3*0%% Pyrithiamine (100 ng/ml)  (O'Hanlon et al., 2011)

E. coli TOP10 Ampicillin (100 pg/ml) N/a
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Table 2.5: Plasmids including antibiotics and supplements used.

Plasmid

Antibiotics/Supplements

pCR®2.1-TOPO

Ampicillin (100 pg/ml)

PSK275

Pyrithiamine (100 ng/ml)

pAN7.1

Hygromycin B (200 pg/ml)
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2.2.1.2 E. coli Growth, Maintenance and Storage

E. coli strains were grown on Luria-Bertani agar (Section 2.1.8) overnight at
37 °C or in Luria-Bertani broth (Section 2.1.7) overnight at 37 °C with shaking at
200 rpm. Where appropriate, the media was supplemented with the suitable
antibiotic (Table 2.3). Bacterial strains were stored at 4 °C for short-term storage.
For long term storage, 500 ul of freshly grown liquid culture of the desired strain
was mixed with 500 ul of 40 % (v/v) glycerol. Tubes were rapid-frozen in liquid
nitrogen before transferring to — 80 °C. To regenerate bacterial strains, tubes were
thawed in iced. A sterile was used to streak the culture onto a LB agar place

containing the appropriate antibiotic.

2.2.2 Molecular Biological Methods

2.2.2.1 lIsolation of Genomic DNA from A. fumigatus

A. fumigatus conidia were harvested from five day old plates using PBST
0.1% (10 ml) (Section 2.1.5). An aliquot of the conidial suspension (50 pl) was used
to inoculate 100 ml cultures of Sabouraud Dextrose Broth (Section 2.1.1.1). The
cultures were incubated for 24 h, at 37 °C, with constant shaking at 200 rpm. The
cultures were then filtered through autoclaved miracloth, washed with sterile water
and the mycelia collected. The mycelial mass was wrapped in tinfoil, rapid frozen in
liquid Nitrogen and ground to a fine powder using a pestle and mortar. DNA
extractions were carried out using the ZR Fungal/Bacterial DNA Kit (Zymo
Research, California, USA). All buffers and reagents were supplied with the kit. For

each sample, ground mycelia (0.1 g) were added to 750 pul DNA buffer in the ZR
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Bashing tube. The tubes were vortexed vigorously for 5 min. The ZR Bashing tubes
were centrifuged at 10,000 g for 1 min. The supernatants (400 ul) were transferred to
the Zymo-Spin IV Spin filters in collection tubes and centrifuged at 7,000 g for 1
min. Fungal/Bacterial DNA Binding Buffer (1200 pl) was added to the filtrates in
the collection tubes. Filtrates (800 pl) were transferred to the Zymo-Spin 1IC
columns in new collection tubes and centrifuged at 10,000 g for 1 min. The flow
through was discarded. The remaining filtrates (800 ul) were added to the Zymo-
Spin 1IC columns in collection tubes and centrifuged at 10,000 g for 1 min. The flow
through was discarded. DNA Pre-Wash Buffer (200 ul) was added to the Zymo-Spin
IIC columns, in new collection tubes, and centrifuged at 10,000 g for 1 min.
Fungal/Bacterial DNA Wash buffer (500 pl) was added to the Zymo-Spin IIC
columns and centrifuged at 10,000 g for 1 min. The Zymo-Spin 1IC columns were
transferred to sterile 1.5 ml microcentrifuge tubes and DNA Elution Buffer (100 pl)
was added to the columns. The columns were centrifuged at 10,000 g for 1 min to

elute the DNA samples.

2.2.2.2 DNA Precipitation

2.5 X volume 100 % (v/v) ice cold ethanol (Section 2.1.14.1) and 0.1 X
volume 3 M Sodium acetate (Section 2.1.14.3) were added to each DNA sample.
The mixture was incubated at -20 °C for 30 min - 24 h. The mixtures were
centrifuged at 17,900 g for 15 min at 4 °C. The supernatants were discarded and the
pellets were resuspended in 100 pl 70 % (v/v) ice cold ethanol (Section 2.1.14.2).

Samples were centrifuged at 13,000 g for 10 min. The supernatants were discarded
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and the pellets were air-dried. Pellets were resuspended in 15 pl sterile water. The

precipitated DNA samples were stored at -20 °C until required.

2.2.2.3 Polymerase Chain Reaction (PCR)

Polymerase chain reaction (PCR) was used to amplify fragments of DNA for
cloning, transformation constructs, probes, and to test for recombinant plasmid
presence in E. coli. PCR was generally carried out using Taq polymerase (Sigma).
PCR for the generation of constructs for gene disruption and the generation of DIG-
labelled DNA probes was carried out using Expand Long Range Template PCR
system (Roche). Annealing temperatures were estimated as ca. 4 °C below the
melting temperature (Ty,) of the primers used. Extension times used were ca. 1
min/kb of DNA to be synthesised. Reactions were carried out using either the

Eppendorf PCR or G-Storm PCR (Roche) Systems.

The following reaction cycle was used unless otherwise stated:

95 °C (denaturing) 5 min

95 °C (denaturing) 1 min

56 °C (annealing) 1min30s x 35 cycles

72 °C (extending) 1 min

72 °C (extending) 10 min
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The general reaction constitutents for each polymerase are:

Expand Long Range Template system

10 X reaction buffer

dNTP mix (20 uM)

Primer F (100 pmol/ul)

Primer R (100 pmol/pul)

DNA Template

Sterile Water

Tag polymerase (Sigma)

10 X reaction buffer

dNTP mix (10 uM)

Primer F (100 pmol/ul)

Primer R (100 pmol/ul)

DNA Template

Sterile Water

5ul

5ul

2ul

2ul

Up to 500 ng

to a final volume of 50 pl

1l

1l

10-100 ng

to a final volume of 20 pl
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2.2.2.4 Agarose Gel Electrophoresis

Agarose gel electrophoresis was used to separate differently sized DNA
fragments prior to purification, to visualise restriction digest reactions, to separate
DNA fragments for Southern analysis and for estimation of DNA vyield. Agarose gels
were cast and run using Bio-Rad electrophoresis equipment. Agarose gels between
0.7 - 1.5 % (w/v) in 1 X TAE Buffer (Section 2.1.13.2) were used. For the majority
of applications, a 0.7 % (w/v) agarose gel was suitable. Powered agarose was added
to the appropriate volume of 1 X TAE Buffer (Section 2.1.13.2) 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 unit into the casting holder and sealed. After the gel had cooled to 40 -50 °C,
the molten gel was poured into the prepared mould. Ethidium bromide (3 pul/200 ml)
(Section 2.1.13.3) was added to the casting unit. A gel comb was inserted and the gel
was allowed to set on a level surface. Once set, the gel comb was removed gently.
The set gel, in the gel casting unit, was placed into the gel electrophoresis tank, with
the wells nearer the negative (black) electrode. 1 X TAE Buffer (Section 2.1.13.2)

was the poured into the tank to fully submerge the gel.

2.2.2.5 DNA Gel Electrophoresis

DNA samples were prepared by adding 5 volumes of DNA samples to 1
volume 6 X Loading Dye (Section 2.1.13.4). DNA fragment size was estimated by
running molecular weight markers alongside the unknown samples. The different

molecular weight markers used in this study were: DNA Molecular Weight Marker
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VII (Roche), and DirectLoad™ Step Ladder, 50 bp (Sigma). Gels were
electrophoresed at 50 — 100 V for 30 — 90 min and were visualised using an Alpha

DigiDoc™ RT unit or a Syngene G:Box.

2.2.2.6 DNA Gel Extraction

DNA gel extraction was carried out using all the reagents and columns
supplied with the QIA quick gel extraction kit (Qiagen, U.K) following the
manufacturer’s instructions. The DNA fragments of interest were excised from the
agarose gel using a sterile scalpel, sliced into pieces which were then placed into
sterile microcentrifuge tubes. For 1 volume of gel, 3 volumes of Buffer QG was
added and they were heated at 50 °C in a heating block with vortexing every 2 min
until completely dissolved. The solutions were transferred to QIA quick spin
columns that were placed in 2 ml collection tubes and centrifuged at 12,000 g for 1
min. The flow through was discarded. Buffer PE (750 ul) was added to each column
which were then centrifuged at 12,000 g for 1 min. The flow through was discarded
and the columns centrifuged again at 12,000 g for 1 min to remove any residual
traces of ethanol. The columns were placed in sterile microcentrifuge tubes and
sterile water (30 pl) was added to each column to elute the DNA. The columns were
allowed to stand for 2 min before being centrifuged at 12,000 g for 30 s. The DNA

was stored at — 20 °C until required for use.
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2.2.3 Cloning

2.2.3.1 TOPO TA Cloning

One step cloning of PCR products was carried out using the TOPO TA
Cloning Kit from Invitrogen, according to the manufacturer’s instructions. The
principle behind one step cloning is based on the non-template dependant activity of
Taq polymerase that results in the addition of a single deoxyadenosine (A) to the 3’
ends of the PCR products. The linearised cloning vector has single 3’
deoxythymidine (T) residues, therefore facilitating PCR inserts to ligate efficiently
with the vector. The TOPO TA Cloning vector map is presented in Figure 2.1. The
TOPO TA Cloning kit contains TOP 10 One Shot competent E. coli cells, Super
Optimal Catabolite repression (SOC) media, TOPO vector and salt solution. Prior to
cloning, TOP 10 cells were thawed on ice and LB agar plates (Section 2.1.8),
containing 100 pg/ml ampicillin (Section 2.1.12) pre-warmed in a 37 °C incubator.
Genomic DNA PCR product (4 pl), Salt solution (1 pl) and TOPO Vector (1 ul)
were added to sterile 0.5 ml tube and left at room temperature for 30 min. A 2 pl
aliquot of this reaction mixture was added to a vial of TOP 10 E. coli cells and
placed on ice for 30 min. Cells were heat shocked in a water bath at 42 °C for 30 s.
Pre-warmed SOC media (200 pl) was added to the vial. The vial was incubated at 37
°C for 45 min with constant agitation (200 rpm). During this incubation period, 32 pl
of  5-bromo-4-chloro-3-indoyl-beta-D-galactopyranoside  (X-gal)  (Promega,
Southamptom, UK) (40 mg/ml) was spread over the pre-warmed LB agar plates
(Section 2.1.8) using a sterile glass spreader. The plates were returned to the

incubator. This reagent facilitated blue/white colony screening, which greatly aided
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in the identification of desired clones. A 50 pl aliquot of the cell suspension was
spread on the selection plates using a sterile disposable spreader and the plates were
incubated overnight at 37 °C. White colonies were selected and sub-cultured onto
LB agar plates (Section 2.1.8) with ampicillin (100 pg/ml) (Section 2.1.12). Colony
PCR (Section 2.2.3.2) was carried out to verify the presence of the desired insert in

the vector of the sample clones.

2.2.3.2 Colony PCR

Bacterial colonies observed following transformation could be directly
screened for the presence of the desired plasmid by PCR. Using aseptic techniques,
an isolated colony was removed using a sterile tip and placed in a sterile 0.2 ml
microcentrifuge tube containing a PCR mastermix, having all the components
necessary for PCR (Section 2.2.2.3) and also streaked onto a reference plate.
Genomic DNA and DNA negative controls were included and PCR was carried out
as described in Section 2.2.2.3, with the exception that the initial denaturing step was
increased to 95 °C for 5 min to allow the bacterial cells to rupture and release DNA

for the PCR reaction.
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Map of pCR®2.1-TOPO®

pCR®2.1-TOPO®  The map below shows the features of pCR*2.1-TOPO” and the sequence

Map surrounding the TOPO® Cloning site. Restriction sites are labeled to indicate the
actual cleavage site. The arrow indicates the start of transcription for T7
polymerase. The complete sequence of pCR*2.1-TOPO® is available for
downloading from our Web site (www.invitrogen.com) or by contacting
Technical Service (page 24).

Hindl I Keﬂl Sacl BamH| S?cl

LAl AL ST [ | |
CAG GAR ACA GCT ATG ACE ATG ATT ACG CCA AGC TTG GTA CCG AGC TCG GAT CCA CTA
GTC CTT TGT CGA TAT TG[E TAC TAA TGC GGT TCG AAC CAT GGC TCG AGC CTA GGT GAT

| | i | e POy
AGA TAT CCA TCA CAC TGG CGG CCG CTC GAG CAT GCA TCT AGR GGG CCC AAT TCG [CCC TAT
TCT ATA GGYT AGT GTG ACC GCC GGC GAG CTC GTA CGT AGA TCT CCC GGG TTA AGC |GGG ATA

4

BofX | EcoR| EcoR |
GTA ACG GOC GCC AGT GTG CTG GAA TIC GCC cm\c GGC GAR TTC 7GC
CAT TGC CGG CGG TCA CAC GAC CTT AAG CGG G TIC CCG CTT AAG ACG
EcoR V BeX1 Mot Xha | Nsi | Xba | Agal
|

______ TiPromoter _M13 Forward (-20) Prmer
AGT GAG TCG TAT TAC AAT TCACTG GCC GICT GTT TTA S@A CGT CGT GAC TGG GAR AAC
\ TCA CTC AGC ATA ATG TTA AGT |GAC TGG CAG CAA AAT G T GCA GCA CTG ACC CTT TTG

Comments for pCR®2.1-TOPO®
3931 nucleotides

LacZa fragment: bases 1-547

M13 reverse priming site: bases 205-221
Multiple cloning site: bases 234-357

T7 promoter/priming site: bases 364-383

M13 Forward (-20) priming site: bases 391-406
f1 origin: bases 548-985

Kanamycin resistance ORF: bases 1319-2113
Ampicillin resistance ORF: bases 2131-2991
pUC origin: bases 3136-3809

Figure 2.1: Vector map of the TOPO® TA Cloning® vector (Invitrogen, The

Netherlands).
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2.2.3.3 Small Scale Plasmid Purification

Plasmid purification was carried out using the Qiagen QIA prep Mini-prep
kit according to the Qiagen Plasmid Purification manual. All buffers (P1, P2, N3 and
PE) and columns were supplied with the kit. Details of the buffer components are
outlined in the Qiagen Plasmid Purification manual. Isolated colonies were picked
aseptically and used to inoculate LB broth (4 ml) (Section 2.1.7) containing 100
pg/ml ampicillin (Section 2.1.12). They were cultured overnight at 37 °C with
shaking at 200 rpm. The cells were harvested by centrifugation at 2,500 g for 5 min
at 4 °C. The supernatants were discarded and the pellets were resuspended in ice
cold Buffer P1 (250 pl) and transferred to sterile 1.5 ml microcentrifuge tubes.
Buffer P2 (250 pl) and Buffer N3 (350 pl) were added and the tubes were inverted 5
times before centrifugation at 13,000 g for 10 min. The supernatants were transferred
to the Qiaprep Spin Columns and centrifuged at 13,000 g for 1 min. The flow
through was discarded and the columns were washed with Buffer PE (750 pl) and
centrifuged at 13,000 g for 1 min. The flow through was again discarded and the
columns were centrifuged again at 13,000 g for 1 min to remove residual buffer. The
Qiaprep Spin columns were placed in sterile 1.5 ml microcentrifuge tubes. The DNA
was eluted from the columns by the addition of sterile water (30 pl) followed by
centrifugation at 13,000 g for 1 min. The purified plasmid was subsequently
analysed by DNA Gel Electrophoresis (Section 2.2.2.5) and was stored at -20 °C

until required for use.
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2.2.3.4 DNA Sequencing

DNA Sequencing of plasmids was performed by LGC Genomics (Middlesex,

UK) on a commercial basis.

2.2.4 RNA Analysis

2.2.4.1 RNA Isolation

A. fumigatus liquid cultures, which were inoculated at 37 °C at the required
time, were filtered through autoclaved miracloth, washed with sterile water and the
mycelia collected. The mycelial mat was rapid frozen 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 Qiagen, according to the manufacturer’s instructions. [3-
mercaptoethanol (10 ul) was added to Buffer RLC (1 ml) before RNA extraction.
For each sample, mycelia (100 mg) were placed in sterile microcentrifuge tubes.
Buffer RLC (450 pl) was added to each sample which were then vortexed
vigorously. The lysates were transferred to QIAshredder spin columns. The columns
were centrifuged at 13,000 g for 2 min. The flow through was transferred to new
microcentrifuge tubes, avoiding the cell debris pellet. Ethanol (100 %, 0.5 volume of
the lysate) was added to the lysates and mixed immediately. Samples were then
transferred to RNeasy spin columns, which were placed in 2 ml collection tubes.
Columns were centrifuged at 10,000 g for 15 s. The flow through was discarded.
Buffer RW1 (700 pl) was added to the columns and then centrifuged at 10,000 g for
15 s. The flow through was discarded. Buffer RPE (500 pl) was added to the

columns and centrifuged at 10,000 g for 15 s. The flow through was discarded.
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Buffer RPE (500 ul) was added to the columns and centrifuged at 10,000 g for 2
min. The spin columns were removed and placed in new collection tubes and
centrifuged for 2 min at 13,000 g, to remove residual buffer. The spin columns were
placed in sterile 1.5 ml microcentrifuge tubes. RNase-free water (50 pl) was added to
the columns and the RNA was eluted by centrifuging at 10,000 g for 1 min. The

RNA samples were stored at — 70 °C until required.

2.2.4.2 RNA Gel Electrophoresis

1.2 % (w/v) agarose gels were prepared by adding agarose (1.2 g) to double-
autoclaved water (80 ml). The agarose was melted and allowed to cool to 65 °C
before 10 X Formaldehyde Agarose (FA) gel buffer (10 ml) (Section 2.1.15.3) was
added in a fumehood. The final volume was adjusted to 100 ml using double-
autoclaved water. The gel was poured into the casting unit and allowed to set. The
gel was removed from the casting unit and placed in an electrophoresis rig, where it
was completely submerged in 1 X FA running buffer (Section 2.1.15.4). The RNA
samples were prepared as follows; RNA at desired concentration (4 upl), 10 X FA
Buffer (Section2.1.15.3) (2.5 pl), formaldehyde (37 %; 4 ul), formamide (12 ul) and
ethidium bromide (1 mg/ml; 1 ul). The prepared samples were heated to 65 °C for 15
min and allowed to cool before loading onto the gel and electrophoresis at 100 V for
60 min. The gel was visualised using an Alpha DigiDoc™ RT unit or a Syngene

G:Box.
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2.2.4.3 DNase Treatment of RNA

A DNase kit (Sigma) was used to DNase treat RNA samples. RNA samples
(Section 2.2.4.1) (500 ng) were adjusted to a final volume of 8 pl in Molecular
Grade H,0. 10 X Reaction Buffer (1 ul) and DNase (1 pl) were added to the RNA
samples and the mixture was left to incubate at room temperature for 15 min. Stop
Solution (1 pl) was added to the reaction and they were then incubated at 70 °C for
10 min. The samples were chilled on ice and stored at — 70 °C if not for immediate

use.

2.2.4.4 cDNA Synthesis

cDNA synthesis was performed using the Transcriptor First Strand cDNA
Synthesis Kit (Roche Applied Science) using the supplied reagents in the kit and
following the manufacturer’s instructions. Anchored-oligo (dT)ig Primer (1 pl) was
added to the DNase treated RNA (Section 2.2.4.3) and incubated at 65 °C for 10 min
before cooling to 4 °C. A master-mix containing the remaining components needed
was prepared according to Table 2.4. 8.6 pl of the master-mix was added to each
sample. The samples were heated to 55 °C for 30 min, increased to 85 °C for 5 min

before cooling to 4 °C for up to 2 h.
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Table 2.6: Table of the components making up the master-mix

Kit Component 1 reaction 10 reactions

Transcriptor  High  Fidelity  Reverse 4 pl 40 pl

Transcriptase Reaction Buffer, 5X

Protector RNase Inhibitor 0.5 ul 5ul

Deoxynucleotide Mix 2 ul 20 pl
DTT 1ul 10 pl
Transcriptor  High  Fidelity  Reverse 1.1 pl 11 pl

Transcriptase
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2.2.4.5 Semi-quantitative RT-PCR

PCR was carried out on the cDNA samples (Section 2.2.4.4) as described in
Section 2.2.2.3 using the primers 5’ elfA RT-PCR and 3’ elfA RT-PCR (Table 2.3).
The A. fumigatus calmodulin (calm) gene (AFUA_4G10050) was used as a
housekeeping gene (Burns et al., 2005). The primers calmF and calmR (Table 2.3)
span an intronic region in calm, resulting in an amplicon size of 617 bp from gDNA
and an amplicon size of 314 bp from cDNA. This allows the detection of any
contaminating gDNA in the cDNA samples. The RT-PCR amplicons were resolved
on a 2 % (w/v) Agarose Gel (Section 2.2.2.5) and visualised using an Alpha

DigiDoc™ RT unit or a Syngene G:Box.

2.2.5 Restriction Enzyme Digests

Restriction enzymes and 10 X reaction buffers were obtained from Fermentas
(York, UK), Promega (Southampton, UK) and New England Biolabs (Ipswich, UK).
Reactions were carried out according to the manufacturer’s instructions, but a typical

reaction was performed as follows:

DNA 1 ug

Enzyme 1pl

10 X Buffer 1l

Sterile Water to final volume of 10 pl.
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The total reaction volume was always > 10 X the volume of enzyme used in order to
prevent high glycerol concentration, which could cause non-specific digestion (star
activity). Reactions were typically carried out at 37 °C for 3 h, although some
enzymes required different incubation temperatures, as per the manufacturer’s
instructions. Digestion reactions were visualised by DNA gel electrophoresis
(Section 2.2.2.5) and if necessary gel purified using the Qiagen gel extraction kit

(Section 2.2.2.6).

2.2.6 De-phosphorylation of blunt-end restriction disgests

In order to prevent the re-annealing of a restriction digest resulting in blunt-
ends, Calf Intestine Alkaline Phosphatase (CIAP) was used to de-phosphorylate the

5’ ends in the following reaction:

DNA 1 pmol

10 X Alkaline phosphatase buffer 4 pl

CIAP 0.5 pl

Molecular grade H,0O to final volume 40 pl

The reaction was incubated at 37 °C for 15 min and then at 56 °C for 15 min. A
further 0.5 pl CIAP was added to the reaction and it was again incubated at 37 °C for
15 min and then at 56 °C for 15 min. The DNA was gel purified using the Qiagen gel
extraction kit (Section 2.2.2.6) after being resolved on a 0.7 % agarose gel (Section

2.2.2.5),
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2.2.7 Filling in overhangs from restriction digests

The 5° overhangs generated by a restriction digest were filled in using the
DNA Polymerase |, Large (Klenow) Fragment to allow for the ligation of the DNA
fragments to another DNA fragment with blunt-ends. The following reaction was

used;

Digested DNA 1-4 pug in 20 i
Klenow 10 X Buffer 4 ul

Klenow 4 ul

10 mM dNTPs 2 ul

Molecular grade water 10 pl

The reaction was incubated at 22 °C for 10 min before incubating at 75 °C for 10
min to stop the reaction. The DNA was gel purified using the Qiagen gel extraction

Kit (Section 2.2.2.6) after being resolved on a 0.7 % agarose gel (Section 2.2.2.5).

2.2.8 Ligation of DNA fragments

The ligation of DNA fragments was required for the generation of the elfA
knockout constructs and the construct for complementation. DNA was digested
(Section 2.2.5) to give compatible fragments. These fragments were separated by
DNA electrophoresis (Section 2.2.2.5) and extracted from the gel (Section 2.2.2.6).
The ligations were carried out using the Ligafast™ Rapid DNA Ligation System
(Promega), which contains T4 DNA ligase, according to the manufacturer’s
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instructions. The molecular ratio for cohesive end ligation was usually 1:3 insert to
backbone. For blunt ended ligation, the molecular ratio was usually 1:1 insert to

backbone. The following formula is used to calculate the ligation reaction:

ng Vector x kb Insert x Molar ratio Insert = ng Insert

kb Vector Vector

A typical reaction consisted of the following:

Vector 100 ng

Insert as per equation calculation
2X Fast Ligase Buffer 12.5 pl

Fast Ligase 1l

Sterile Water to a final volume of 25 pl

The reaction was incubated at 22 °C for 2 h.

2.2.9 Generation of A. fumigatus elfA deletion and complementation strains

2.2.9.1 Deletion of elfA in A. fumigatus

The strategy employed to generate the elfA deletion strain (AelfA) in this
study was the bipartite gene disruption strategy (Nielsen et al., 2006), outlined in
Figure 2.2. This strategy required the use of two constructs, each containing a partial
fragment of a selection marker ligated to the 5* and 3° flanking regions of the gene of
interest (GOI). When transformed into A. fumigatus protoplasts, homologous

recombination of the overlapping fragments unifies the selection marker. Two

104



further homologous recombination events occur between the flanking regions of the
GOl and the constructs. This results in the deletion of the GOI and its replacement
with the selection marker. A single homologous integration of the selection marker is

confirmed by Southern Blot Analysis.

The selection marker used in the deletion of elfA was the pyrithiamine
resistance gene (ptrA) from A. oryzae (Kubodera et al., 2002; Kubodera et al., 2000).
ptrA was present on the pSK275 plasmid (a kind gift from Prof. Sven Krappmann)
and was released from the plasmid using appropiate restriction enzymes before its
ligation to the GOI flanking regions. Pyrithiamine is lethal to A. fumigatus, however

on the introduction of ptrA, this lethality is overcome.
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Figure 2.2: Schematic outlining the bipartite strategy for gene disruption. The 5” and
3’ flanking regions of the gene of interest (GOI) are ligated to overlapping fragments
of a selection marker (ptrA). Homologous recombination unifies ptrA, while

homolgous recombination between the flanking regions replaces the GOI with ptrA.
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2.2.9.1.1 Generation of A. fumigatus elfA deletion constructs

The primers used in the PCR reactions are listed in Table 2.3. The strategy
used for generation of the constructs for elfA deletion is outlined in Figure 2.3. The
PCR reactions 1 and 2 amplified the flanking regions, approx. 1 — 1.5 kb in size, of
elfA, while incorporating the restriction sites; Pstl and Asel (Section 2.2.2.3). The
ptrA gene was released from pSK275 by digesting with the restriction enzymes, Pstl
and Asel (Section 2.2.5). The amplified flanking regions were also digested with
their respective enzyme, Pstl for the 5’ flanking region, and Asel for the 3° flanking
region. The digestion of the flanking regions and the release of ptrA with the same
restriction enzymes resulted in compatible ends allowing for the ligation of the
flanking regions with ptrA (Section 2.2.8). PCR reactions 3 and 4 amplified the
ligations, resulting in the final constructs; the 5’ flanking region ligated to a partial

region of ptrA and the 3’ flanking region ligated to a partial region of ptrA.

All PCR reactions were carried out using Expand Long Range Template PCR
System (Roche) (Section 2.2.2.3). All PCR reactions were resolved on 0.7 % (w/v)
agarose gels (Section 2.2.2.5) from which they were extracted and purified using the

Qiagen gel extraction Kit (Section 2.2.2.6)
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Figure 2.3: Schematic outlining the generation of the constructs for elfA deletion. The flanking regions of elfA were amplified to
include specific restriction sites. ptrA was released from pSK275 using the same enzymes and was ligated to the flanking regions

respectively. The ligated products were amplified to give the final constructs.
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2.2.9.2 Complementation of A. fumigatus AelfA

The deleted gene is re-inserted into the deletion strain to generate the
complementation strain. A construct is generated by cloning the deleted gene and its
flanking regions into the TOPO vector. If it is possible, the selection marker to be
used is also inserted into the plasmid to give a single construct. In order for this to be
achievable there must be at least two single restriction sites available on the plasmid.
One of the restriction sites is used to linearise the plasmid to allow for the ligation of
the selection marker. The second restriction site is used to linearise the plasmid
before it is used to transform the deletion strain. If it is not possible to incorporate
the selection marker into the plasmid, it is co-transformed along with the linearised
plasmid where it inserts randomly. Transformation occurs with a single homologous

recombination point.

The selection marker used to complement AelfA is the hygromycin resistance
gene (hph). Hygromycin is also lethal to A. fumigatus, however with the insertion of
hph, growth in the presence of hygromycin is possible. In this study it was possible
to generate a complementation construct that contained both elfA and hph, allowing

for the targeted insertion of hph with elfA.
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2.2.9.2.1 Generation of the complementation construct

The primers used in the PCR reactions are listed in Table 2.3. The generation
of the complementation construct is outlined in Figure 2.4. elfA and its flanking
regions were amplified by PCR (Section 2.2.2.3), cloned into the TOPO vector
(Section 2.2.3.1) and its orientation was determined, resulting in the pelfA plasmid.
The hph gene was released from Pan 7.1 by digesting with Avrll and Xbal. The pelfA
plasmid was digested with EcolCR, which had a single location in pelfA, allowing
for the linearisation of pelfA. EcolCRI digestion results in blunt ends, while Avrll
and Xbal digestion result in overhangs. After digestion with EcolCRI, pelfA was
dephosphorylated with CIAP to prevent re-annealing (Section 2.2.6). The overhangs
produced by digesting with Avrll and Xbal were filled in using DNA Pol | Klenow
to give blunt ends (Section 2.2.7). hph was ligated to pelfA (Section 2.2.8) and
cloned into the TOPO® vector, resulting in the plasmid pelfA-hph. pelfA-hph was
linearised using the restriction enzyme Nrul, which had a single location in the 3’
flanking region of elfA, before transformation into AelfA protoplasts (Figure 2.5).
Integration of the complementation construct was determined by Southern blot

analysis.
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Figure 2.4: elfA and the 5 and 3’ flanking regions were amplified and cloned into
TOPO vector resulting in the plasmid; pelfA. pelfA was linearised and hph, which
was released from Pan 7.1 by restriction digests, was ligated resulting in the plasmid;

pelfA-hph. pelfA-hph was linearised before being used in transformation.
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Figure 2.5: Schematic outlining the complementation of A. fumigatus AelfA. A
single homologous recombination between the 3 flanking region should result in the
insertion of the construct into the 3’ flanking region of AelfA, directly after the

selection marker used to generate A. fumigatus AelfA.
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2.2.9.3 A. fumigatus protoplast production and transformation

2.2.9.3.1 A. fumigatus protoplast production

AMM cultures (200 ml), inoculated with A. fumigatus were incubated
overnight at 37 °C with shaking at 200 rpm. The mycelia were filtered through
sterile miracloth and washed with sterile water. Excess liquid was removed from the
mycelia by briefly drying them between sheets of sterile tissue. Mycelia (1.5 g) were
weighed into a 50 ml sterile universal, in duplicate. Lysis Buffer containing Lytic
enzymes (15 ml) (Section 2.1.16.5) was added to each tube and the mycelia were
lysed by incubating them, horizontally, at 30 °C with shaking at 100 rpm. After
incubating for 30 min, the tubes were removed from the incubator. A 1000 ul pipette
tip, with a 200 ul pipette tip on top, were used to remove any mycelia clumps by
pipetting continuously, up and down, for 10 min. The tubes were returned,
horizontally, to the incubator at 30 °C with shaking at 100 rpm for a further 2.5 h.
The samples were placed on ice for 5 min to terminate lysing enzyme action. The
samples were centrifuged at 900 g for 18 min with no brake and the supernatants
were filtered through sterile miracloth into sterile 50 ml universals. 0.7 M KCI
(Section 2.1.16.1) was added to bring the final volume to 40 ml. The samples were
centrifuged at 3,300 g for 12 min with no brake. The supernatant was discarded and
0.7 M KCI (10 ml) (Section 2.1.16.1) was used to resuspend the pellets. The samples
were centrifuged again at 3,300 g for 12 min with no brake. The supernatant was
again discarded and the tubes were placed upside-down on sterile tissue for 1 min.
Buffer L6 (70 pl) (Section 2.1.16.6) was used to resuspend the pellets with gentle

pipetting. The samples were centrifuged at 600 g with no brake for 1 min to gather
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everything to the bottom of the tube. The duplicate samples were combined and
stored on ice for no longer than 30 min before use. Protoplasts (5 pl) were checked

for integrity under a light microscope.

2.2.9.3.2 A. fumigatus protoplast transformation with gene deletion constructs

For each transformation, 0.3 — 0.7 pg of gene construct DNA was used. The
appropriate volume of DNA was added to a 50 ml sterile universal, and the final
volume was adjusted to 50 pl with Buffer L6 (Section 2.1.16.6). Protoplasts (150 ul)
(Section 2.2.9.3.1) were added to the DNA, which was gently shaken to mix them. A
negative control was prepared by adding protoplasts (15 pl) (Section 2.2.9.3.1) to
Buffer L6 (185 pl) (Section 2.1.16.6) in a sterile 50 ml universal. Buffer L7 (50 pl)
(Section 2.1.16.7) was added to both tubes, gently shaken to mix, and incubated on
ice for 20 min. Buffer L7 (1 ml) (Section 2.1.16.7) was added to each tube and they
were incubated at room temperature for 5 min. Buffer L6 (5 ml) (Section 2.1.16.6)

was added to each tube. The transformed protoplasts were then ready to be plated.

2.2.9.3.3 Plating transformed protoplasts on appropriate selection media.

The Aspergillus regeneration agar 1.8 % (Section 2.1.1.5.1) and Aspergillus
regeneration agar 0.7 % (Section 2.1.1.5.2) were prepared freshly at the time
transformation was undertaken. 2 x 25 ml plates of regeneration media 1.8 % were
poured as positive control plates. To the remaining regeneration media 1.8 %,
pyrithiamine or hygromycin at the appropriate concentration (Table 2.2) was added

before pouring the remaining six plates, one negative control and 5 selection plates.
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The negative control was prepared by adding 1.25 ml of the negative control
protoplasts (Section 2.2.9.3.2) to a sterile 50 ml universal. This was adjusted to a
final volume of 6 ml with regeneration media 0.7 % (Section 2.1.1.5.2) and poured
onto the prepared negative control plate. The positive control plates were prepared
by adding 12.5 pl and 1.25 pl of transformed protoplasts (Section 2.2.9.3.2)
respectively to two 50 ml sterile universals. The final volume in these two tubes was
adjusted to 6 ml with regeneration media 0.7 % (Section 2.1.1.5.2) and they were
poured onto the 2 prepared positive control plates. The remaining transformed
protoplasts (Section 2.2.9.3.2) were adjusted to a final volume of 30 ml with
regeneration media 0.7 % (Section 2.1.1.5.2). 6 ml was poured on to each of the
prepared selection plates. The plates were left upright at room temperature overnight.
The following day, the selection plates and the negative control plates were overlaid
with 6 ml of regeneration media 0.7 % (Section 2.1.1.5.2) containing either
pyrithiamine or hygromycin at the appropriate concentration (Table 2.2). The plates
were incubated at 37 °C for 5 — 7 days until colonies became visible. Colonies
visible on the positive control plates after 2 — 3 days indicated that the protoplasts

were viable and capable of regeneration.

2.2.9.3.4 Isolation of A. fumigatus transformed colonies

Colonies growing on the selection plates were deemed potential A. fumigatus
transformants as they had resistance to either pyrithiamine or hygromycin. Spores
from these colonies were sub-cultured, aseptically using a sterile P1000 pipette tip,
onto fresh selective agar plates and incubated at 37 °C for 2-3 days. This was to

verify resistance to the selection drug. Agar plugs from these colonies were taken,
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aseptically, and transferred to sterile 1.5 ml microcentrifuge tubes. PBST 0.1% (750
pl) (Section 2.1.5) was added to each plug which were vortexed to dislodge the
conidia into the PBST 0.1%. Sabourard Dextrose broth (20 ml) (Section 2.1.1.1) was
inoculated with 500 ul of the conidia suspension from the plugs and incubated for 16
h at 37 °C with shaking at 200 rpm. These cultures were used to isolate genomic

DNA (Section 2.2.2.1) to analyse by Southern Blotting (Section 2.2.10).

2.2.9.3.5 Single-spore isolation of A. fumigatus transformants

Colonies that demonstrated the desired insertion, as observed by Southern
Blotting (Section 2.2.10), were single-spored in order to gain colonies of nuclear
homogeneity. The conidial suspensions (Section 2.2.9.3.4) were diluted in PBST 0.1
% (Section 2.1.5), 10,000 fold. 50 pl of these dilutions was plated onto individual
selection plates. The plates were incubated at 37 °C until individual colonies
appeared. Agar plugs of these colonies were taken, as described earlier in Section

2.2.9.3.4. They were confirmed by Southern Blot analysis (Section 2.2.10)

2.2.10 Southern Blot Analysis

2.2.10.1 Transfer of Nucleic Acid

Southern Blot Analysis was carried out in order to confirm the deletion or
replacement of a gene at a specific loci in A. fumigatus genomic DNA (gDNA). The
gDNA was isolated from the transformants and wild-type strains (ATCC46645 and
AakuB) (Section 2.2.2.1), and was digested with a relevant restriction enzyme as

described earlier (Section 2.2.5). The restriction enzyme was chosen as one which
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would cut the wild-type gDNA and mutants differentially resulting in different sized
fragments (Figure 2.6 and Figure 2.7). The digested gDNA was subjected to
electrophoresis on 0.7 % agarose gels (Section 2.2.2.5). Once the gDNA was
resolved, the agarose gel was placed in a UV cross-linking machine and pulsed with
800 pJ to create nicks in the DNA, aiding its transfer onto the nylon membrane. A
Southern tower was set up by pouring Southern Transfer Buffer (Section 2.1.17.1)
into a large tank. Two sheets of Whatman filter paper (30 cm x 10 cm) were placed
along the top of the tank, with both ends dipped into the Southern transfer buffer.
The agarose gel was placed on top of the Whatman filter paper, load side facing
down. A piece of H" Nylon Membrane (Amersham), measuring the same size as the
agarose gel, was placed on top of the agarose gel in one single movement. Three
pieces of Whatman filter paper, measuring the same size as the agarose gel, were
placed on top of the membrane, taking care not to move the membrane. Three
packets of pocket-sized tissues were removed from their packaging and placed on
top of the Whatman filter paper. This facilitated the absorbance of the Southern
Transfer Buffer as it moved up through the layers of the Southern Tower. A glass
plate was placed on top of this with a weight, weighing 400-500 g, on top on the

glass plate. Southern Blotting was carried out overnight at room temperature.
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Figure 2.6: Schematic showing the probing strategy for Southern Blot analysis. A. fumigatus wild-type, AelfA and elfA° genomic DNA
was digested with Pstl. When probed with a DIG-labelled probe for the 5° flanking region, A. fumigatus wild-type should have a

fragment 4376 bp in size, A. fumigatus AelfA had a fragment size of 1969 bp, while A. fumigatus elfA® should contain two fragments;

1969 bp and 4470 bp in size. The probe was 1086 bp in size and its binding site is indicated by the black line.
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Figure 2.7: Schematic showing the probing strategy for Southern Blot analysis. A. fumigatus wild-type, A. fumigatus AelfA and A.
fumigatus elfA° genomic DNA was digested with BssHII. When probed with a DIG-labelled probe for the 5 flanking region, A.
fumigatus wild-type should have a fragment 2299 bp in size, A. fumigatus AelfA a fragment size of 4006 bp, while A. fumigatus elfA®

should contain two fragments; 4006 bp and 6225 bp in size. The probe was 1086 bp in size and its binding site is indicated by the black

line.

120



2.2.10.2 Disassembly of the Southern Tower

The tissue paper and Whatman filter paper was removed from the tower.
Before the membrane was removed from the agarose gel, the position of the
individual wells was marked onto the membrane using a pencil. The membrane was
then removed from the agarose gel and washed in 2 X SSC Buffer (Section 2.1.17.3)
for 20 min with gentle rocking at room temperature. The membrane was placed into
a UV cross-linking machine and pulsed with 1,200 pJ. This cross-linked the nucleic
acids onto the membrane, preventing them from removal by subsequent treatment

steps.

2.2.10.3 Digoxygenin (DIG) — Detection of hybridised Nucleic Acids

2.2.10.3.1 Generation of DIG- labelled probes

The DIG-labelled probes were generated by PCR (Section 2.2.2.3). The
primers used were specific to a gene or flanking region of the gene of interest (Table
2.3). DIG-labelled dNTPs (Section 2.1.17.14) were used to label the PCR products.
The PCR product was resolved in a 0.7 % Agarose gel (Section 2.2.2.5) before
extraction using the QIA Quick Gel extraction Kit (Section 2.2.2.6). The
concentration was determined using a Nanodrop spectrophotometer (NanoDrop 1000
Spectrophotometer, Mason Technology). The PCR product was heated to 90 °C for 5
min in a heating block in order to denature it and it was placed on ice immediately.
400 ng of the PCR product was added to Membrane Pre-hybridisation Buffer (5 ml)
(Section 2.1.17.7) that was preheated to 65 °C. This probe was stored at — 20 °C.

Before use, it was heated to 65 °C for 30 min in a water bath.
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2.2.10.3.2 Pre-hybridisation of Nylon membrane

The Nylon membrane was placed in a Hybridisation tube that was pre-heated
to 42 °C. 10 ml of the Membrane Pre-hybridisation Buffer (Section 2.1.17.7), pre-
heated to 65 °C, was added to the hybridisation tube. The tube was placed in a

Hybaid oven and rotated at 42 °C for 4 -5 h to block the membrane.

2.2.10.3.3 Hybridisation of Nylon membrane with DIG-labelled probe

The DIG-labelled probe was pre-heated to 65 °C in a water bath. The
membrane pre-hybridisation buffer was poured off, and the DIG-labelled probe
solution (Section 2.2.10.3.1) was added to the tube. Care was taken not to pour the
probe directly onto the blot. The tube was returned to the Hybaid oven at 42 °C and
was incubated overnight while rotating. This allowed the probe to hybridise to

specific regions of interest on the nylon membrane.

2.2.10.3.4 DIG Detection

The probe was removed from the hybridisation tube and stored at — 20 °C for
further use. The membrane was removed from the hybridisation tube and was
washed in 1 X SSC/0.1 % (w/v) SDS Buffer (Section 2.1.17.8) at room temperature
for 15 min with gentle rocking. This buffer was poured off and the wash step
repeated. The membrane was returned to the hybridisation tube. 1 X SSC/0.1 %
(w/v) SDS Buffer (30 ml) (Section 2.1.17.8), pre-heated to 65 °C, was added to the
hybridisation tube, which was rotated at 65 °C for 15 min. The buffer was removed,

the tube was drained up-side-down on tissue paper before this step was repeated.

122



Between each addition of buffer, the tube was drained on tissue paper throughout the
entire DIG-Detection procedure. DIG Wash Buffer (10 ml) (Section 2.1.17.9) was
added to the tube and rotated at 25 °C for 5 min. DIG Buffer 2 (10 ml) (Section
2.1.17.10) was added to the hybridisation tube, which was then rotated at 25 °C for
30 min. This buffer was discarded and the Anti-DIG Fab Fragments — alkaline
phosphatase (10 ml) (Section 2.1.17.12) was added and it was rotated at 25 °C for 30
min. This was discarded and DIG Wash Buffer (10 ml) (Section 2.1.17.9) was added
and it was rotated at 25 °C for 15 min. The buffer was discarded and this wash step
repeated. DIG Buffer 3 (10 ml) (Section 2.1.17.11) was added to the hybridisation
tube and it was rotated at 25 °C for 5 min. This was poured off and the CSPD
substrate (Section 2.1.17.13) was added to the hybridisation tube. This was rotated at
25 °C for 5 min. The CSPD was poured off and stored in a tinfoil covered tube at 4
°C for re-use within 1 week. The Nylon membrane was wrapped in cling-film and
incubated at 37 °C for 15 min, allowing the Anti-DIG Fab alkaline - phosphatase to

process the CSPD and thus increasing the intensity of the emitted signal.

2.2.11 Developing Blots that used a chemiluminescent substrate

The blot to be developed was placed in a Kodak exposure cassette. For
Western blots treated with ECL, the blot was placed between two acetate sheets.
Southern Blots were left in the cling film they were wrapped in during DIG-
detection (Section 2.2.10.3.4). The blots were exposed to Kodak film in the dark.
Southern Blots were usually exposed for 1 — 3 hr, and Western Blots were usually

exposed for 2 — 15 min. The film was removed from the cassette and developed in
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Developer Solution (Section 2.1.18.1). They were rinsed in water before being fixed

in Fixer Solution (Section 2.1.18.2).

2.2.12 Bradford Protein Assay

A stock solution of BSA (1 mg/ml) was prepared and diluted in PBS (Section
2.1.3) to give solutions of known concentrations. These protein solutions, along with
a PBS blank control were used to generate a standard curve. The sample to be
assayed was diluted appropriately in PBS. 20 pl of the blank, protein solutions or
sample to be assayed was added to a 980 pl of the Bradford solution (Section 2.1.22)
and mixed. Following 5 min incubation, absorbances were measured using a
spectrophotometer at Asgsnm (Eppendorf Biophotometer). A graph of Asgsnm versus
BSA concentration was plotted and the protein concentration of the samples

calculated using the curve. All samples were prepared and analysed in duplicate.

2.2.13 Sodium Dodecyl Sulphate Polyacrylamide Gel Electrophoresis (SDS-

PAGE)

SDS-PAGE gels, both stacking and separating, were prepared according to
Table 2.5. The gels were cast using the Mini-Protean Il gel casting apparatus
(BioRad, CA, USA) according to the manufacturer’s guidelines. Samples were
prepared by adding 1 volume 5 X Solubilisation Buffer (Section 2.1.19.6) to 4
volumes of sample. Samples were boiled for 5 min, centrifuged briefly, before
loading onto the gel with a Hamiliton syringe. Electrophoresis for 1D separation was
carried out initially at 70 V for 20 min, increasing to 120 V until the sample reached

the bottom of the separating gel, using 1 X Electrode Running Buffer (Section
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2.1.19.9). Following electrophoresis, gels were stained with either (i) Coomassie
Staining Solution (Section 2.1.19.10) for at least 1 h with gentle rocking and
subsequent destaining with Destaining Solution (Section 2.1.19.11) for 30 min or (ii)

Colloidal Coomassie Blue Staining (Section 2.2.14).

Table 2.7: Table of reagents for SDS-PAGE

Separating Gel 12 % Stacking Gel 4 %
Reagent (ml) For small gel For large gel For small gel
30 % (wiv) 2.26 mi 25.35 ml 0.325 ml
Acrylamide/bis
Tris-HCI; pH 83 1.4 ml 15.75 ml -
Tris-HCL; pH 6.8 - - 0.625 ml
Deionised Water  1.86 ml 20.85 ml 1.525 ml
10 % (w/v) SDS 56 pl 0.605 ml 25 ul
10 % (w/v) 20 pl 0.225 mi 50 pl
Ammonium
persulphate
TEMED 4.6 pl 52.5 ul 5ul
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2.2.14 Colloidal Coomassie Blue Staining

The gels were fixed for 3 h — overnight in Fixing Solution (Section
2.1.19.12.1) with gentle rocking. This was poured off and the gels were washed 3 X
20 min in deionised water. The gels were then pre-incubated in Incubation buffer
(Section 2.1.19.12.2) for 1 h before being stained in Staining Solution (Section

2.1.19.12.3) for 4 — 5 days. Gels were destained with deionised water.

2.2.15 Western Blot Analysis; Semi-Dry

Nitrocellulose paper (NCP), and 6 sheets of filter paper, of appropriate size,
were pre-soaked in Towbin Transfer Buffer (Section 2.1.20.1) for 15 min. The SDS-
PAGE gels were removed carefully from the electrophoresis unit. They were
assembled on the transfer unit as follows; 3 sheets of soaked filter paper, soaked
NCP, SDS-Page gel, and 3 sheets of soaked filter paper. Transfer occurred at 18 V
for 30 min. The NCP was blocked in Western Blocking Buffer (Section 2.1.20.2) for
1 h at room temperature with gentle rocking. The Western blocking buffer was
poured off and the primary antibody, diluted in Antibody Buffer (Section 2.1.20.3),
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 % (Section
2.1.4). The secondary antibody, diluted in Antibody buffer, was added 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 with Supersignal West Pico enhanced chemiluminescent (ECL) substrate

(Section 2.1.20.4) according to the manufacturer’s guidelines (Pierce).
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2.2.16 Protein Extraction from A. fumigatus

2.2.16.1 Whole Cell Protein Extraction for 2D Analysis of A. fumigatus

The mycelia were harvested through miracloth and washed with cold
deionised water. The mycelia were dried in tissue and snap frozen in liquid N,. The
mycelia were ground into a fine powder using a pestle and mortar under liquid N,.
The ground mycelia (250 mg) was added to 10 % (w/v) TCA (1.5 ml) (Section
2.1.23.2) 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 3 times in total with cooling on ice between
each step. The lysed samples were incubated on ice for a further 30 min before
centrifugation at 12,000 g for 10 min at 4 °C. The supernatants were discarded. 60 pl
of H,O was added to the samples and vortexed. Ice-cold acetone (1 ml) was added to
each sample and the pellets were resuspended as much as possible by pipetting and
vortexing. The samples were stored at — 20 °C and were vortexed every 10 min for 1
h. They were then stored overnight at — 20 °C. The samples were centrifuged at
12,000 g for 10 min. The supernatants were discarded and ice-cold acetone (500 pl)
was added to each sample. The samples were vortexed before being centrifuged at
12,000 g for 10 min at 4 °C. The supernatants were discarded and the pellets were
left to air-dry for 5 min. IEF Buffer (Section 2.1.23.3) (500 ul) was added to the
pellets which were resuspended as much as possible by pipetting and vortexing. The
samples were incubated at room temperature for 1 h before centrifuging at 13,000
rpm for 3 min in a benchtop microfuge. The supernatants were removed to clean

microcentrifuge tubes and aliquots were stored at — 20 °C until required for use.
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2.2.16.2 Whole Cell Protein extraction from A. fumigatus; Small scale

A. fumigatus mycelia were harvested using miracloth, washed with cold
deionised water, dried in tissue paper and snap-frozen in liquid N,. The mycelia were
then lyophilised until completely dry. Lyophilised mycelia (100 mg) were weighed
into a 2 ml eppendorf and a tungsten bead added. Samples were bead beaten at 30 Hz
for 5 min in a bead beater (MM300, Retsch®). Ice-cold Lysis Buffer (500 ul)
(Section 2.1.21.1) was added to each sample and they were bead beaten again at 30
Hz for 5 min. A further 100 pl of ice-cold Lysis buffer was added to the samples
which where incubated on ice for 1 h. Samples were centrifuged at 12,000 g for 15
min at 4 °C. The supernatants were removed to clean microcentrifuge tubes. The
samples were sonicated in a sonication bath (Fisher Scientific) for 5 min before
being centrifuged again at 12,000 g for 5 min at 4 °C. The supernatants were
removed to clean microcentrifuge tubes. Aliquots were stored at -20 °C until

required for use.

2.2.16.3 Whole cell protein extraction from A. fumigatus; Large scale

Lyophilised mycelia were weighed into a 50 ml universal and Lysis Buffer
(Section 2.1.21.1) (10 ml per g) was added. This suspension was incubated on ice for
1 h. The suspension was then sonicated using a sonication probe at 10 % power with
6 cycles for 1 min. The suspension was cooled on ice before repeating until lysis was
complete. The lysate was incubated on ice for 30 min before centrifuging at 12,000 g
at 4 °C for 20 min (Sorvall). The supernatant was removed and filtered through a

0.45 pm sterile filter to remove any small particulates.
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2.2.16.4 Whole Cell Protein Extraction from A. fumigatus germlings

The A. fumigatus germlings were checked under the microscope after 9 h of
growth, to ensure the conidia were now in the germling phase. The germlings were
harvested by filtering through Whatman filter paper and were washed with distilled
water. The germlings were scraped into a 50 ml universal and centrifuged at 2,000 g
for 5 min to remove any excess liquid. The supernatant was carefully removed. The
germling pellets were weighed and resuspended in Lysis Buffer (1 ml per g) (Section
2.1.21.1). The suspension was aliquoted into 1 ml aliquots, in 2 ml eppendorfs
containing 0.1 mm Glass beads (0.4 g) and was bead-beaten at 30 Hz for 5 min
(MM300, Retsch®) before cooling on ice. The germlings were bead-beaten 3 times
in total, with cooling on ice between each cycle. The lysates were centrifuged at
12,000 g for 10 min at 4 °C. The supernatants were removed to microcentrifuge

tubes. Aliquots were stored at — 20 °C until required for use.

2.2.17 TCA/Acetone precipitation before 2D-PAGE

100 % TCA (Section 2.1.23.1) was added to the samples to give a final TCA
concentration of 10 %. They were incubated on ice for 3 h before centrifuging at
12,000 g for 10 min at 4 °C. The supernatants were removed and the pellets were
resuspended in ice-cold Acetone (1 ml). The samples were incubated at — 20 °C for 1
hr before being centrifuged at 12,000 g for 10 min at 4 °C. The supernatants were
removed and the pellets were washed once more with ice-cold Acetone. After the
supernatant was removed, the pellets were air-dried for 5 min. The pellets were

resuspended in IEF Buffer (Section 2.1.23.3). To aid in the resolubilisation of the
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pellets into IEF Buffer, the samples were sonicated in a sonication bath for 5 min.
The samples were left at room temperature for 1 h. The samples were centrifuged at

12,000 g for 2 min and the supernatants were removed to microcentrifuge tubes.

2.2.18 Isoelectric Focussing (IEF) and 2D-PAGE

The protein samples were prepared to the appropriate concentration and
volume for the IPG strip size according to Table 2.6. Bromophenol blue was added
to the protein samples, which were then centrifuged at 12,000 g for 5 min. Protein
samples were loaded into the positive end of the ceramic IPG strip holders. The IPG
strip was added, gel-side 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. The strips were overlaid with Plus One Drystrip Coverfluid
(Amersham) (1 - 1.5 ml) and subjected to IEF on an IPGphor Il IEF Unit using the

following programme;

Step 50V 12 h
Step 250 V 0.15h
Gradient 5000V 2h
Step 5000 V 5h
Gradient 8000 V 2h
Step 8000 V 1h
Step 250 V 1h
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Following IEF, the IPG strips were equilibrated in Reduction Buffer (Section
2.1.23.5) for 20 min, followed by equilibration in Alkylation Buffer (Section
2.1.23.6) for 20 min. The IPG strips were rinsed in 1 X Electrode Running Buffer
(Section 2.1.19.9) and placed on top of 12 % SDS-PAGE gels using a forceps. The
gels were overlaid with Agarose Sealing Solution (Section 2.1.23.7). Once set, the
gels were placed in the PROTEAN Plus Dodeca Cell (BIO-RAD) as per
manufacturer’s instructions. The gels were electrophoresed in 1 X Electrode
Running Buffer (Section 2.1.19.9) overnight at 1.5 W per gel. In the morning, the
voltage was increased to 5 W per gel until the dye-front was 2 cm from the end of

the gels. The gels were stained with Colloidal Coomassie Blue (Section 2.2.14).

Table 2.8: Protein amounts and volumes for different length IPG Strips

Strip Length Protein amount Volume of IEF Buffer
7cm 125 ug 125 pl
13cm 300 ug 250 pl
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2.2.19 In-Gel Digestion of Protein Spots from 2D-PAGE Gels

In-Gel digestion was carried out according to Shevchenko et al. (2007). The
samples were excised from the gel and placed in 1.5 ml microcentrifuge tubes. The
gel pieces were destained by adding 100 mM ammonium bicarbonate/acetonitrile
(1:1 (v/v)) (Section 2.1.24.2) (100 pl) for 1 h at room temperature with vortexing at
intervals. This liquid was removed and 500 pl of acetonitrile was added to shrink the
gel pieces. The liquid was removed before addition of trypsin solution (Section
2.1.24.4) (50 pl) to each gel piece. The samples were incubated at 4 °C for 30 min,
checked to ensure the gel piece was covered with trypsin solution, before incubation
for a further 2.5 h at 4 °C. If required, 10 mM ammonium bicarbonate was added to
cover the gel pieces. The gel pieces were incubated overnight at 37 °C. The gel
pieces were sonicated in a sonication bath for 10 min. They were then centrifuged at

12,000 g for 10 min and supernatants were removed to clean microcentrifuge tubes.

2.2.20 MALDI-ToF Mass Spectrometry

2.2.20.1 Matrix (a-cyano-4-hydroxycinnamic acid) (4-HCCA) Preparation

0.1 % (v/v) TFA (350 pl) (Section 2.1.24.7) was added to 4-HCCA (5 mg)
and vortexed for 30 s. Acetonitrile (350 ul) was added to the solution which was
vortexed for a further 30 s before being centrifuged for 1 min at 13,000 rpm in a
benchtop centrifuge. The supernatant was retained as the matrix sample to which the

internal calibrants Angiotensin fragment I11 and human hATCH 19-39 were added.
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2.2.20.2 Target preparation and MS analysis

The Trypsin digested samples (Section 2.2.19) were diluted 1:1 with the
matrix sample (Section 2.2.20.1) in microcentrifuge tubes. The matrixed peptide
sample (0.4 ul) was transferred to an individual position on the MALDI target slide
and allowed to dry fully. The samples were prepared in duplicate, and each MALDI
target slide contained one spot of external calibration mix (LaserBio Labs, Proteomix
C104). All samples were subjected to delayed extraction reflectron MALDI-ToF
analysis with a nitrogen laser (337 nm) at 20 kV using an Ettan MALDI-ToF Pro
mass spectrometer (Amersham Biosciences). Spectra were calibrated, before mass
(m/z) lists were interrogated against (i) the NCBI nr database available as part of the
mass spectrometer Evaluation Software Version 2.01 or (ii) a local FASTA version

of the annotated A. fumigatus genome available at http://www.cadre-

genomes.org.uk. All promising hits were compared to the NCBI nr database using

MASCOT (www.matrixscience.com). For all database searches, criteria were set as

monoisotopic peptide tolerance + 50 ppm and 1 missed cleavage with variable

modifications set as oxidation of methionine and carbamidomethylation.
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2.2.21 Liquid Chromatography Mass Spectrometry (LC-MS)
2.2.21.1 Sample Preparation

After trypsin digestion (Section 2.2.19), the peptides were dried down in a
speedy vac (DNA Speedy Vac Concentrator, Thermo Scientific). The peptides were
resuspended in 0.1 % formic acid (Section 2.1.24.5) (20 pl). The samples were
filtered through 0.22 um Cellulose Spin-filters (Costar) before being transferred to

polypropylene vials. Care was taken to ensure there was no air trapped in the vials.
2.2.21.2 Sample Analysis

LC-MS Analysis was carried out on a 6340 lon-trap LC Mass Spectrometer
using electrospray ionisation (Agilent Technologies). Samples (5 pl) (Section
2.2.21.1) were loaded onto a Zorbax 300 SB C-18 Nano-HPLC Chip (150 mm x 75
pum) with 0.1 % (v/v) formic acid (Section 2.1.24.5) at a flow rate of 4 pl/min.
Peptides were eluted over a 15 min gradient of 5 — 100 % (v/v) Acetonitrile/formic
acid (Section 2.1.24.6) with a post run of 5 min, using a flow rate of 0.6 pl/min. The
eluted peptides were ionised and analysed by the mass spectrometer. MS" analysis
was carried out on the 3 most abundant peptide precursor ions in each sample, as
selected automatically by the mass spectrometer. The peptides from the MS" spectra

were compared to the NCBI nr database using MASCOT (www.matrixscience.com)

for 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 of Carboxymethyl (C) and a

variable modification of oxidation of methionine were also set.
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2.2.22 Biotinylation of Glutathione disulfide (Biotin-GSSG)

This protocol was adapted from Brennan et al. (2005). GSSG (61.2 mg) was
dissolved in water (1.8 ml). To this, Sulfo-NHS-LC-Biotin (114.4 mg) (Section
2.1.27.1) was added and dissolved. The pH was adjusted to pH 7.2 using 5 M NaOH
(Section 2.1.2.2) and pH indicator strips. It was left to react at room temperature for
1 h. The final volume was adjusted to 2 ml using 1 M Tris-HCI (pH 7.2) (Section
2.1.27.2) in order to stop the reaction. The solution was aliquoted and stored at — 70
°C until required for use. Confirmation of the successful biotinylation of GSSG was
obtained using Reverse Phase — High Performance Liquid Chromatography (Section

2.2.23) and MALDI-ToF (Section 2.2.20).

2.2.23 Reverse Phase — High Performance Liquid Chromatography Analysis

The Biotin-GSSG, and the two controls; GSSG treated with Tris-HCI (1 M)
and Sulfo-NHS-LC-Biotin treated with Tris-HCI (1 M) (Section 2.2.22) were diluted
in DMSO to give a final concentration of 5 nmol/pl. The samples (50 ul) were
transferred into glass vials. The samples were analysed by RP — HPLC with UV
detection (Agilent 1200 system), using a C18 RP — HPLC column (Agilent Zorbax
Eclipse XDB-C18; 5 mm particle size; 4.6 x 15 min) at a flow rate of 1 ml/min. A
mobile phase of water with 0.1 % TFA (Section 2.1.25.1) and acetonitrile with 0.1 %

TFA (Section 2.1.25.2) was used. Samples (20 ul) were injected onto the column.
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2.2.24 Investigating protein glutathionylation using Biotin-GSSG

2.2.24.1 Western blot analysis of protein glutathionylation

Biotin-GSSG (Section 2.2.22) was incubated with whole protein lysate,
extracted under non-reducing conditions, (Section 2.2.16.2) in a 1/10 ratio for 10 min
at room temperature. Non-reducing 4 X Solubilisation Buffer (Section 2.1.19.7) was
added to each sample and they were boiled for 5 min. The samples were separated by
SDS-PAGE (Section 2.2.13), again under non-reducing conditions, and Western Blot
was carried out as described in Section 2.2.15. Streptavidin-HRP and ECL (Section

2.1.20.4) were used to develop the blot.

2.2.25 Intracellular Glutathione Measurement

Intracellular glutathione was measured using a method adapted from the
literature (Thon et al., 2010; Rahman et al., 2006). Total glutathione (glutathione
(GSH) and glutathione disulfide (GSSG)) and GSSG only were measured

independently, allowing for the calculation of GSH only.

Note: Care was taken throughout all steps in this procedure to avoid exposing
the samples to light. All tubes were covered in tinfoil and a lid was kept on the ice

box.

2.2.25.1 Sample Preparation

Mycelia from 24 h cultures in AMM were harvested through miracloth and
dried on tissue paper, removing as much excess liquid as possible. Mycelia (500 mg)

were weighed into a 2 ml Eppendorf tube and 5 % (w/v) SSA (Section 2.1.26.4) (500
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ul) was added along with a tungsten bead. The samples were bead-beaten at 30 Hz
for 5 min followed by centrifugation at 12,000 g for 10 min at 4 °C. The
supernatants were removed to clean microcentrifuge tubes covered in tinfoil and
neutralised using triethanolamine (Section 2.1.26.5). The samples were diluted (1/10
— 1/30) in GSH/GSSG Assay Buffer (Section 2.1.26.3) before centrifugation at
12,000 g for 10 min at 4 °C. The supernatants were removed to clean

microcentrifuge tubes. Samples were stored at — 70 °C if not assayed immediately.

2.2.25.2 GSH Standard Preparation

GSH (1 mg/ml) (Section 2.1.26.11) was diluted 1/100 in GSH/GSSG Assay
Buffer (Section 2.1.26.3) to give a stock of concentration 10 pg/ml. A 26.4 nmol/ml
stock was prepared by adding 800 ul of the 10 pg/ml preparation to 200 pl of
GSH/GSSG Assay Buffer (Section 2.1.26.3). A series of dilutions was carried out on

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

2.2.25.3 GSSG Standard Preparation

GSSG (2 mg/ml) (Section 2.1.26.12) was diluted 1/100 in GSH/GSSG Assay
Buffer (Section 2.1.26.3) to give a stock of concentration 20 pg/ml. A 26.4 nmol/ml
stock was prepared by adding 800 ul of the 10 pg/ml preparation to 200 pl of
GSH/GSSG Assay Buffer (Section 2.1.26.3). A series of dilutions was carried out on

the 26.4 nmol/ml preparation in order to generate a standard curve.
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2.2.25.4 Pre-treatment of GSSG samples

GSSG standards and samples to be assayed for GSSG were pre-treated with
2-vinylpyridine, which covalently reacts with GSH, preventing its oxidation to
GSSG, thereby allowing for the measurement of GSSG only. 2-vinylpyridine
(Section 2.1.26.6) (2 pl) was added to 100 ul of a Blank sample, the GSSG standards
(Section 2.2.25.3) and samples to be assayed for GSSG (Section 2.2.25.1). This was
carried out in a fume hood. The samples were incubated at room temperature for 1 h
before triethanolamine (Section 2.1.26.5) (6 pl) was added to each sample to
neutralise the 2-vinylpyridine. The samples were incubated for 10 min at room

temperature before being assayed.

2.2.25.5 Glutathione Assay

All samples to be assayed for GSH or GSSG were assayed in the same
manner. The blank/standard/sample (20 ul) was added to a clear 96-well microtiter
plate. To this, 10 mM DTNB + GR (Section 2.1.26.8) (44.2 pl) was added and left
for 30 sec. 5 mM NADPH (Section 2.1.26.10) (42 ul) was added to each well and
the plate was gently shaken to mix. The absorbance at 412 nm was measured after 1

min 30 sec.
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2.2.26 Comparative Hydrophobicity Assay

Conidia were harvested from 7 day old AMM plates as described in Section
2.2.1.1. The conidia were washed by resuspending them in PBS (10 ml) (Section
2.1.3) followed by centrifugation at 2,000 g for 10 min. The supernatant was
removed and the wash process repeated. The conidia were resuspended in 50 mM
Sodium Phosphate (pH 7.4) containing 150 mM NaCl (Section 2.1.29) to an ODs4onm
of 0.4. Xylene was added to the conidia suspension, 2.5:1 (v/v) and vortexed for 2
min. The suspension was allowed to settle for 20 min before the aqueous layer was

removed and its absorbance measured at 540 nm.
2.2.27 A. fumigatus Germination Assay

Conidia were harvested from 5 day old MEA plates and AMM (20 ml)
(Section 2.1.1.4.4) was inoculated with 1 x 10’/ml inoculm. The cultures were
incubated at 37 °C static. The germination rate was measured by removing a 500 pl
aliquot from each culture and transferring it to a 2 ml Eppendorf tube containing 0.1
mm glass beads (0.2 g). The cultures were returned to the incubator. The samples
were vortexed briefly to disrupt any clumps of germinating conidia. 10 ul of each
sample was loaded onto a haemocytometer and conidia and germlings were counted
to 100. Swollen conidia were excluded from counting as germlings. Samples were
counted in duplicate and the rate of germination was expressed as the percentage of
germinated conidia in the total conidia counted. Germination was recorded after 6, 8

and 10 h.
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2.2.28 MIC of Voriconazole

The MIC for voriconazole against A. fumigatus was measured following the
European Committee on Antimicrobial Susceptibility Testing (EUCAST) guidelines
(Pfaller et al., 2011). RPMI 1640 containing 2 % glucose (Section 2.1.1.6) and
voriconazole (0 — 2 pg/ml) was inoculated with 3 x 10° conidia/ml in a flat bottom
microdilution plate. The plate was incubated at 37 °C for 48 h. Growth was
examined visually and the MIC was determined as the lowest concentration of

voriconazole resulting in no growth of A. fumigatus.
2.2.29 Confocal Microscopy

9 h germlings were pelleted by centrifuging the cultures at 1,000 g for 5 min.
The pellets were resuspended in 4 % (v/v) Formaldehyde (Section 2.1.28.4) to fix the
germlings which were then centrifuged at 1,000 g for 5 min before the supernatants
were discarded. The germlings were washed by resuspending in PBS (10 ml)
(Section 2.1.3) centrifugation at 1,000 g for 5 min and discarding the supernatants.
The wash step was repeated and the germlings were resuspended in PBS (10 ml)
(Section 2.1.3). Aliquots (500 pl) of the germlings were centrifuged at 1,000 g for 2
min and the supernatants were discarded. The pellets were resuspended in Confocal
Buffer (1 ml) (Section 2.1.28.5) to block the germlings overnight at 4 °C. The
germlings were centrifuged at 1,000 g for 2 min and the supernatants were discarded.
Mouse monoclonal antibody to linear-(1, 3)-B-glucan (Biosupplies, Australia) was
added at 1 pg/ml in Confocal Buffer (Section 2.1.28.5) to the germlings which were

incubated for 1 h at room temperature with gentle mixing. The germlings were
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centrifuged at 1,000 g for 2 min and the supernatants were discarded. The germlings
were washed by resuspending the pellets in Confocal buffer (1 ml) (Section 2.1.28.5)
and incubating for 5 min with gentle mixing. The germlings were centrifuged at
1,000 g and the supernatants were discarded. This wash step was carried out 3 times
in total. The germlings were stained with Alexa Fluor 488 goat anti-mouse 1gG
(H+L) (Invitrogen) at a 1/200 dilution in confocal Buffer (Section 2.1.28.5) for 1 h
with gentle mixing. The germlings were again washed with Confocal Buffer as
before. The pellets were resuspended in PBS (50 ul) (Section 2.1.3). 10 pl of this
suspension was transferred onto a glass slides and covered with cover slips. The
cover slips were sealed with nail varnish. The germlings were viewed under an
Olympus FluoView 1000, and the images were processed using the software

Olympus FluoView FV10-ASW Ver.01.07.

2.2.30 Statistical analysis

Data analysis was carried out using built-in GraphPad prism version 5.01
functions, as specified. Post hoc comparisons between groups were performed using
the Bonferroni multiple comparisons test, unless otherwise stated. All graphs were

compiled using Graphpad Prism version 5.01, unless otherwise stated.

2.2.31 Multiple Sequence Alignment

Amino acid sequences were obtained from the Ensembl genome browser

(http://www.ensembl.org/) and were aligned using the Clustal W Multiple alignment

tool in the BioEdit programme http://www.mbio.ncsu.edu/bioedit/bioedit.html.
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3.1 Introduction

The eEF1 complex has been studied in many different organisms, including
yeast, protozans and humans (Corbi et al., 2010; Mateyak and Kinzy, 2010;
Jonusiene et al., 2005). The majority of the information available to date results from
studies in S. cerevisiae, however little data about this complex in A. fumigatus has
been forthcoming. In yeast, the majority of the studies focused on the eEF1A and
eEF1Ba subunits, which are involved in the transfer of aminoacyl-tRNA from the
aminoacyl-tRNA synthetases to the elongating ribosome (Olarewaju et al., 2004).
eEF1A is a G-protein and constituent nucleotide exchange activity derives from
eEF1Ba subunit which is a guanine nucleotide exchange factor. However, a function
for the eEF 1By subunit has yet to be conclusively elucidated, although recent studies
indicate that eEF1By plays a role in protein metabolism, in particular protein
transport and protein turnover in response to oxidative stress (Esposito and Kinzy,

2010).

The crystal structure of S. cerevisiae eEF1By has been characterised and the
N-terminal domain contains sequence motifs that are found in the theta class of
GSTs (Jeppesen et al., 2003). Despite the presence of this domain, no GST activity
has been demonstrated in eEF1By in S. cerevisiae. In A. fumigatus, Carberry et al.
(2006) identified the eEF1By subunit; EIfA, by MALDI-ToF after selecting for
GSH-binding proteins. They then demonstrated that EIfA exhibits GST activity
using the substrates 1-chloro-2,4-dinitrobenzene (CDNB) and ethacrynic acid. The

observation of GST activity in A. fumigatus EIfA raises many questions as to the role
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it plays in the fungus, ranging from protection against oxidative stress, particularly at

the elongating ribosome, to acting as a chaperone in protein folding.

In order to gain an insight into the function of elfA in A. fumigatus, a
functional genomics and proteomics approach was employed. Central to this
approach was the deletion of A. fumigatus elfA in order to allow for the investigation
of phenotypes associated with the gene deletion. There are a number of different
methods available to delete or disrupt genes in filamentous fungi; Agrobacterium-
mediated transformation (AMT), protoplast-mediated transformation (PMT),
electroporation and biolistic transformation (Meyer, 2008). Of these methods, some
are more suitable to targeted gene disruption than others, namely AMT and PMT.
AMT employs the use of the soil bacterium Agrobacterium tumefaciens, exploiting
its ability to transfer DNA, known as T-DNA, to the host from the tumor-inducing
(Ti) plasmid (Michielse et al., 2008). This allows for the single targeted introduction
of DNA into the host genome. The fungus to be transformed is co-cultivated with the
bacterium containing a T-DNA plasmid with the DNA to be inserted. While the
advantages of this method include targeted integration of DNA and the fact the
different cell types can be transformed (protoplasts, conidia or hyphae), its
disadvantages include the necessity to optimise co-cultivation parameters for the two
species and the fact that this is a more time-consuming method than other methods

(Meyer, 2008).

PMT involves the preparation of protoplasts by degrading the cell wall with
enzymes (Meyer, 2008). The DNA is then incorporated by the addition of PEG and

CaCl,. PMT often results in the integration of multiple copies of DNA, resulting in
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difficulties in trying to obtain targeted alterations of the genome with a single
integration of DNA. Targeted gene deletions depend on homologous recombination
events occuring between the deletion construct and the genome. However, the
nonhomologous end-joining pathway (NHEJ) interferes with homologous
recombination resulting in random integration of the construct (Nielsen et al., 2008).
The homologues of two genes involved in the NHEJ pathway, ku70 and ku80, were
identified in A. fumigatus (da Silva Ferreira et al., 2006; Krappmann et al., 2006a).
The ku70 and ku80 homologues were deleted and the strains subsequently used for
targeted gene deletions. The frequency of homologous recombination was increased
significantly. However it must be noted that ku70 or ku80 needs to be replaced
before phenotypic analysis can be carried out to ensure that any observed phenotypes

are not as a consequence of the ku70 or ku80 deletion (Nielsen et al., 2008).

The split bipartite method allows for targeted gene disruption using PMT and
results in a higher frequency of successful gene disruptions when compared to the
PMT method alone. Due to this increase in frequency of targeted gene disruption
using the split bipartite method, it may be superior to using the NHEJ deletion strains
as it does not require a pre-existing gene disruption. The split bipartite method
involves the generation of two fragments by PCR that recombine by homologous
recombination in vivo (Nielsen et al., 2006). The two fragments contain a region
homologous to the flanking region of the gene of interest. This homologous region is
fused to a fragment of the selection marker. The two fragments of the selection
marker overlap and therefore recombine in vivo to form a fully functional gene. At

the same time, recombination events between the flanking regions of the gene of
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interest with those in the construct also occur, deleting the gene and replacing it with
the fully functional selection marker (Figure 3.1). This method has already proven
successful in deleting genes in A. fumigatus (e.g., gliG (Davis et al., 2011a), gliT

(Schrettl et al., 2010) and pes3 (O'Hanlon et al., 2011)).

ptrA

X

ptrA

GOl

5 flanking region ptrA 3’ flanking region

Figure 3.1: Schematic depicting the split bipartite method. Homologous
recombination occurs between the overlapping ptrA fragments resulting in a
functional ptrA. At the same time, two homologous recombination events occur

between the flanking regions resulting in the deletion of the gene of interest (GOI).
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Once the gene of interest has been successfully deleted, it must be
complemented before phenotypic analysis can be undertaken to confirm any
observed phenotypes associated with the deletion strain are as a direct result of the
deletion and not the introduction of the resistance gene. Complementation of a
deletion requires the use of an alternative resistance gene to the one used in carrying

out the deletion.

The aims of the work presented in this chapter were (i) to generate the
constructs required to delete elfA in A. fumigatus using the split bipartite method, (ii)
to transform A. fumigatus protoplasts with the deletion constructs, (iii) to generate a
construct to complement the deletion of A. fumigatus elfA, (iv) to complement A.
fumigatus AelfA, (v) to analyse expression of A. fumigatus elfA in the ATCC46645

and complemented strains, as well as in A. fumigatus AelfA.
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3.2 Results

3.2.1 Generation of deletion constructs for the transformation of A. fumigatus

A gene deletion strategy was undertaken to generate the A. fumigatus elfA
deletion strain; AelfA (Figure 3.2). AelfA was generated to facilitate the functional
analysis of A. fumigatus elfA. Constructs were prepared in order to replace elfA with
the pyrithiamine resistance gene (ptrA) (Kubodera et al., 2000). These constructs
were transformed into protoplasts from two A. fumigatus backgrounds, ATCC46645

and AakuB (Krappmann et al., 2006b).

The 5° flanking region (1170 bp) of A. fumigatus elfA was amplified,
introducing a Pstl restriction site (Figure 3.3). The 3’ flanking region (1247 bp) of A.
fumigatus elfA was also amplified, introducing an Asel restriction site (Figure 3.3).
The amplicons were digested with their respective restriction enzymes, allowing for
their ligation to ptrA, which was released from pSK275 using the same restriction

enzymes; Pstl and Asel.

The ligation product between the 5 flanking region and ptrA was amplified,
resulting in the 5’ flanking region ligated to a partial fragment of ptrA (2615 bp)
(Figure 3.4). The ligation product between the 3’ flanking region and ptrA was
amplified to produce another partial fragment of ptrA ligated to the 3’ flanking
region (2475 bp) (Figure 3.4). The two partial fragments of ptrA overlap by
approximately 500 bp and should recombine by homologous recombination during
transformation. The two constructs were gel purified to ensure removal of any

contaminants, before use in protoplast transformation (Section 2.2.2.6).
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) PptrA

ptrA

5 elfA

Transformation

PUrA

Figure 3.2: Schematic outlining the strategy used in the deletion of elfA in A. fumigatus

A. Outline of the steps involved in generating the deletion constructs for A. fumigatus AelfA

B. Transformation of A. fumigatus with the deletion constructs in order to delete A. fumigatus elfA
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<«—1247bp
<— 1170 bp

Figure 3.3: Generation of AelfA deletion constructs. PCR 1 for the 5’
flanking region of A. fumigatus elfA (Lanes 1 and 2) and PCR 2 for the 3’
flanking region of A. fumigatus elfA (Lanes 3 and 4) for the generation of A.
fumigatus elfA deletion constructs. PCR 1 product; 1170 bp and PCR 2; 1247

bp. M: APstl molecular weight marker.
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1953bp >

Figure 3.4: Generation of AelfA deletion constructs. PCR 3 (Lanes 1 — 3) and
PCR 4 (Lanes 4 — 6) are the final constructs for the disruption of A. fumigatus
elfA. PCR3 consists of the 5° flanking region of A. fumigatus elfA ligated to a
partial fragment of ptrA. PCR4 consists of another partial fragment of ptrA
ligated to the 3’ flanking region of A. fumigatus elfA. The bands indicated by
the arrow were excised from this gel and purified. M: Molecular weight

marker (Roche VII).
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3.2.2 Generation of Digoxigenin (DIG)-labelled probes for Southern blot

analysis.

Two DIG-labelled probes were generated to identify AelfA transformants by
Southern blot analysis. The probes were generated by PCR as described in Section
2.2.10.3.1 using DIG-labelled dNTPs. Probe 1, which hybridised to the 5 flanking
region, was generated using the oligos; elfA 5’ nest and elfA 5’ Pstl (Table 2.3), and
resulted in a probe 1087 bp in size (Figure 3.5). Probe 2, which hybridised to the elfA
coding region was generated using the oligos; 5” elfA 02/10 DIG and 3’ elfA 02/10
DIG (Table 2.3). This PCR resulted in a probe 707 bp in size (Figure 3.5). The PCRs
were also carried out using unlabelled dNTPs and when resolved in an agarose gel,
the probes were slightly larger than the unlabelled product due to the DIG label
(Figure 3.5). The probes were gel purified to remove any contaminants and the

concentration determined.
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Figure 3.5: Generation of DIG-labelled probes for Southern analysis.

A. Probe 1: DIG-labelled probe for the 5’ flanking region of A. fumigatus elfA,
generated by PCR with the oligos; elfA 5’ nest and elfA 5°Pstl. Lane 1 is the product
of the PCR using regular dNTPs. Lane 2 is the DIG-labelled probe, generated by
using DIG-labelled dNTPs in the PCR reaction. M: Molecular weight marker (Roche

V).

B. Probe 2: DIG-Labelled probe for the coding region of A. fumigatus elfA,
generated by PCR with the oligos; 5’ elfA 02/10 DIG and 3’ elfA 02/10 DIG. Lane 1
is the product of the PCR using regular dNTPs. Lane 2 is the DIG-labelled probe,
generated using DIG-labelled dNTPs in the PCR reaction. M: Molecular weight

marker (Roche VI1).
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3.2.3 Transformation of A. fumigatus resulted in the deletion of elfA in

ATCC46645 and AakuB

A. fumigatus ATCC46645 and AakuB protoplasts were transformed,
independently, with the 5’ and 3’ constructs generated in Section 2.2.9.1.1 as
described in Section 2.2.9.3, whereby 3 ug of both the 5’ and 3’ constructs was used
during the transformation of each strain. The protoplasts were regenerated on
pyrithiamine plates to select for resistance. Transformants which demonstrated
resistance to pyrithiamine were predicted to contain the reconstituted ptrA and were

subjected to Southern blot analysis to check for the deletion of A. fumigatus elfA.

Transformation of ATCC46645 resulted in 17 transformants, while
transformation of AakuB yielded 2 transformants. The transformed colonies were
transferred onto fresh pyrithiamine plates to confirm resistance. Genomic DNA was
extracted from all the transformants and digested with the restriction enzyme Pstl
(Figure 3.6). They were screened by Southern blot analysis using the probes for the
A. fumigatus elfA coding region and the 5’ flanking region (Figure 3.7). Two
ATCC46645 transformants; 3 (Lane 4) and 11 (Lane 12), and one AakuB
transformant; 1 (Lane 20) (Figure 3.7), contained a single integration of ptrA, as

indicated by the presence of a band, 1969 bp in size.

fAATCC46645 i further studies, therefore

It was decided to continue with Ael
colonies 3 and 11 were further confirmed by single spore isolation. Genomic DNA

from the single spore isolates was digested with Pstl and screened by Southern
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analysis, again using the 5’ probe (Figure 3.8). AelfA was confirmed by the presence

of a band, 1969 bp in size.
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Wild-type
Pstl 4376 bp Pstl

) elfA 3

probe
Aelf4
Pl 1969bp Pl

5 ptrA 3

probe

Figure 3.6: Schematic outlining the Pstl restriction sites in both wild-type and AelfA genomic DNA for Southern analysis. Using a
probe specific for the 5’ region (indicated by the black line), wild-type was identified by a 4376 bp fragment, while AelfA was identified

by a 1969 bp fragment. The Pstl restriction sites generating the fragments for detection are indicated.
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Figure 3.7: Southern analysis of ATCC46645 transformants and AakuB

transformants.

A. Restriction digests (Pstl) of genomic DNA (1 pg) from wild-type (Lanes 1 and
17), ATCC46645 transformants (Lanes 2 — 16) and AakuB transformants (Lanes 18

—21). M: Molecular weight marker (Roche VII).

B. Southern analysis for the A. fumigatus elfA coding region. The bands indicate A.
fumigatus elfA and transformants where A. fumigatus elfA has been deleted are
indicated with arrows. Lanes 4, 5, and 12 are transformants in the ATCC46645
background and Lane 20 is a transformant in the AakuB background in which A.

fumigatus has been deleted.

C. Southern blot probed for the A. fumigatus elfA 5’ flanking region. The arrows
indicate the transformants in which a single integration of ptrA was observed. Lanes
4 and 12 are transformants in the ATCC46645 background and Lane 20 is a
transformant in the AakuB background where A. fumigatus elfA has been deleted.

Wild-type fragment size: 4376 bp, AelfA fragment size: 1969 bp.

158



delfA —> aw 8 =

Figure 3.8: Southern analysis of A. fumigatus AelfA single spore isolates.

A. Restriction digest (Pstl) of genomic DNA (1 ug) from wild-type (Lane 5) and

single spore isolates (Lanes 1-4).

B. Southern blot of single spore isolates from colonies 3 (Lanes 1 and 2) and 11
(Lanes 4 and 5) probed with the 5’ probe. Wild-type (Lane 5) is indicated by the
band 4376 bp in size, while the band 1969 bp indicates AelfA (Lanes 1 — 4),

confirming the deletion of A. fumigatus elfA.
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3.2.4 Generation of construct for complementation of AelfA

Once deletion of A. fumigatus elfA was confirmed, A. fumigatus elfA was re-
introduced into AelfA in order to complement its deletion. A construct was generated
as described in Section 2.2.9.2.1. This construct contained A. fumigatus elfA and the
5’ and 3’ flanking regions, and also a hygromycin resistance gene (hph) for selection

(Woods et al., 1998).

A. fumigatus elfA and the 5’ and 3’ flanking regions were amplified using the
primers elfA 5’ nest and elfA 3’ nest (Table 2.3), resulting in a 3145 bp product
(Figure 3.9). This product was cloned into TOPO® vector and the resulting plasmid
was digested with the restriction enzyme Spel to determine the orientation in which
elfA integrated (Figure 3.10). Where A. fumigatus elfA had integrated in the 5> — 3’
direction, two bands; 773 bp and 6295 bp were observed, as in Lane 1 (Figure 3.10).
When A. fumigatus elfA integrated in the 3’ — 5’ direction the banding pattern
observed was 2432 bp and 4636 bp, as in Lanes 2, 4 and 6 (Figure 3.10). The
plasmid containing A. fumigatus elfA integrated in 5’ — 3’ direction was named pelfA.
pelfA was linearised by restriction digestion with EcolCRI generating blunt ends.
This was de-phosphorylated using CIAP (Section 2.2.6) to prevent re-annealing
(Figure 3.11). hph was released from Pan 7.1 (Woods et al., 1998) by restriction
digestion with Avrll and Xbal (Figure 3.12). The 5’ overhangs generated by these
restriction enzymes were filled in using DNA Polymerase I, Large (Klenow)
Fragment (Figure 3.11) (Section 2.2.7). pelfA and hph were ligated and cloned into

TOPO® vector. Plasmids were checked by restriction digest with Bsgl to determine
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if the ligation was successful, and if so which orientation hph integrated (Figure
3.13). Determination of the orientation in which A. fumigatus elfA and hph integrated
into pelfA-hph was important for designing the strategy for Southern analysis. One
successful ligation of hph with pelfA was observed (Figure 3.13). The banding
pattern; 1764 bp and 7649 bp indicated that hph is in the 3> — 5’ direction. This
plasmid was named pelfA-hph. As further confirmation of the integration of hph and
its orientation, pelfA-hph was restriction digested with a second enzyme, Mfel
(Figure 3.14). The observation of two bands, 1131 bp and 8278 bp in size confirmed
the integration of hph in the 3° — 5” direction. Prior to its use in transforming A.
fumigatus AelfA protoplasts, pelfA-hph was linearised by restriction digest with Nrul,

which had a single restriction site in the 3’ flanking region of A. fumigatus elfA.
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< 3145bp

Figure 3.9: PCR of A. fumigatus elfA and flanking regions. The A. fumigatus elfA
and flanking regions (3145 bp) were amplified using the primers elfA 5” nest and
elfA 3’ nest (Lanes 1 — 4) for the generation of the complementation construct. M:

Molecular weight marker (Roche VII).

<—6295bp
<— 4636 bp

<— 2432 bp

<— 773 bp

Figure 3.10: Restriction digest of pelfA with Spel. The banding pattern in Lane 1
(773 bp and 6295 bp) indicated A. fumigatus elfA integration in the 5’- 3’ orientation
while the banding pattern in Lanes 3 and 5 indicated A. fumigatus elfA integration in
the 3’- 5 orientation. Lanes 2 and 4 are undigested plasmid. M: Molecular weight

marker (Roche VII).
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Figure 3.11: Dephosphorylation of pelfA and filling in the 5’ overhangs of hph.
Lane 1; pelfA which was linearised by restriction digestion with EcolCR1 and de-
phosphorylated using CIAP. Lane 2; hph after filling in the 5’ overhangs with DNA

Polymerase I, Large (Klenow) Fragment. M: Molecular weight marker (Roche VII).

< 2340bp

Figure 3.12: Restriction digest of Pan 7.1 with Avrll and Xbal to release hph. Lanes
1-3; a 2340 bp fragment, indicated by the arrow, which corresponds to hph. This was

excised and gel purified.
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<—1764bp

Figure 3.13: Restriction digest with Bsgl of pelfA ligated with hph. Lane 4 contains
2 fragments, 7649 bp and 1764 bp, indicating the integration of hph into pelfA in the
3’ — 5’ orientation. Lanes 1 and 5; undigested plasmid. Lanes 2, 3, 6 — 10; plasmids
in which hph ligated incorrectly with pelfA. M: Molecular weight marker (Roche

V).
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Figure 3.14: Digest of pelfA-hph with Bsgl and Mfel. The plasmid was digested with
Bsgl and Mfel independently to check the integration of hph into pelfA. Lane 1
contained undigested plasmid. The Bsgl digest resulted in 2 fragments, 7649 bp and
1764 bp (Lane 2) and the Mfel digest resulted in 2 fragments, 8278 bp and 1131 bp
(Lane 3). This indicated that hph integrated into pelfA in the 3° — 5 orientation. M:

Molecular weight marker (Roche VII).
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3.2.5 Re-insertion of elfA into AelfA complements its deletion

A. fumigatus AelfA*®%

protoplasts were transformed with the linearised
pelfA-hph plasmid as described in Section 2.2.9.3. Transformants were selected on
hygromycin plates, and any colonies growing were deemed likely to contain hph.
Two transformants were obtained, and these were plated onto fresh hygromycin
plates to confirm resistance. Genomic DNA from A. fumigatus ATCC46645, AelfA
and the transformants was restriction-digested with Pstl and screened by Southern
blot analysis, using the 5’ probe (Figure 3.15). Transformant 1 contained two

fragments, 1969 bp and 4470 bp, indicating the re-integration of A. fumigatus elfA

(Figure 3.16).

As the Southern blot of the Pstl digests for the complementation contains two
bands similar in size to those for A. fumigatus ATCC46645 and AelfA, it was decided
to do a second Southern screen, carrying out the restriction digests with BssHII on
single spore isolates (Figure 3.17). Use of this restriction enzyme results in the
complemented strain exhibiting different bands to those found in A. fumigatus
ATCC46645 or AelfA. Transformant 1 was confirmed as having complemented the

deletion of elfA as it contained the fragments; 4006 bp and 6225 bp (Figure 3.18).
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Figure 3.15: Schematic outlining the hybridisation pattern of the 5 probe (indicated by the black line) to wild-type, AelfA and elfA
genomic DNA digested with Pstl for Southern blot analysis. In wild-type a fragment 4376 bp in size is observed, in AelfA a fragment

1969 bp in size is observed, while in elfA® two fragments should be observed, 1969 bp and 4470 bp.
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Figure 3.16: A. Restriction digest of genomic DNA (1 pg) from A. fumigatus
ATCC46645 wild-type (Lane 1), AelfA (Lane 2) and transformants (Lanes 3 and 4)

with the restriction enzyme Pstl.

B. Southern blot probed with 5° probe. The A. fumigatus ATCC46645 wild-type
exhibits a 4376 bp band (Lane 1), AelfA a 1969 bp band (Lane 2), while transformant
1 (Lane 3) exhibits the complemented pattern, two bands; 1969 bp and 4470 bp in

size.
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Figure 3.17: Schematic representation of the hybridisation pattern of the 5 probe (indicated by black line) after digestion with the
restriction enzyme BssHII. The A. fumigatus ATCC46645 wild-type exhibits a 2299 bp band, AelfA has a band 4006 bp in size, while

the complemented strain pattern contains two bands; 4006 bp and 6225 bp.
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Figure 3.18: Southern analysis of single spore isolates to confirm complementation

of A. fumigatus AelfA.

A. Digest of genomic DNA from single spore isolates from the two transformants,
AelfA and A. fumigatus ATCC46645 with the restriction enzyme BssHII for Southern

blot analysis.

B. Southern blot confirming the complementation of AelfA (elfA%). When probed
with the 5’ probe, a 2299 bp band indicates A. fumigatus ATCC46645, a fragment
size of 4006 bp indicated AelfA, while two band, 4006 bp and 6225 bp in size

confirms elfAC.

170



3.2.6 RT-PCR confirms expression of A. fumigatus elfA in ATCC46645 and

elfA® and absence of expression in AelfA

Semi-quantitative RT-PCR of A. fumigatus elfA in ATCC46645, AelfA and
elfA® was carried out to confirm expression, or absence, in these strains. RNA was
extracted as described in Section 2.2.4.1 from cultures grown for 24, 48 and 72 h.
RNA was quantified using a Nanodrop (NanoDrop 1000 Spectrophotometer,
Thermo Scientific) and its quality checked by running an RNA agarose gel (Section
2.2.4.2). cDNA was synthesised from the extracted RNA as described in Section

2.24.4.

The possibility of genomic DNA contaminating the cDNA was excluded
using the A. fumigatus calmodulin (calm) gene (AFUA_4G10050) as a control gene
(Burns et al., 2005). The primers calmF and calmR were used (Table 2.3) and
resulted in an amplicon 314 bp from cDNA, while the resulting amplicon from
gDNA was 617 bp (Figure 3.19). When the cDNA was confirmed free from
contaminating genomic DNA, the primers 5’ elfA RT-PCR and 3’ elfA RT-PCR
(Table 2.3) were used in the PCR for A. fumigatus elfA, yielding a 529 bp amplicon

(Figure 3.19).

The semi-quantitative RT-PCR for A. fumigatus elfA demonstrates that A.
fumigatus elfA is expressed at 24, 48 and 72 h in both A. fumigatus ATCC46645 and
elfA®, while in AelfA, expression is absent. Although semi-quantitative RT-PCR was

performed, it appears the expression across the 3 time points is equal.
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Figure 3.19: Expression analysis of A. fumigatus AelfA by semi-quantitative RT-

PCR.

A. Semi-quantitative RT-PCR of the housekeeping gene A. fumigatus calm.
Genomic DNA results in a 617 bp amplicon, while the amplicon for cDNA is 314

bp. M: Molecular Marker (Sigma 50 bp).

B. Semi-quantitative RT-PCR of A. fumigatus elfA in A. fumigatus ATCC46645,
AelfA and elfA®. The 529 bp amplicon observed, confirmed basal expression of A.
fumigatus elfA in the ATCC46645 and elfA® strains, while the absence of the
amplicon demonstrates absence of expression in AelfA. M: Molecular Marker
(Sigma 50 bp).
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3.3 Discussion

The work presented in this Chapter describes the deletion of A. fumigatus
elfA in two wild-type strain backgrounds; ATCC46645 and AakuB. A. fumigatus
AelfAATEC4%%% \was complemented to restore elfA function. Semi-quantitative RT-
PCR confirmed expression of A. fumigatus elfA in A. fumigatus ATCC46645 and

elfA®, while expression was absent in A. fumigatus AelfA after 24, 48 and 72 h

growth,

The split bipartite method (Nielsen et al., 2006) was employed in the deletion
of A. fumigatus elfA, a putative translation elongation factor subunit 1By which has
been shown previously to exhibit glutathione s-transferase activity (Carberry et al.,
2006). Two constructs were generated according to this method containing partial
fragments of the pyrithiamine resistant gene, ptrA. The constructs were transformed

into protoplasts from A. fumigatus ATCC46645 and AakuB independently.

In ATCC46645, 17 transformants were obtained, all of which were screened
by Southern blot. After restriction digestion with Pstl, two transformants contained a
1969 bp fragment, corresponding to the successful integration of a fully functional
ptrA in place of A. fumigatus elfA, resulting in A. fumigatus AelfAATCC4%%4% Thig
represents a homologous integration frequency of 12 %, which is higher than that
previously reported for wild-type strains (3 — 5 %) (da Silva Ferreira et al., 2006).
The homologous integration frequency reported here correlates with a homologous

integration frequency of 20 % reported for the A. fumigatus Apes3 strain (Dr. Karen

O’ Hanlon, personal communication). The A. fumigatus Apes3 strain was also
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generated using the split bipartite method with the pyrithiamine resistance gene in
the wild-type strain A. fumigatus ATCC46645 (O'Hanlon et al., 2011). A second
round of Southern blot on single spore isolates of these two successful transformants

confirmed the deletion of A. fumigatus elfA.

In A. fumigatus AakuB, two transformants were obtained, restriction digested
with Pstl, and screened by Southern blot. One transformant contained the 1969 bp
fragment indicative of the successful deletion of A. fumigatus elfA and the generation
of A. fumigatus AelfA*®'® A homologous integration frequency of 50 % is
demonstrated here for A. fumigatus AakuB which is less than that previously
reported by da Silva Ferreira et al. (2006), who reported at frequency of 80 %.

However the sample size (n = 2) reduces the confidence of reporting this frequency.

A complementation construct was prepared, containing elfA and the selection
marker hph, and transformed into AelfA"T¢“*%% Two transformants were obtained
and screened by Southern blot after restriction digest with Pstl. One of the
transformants displayed the fragment pattern, 1969 bp and 4470 bp, indicating the
generation of elfA®. A second round of Southern Blot, following restriction digest
with BssHII, confirmed the complementation when the fragment pattern; 4006 bp
and 6225 bp, was observed in one of the transformants. The hygromycin resistance
gene, hph, has been successfully used to complement other gene deletions in A.
fumigatus, where it has been co-transformed as a plasmid along with the
complementation construct (Blatzer et al., 2011). The advantage of a single
construct, containing the gene to be complemented and the resistance marker, rules

out the situation whereby the resistance marker randomly integrates in the genome.
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The targeted complementation of a gene deletion with a single construct has been
successfully used to complement the deletion of A. fumigatus glkA (Fleck and Brock,

2010).

Semi-quantitative Real Time PCR (RT-PCR) was undertaken to assess A.
fumigatus elfA expression in elfA® and absence of expression in AelfA. cDNA was
prepared from RNA extracted from A. fumigatus ATCC46645, AelfA, and elfA°.
Expression of A. fumigatus elfA was confirmed in ATCC46645 and elfA®, while no
expression was observed in AelfA. This confirmed the successful deletion of A.

fumigatus elfA in ATCC46645 and complementation of AelfA.

The split bipartite method (Nielsen et al., 2006) was employed in this study
to delete A. fumigatus elfA. The two constructs were prepared by fusing partial
fragments of ptrA to ~1.2 kb of the 5” and 3’ flanking regions of elfA. The advantage
this method has over other linear and PCR-based methods (e.g., the double-jointed
method), is that only two rounds of PCR are required, reducing the possibilities of
introducing mutations into the constructs (Nielsen et al., 2006; Yu et al., 2004).
Three homologous recombination events are involved in this method. Firstly, the two
overlapping fragments of the marker recombine to form a fully functioning ptrA.
This recombination drives DNA recombination into homologous recombination and
the 1.2 kb flanking regions on the constructs facilitate homologous recombination
with those at the target site, resulting in the incorporation of the resistance marker at
the target site. The ectopic integration of either the 5* or 3’ construct alone will not
confer resistance and therefore is selected against, and does not yield transformants

(Nielsen et al., 2006).
175



A. fumigatus elfA was successfully deleted in two wild-type background
strains; ATCC46645 and AakuB. It was decided for the purpose of this study to
continue with AelfA*T“4%%%> for the remainder of the work and therefore
complementation of elfA deletion was undertaken in this strain only. The deletion
was carried out in AakuB along with ATCC46645, because as AakuB is a NHEJ-
deficient strain, it was hoped that transformation would be successful at least in this
strain. A. fumigatus AakuB has been used as a background strain for the deletion of
another GST in A. fumigatus, gliG, which is involved in gliotoxin biosynthesis
(Davis et al., 2011a). The frequency of homologous integrations is increased in
AakuB because the NHEJ pathway is no longer active, thereby increasing the
chances of successful targeted deletions (Nielsen et al., 2008). While this strain has
been reported to have the same characteristics as wild-type strains, regarding growth,
virulence, sporulation and pigmentation, it has shown mild sensitivity towards DNA
damaging agents (e.g., methyl methanesulphonate (MMS) and UV light (da Silva
Ferreira et al., 2006; Krappmann et al., 2006a)). Therefore, ideally, the NHEJ
activity needs to be restored before any phenotypic characterisation of the newly
generated mutant can occur (Nielsen et al., 2008). This removes any ambiguity
regarding whether any observed phenotypes are due to the deletion of the gene of
interest or the aku deletion. Strains have been developed in A. nidulans and A. niger
in which ku70 has been transiently disrupted enabling the restoration of ku70
function once the desired gene deletion has been successful (Carvalho et al., 2010;
Nielsen et al., 2008). As a targeted deletion of A. fumigatus elfA was successful in

ATCC46645, this AelfA strain was used in the remainder of the work, as it did not
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require any further manipulations, except complementation with elfA, before

phenotypic characterisation could occur.

This Chapter describes the successful deletion of A. fumigatus elfA in the
wild-type background strains; ATCC46645 and AakuB. The deletion was
successfully complemented in the ATCC46645 background and is the first report of
the deletion of a translation elongation factor in A. fumigatus. Phenotypic analysis
was facilitated upon generation of the A. fumigatus elfA deletion and

complementation strains, and will be described in Chapter 4.
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4.1 Introduction

The availability of a fungal deletion strain accommodates phenotypic
analysis with a view to elucidating possible functions of the gene of interest.
Growing the deletion strain, along with the wild-type strain, in the presence of
various stress-inducing agents can help identify altered phenotypes in the deletion
strain. An altered phenotype in the presence of agents (e.g., H,O,, diamide,
menadione) may indicate a possible role for the gene of interest in the response to
oxidative stress. It is also important to test deletion strains for their sensitivity to
antifungals to determine if the gene of interest could be a possible target to improve
the efficacy of the antifungals, or alternatively if the absence of the gene affects the

mode of action of the drug.

The three main classes of antifungals used in the treatment of Aspergillus
infections are the triazoles, polyenes and echinocandins. The triazoles (e.g.,
voriconazole, itraconazole and posaconazole) target the ergosterol pathway and
resistance is mediated in A. fumigatus by cyp51A (da Silva Ferreira et al., 2005).
The triazoles passively diffuse into the cell where they target the enzyme 14-a-
demethylase, the product of cyp51A, inhibiting the synthesis of ergosterol (Sanglard
and Odds, 2002). Resistance mechanisms to the triazoles have emerged that involve
mutations in cyp51A, in both environmental and clinical isolates, which suggests a
link between azole use as a fungicide and the emergence of resistant strains (Bueid et
al., 2010; Snelders et al., 2009; Snelders et al., 2008). However clinical isolates have
been reported where resistance is not mediated by cyp51A mutations (Bueid et al.,

2010) indicating that other mechanisms of resistance exist. The upregulation of
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cyp51A, of multidrug efflux transporters, namely the ATP-binding cassette (ABC)
transporter and the major facilitator transporter, and alterations in ergosterol
biosynthesis have also been implicated in azole resistance (da Silva Ferreira et al.,

2005; Sanglard and Odds, 2002)

The polyenes, namely amphotericin B, bind to ergosterol in the cell
membrane, causing the formation of pores which results in leakage from the cell
ultimately leading to cell death (Baginski et al., 2006). The exact mechanism by
which this occurs has not yet been fully elucidated. Oxidative stress has also been
shown to be involved in the mode of action of amphotericin B (Blum et al., 2008;
Sokol-Anderson et al., 1986). Solok-Anderson et al. (1986) showed that oxidative
stress was involved in the mode of action of amphotericin B in killing C. albicans.
More recently, Blum et al. (2008) determined that increased catalase production in

A. terreus plays a role in its increased resistance to amphotericin B.

The echinocandins are the newest class of antifungals and comprise
caspofungin, anidualafungin and micafungin (Ostrosky-Zeichner et al., 2010). The
mode of action of the echinocandins is to inhibit the (1,3)-B-glucan synthase
complex thereby preventing cell wall biosynthesis (Munro, 2010). (1,3)-B-glucan is
synthesised by a protein complex consisting of Fks and Rhol GTPase. Fks is the
catalytic subunit of (1,3)-p-glucan synthase and studies on resistant strains have
shown mutations in this protein are responsible for the acquired resistance (Munro,
2010; Douglas et al., 1997). Increased chitin synthesis and the calcineurin signalling
pathway have also been implicated in tolerance to the echinocandins (Walker et al.,

2008).
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Oxidative stress occurs when the balance of reactive oxygen species (ROS)
in the cell has been disturbed resulting in increased concentrations of ROS which
leads to oxidative modification of cellular constituents and the disturbance of ROS-
regulatory pathways (Lushchak, 2011). ROS are produced as side-products in many
metabolic processes in aerobes and comprise superoxide anions (O™ ), the hydroxyl
radical ("OH) and hydrogen peroxide (H,0O;). The cell has both enzymatic and non-
enzymatic systems to deal with increased ROS. Catalases convert H,0, into H,O and
O,, superoxide dismutases accelerate dismutation of the superoxide anion into O,
and H,0,, while peroxidases are another enzymatic system involved in detoxifying
ROS (Lushchak, 2011). The hydroxyl radical is depleted non-enzymatically and is
detoxified by low molecular mass compounds such as glutathione (GSH) (L6pez-

Mirabal and Winther, 2008).

There are many different reagents which induce oxidative stress and are
consequently used to study oxidative stress responses under different conditions
(e.g., gene knockout strains). The most commonly used reagents are H,O,,
menadione, diamide and 4,4’-dipyridyl disulphide (DPS). H,O,-induced oxidative
stress increases the intracellular peroxide and superoxide levels and leads to the
generation of "OH radicals (Lessing et al., 2007). This results in the formation of
oxidation products such as sulfinic-, sulfenic- and sulfonic-acids, and also
methionine oxides (Thon et al., 2010). Menadione induces the formation of
superoxides, peroxides and "OH radicals, while it also chemically modifies cell
components and enhances membrane fluidity (Pusztahelyi et al., 2010). The

oxidants, diamide and DPS, specifically target thiol-groups and do not result in the
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formation of radicals (Pusztahelyi et al., 2010; Lépez-Mirabal and Winther, 2008;
Lopez-Mirabal et al., 2007). Diamide reacts with GSH and proteins leading to the
formation of sulfenic acid which either generates a disulphide bond after reacting
with another thiol (Scheme 1) or is oxidised to form sulfinic acid (Scheme 2)
(Lépez-Mirabal and Winther, 2008). This results in a change in the GSH/GSSG
redox balance (Pusztahelyi et al., 2010). DPS is also a thiol-oxidant and reacts
specifically with thiol groups in thiol-disulphide reactions (Lépez-Mirabal and
Winther, 2008; Lopez-Mirabal et al., 2007). These oxidised proteins can be reduced

again by thioredoxins and glutaredoxins (L6pez-Mirabal and Winther, 2008).

Glutathione is a tripeptide (y-L-glutamyl-L-cysteinyl-L-glycine) which
predominantly exists in the cell in a reduced form (GSH) but also as an oxidised
form (GSSG) (Gao et al., 2009). GSH plays an important role in the oxidative stress
response as it directly scavenges free radicals, acts as a cofactor for anti-oxidant
enzymes and is enzymatically conjugated to xenobiotics resulting in their removal
from the cell (Wheeler and Grant, 2004). GSH is the most abundant low molecular
mass thiol in many organisms and maintains the cytosol in a reduced state (Sato et
al., 2009). Under normal growth conditions, GSH is oxidised to GSSG which can
then be reduced by glutathione reductase (GR) in a NADPH-dependant manner
(Figure 4.1a) (Lo6pez-Mirabal and Winther, 2008). The maintenance of the
GSH/GSSG ratio in the cell is very important and any imbalance is an indicator as to

the redox status of the cell.
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Scheme 1:

(CH3)2, — NC(O)N = NC(O)N(CHs3), + 2(R — SH) —

(CHs), — NC(O)N(SR) — NHC(O)N(CHz), + R —SH —>

(CH3)2, — NC(O)NH — NHC(O)N(CH3); + R—SS - R

Diamide reacts with a protein thiol to form a sulfenic acid derivative. This can react

with another protein thiol to form a disulphide bond.

Scheme 2:

(CH3)2, — NC(O)N(SR) — NHC(O)N(CHg3), + H.0 —

(CH3)> — NC(O)NH — NHC (O)N(CHa), + R - SOH

Alternatively, the sulfenic acid derivative can react with water resulting in the

formation of sulfinic acid.
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Under oxidative stress conditions, the levels of GSH drop while those of GSSG
increase, resulting in a lower GSH/GSSG ratio (Rahman et al., 2006). Once this
occurs, glutathione reductase, glutaredoxins and glutathione peroxidases act to return
the GSH/GSSG balance (Sato et al., 2009). Glutathione also protects against
oxidative stress by reversibly binding to the sulphydryl groups of proteins in a
process called glutathionylation (Wheeler and Grant, 2004). This protects the
sulphydryl groups from irreversible oxidation to sulfonic or sulfinic acid (Gao et al.,

2009). Deglutathionylation is catalysed by glutaredoxins (Gao et al., 2009).

To investigate the GSH/GSSG ratio, total GSH and GSSG can be
independently quantified using DTNB in the “recycling assay” (Figure 4.1b)
(Rahman et al., 2006). DTNB contains a disulphide bond which is reduced by GSH
forming a TNB™ chromophore and an oxidised glutathione adduct. The TNB"
chromophore can be measured spectrophotometrically at 412 nm, while the oxidised
glutathione-TNB adduct is reduced by glutathione reductase in the presence of
NADPH, thereby recycling GSH back into the reaction (Figure 4.1b). GSSG is also
reduced by glutathione reductase in the presence of NADPH so the total glutathione
(GSH + GSSG) in a sample is measured. In order to measure GSSG only, the
samples are first treated with 2-vinylpyridine, which covalently reacts with GSH
only (Rahman et al., 2006). GSSG is then reduced by glutathione reductase in the
presence of NADPH to form 2GSH. To get the amount of GSH in a sample, the

amount of GSSG is subtracted from the total GSH.
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2GSH
NADP* H202
GR
NADPH / 2H,0
+H*

GSSG ——— 2GSH
\l +DTNB
TNB +GS-TNB
Reduced by GR +NADPH l

TNB +GSH

!

Amax 412mn

Figure 4.1: Glutathione in redox maintenance and in a quantitative assay.

A. The GSH/GSSG ratio is maintained through the oxidation of GSH and the
subsequent reduction of GSSG by glutathione reductase (GR) in the presence

of NADPH.

B. GSH and GSSG were quantified following the reduction of DTNB by GSH.

This reaction produced a TNB™ chromophore which was measured at As12nm.
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The aims of the work presented in this chapter were (i) to carry out a
phenotypic analysis of A. fumigatus AelfA in response to different conditions (e.g.,
oxidative stress and antifungal drug stress), (ii) to investigate the GSH/GSSG redox
balance in A. fumigatus AelfA in the presence and absence of H,O,, (iii) to
investigate any changes in the proteins susceptible to glutathionylation in A.

fumigatus AelfA.
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4.2 Results

4.2.1 Multiple sequence alignment of A. fumigatus elfA and other eEF1By

proteins

The amino acid sequences of A. fumigatus elfA and eEF1By proteins from
other fungal species, plants and animals were aligned using ClustalWw Multiple
alignment (Section 2.2.31) (Figure 4.2). Alignment of the amino acid sequences
reveals high similiarity in the GST N-terminal domain between all the proteins,
which was expected, as the N-terminal domain is quite conserved (Morel et al.,
2009; Frova et al., 2006). Similarity was also observed in the GST C-terminal
domain between all the proteins aligned. The eEF1By proteins from S. cerevisiae, S.
pombe (SPAC29A4.02C only), and all the animal and plant species aligned are
larger than those remaining fungal species. The extra amino acids in these proteins
displayed a high level of sequence similiarity and revealed that, with the exception of
S. cerevisiae and S. pombe, the other fungal species used in this alignment do not

contain these amino acids that appear conserved between animal and plants.
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Figure 4.2: Multiple sequence alignment of amino acid sequences of A. fumigatus
elfA and other eEF1By proteins. The GST N-terminal domain is indicated by the
black line, while the GST C-terminal domain is indicated by the red line. eEF1By
proteins were from the following fungi: A. fumigatus Af293 (AFUA_1G17120
(EIfA), AFUA_8G00580 (EIfB)); A. clavatus (ACLA_018390); A. flavus
(AFLA_109860); A. fumigatus A1163 (AFUB _016510); A. nidulans
(ANIA _09304); A. niger (An01g09610); S. cerevisiae (YKL881W (Tef4),
YPLO48W (Tef3)); S. pombe (SPAC29A4.02C, SPBC460.02C, SPCC1183.02);
Giberlla moniloformis (FVEG_11804); Magnaporthe oryzae (MGG_12569),
animals: Drosophila  melanogaster ~ (FBgn0029176); Homo  sapiens
(0i/31102/emb/CAA45089.1); Mouse (ENSMUSG00000071644); Rabbit
(ENSOCUG00000020959); Silkworm (BGIBMGA008302); C. elegans (F17C11.9),
and plants: Arabidopsis thaliana (ATIG09640.1, ATIG09640.2); Oryza sativa

(LOC_0s02g12800.2, LOC_0s02g12800.3, LOC_0s06937440.1).
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4.2.2 Phenotypic analysis of A. fumigatus AelfA

In order to identify any phenotypes associated with the deletion of A.
fumigatus elfA, A. fumigatus ATCC46645, AelfA and elfA® were grown in the
presence of various stress-inducing compounds as outlined in Section 2.1.6. No
difference in growth rate or sporulation was observed between A. fumigatus

ATCC46645, AelfA and elfA® when grown on AMM only (Figure 4.3).
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Figure 4.3: Growth of A. fumigatus ATCC46645, AelfA and elfA° on AMM only.

A. Radial growth of A. fumigatus ATCC46645, AelfA and elfA° on AMM for 24 — 72

h shows no significant difference in growth between these strains.

B. No difference in radial growth, sporulation or pigmentation was observed

between ATCC46645 and AelfA.
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4.2.2.1 Phenotypic analysis of A. fumigatus AelfA in response to amphotericin B

A. fumigatus AelfA was investigated for an altered phenotype in the presence
of the antifungal amphotericin B. A. fumigatus ATCC46645, AelfA and elfA® were
grown on AMM in the presence of amphotericin B (0 — 1 pg/ml). No significant

difference was observed between the three strains (Figure 4.4)
4.2.2.2 Phenotypic analysis of A. fumigatus AelfA in response to gliotoxin

Gliotoxin is produced by A. fumigatus and is involved in the virulence of the
fungus (Gardiner et al., 2005). Recently it has been shown that A. fumigatus is
sensitive to gliotoxin in the absence of a gene involved in self-protection; gliT
(Schrettl et al., 2010). A. fumigatus ATCC46645 and AelfA were grown on AMM in
the presence of gliotoxin (0 — 10 pg/ml), concentrations previously shown to impair
growth upon deletion of a gene involved in self-protection (Scharf et al., 2010;
Schrettl et al., 2010). No difference was observed between the growth of these two
strains (Figure 4.5), indicating that A. fumigatus elfA is not involved in self-
protection against gliotoxin. Because A. fumigatus AelfA did not display an altered
phenotype towards gliotoxin, it was unnecessary to repeat this using A. fumigatus

elfAC.
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Figure 4.4: Growth of A. fumigatus ATCC46645, AelfA and elfA° on AMM
containing amphotericin B (0 — 1 pg/ml). No differences were observed in growth of

A. fumigatus ATCC46645, AelfA and elfAC in the presence of amphotericin B.

B3 ATCC46645
E3 AelfA

20+

Radial Growth (mm)
H
o

o

Gliotoxin (pg/ml)

Figure 4.5: Growth of A. fumigatus ATCC46645 and AelfA on AMM containing
gliotoxin (0 — 10 pg/ml). A. fumigatus AelfA did not exhibit an altered phenotype

compared to A. fumigatus ATCC46645.
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4.2.2.3 Phenotypic analysis of A. fumigatus AelfA in response to Glycerol-

induced osmotic stress

A. fumigatus ATCC46645, AelfA and elfA® were grown on AMM containing
glycerol (0 — 10 % (v/v)) to determine if A. fumigatus AelfA had an altered
phenotype as a result of osmotic stress. There were no differences observed in the
growth of the three strains (Figure 4.6), indicating that A. fumigatus elfA is not

involved in the response to osmotic stress.
4.2.2.4 Analysis of A. fumigatus AelfA protease secretion capacity

To investigate if A. fumigatus AelfA had an impaired protease secretory
capacity, A. fumigatus ATCC46645, AelfA and elfA° were grown on skimmed milk
agar (0.5 % (w/v)) (Richie et al., 2009). Skimmed milk is a complex lipo-
proteinaceous substrate and therefore any impairment in the secretory capacity of A.
fumigatus AelfA would affect its ability to acquire nutrients from the complex
substrate. The UPR affects the secretory pathway as it is involved in ER homeostasis
(Richie et al., 2009), and any differences observed in A. fumigatus AelfA may also be
indicative of an altered UPR response No differences in growth were observed
between the three strains (Figure 4.7) indicating that A. fumigatus AelfA does not

have an altered secretome compared to A. fumigatus ATCC46645.
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Figure 4.6: Growth of A. fumigatus ATCC46645, AelfA and elfA° on AMM
containing glycerol (0 — 10 % (v/v)). A. fumigatus ATCC46645, AelfA and elfA° all

displayed a similar phenotype.
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Figure 4.7: Growth of A. fumigatus ATCC46645, AelfA and elfA® on skimmed milk
agar. There was no difference observed in growth of A. fumigatus AelfA when
compared to A. fumigatus ATCC46645 and elfA® on skimmed milk (0.5 % (w/v))

indicating that there is no impairment of A. fumigatus AelfA secretory capacity.
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4.2.2.5 Phenotypic analysis of A. fumigatus AelfA in response to DTT

Dithiothreitol (DTT) is a reducing agent and also induces endoplasmic
reticulum (ER) stress (Back et al., 2005). In the presence of ER stress, the UPR is
activated in response to the increased levels of unfolded and misfolded proteins, and
is involved in restoring ER homeostasis (Richie et al., 2009). A. fumigatus
ATCC46645, AelfA and elfA® were grown in AMM liquid culture in the presence of
DTT (0 — 5 mM) and the growth rate determined. There was no significant

difference observed between the growth rates of any of the three strains (Figure 4.8).
4.2.2.6 Phenotypic analysis of A. fumigatus AelfA in response to voriconazole

To determine if A. fumigatus AelfA displayed a different phenotype to that of
the wild-type to the antifungal voriconazole, A. fumigatus ATCC46645, AelfA and
elfA were grown on AMM agar plates containing voriconazole (0 — 1 pg/ml). A.
fumigatus AelfA was more resistant (p = 0.0251) to voriconazole (0.5 pg/ml) than A.

fumigatus ATCC46645 and elfA° after 72 h (Figure 4.9)
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Figure 4.8: Growth of A. fumigatus ATCC46645, AelfA and elfA® in the presence of

DTT. No significant difference in growth was observed between A. fumigatus

ATCC46645, AelfA and elfA® when grown in the presence of DTT (0 — 5 mM).
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Effect of voriconazole (0 - 1 pg/ml) on the growth of A. fumigatus

ATCC46645, AelfA and elfA® after 72 h. AelfA is significantly more resistant to

voriconazole compared to ATCC46645 and elfA® at 0.5 pg/ml (p = 0.0251). Data

analysis by one-way ANOVA.
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4.2.2.8 Phenotypic analysis of A. fumigatus AelfA in response to oxidative stress

As A. fumigatus elfA was previously observed to possess GST activity
(Carberry et al., 2006), one of its possible roles is an involvement in the oxidative
stress response. A. fumigatus AelfA was investigated to ascertain if it displayed an
altered phenotype in response to the oxidative stress-inducing agents, menadione,
DPS, H,0, and diamide. A. fumigatus ATCC46645, AelfA and elfA were grown on
AMM agar plates containing menadione (0 — 50 uM), DPS (0 — 7.5 uM), H,0O, (0 —
5 mM) and diamide (0 — 4 mM). A. fumigatus AelfA did not display any significant
growth differences in the presence of menadione when compared to A. fumigatus
ATCC46645 and elfA® (Figure 4.10). However A. fumigatus AelfA was found to be
significantly more sensitive to DPS, H,O, and diamide. After 96 h of growth, it was
observed that A. fumigatus AelfA was significantly more sensitive to 7.5 uM DPS (p
= 0.0007) compared to A. fumigatus ATCC46645 or elfA® (Figure 4.11). After 48 h
of growth on AMM in the presence of H,O,, A. fumigatus AelfA was significantly
more sensitive to 1 mM H,0; (p = 0.0026) (Figure 4.12). After 72 h of growth, A.
fumigatus AelfA was also significantly more sensitive to 1 mM H,0, (p = 0.0006)
(Figure 4.12). A. fumigatus AelfA was significantly more sensitive to 0.5 mM
diamide after both 48 (p = 0.0041) and 72 h (p = 0.0001) of growth (Figure 4.13). It
was observed that the wild-type phenotype was not fully restored to A. fumigatus

elfA€ upon exposure to H,0, and diamide.
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Figure 4.10: Growth of A. fumigatus ATCC46645, AelfA and elfA° on AMM

containing menadione. A. fumigatus ATCC46645, AelfA and elfA® displayed the

same radial growth in the presence of menadione (0 — 50 uM).
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Figure 4.11: Effect of 4,4’-dipyridyl disulphide (0 — 7.5 uM) on the growth of A.
fumigatus ATCC46645, AelfA and elfA°. There is significant growth inhibition of
AelfA compared to ATCC46645 and elfA at 7.5 uM 4,4’-dipyridyl disulphide (p =

0.0007). Data analysis by one-way ANOVA.

199



251
€ E3 ATCC46645
c 1HAE B3 self A
< 1) HHE B eiia°
= 154 E{HE
2 U HHE & ﬁ
° |HHH B 2
O 101HEH E &

= E e E =3
HEE E H E I‘Ii
0 1 2 3 4
H,0, Conc. (mM)
B.
401

ATCC46645

B3 self A
= INIINS

104

Radial Growth (mm)
N
o

e
AN e R e e AR

BB R R R R R R

e e e e e

sl
A
2] Lol
=Ly
=Ly
=4 =]
] a)
Ak
Ele
2] el
Bla

2 3 4
H,O, Conc. (mM)

Figure 4.12: Growth of A. fumigatus ATCC46645, AelfA and elfA° on AMM
containing H,0,.

A. Effect of H,0, (0 - 4 mM) on the growth of A. fumigatus ATCC46645, AelfA and
elfA®, respectively after 48 h. There is significant growth inhibition of AelfA

compared to ATCC46645 (p = 0.0026).
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B. Effect of H,O, (0 - 4 mM) on the growth of A. fumigatus ATCC46645, AelfA and
elfA®, respectively after 72 h. There is significant growth inhibition of AelfA

compared to ATCC46645 (p = 0.0006). Data analysis by one-way ANOVA.
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Figure 4.13: Effect of diamide (0 — 4 mM) on the growth of A. fumigatus
ATCC46645, AelfA and elfA. After 48 h (A.) and 72 h (B.) growth there was
significant growth inhibition of AelfA compared to ATCC46645 (48 h: p = 0.0041,

72 h: p =0.0001) Diamide. Data analysis by one-way ANOVA.
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4.2.3 Intracellular glutathione measurement

4.2.3.1 GSH and GSSG determination

In order to measure the intracellular total GSH and GSSG levels, standard
curves for GSH and GSSG were constructed as described in Section 2.2.25
following independent assays and optimisation of the reaction time (data not shown).
The standards were prepared at a concentration range of 26.4 — 0.4125 nmol/ml and
assayed as described in Section 2.2.25.5. A linear relationship occurs between the
concentration of glutathione and the absorbance. The standard curves (Figure 4.14)
were used in subsequent assays to calculate the amount of intracellular GSH and

GSSG in fungal extracts.
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Figure 4.14: GSH and GSSG standard curves.
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4.2.3.2 Measurement of the intracellular GSH and GSSG levels in A. fumigatus

strains under normal growth conditions

The intracellular levels of GSH and GSSG, respectively, were determined in
A. fumigatus AelfA and compared to those in A. fumigatus ATCC46645 and elfA°.
Preparations for glutathione measurement and for protein quantification were
extracted from mycelia harvested from 24 h cultures in AMM as described in
Sections 2.2.25.1 and 2.2.16.2 respectively. Those for GSSG measurement were pre-
treated with 2-vinylpyridine (Section 2.2.25.4) before analysis as described in
Section 2.2.25.5. The optimum amount of 2-vinylpyridine required to react with the
GSH in fungal extracts was experimentally determined (Data not shown). The
concentration of total GSH or GSSG was calculated from the standard curves. The
GSH concentration was calculated by subtracting the GSSG concentration from the

total GSH concentration, and both were expressed as per mg protein.

Under normal growth conditions (AMM 24 h cultures), the level of GSH in
A. fumigatus AelfA was lower than that in A. fumigatus ATCC46645, while the
amount of GSSG in A. fumigatus AelfA is higher than that measured in A. fumigatus
ATCC46645 or elfA° (Figure 4.15). While these changes in GSH and GSSG between
the two strains was not determined as significant, the same trend was observed over
many experiments. The observation of lower GSH and higher GSSG levels in A.
fumigatus AelfA is indicative of cells under oxidative stress. The GSH/GSSG ratio
for A. fumigatus AelfA is lower than the ratios observed for A. fumigatus

ATCC46645 or elfAC (wild-type; 5.6, AelfA; 3.3, elfA®: 6.0).
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Figure 4.15: GSH and GSSG determination in A. fumigatus ATCC46645, AelfA and
elfA under normal growth conditions. A reduction in the amount of GSH and an
increase in GSSG amounts in A. fumigatus AelfA compared to the other two strains

was observed. This indicates that A. fumigatus AelfA is undergoing oxidative stress.
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4.2.3.3 Investigation of intracellular GSH and GSSG levels in A. fumigatus

AelfA after exposure to H,0,

As the GSH/GSSG ratio of A. fumigatus AelfA indicates that it is undergoing
oxidative stress under normal growth conditions, and also since it was sensitive to
oxidative stress induced by H,O,, DPS and diamide, the GSH/GSSG ratio was
determined when subjected to stress from H,0O, in A. fumigatus ATCC46645, AelfA
and elfA®. A. fumigatus ATCC46645, AelfA and elfA® were cultured in AMM for 24
h before 2 mM H,0; final was added. Mycelia were harvested after 15 and 30 min
and the samples for GSH/GSSG and protein measurement were extracted, treated

and quantified as described earlier in Section 4.2.3.2.

Following exposure to H,O, for 15 and 30 min, the GSH/GSSG ratios in A.
fumigatus ATCC46645 decreased as a result of decreased GSH and increased GSSG,
indicating a response to oxidative stress (Table 4.1). However, in A. fumigatus
AelfA, exposure to H,O, for 15 min resulted in an increased GSH/GSSG ratio, while
there was a decrease in the GSH/GSSG ratio following 30 min exposure to H,0;
(Tables 4.1 and 4.2). The increased GSH/GSSG ratio following 15 min exposure of
A. fumigatus AelfA to H,O, resulted from decreased GSH and GSSG levels (Figure
4.16). While after 30 min exposure to H,O,, an increase in the amount of GSH in A.
fumigatus AelfA and a slight decrease in the amount of GSSG resulted in the
decreased GSH/GSSG ratio (Figure 4.17). A significant difference (p < 0.05)
between the amounts of GSH in A. fumigatus ATCC46645 and AelfA following 30
min exposure to H,O, was observed. While significant differences were not noted

for the other conditions investigated, the same trend in GSH/GSSG ratios was
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observed over repeated experiments and the lack of significance may be attributed to

the robustness of the assay.
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Figure 4.16: The amount of GSH and GSSG in A. fumigatus ATCC46645, AelfA
and elfA° in the absence and presence of 2 mM H,O, for 15 min. There is a slight
decrease in the level of GSH in A. fumigatus ATCC46645 in the presence of H,0,
while the level of GSSG slightly increases. There is a slight decrease in the amounts

of GSH and GSSG in A. fumigatus AelfA following exposure to H,O..

Table 4.1: GSH/GSSG ratios for A. fumigatus ATCC46645, AelfA and elfA®

A. fumigatus strain AMM AMM + 2 mM H,0,*
GSH/GSSG
ATCC46645 3.35 2.7
AelfA 2.01 2.78
elfA° 0.9 1.92

215 min incubation
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Figure 4.17: The amount of GSH and GSSG in A. fumigatus ATCC46645, AelfA
and elfA® in the absence and presence of 2 mM H,0, for 30 min. In A. fumigatus
ATCC46645 there is a decrease in the amount of GSH and an increase in GSSG
levels upon exposure to H,O,. However, in A. fumigatus AelfA there is an increase in
GSH levels and a decrease in the amount of GSSG present after being exposed to

H20..

Table 4.2: GSH/GSSG ratios for A. fumigatus ATCC46645, AelfA and elfA®

A. fumigatus strain AMM AMM + 2 mM H,0, ?
GSH/GSSG
ATCC46645 5.66 2.05
AelfA 3.33 1.90
elfA® 5.96 4.44

230 min incubation
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4.2.3.4 Determination of an altered redox status in A. fumigatus AgliT

The GSH/GSSG ratio was also measured in another A. fumigatus deletion
strain; A. fumigatus AghiT (Schrettl et al., 2010). A. fumigatus AgliT was transformed
with the resistance marker ptrA, as was A. fumigatus AelfA; thereby serving as a
control to ensure that the results observed were as a consequence of the deletion of
A. fumigatus AelfA and not the introduction of ptrA. While A. fumigatus elfA° acts as
a control for the wild-type phenotype, it contains ptrA along with a second resistance
marker hph, and therefore is not a control for the consequences of the introduction of
ptrA. The GSH/GSSG ratio was measured in A. fumigatus ATCC26933 and A.
fumigatus AgliT under normal growth conditions and in the presence of gliotoxin (5
pg/ml), to which it has been shown by Schrettl et al. (2010) to be sensitive. A.
fumigatus ATCC26933 and AgliT were cultured for 21 h in AMM before the
addition of gliotoxin at a final concentration of 5 pg/ml for 3 h. The mycelia were
harvested and the samples for GSH/GSSG and protein measurement were extracted,

treated and quantified as described earlier in Section 4.2.3.2.

The GSH/GSSG ratio in A. fumigatus ATCC26933 was 8.15, while it was
increased to 47.5 in A. fumigatus AgliT (Table 4.3). This dramatic increase in ratio in
A. fumigatus AgliT can be attributed to a significant increase (p < 0.05) in GSH
levels as there was no observed difference in the GSSG levels (Figure 4.18). Upon
exposure of both A. fumigatus ATCC26933 and AgliT to gliotoxin, the GSH/GSSG
ratios in both strains decreased (Table 4.3). This drop in ratios was due to a decrease
in GSH in both strains while the levels of GSSG were unchanged following exposure

to gliotoxin (Figure 4.18). Even following exposure to gliotoxin, there remained a
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significant difference (p < 0.05) in the amount of GSH in A. fumigatus ATCC26933

and AgliT.
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Figure 4.18: The amount of GSH and GSSG present in A. fumigatus ATCC26933
and AgliT in the absence and presence of gliotoxin (GT) for 3 h. There is a
significant (p < 0.05) 1.9 fold increase in GSH levels in A. fumigatus AgliT
compared to A. fumigatus ATCC26933 under normal growth conditions. However,
upon exposure to gliotoxin (5 pg/ml), the levels of GSH in both strains decrease,
while there is little change in GSSG levels in both strains. There still remained a
significant difference (p < 0.05) in the GSH levels between A. fumigatus

ATCC26933 and AgliT following exposure to gliotoxin.

Table 4.3: The GSH/GSSG ratios for A. fumigatus ATCC26933 and AgliT

A. fumigatus strain AMM AMM + gliotoxin®
GSH/GSSG
ATCC26933 8.15 5.6
AgliT 47.5 13.8

%3 h incubation with 5 pg/ml gliotoxin
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4.2.4 Protein glutathionylation investigation

4.2.4.1 Synthesis of biotin-GSSG

To allow for the detection of proteins susceptible to glutathionylation, biotin
was coupled to the primary amine groups of GSSG using a water soluble biotin
reagent, sulfo-NHS-LC-biotin, as described in Section 2.2.22 (Brennan et al., 2005).
Sulfo-NHS-LC-biotin consists of a long chain spacer arm containing sodium
sulfonate groups that is attached to the biotin (Figure 4.19). The long spacer arm
increases the accessibility of biotin to avidin, increases the accessibility of the
disulphide to protein thiols, and also increases the water solubility of the compound.
When incubated with protein lysates, the GSSG of biotin-GSSG will react with
protein thiol groups resulting in the proteins not only becoming glutathionylated, but

also carrying a biotin tag which can then be detected by Western blot.

biotin spacer arm
b
HN™ “NH o)
H\/\/\)(J)\
S N OKN SO3Na
0 (0]

Figure 4.19: Chemical structure of sulfo-NHS-LC-biotin. A long chain “spacer arm”

containing sodium sulfonate groups is attached to a biotin moiety.
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HPLC (Section 2.2.23) and MALDI-ToF MS (Section 2.2.20) analysis was
carried out to confirm the successful biotinylation of GSSG. HPLC analysis of
biotin-GSSG detected a unique molecular species that eluted after 10.5 min which
was not present in either the Sulfo-NHS-LC-Biotin or GSSG controls (Figure 4.20)
and therefore indicated the presence of biotin-GSSG. MALDI-ToF analysis was also

carried out as further confirmation of the synthesis of biotin-GSSG (Figure 4.21).

Biotin-GSSG has a mass of 1290.85, as two biotin moieties are added to each
GSSG. A mass of 1312.042 was detected which is the equivalent of biotin-GSSG
containing a sodium adduct. Furthermore, biotin-GSSG was also detected containing

up to 4 sodium adducts (Figure 4.21).
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Figure 4.20: HPLC analysis of biotin-GSSG detected at absorbance 280nm

A. Biotin-GSSG was observed at the retention time of 10.5 min as a dominant

peak.

B. Sulfo-NHS-LC-biotin was present at the retention time of 14.2 min as a
single peak. No molecular species eluted from the column at the 10.5

retention time.

C. GSSG eluted off the column prior to 2.5 min as there were no other

molecular species detected after that time.
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Figure 4.21: MALDI-ToF mass spectra of biotin-GSSG, sulfo-NHS-LC-biotin and

GSSG.

A. MALDI-ToF mass spectrum confirming the biotinylation of GSSG. The
expected mass of biotin-GSSG is 1290.85. MALDI-ToF analysis identified a
product with mass 1312.042, which is the Na' adduct of biotin-GSSG.

Biotin-GSSG with 2, 3 and 4 sodium adducts were also detected.

B. MALDI-ToF MS analysis identified sulfo-NHS-LC-biotin with a mass of

573.31.

C. MALDI-ToF analysis identified GSSG with a mass of 612.818.

219



4.2.4.2 Investigating protein glutathionylation in A. fumigatus ATCC46645 and

AelfA

Protein glutathionylation in A. fumigatus ATCC46645 and AelfA was
investigated. Biotin-GSSG was used as a probe to detect proteins susceptible to
glutathionylation as the addition of GSSG leads to thiol-disulphide exchange
reactions with these proteins, while the biotin moiety allows for their detection by

Western blot (Brennan et al., 2005).

Whole cell lysate from A. fumigatus ATCC46645 and AelfA, respectively,
were treated with biotin-GSSG and separated by SDS-PAGE under non-reducing
conditions before Western blotting and streptavidin-HRP detection (Section 2.2.24).
It appeared that there was increased protein glutathionylation in A. fumigatus AelfA
compared to A. fumigatus ATCC46645 (Figure 4.22). This was supported by image
analysis which determined a 24 % increase in pixel intensity in A. fumigatus AelfA
compared to wild-type signals (Figure 4.22). The experiment was also carried out
under reducing conditions and whole cell lysates were also treated with water as
controls to ensure that any proteins detected were as a direct result of

glutathionylation by biotin-GSSG (Figure 4.22).

Attempts to identify the proteins susceptible to glutathionylation were
unsuccessful. 2D-PAGE and pull-down experiments using streptavidin coated
magnetic particles were employed to isolate the proteins glutathionylated with
biotin-GSSG. The removal of any reducing agents from the buffers used in 2D-

PAGE resulted in poor separation of the proteins and therefore 2D-PAGE was
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unsuitable. Non-specific interference in the pull-down assays with streptavidin
coated magnetic particles deemed this method unsuitable also. Despite this, the
observation of a higher level of proteins susceptible to glutathionylation in A.
fumigatus AelfA compared to A. fumigatus ATCC46645 indicates that A. fumigatus
elfA is either directly or indirectly involved in protein glutathionylation in A.

fumigatus.
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Figure 4.22: Western Blot analysis of protein glutathionylation in A. fumigatus

ATCCA46645 and AelfA.

A. SDS-PAGE of A. fumigatus ATCC46645 (Lanes 1, 3, 5, 7) and AelfA (Lanes 2,
4, 6, 8) whole cell lysates (50 pg) under reducing (Lanes 1 — 4) and non-
reducing conditions (Lanes 5 — 8). The samples in Lanes 1, 2, 5 and 6 were
incubated with biotin-GSSG, while the samples in Lanes 3, 4, 7 and 8 were

incubated with water as a control.

B. Western blot probed with streptavidin-HRP. Proteins glutathionylated upon
addition of biotin-GSSG were detected in A. fumigatus ATCC46645 (Lane 5)
and AelfA (Lane 6). There appeared to be more glutathionylated proteins
detected in A. fumigatus AelfA (Lane 6) than in A. fumigatus ATCC46645 (Lane
5). No glutathionylated proteins were detected on the reduced blot (Lanes 1 - 4)
or in the samples treated with water (Lanes 7 — 8), indicating that the

glutathionylated proteins are as a direct result of the addition of biotin-GSSG.

C. Image analysis indicates a 24 % increase in pixel intensity in A. fumigatus AelfA
compared to A. fumigatus ATCC46645 supporting the observation that there

appeared to be a higher level of protein glutathionylation in A. fumigatus AelfA.
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4.3 Discussion

The work described in this Chapter investigated possible functions of A.
fumigatus elfA. Phenotypic analysis of A. fumigatus AelfA in response to different
reagents determined that A. fumigatus AelfA had an increased resistance to
voriconazole and was more sensitive to oxidative stress induced by H,0O,, diamide
and DPS when compared to the wild-type, A. fumigatus ATCC46645 (summarised in
Table 4.4). Under normal growth conditions, measurement of the GSH/GSSG ratios
indicated that A. fumigatus AelfA had a lower ratio and therefore was under stress
when compared to A. fumigatus ATCC46645. Upon exposure to H;O,, the
GSH/GSSG ratio in A. fumigatus ATCC46645 decreased across all the timepoints,
while the GSH/GSSG ratio in A. fumigatus AelfA increased after 15 min but
decreased after 30 min. It was also observed that there were more proteins

glutathionylated in A. fumigatus AelfA compared to the wild-type.

A. fumigatus AelfA was investigated for any altered phenotypes in response to
the antifungals amphotericin B and voriconazole. A. fumigatus ATCC46645, AelfA
and elfA® were grown in the presence of amphotericin B (0 — 1 pg/ml) and no
differences was observed in growth between the three strains. However, in the
presence of voriconazole (0 — 1 pg/ml) A. fumigatus AelfA was more resistant to
voriconazole (0.5 pg/ml, p = 0.0251) than A. fumigatus ATCC46645 and elfA°.
Therefore elfA may be involved in the sensitisation of A. fumigatus to voriconazole.
Both amphotericin B and voriconazole target ergosterol, with amphotericin B
targeting the membrane itself, while voriconazole targets ergosterol biosynthesis

(Sanglard and Odds, 2002). Azole resistance has been identified in clinical and
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Table 4.4: Overall phenotypes associated with the loss of A. fumigatus elfA®.

Treatment

Concentration

Phenotype Observed

Voriconazole

4,4’-dipyridyl

disulphide (DPS)

H,0,

Diamide

0—1 pg/ml

0-7.5uM

0-5mM

0-4mM

AelfA was less sensitive to voriconazole (p = 0.0251) than ATCC46645 or elfA”.

elfA® exhibited the same phenotype as the wild-type

AelfA was more sensitive to 4,4’-dipyridyl disulphide (p = 0.0007) than

ATCC46645. The wild-type phenotype in elfA® was partially restored

AelfA was more sensitive to H,O, (p = 0.0006) than ATCC46645. The wild-type

phenotype was not fully restored in elfA®.

AelfA was more sensitive to diamide (p = 0.0001) than ATCC46645. The wild-

type phenotype was not fully restored to elfA°.

% agents that resulted in no phenotypes are not included.
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environmental isolates (Bueid et al.,, 2010; Snelders et al., 2009). Decreased
susceptibility to voriconazole was also observed in an A. fumigatus strain expressing
a truncated Afyapl gene, while the Afyapl deletion strain did not exhibit increased
resistance (Qiao et al., 2010). A. fumigatus elfA was identified as being either
directly or indirectly under the control of Afyapl (Lessing et al., 2007). However, a
search of the upstream region of A. fumigatus elfA in this study found no yapl
binding site (data not shown). Consequently, A. fumigatus elfA may be indirectly
controlled by Afyapl. Voriconazole inhibits ergosterol biosynthesis, however, it
does not appear that the resistance to voriconazole is due to a change in or lack of
ergosterol in A. fumigatus AelfA as this should also have resulted in an altered
phenotype to amphotericin B. A. fumigatus elfA may directly or indirectly mediate

voriconazole sensitivity in A. fumigatus.

A. fumigatus elfA was identified as a GSH-binding protein following GSH-
Sepharose chromatography and was then shown to exhibit GST activity for the
substrates CDNB and ethacrynic acid (Carberry et al., 2006). As GSTs respond to
oxidative stress, A. fumigatus AelfA was subjected to oxidative stress from
menadione, H,0,, diamide and DPS to determine whether A. fumigatus elfA was
involved in the oxidative stress response. In the presence of menadione (0 — 50 uM),
A. fumigatus AelfA showed no growth differences when compared to A. fumigatus
ATCC46645 and elfA°. However A. fumigatus AelfA did show increased
susceptibility to oxidative stress induced by H,O,, diamide and DPS. A. fumigatus
AelfA was more sensitive to H,O, (p = 0.0006) after 72 h when compared to A.

fumigatus ATCC46645. A. fumigatus AelfA was significantly more sensitive (p <
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0.0001) to diamide after 48 and 72 h growth compared to A. fumigatus ATCC46645.
Following 96 h of growth in the presence of 7.5 uM DPS, there was a significant
decrease (p = 0.0007) in the growth of A. fumigatus AelfA when compared to A.
fumigatus ATCC46645. Therefore A. fumigatus elfA is involved in the oxidative
stress response in A. fumigatus. The involvement of GSTs in response to H,0;
induced oxidative stress has been previously described whereby two GSTs, A.
fumigatus gstA and gstC, were shown to be up-regulated in the presence of H,O,
(Burns et al., 2005). Meanwhile, GSTs have been implicated in the response to H,0,
induced oxidative stress in other fungi (e.g., Aspergillus nidulans  and
Schizosaccharomyces pombe (Sato et al., 2009; Veal et al., 2002)). Interestingly, in
S. cerevisiae loss of eEF1By resulted in an increased resistance to oxidative stress
induced by H,0O, (Olarewaju et al., 2004), however in S. cerevisiae, eEF 1By did not
show any GST activity despite the presence of a GST domain (Jeppesen et al.,
2003). In addition to this, multiple sequence alignment determined that eEF1By from
S. cerevisiae contains a domain not found in A. fumigatus elfA, which may account
for the different phenotype observed to oxidative stress. Deletion of glutathione
reductase (glrA) in A. nidulans increased sensitivity to diamide (Sato et al., 2009),
while in A. fumigatus deletion of yapl increased its sensitivity to diamide also (Qiao
et al., 2008; Lessing et al., 2007). A. fumigatus yapl and A. nidulans gIrA are
involved in the oxidative stress response as a transcription factor and the enzyme
glutathione reductase, respectively (Lépez-Mirabal and Winther, 2008). In S.
cerevisiae deletion of yapl renders yeast sensitive to DPS (Lopez-Mirabal et al.,

2007). Lopez-Mirabal et al. (2007) carried out a screen of redox-impaired S.
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cerevisiae strains and identified the importance of genes involved in redox balance

(e.g., gshl, trx2, sodl and glrl) in mediating resistance to DPS.

It is interesting that A. fumigatus AelfA is sensitive to oxidative stress induced
by H,0,, diamide and DPS but not by menadione. A study of gene expression in A.
nidulans in response to diamide, H,O, and menadione revealed that not only was
there a set of genes commonly responsive to all three oxidants, there was a set of
genes uniquely responsive to menadione (Pocsi et al., 2005). In response to
menadione, 32.6% of the gene probes were uniquely responsive compared to 6.3 %
for H,O, and 8.4 % for diamide. One of the genes uniquely responsive to menadione
was superoxide dismutase which was required to deal with the increased levels of
superoxide anions generated by menadione. If the same occurs in A. fumigatus it
may provide some explanation for the fact that A. fumigatus AelfA is not sensitive to
menadione, but sensitive to H,0,, diamide and DPS. Also it must be noted that the
wild-type phenotype was not fully restored to A. fumigatus elfA® in response to H,0,
or diamide but was restored in response to DPS and voriconazole. Semi-quantitative
RT-PCR for elfA in A. fumigatus elfA® showed expression of elfA. Also the
GSH/GSSG ratio in A. fumigatus elfA® is comparable to that in A. fumigatus
ATCC46645. As A. fumigatus elfA expression was not quantified, a different amount
of EIfA may be present in A. fumigatus elfA® compared to the wild-type which may
have contributed to the non-restoration of the wild-type phenotype in response to

oxidants H,O, and diamide.

The GSH/GSSG redox status of A. fumigatus ATCC46645 and AelfA was

investigated and it was found that there was a reduced level of GSH in A. fumigatus
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AelfA compared to ATCC46645, while A. fumigatus AelfA exhibited an increase in
GSSG levels compared to those in ATCC46645. This resulted in a decreased
GSH/GSSG ratio and implies that A. fumigatus AelfA is undergoing stress when
grown under normal conditions (Rahman et al., 2006). In A. nidulans, the deletion of
napA, the ortholog of A. fumigatus yapl, also resulted in a decreased GSH/GSSG
ratio when grown under normal conditions (Thon et al., 2010). The decrease in GSH
levels in A. fumigatus AelfA also partly explains the sensitivity to diamide and DPS
observed in this strain. Diamide and DPS are thiol-specific oxidants and react with
GSH directly (L6épez-Mirabal and Winther, 2008; Lopez-Mirabal et al., 2007). With
an already decreased amount of GSH in A. fumigatus AelfA, addition of diamide and
DPS could result in the depletion of GSH to a greater extent than in A. fumigatus

ATCC46645 and result in increased sensitivity to the thiol-oxidants.

The effect of H,O, on the GSH/GSSG ratio in A. fumigatus ATCC46645,
AelfA and elfA® was investigated. The behaviour of the GSH/GSSG ratios in
response to 2 mM H,0, in A. fumigatus ATCC46645 resulted in decreased ratios.
This is the expected response to oxidative stress (Rahman et al., 2006) and was also
the observed response in A. nidulans (Pocsi et al., 2005). Pocsi et al. (2005)
measured the GSH/GSSG ratio in A. nidulans in response to H,O, over 10 h and
observed a sharp decrease in the ratio immediately after exposure with a gradual
recovery of the GSH/GSSG ratio. However, in A. fumigatus AelfA in the presence of
2 mM H,0,, after 15 min the GSH/GSSG ratio increases but decreases following 30
min exposure. At 15 min, both the GSH and GSSG amounts decreased compared to

non-exposed cultures. GSH decreases in response to oxidative stress, while the
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decreased levels of GSSG may indicate an increase in glutathione reductase activity
reducing GSSG to GSH or that GSSG was removed from the cell by members of the
multidrug resistance associated protein (MRP) family (Hayes and McLellan, 1999).
Following 30 min exposure to H,O,, the GSH levels in A. fumigatus AelfA increased
significantly compared to non-exposed cultures, while the levels of GSSG was
decreased. The increase in GSH may indicate an up-regulation of GSH synthesis in
order to deal with the oxidative stress conditions. In A. nidulans, an increased
GSH/GSSG ratio in response to H,O, was also observed in a napA deletion strain

(Thon et al., 2010).

The GSH/GSSG ratio was investigated in another A. fumigatus deletion
strain, AgliT (Schrettl et al., 2010), transformed with the ptrA resistance gene to
confirm that the change in GSH/GSSG ratios in A. fumigatus AelfA were as a result
of the deletion of elfA and not due to the introduction of ptrA. Under normal growth
conditions, the GSH/GSSG ratio for A. fumigatus AgliT was increased 5.8 fold when
compared to A. fumigatus ATCC26933. This is different to the GSH/GSSG ratio in
A. fumigatus AelfA, where there was a decrease in the GSH/GSSG ratio. This
confirms that the observed GSH/GSSG ratio in A. fumigatus AelfA was as a result of
the deletion of elfA and not due to the introduction of ptrA, as A. fumigatus AgliT
was also transformed using ptrA as the selection marker (Schrettl et al., 2010;
Kubodera et al., 2000). Moreover when exposed to gliotoxin (5 pg/ml), the
GSH/GSSG ratios in both A. fumigatus ATCC26933 and AgliT decreased, indicative
of cells undergoing a stress response. The GSH levels in both A. fumigatus

ATCC26933 and AgliT dropped upon exposure to gliotoxin, while the GSSG levels
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remained the same. Interestingly, the increased levels of GSH observed in A.
fumigatus AgliT compared to A. fumigatus ATCC26933 may implicate GSH in the
sensitivity of A. fumigatus AgliT to gliotoxin. A. fumigatus gliT has been shown to be
involved in self-protection against gliotoxin in A. fumigatus, and the levels of
glutathione present in the cells may play a role in this self-protection (Schrettl et al.,
2010). As there was no increase in the GSSG levels in A. fumigatus ATCC26933 and
AgliT upon exposure to gliotoxin, it appears that the decrease in GSH is not due to

oxidation to GSSG. Therefore, GSH may be reacting with gliotoxin directly.

Protein glutathionylation in A. fumigatus AelfA was investigated and it was
found that there was increased protein glutathionylation in A. fumigatus AelfA when
compared to A. fumigatus ATCC46645. The loss of A. fumigatus elfA may result in
the necessity for increased protein glutathionylation as a protective measure since the
GSH/GSSG status of A. fumigatus AelfA also revealed stress conditions. To fully
understand the increased protein glutathionylation in A. fumigatus AelfA, identifying
the proteins detected as glutathionylated is necessary. However, extensive attempts
to identify the glutathionylated proteins by 2D-PAGE or pull down using magnetic

streptavidin-coated particles were unsuccessful.

This work describes the investigation of phenotypes associated with A.
fumigatus AelfA. A. fumigatus AelfA displayed an increased resistance to
voriconazole compared to A. fumigatus ATCC46645, implicating A. fumigatus elfA
in mediating the effects of voriconazole. In response to oxidative stress-inducing
agents, A. fumigatus AelfA exhibited increased sensitivity to H,O,, diamide and DPS

when compared to A. fumigatus ATCC46645. This points to an involvement of A.
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fumigatus elfA in the oxidative stress response and was further supported by the
decreased GSH/GSSG ratio in A. fumigatus AelfA compared to A. fumigatus
ATCC46645 which indicated that under basal conditions, A. fumigatus AelfA is
under stress. In the presence of H,O,, the GSH/GSSG ratio increased, which is the
opposite of the decreased GSH/GSSG ratios usually observed in response to stress,
and implies that the synthesis of GSH and the reduction and/or removal of GSSG are
a response to the increased levels of stress in A. fumigatus AelfA. Finally, it was
determined that there were more proteins glutathionylated in A. fumigatus AelfA
when compared to A. fumigatus ATCC46645, which is also indicative of an altered
redox environment. The effect of the altered redox balance on the proteome of A.
fumigatus AelfA, under both normal growth conditions and in response to H,O,, will

be described in Chapter 5.
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51 Introduction

The “classical” proteomics strategy involves protein separation by 2D-PAGE
followed by protein identification by mass spectrometry (MS) (Carberry and Doyle,
2007). 2D-PAGE involves the separation of proteins on the basis of charge (pl) in
the first dimension. This is usually carried out with IPG strips of different pH ranges
(Gorg et al., 2009). The second dimension involves the separation of the proteins by
SDS-PAGE. The gels are usually stained with high sensitivity dyes or stains (e.g.,
colloidal Coomassie blue, silver stain or fluorescent stains) to allow the visualisation
of the protein spots. These spots are then excised, digested with trypsin, and the

peptides subjected to MS for identification (Kniemeyer, 2011).

One important aspect is the extraction of proteins before separation. In fungi,
this usually involves mechanical lysing of the cells, by sonication, bead beating or
grinding in liquid N, due to the presence of a robust cell wall (Carberry et al., 2006;
Kniemeyer et al., 2006). TCA/Acetone is the most commonly used method to
remove contaminants before resuspension of the protein in a buffer suitable for
isoelectric focusing (Carberry et al., 2006; Kniemeyer et al., 2006). Another
important aspect is the use of a highly sensitive dye or stain to visualise the proteins
on the gel. When choosing a dye or stain, its sensitivity as well as its compatibility
with MS must be taken into consideration as not all stains are MS compatible and
therefore can lead to problems with protein identification (Carberry and Doyle,
2007). For example, silver stain is highly sensitive but generally not MS compatible
however silver stains are now available that are compatible with MS (Jin et al.,

2008).
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Prior to 2005, proteomics studies of A. fumigatus were few and far between,
however, the availability of the sequenced genome along with mass spectrometry
methods has allowed for the routine identification of proteins (Kniemeyer et al.,
2009). Matrix Assisted Laser Desorption lonisation-Time of Flight Mass
Spectrometry (MALDI-ToF-MS) and Liquid Chromatography Mass Spectrometry
(LC-MS) are the most commonly used mass spectrometric methods for protein
identification (Griffiths and Wang, 2009). In general, mass spectrometers consist of
an ionisation source to ionise the peptides, a mass analyser to separate them and a
detector to record the ions of different mass/charge ratio (m/z) (Han et al., 2008). In
MALDI-ToF-MS, the peptides are mixed with a matrix, loaded onto the sample plate
and allowed to dry forming a heterogenous crystalline surface (Duncan et al., 2008).
The matrix is then pulsed with a laser which frees the peptides and ionises them at
the same time (Albrethsen, 2007). The ionised peptides then travel along the time of
flight tube, the smallest peptides travelling fastest and the m/z ratios for each ion
detected (Duncan et al., 2008; Albrethsen, 2007). With LC-MS the sample is first
separated on a reversed phase Cig column and peptides directly eluted into the mass
spectrometer before being ionised and finally the m/z ratio is measured (Winnik and
Kitchin, 2008). Tandem mass spectrometry (MS/MS) involves another separation
stage whereby peptide precursor ions are targeted and fragmented before m/z ratio

detection (Griffiths and Wang, 2009).

In recent years, great progress has been made in studying the proteome of A.
fumigatus. Reliable protein extraction methods for whole cell protein and sub-

proteomes (e.g., mitochondria), have enabled the study of the A. fumigatus proteome
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and sub-proteomes in response to different conditions (Carberry et al., 2006;
Kniemeyer et al., 2006). Proteome maps for the whole proteome and sub-proteomes;
mitochondria, GSH-binding proteins, have been established for A. fumigatus
(Vodisch et al., 2009; Carberry et al., 2006; Kniemeyer et al., 2006). Studies have
also been carried out to investigate any effects on the A. fumigatus proteome in
response to different stresses (e.g., oxidative stress (Lessing et al., 2007), hypoxia
(Vodisch et al., 2011), heat shock (Albrecht et al., 2010b) and gliotoxin (Schrettl et
al., 2010)). Lessing et al. (2007) investigated the effect of H,O, on the proteome of
A. fumigatus and identified differences in expression of proteins involved in
oxidative stress as well as metabolism, protein translocation, cytoskeletal elements
and a protease. Lessing et al. (2007) also investigated differences in the proteome of
A. fumigatus wild-type and A. fumigatus Ayapl, a deletion strain for the transcription
factor Yapl. This resulted in the identification of possible Yapl targets in A.
fumigatus. Studies have also been carried out to investigate changes in the proteome
in response to antifungals in an attempt to identify possible targets to improve drug
efficacy (Cagas et al.,, 2011; Gautam et al., 2011; Gautam et al., 2008). In A,
nidulans investigation of the proteome of glutathione reductase (glrA) deletion strain
resulted in the identification of a GST (Sato et al., 2009). These studies emphasise
the potential for proteomics to improve our understanding of the global changes
within an organism in response to a gene deletion, environmental stress or antifungal

exposure.

The hypothesis is that comparative proteomics of A. fumigatus ATCC46645

and AelfA will uncover changes in the proteome in response to the absence of EIfA
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which will provide insights into possible functions. From the observation that A.
fumigatus AelfA was sensitive to H,O, (Chapter 4), investigation of the effect of
H.O, on the proteome of A. fumigatus AelfA compared to that of A. fumigatus
ATCC46645 may also aid in the elucidation of A. fumigatus elfA function. The aims
of the work described in this Chapter were i) to investigate any changes in the
protecome of A. fumigatus AelfA compared to that of A. fumigatus and ii) to
investigate the proteomes of A. fumigatus ATCC46645 and AelfA following

exposure to hydrogen peroxide.
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5.2 Results

5.2.1 2D-PAGE of A. fumigatus ATCC46645 and AelfA under normal growth

conditions

A. fumigatus ATCC46645 and AelfA were cultured (n = 5, respectively) for
24 h in AMM before the mycelia were harvested and protein was extracted as
described in Section 2.2.16.1. The protein lysates were TCA/Acetone precipitated
and resuspended in IEF Buffer (Section 2.2.17) before separation on pH 4 - 7 strips
(Section 2.2.18). Following separation by SDS-PAGE on 12 % gels, staining with
Colloidal Coomassie (Section 2.2.14) was performed and analysed using

Progenesis™ SameSpot Software (Nonlinear Dynamics Ltd. UK) (Figure 5.1).

Thirteen proteins were found to be differentially expressed; eight proteins
had a fold increase > 1.5 (p < 0.05) in A. fumigatus AelfA while five proteins had a
fold decrease > 1.5 (p < 0.05) when compared to A. fumigatus ATCC46645. These
spots were excised from the gels, trypsin digested as described in Section 2.2.19 and

analysed by LC-MS/MS (Section 2.2.21).
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Figure 5.1: 2D-PAGE analysis of A. fumigatus ATCC46645 (A) and AelfA (B)
under normal growth conditions. The proteins were first separated on pH 4 — 7 strips
followed by SDS-PAGE on 12 % gels. The proteins found to be differentially

expressed after analysis using Progenesis™ SameSpot software are numbered.
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5.2.2 Mass spectrometry analysis of differentially expressed proteins

Thirteen proteins were identified from the excised spots by LC-MS/MS
(Tables 5.1 and 5.2). The protein identified as having the highest fold increase in A.
fumigatus AelfA compared to A. fumigatus ATCC46645 was tyrosyl-tRNA
synthetase (AFUA_5G10640) (Figure 5.2). While the protein with the highest fold
decrease in A. fumigatus AelfA compared to A. fumigatus ATCC46645 was ketol-

acid reductiosomerase (AFUA _3G14490).

Of the proteins identified, some are involved in the oxidative stress response,
others in translation, while others are associated with the cytoskeleton, the
mitochondria or the endoplasmic reticulum (ER). Mitochondrial peroxiredoxin Prx1
(AFUA_4G08580) (Figure 5.2), molecular chaperone Hsp70 (AFUA_1G07440) and
Hsc70 co-chaperone (SGT) (AFUA _1G09830) are all involved in the oxidative
stress response (Henderson, 2010; Greetham and Grant, 2009). Tyrosyl-tRNA
synthetase (AFUA 5G10640) and phosphoribosylaminoimidazole carboxamide
formyltransferase/IMP cyclohydrolase (AFUA_4G07690) are involved in translation
and purine biosynthesis, respectively (Boccalatte et al., 2009; Paukstelis and
Lambowitz, 2008). Actin-bundling protein Sac6é (AFUA 2G07420) (Figure 5.2) and
polysaccharide deacetylase family protein (AFUA_5G09130) are associated with the
cytoskeleton (Cheng et al., 1999). The nuclear pore complex subunit Secl3
(AFUA_4G06090) is associated with the ER (Nielsen, 2009). Proteins identified
that are associated with the mitochondria include the mitochondrial peroxiredoxin
Prx1 (AFUA_4G08580), the regulatory protein SUAPRGA1 (AFUA 3G09030) and

the MRS7 family protein (AFUA_3G08230). Short chain dehydrogenase showed a
240



1.6 fold decreased expression in A. fumigatus AelfA but was identified as up-
regulated in A. fumigatus exposed to gliotoxin (Carberry, 2008). Interestingly, the
transcription factor RfeF (AFUA_4G10200) which was identified as down-regulated

in A. fumigatus AelfA, has no known functions.
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Figure 5.2: Differential expression of tyrosyl-tRNA synthetase, mitochondrial
peroxiredoxin Prx1 and actin-bundling protein Sac6 in A. fumigatus ATCC46645
and AelfA. Tyrosyl-tRNA synthetase was increased 2.7 fold, mitochondrial
peroxiredoxin Prx1 was increased 2.2 fold and actin-bundling protein Sac6 was
increased 1.9 fold in expression in A. fumigatus AelfA compared to A. fumigatus

ATCC46645.
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Table 5.1: Proteins (n = 8) with a fold increase in A. fumigatus AelfA compared to A. fumigatus under normal growth conditions

following identification by 2D-PAGE and LC-MS/MS.

Spot No.  Annotation name CADRE ID Fold tpl tMW % Sequence
change coverage
16 Tyrosyl-tRNA synthetase AFUA_5G10640 2.7 6.18 43588 20
25 Regulatory protein SUAPRGA1 AFUA _3G09030 24 4.88 40070 32
31 Mitochondrial peroxiredoxin Prx1 AFUA_4G08580 2.2 5.38 23378 33
43 Polysaccharide deacetylase family protein AFUA 5G09130 2.0 5.39 35188 42
48 Actin-bundling protein Sac6 AFUA_2G07420 1.9 5.78 72434 12
56 Nuclear pore complex subunit SEC13 AFUA_4G06090 1.7 6.17 33856 28
57 Molecular chaperone Hsp70 AFUA_1G07440 1.7 5.09 69618 56
70 MRS7 family protein AFUA_3G08230 1.5 6.42 68745 18

CADRE 1.D.: A. fumigatus gene annotation nomenclature according to Nierman et al. (2005) and Mabey et al. (2004).
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Table 5.2: Proteins (n = 5) with a fold decrease in A. fumigatus AelfA compared to A. fumigatus under normal growth conditions

following identification by 2D-PAGE and LC-MS/MS.

Spot No.  Annotation name CADRE ID Fold tpl tMW % Sequence
change coverage
5 Ketol-acid reductoisomerase AFUA_3G14490 4.9 9.32 56318 21
14 Phoshoribosylaminoimidazole carboxamide AFUA _4G07690 3.0 6.39 64987 33
formyltransferase/ IMP cyclohydrolase
59 Transcription factor RfeF AFUA_4G10200 1.7 491 71649 18
60 Hsc70 cochaperone (SGT) AFUA_1G09830 1.7 4.74 35721 38
68 Short chain dehydrogenase AFUA _4G08710 1.6 5.28 30909 38

CADRE 1.D.: A. fumigatus gene annotation nomenclature according to Nierman et al. (2005) and Mabey et al. (2004).
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5.2.3 ldentification of a unique protein in A. fumigatus AelfA corresponding to

the selection marker ptrA.

Two unique protein spots were present following 2D-PAGE and image
analysis of A. fumigatus AelfA that were not observed in A. fumigatus ATCC46645
(Figure 5.3). These spots were also excised and subjected to LC-MS/MS. Both spots
were identified as a thiazole synthase from A. oryzae with sequence coverage of 36
% and 19 %, respectively. This is the protein encoded by the pyrithiamine resistance
gene (ptrA) used in the generation of A. fumigatus AelfA. This thiazole synthase was
identified from two individual spots, indicating two different isoforms of the protein
present in the gel. The two protein spots differed in both pl and molecular mass. The
molecular mass of Spot A was ~ 35300 kDa and the pl was 5.29 while for Spot B,
the molecular mass was ~ 32000 kDa and the pl was ~ 5.4 (Figure 5.3). Investigation
of peptides identified by LC-MS/MS does not indicate the identification of different
subunits as the peptides map over the same region of the protein sequence (Figure
5.3). A post-translational modification may account for the presence of the two

isoforms of the thiazole synthase.
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Figure 5.3: The observation and identification of the thiazole synthase encoded by

A. oryzae ptrA.

A. This protein was identified from two spots (Spot A and Spot B) in A.
fumigatus AelfA and was not present in A. fumigatus ATCC46645. This
protein is encoded by the pyrithiamine resistance gene, ptrA, from A. oryzae
that was used as a selection marker in the deletion of A. fumigatus elfA

(Chapter 3).

B. The protein sequence of thiazole synthase with the peptides identified by LC-
MS/MS (in red) show that the same area of the protein was identified from

both Spot A and Spot B.
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5.24 2D-PAGE of A. fumigatus ATCC46645 and AelfA following exposure to

H,0,

A. fumigatus ATCC46645 and AelfA were cultured (n = 5. respectively) for
24 h in AMM before H,O, was added at a final concentration of 2 mM. After 1 h the
mycelia were harvested and protein was extracted as described in Section 2.2.16.1.
The protein lysates were TCA/Acetone precipitated and resuspended in IEF Buffer
(Section 2.2.17) before separation on pH 3 - 11 strips (Section 2.2.18). Following
separation by SDS-PAGE, the gels were stained with Colloidal Coomassie (Section

2.2.14) and analysed using Progenesis™ SameSpot Software (Figure 5.4).

Eighteen protein spots were found to be differentially expressed; thirteen of
these protein spots had a fold increase > 1.5 (p < 0.05) in A. fumigatus AelfA while
five protein spots had a fold decrease > 1.5 (p < 0.05) when compared to A.
fumigatus ATCC46645 in response to 2 mM H,0, exposure for 1 h. These protein
spots were excised from the gels, trypsin digested as described in Section 2.2.19 and

analysed by LC-MS/MS (Section 2.2.21).
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Figure 5.4: 2D-PAGE analysis of A. fumigatus ATCC46645 (A) and AelfA (B)
following exposure to 2 mM H,0, for 1 h. The proteins were first separated on pH 3
— 11 strips followed by SDS-PAGE on 12 % gels. The proteins found to be
differentially expressed after analysis using Progenesis™ SameSpot software are

numbered.
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5.25 LC-MS/MS analysis of differentially expressed proteins

LC-MS/MS was carried out on the thirteen up-regulated protein spots and the
five down-regulated protein spots in A. fumigatus AelfA compared to A. fumigatus
ATCC46645 (Table 5.3 and 5.4). Vacuolar dynamin-like GTPase VpsA
(AFUA _5G02360) showed the highest fold-increase in A. fumigatus AelfA compared
to A. fumigatus ATCC46645, while RAS small monomeric GTPase RasA showed

the highest fold-decrease.

Ten of the up-regulated proteins were identified from thirteen excised spots.
Vacuolar dynamin-like GTPase VpsA (AFUA _5G02360), was identified from three
different spots, while ATP Citrate lyase, subunit 1 (AFUA_6G10650) was identified
from two spots. The molecular mass for all isoforms of vascular dynamin-like
GTPase was the same; however there was a slight change in pl resulting in the three
protein spots lying side by side in the gel (Figure 5.5). This was also observed for
ATP Citrate lyase, where the molecular mass was the same for both protein spots but
the pl changed slightly, again resulting in the protein spots being close together on
the gel (Figure 5.5). These slight changes in pl may have resulted from post-

translational modifications.
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Figure 5.5: The positions of the protein spots corresponding to the isoforms of
vascular dynamin-like GTPase and ATP Citrate lyase. Three isoforms of vascular
dynamin-like GTPase (652, 635, 644) were observed as having the same molecular
mass but slightly different pls. Two isoforms of ATP Citrate lyase (767, 2078) had

slightly different pls but the same molecular mass.
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As expected, proteins involved in the oxidative stress response were
identified. Also identified were proteins involved in translation, metabolism and
proteins associated with the mitochondria and the cytoskeleton. Cobalamin-
independent methionine synthase Met H/D (AFUA_4G07360), glycerol-3-phosphate
dehydrogenase (AFUA _1G08810) and Ras small monomeric GTPase RasA
(AFUA _5G11230) are all involved in the oxidative stress response (Maeng et al.,
2010; Lessing et al., 2007; Pahlman et al., 2001). Cysteinyl-tRNA synthetase
(AFUA 5G09610) and carbamyl-phosphate synthase (AFUA _2G10070), large
subunit are involved in translation and purine biosynthesis, respectively (Pittman et
al., 2009). The proteins pyruvate decarboxylase PdcA (AFUA 3G11070) and
pyruvate carboxylase (AFUA _4G07710) are involved in pyruvate metabolism
(Hynes and Murray, 2010; Huet et al., 2000). Proteins associated with the
mitochondria include Mitochondrial outer membrane translocase receptor (TOM70)
(AFUA _2G01660), ATP Citrate lyase subunit 1 (AFUA_6G10650) and glycerol-3-
phosphate dehydrogenase (AFUA _1G08810), while Vacuolar dynamin-like GTPase

VpsA (AFUA_5G02360) is associated with the cytoskeleton (Yu and Cai, 2004).
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Table 5.3: Proteins (n = 13) with a fold increase in A. fumigatus AelfA compared to A. fumigatus after exposure to 2 mM H,0,

following identification by 2D-PAGE and LC-MS/MS.

Spot Annotation name CADRE ID Fold tpl tMW % Sequence

No. Change coverage

644 Vacuolar dynamin-like GTPase VpsA AFUA 5G02360 7.8 8.30 78425 18

635 Vacuolar dynamin-like GTPase VpsA AFUA 5G02360 4.3 8.30 78425 3

652 Vacuolar dynamin-like GTPase VpsA AFUA 5G02360 3.0 8.30 78425 19

592 Mitochondrial outer membrane translocase receptor AFUA 2G01660 1.9 5.40 70009 10
(TOM70) putative

767 ATP Citrate lyase, subunit 1, putative AFUA 6G10650 1.9 8.60 78828 33

368 Carbamoyl-phosphate  synthase, large subunit AFUA_2G10070 1.7 6.10 129214 25
(Al1163)

567 Cobalamin-independent methionine synthase Met AFUA_4G07360 1.7 6.33 87072 31
H/D

1377 Metallo-beta-lactamase family protein AFUA 5G12770 1.6 5.60 34197 30

526 Cysteinyl-tRNA synthetase AFUA 5G09610 1.5 5.95 91041 25

continued
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Table 5.3 continued.

630 Glycerol-3-phosphate dehydrogenase, mitochondrial ~ AFUA_1G08810

694 Vacuolar ATP synthase catalytic subunit A AFUA 5G02370
787 Pyruvate decarboxylase PdcA AFUA 3G11070
2078  ATP Citrate lyase, subunit 1 AFUA_6G10650

1.5
1.5
1.5
1.5

6.71
5.83
6.08
8.66

76899
75329
63307
79359

31
43
33
42

CADRE 1.D.: A. fumigatus gene annotation nomenclature according to Nierman et al. (2005) and Mabey et al. (2004).
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Table 5.4: Proteins (n = 5) with a fold decrease in A. fumigatus AelfA compared to A. fumigatus after exposure to 2 mM H,0, following

identification by 2D-PAGE and LC-MS/MS.

No.  Annotation name CADRE ID Fold tpl tMW % Sequence
Change coverage

1494 RAS small monomeric GTPase RasA AFUA 5G11230 2.2 4.97 24292 61

1167 Nuclear pore complex protein (SonA) AFUA _1G09020 2.1 7.61 40220 32

2066 Proteasome Regulatory Particle Subunit (RpnL) AFUA 3G08940 1.8 4.9 31201 55

358  Pyruvate carboxylase AFUA 4G07710 1.6 6.23 132003 27

1616 Haloalkanoic acid dehalogenase AFUA 6G14460 1.6 6.19 26716 39

CADRE 1.D.: A. fumigatus gene annotation nomenclature according to Nierman et al. (2005) and Mabey et al. (2004).
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5.3 Discussion

The proteome of A. fumigatus AelfA was investigated and compared to the
proteome of A. fumigatus ATCC46645 under both normal growth conditions and
when exposed to H,O,. Under normal growth conditions (24 h cultures in AMM),
thirteen proteins were found to be differentially expressed in A. fumigatus AelfA,
eight proteins had an increase in expression, while five proteins exhibited a decrease
in expression when compared to A. fumigatus ATCC46645. When exposed to H,0,
(2 mM for 1 h), eighteen spots, which corresponded to 15 proteins, were found to be
differentially expressed in A. fumigatus AelfA when compared to A. fumigatus
ATCC46645. Ten proteins showed increased expression in A. fumigatus AelfA, while
five proteins underwent a decrease in expression. Of particular interest was the
increased expression of two aminoacyl-tRNA synthetases in A. fumigatus AelfA;
tyrosyl-tRNA was up-regulated under basal conditions, while cysteinyl-tRNA
expression was increased upon exposure to H,O,. Two proteins were identified from
multiple spots, vacuolar dynamin-like GTPase VpsA was identified from three
individual spots, while ATP Citrate lyase, subunit 1, was identified from two
individual spots, indicating the presence of isoforms of these proteins, possibly as a
result of posttranslational modifications. The proteins identified in both
investigations were involved in different processes within the cell including the

oxidative stress response, translation, cytoskeleton and metabolism.

A. fumigatus elfA is annotated as a translation elongation factor 1B gamma

subunit (www.cadre-genomes.org.uk) therefore it was interesting to observe that in A.

fumigatus AelfA tyrosyl-tRNA synthetase levels were increased 2.7 fold when
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compared to A. fumigatus ATCC46645. Aminoacyl-tRNA synthetases catalyse the
aminoacylation of tRNA, and so tyrosyl-tRNA synthetase tyrosylates tRNA™'
(Paukstelis and Lambowitz, 2008). In S. cerevisiae, it has been shown
that eEF1A is involved in transferring the aminoacyl-tRNA from the tRNA
synthetase to the elongating ribosome (Pittman et al., 2009; Liu et al., 1996). eEF1A
is also involved in binding and bundling actin, a process which is conserved from
yeast to mammals (Pittman et al., 2009). In the presence of aminoacyl-tRNA, the
actin bundling properties of eEF1A are reduced, and conversely, if eEF1A is binding
actin it is not in a complex with aminoacyl-tRNA (Liu et al., 1996). With the
presence of an actin binding and bundling protein, Sac6, up-regulated in A.
fumigatus AelfA, eEF1A may be predominantly involved in binding and bundling
actin as a response to the stress conditions observed with the deletion of elfA in A.

fumigatus.

A. fumigatus possesses different mechanisms to respond to oxidative stress.
Under basal growth conditions, the proteins mitochondrial peroxiredoxin Prx1,
molecular chaperone Hsp70 and the Hsc70 co-chaperone, which were differentially
expressed in A. fumigatus AelfA, are involved in the oxidative stress response.
Mitochondrial peroxiredoxin Prx1 had a fold-increase of 2.2 in A. fumigatus AelfA
compared to A. fumigatus ATCC46645. Peroxiredoxins are ubiquitous thiol-specific
proteins that function as antioxidants. In S. cerevisiae, a prx1 deletion strain was
sensitive to H,O, and oxidative stress induced by cadmium (Greetham and Grant,
2009). Interestingly, in the same study it was found that mitochondrial peroxiredoxin

Prx1 requires GSH for its antioxidant activity as both GSH and a thioredoxin were
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required to maintain the mitochondrial peroxiredoxin Prx1 in a reduced active state.
In A. fumigatus, mitochondrial peroxiredoxin Prx1 was up-regulated in response to
H,0, indicating a role in the oxidative stress response in A. fumigatus (Lessing et al.,
2007). In the same study mitochondrial peroxiredoxin Prx1 and EIfA were both
down-regulated in an A. fumigatus yapl deletion strain leading the authors to suspect
that they may be Yap1 targets, either directly or indirectly. In A. nidulans, orthologs
of both EIfA and mitochondrial peroxiredoxin Prx1 were up-regulated in a
glutathione reductase (glrA) deletion strain indicating a possible role for these two
proteins in the oxidative stress response in A. nidulans (Sato et al., 2009). The
increased expression of mitochondrial peroxiredoxin Prx1 in A. fumigatus AelfA
suggests that in the absence of EIfA, a stressed environment requires increased levels

of Prx1 in the cell.

The molecular chaperone Hsp70 exhibited a 1.7 fold expression increase in
A. fumigatus AelfA while the Hsc70 co-chaperone had a fold decrease of 1.7 when
compared to A. fumigatus ATCC46645. Heat shock proteins (Hsps) are induced
under different stress conditions as they are essential proteins involved in
maintaining cellular homeostasis and increased levels can result in stress tolerance
(Henderson, 2010; Guo et al., 2007). Hsps are involved in many cellular processes
including folding of newly synthesised proteins, degradation of misfolded proteins,
disassembly of protein complexes, protein translocation and control of the activity of
regulatory proteins (Bursac and Lithgow, 2009; Mayer and Bukau, 2005). During
stress, (e.g., oxidative stress), the presence of oxygen radicals leads to the proteins in

the cell becoming damaged or misfolded resulting in formation of protein aggregates
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which are toxic to the cell (Goldberg, 2003). This results in the increased expression
of molecular Hsp70 chaperones, among other proteins, in order to prevent the
aggregation of misfolded proteins and promote normal protein folding and the
refolding of denatured proteins (Goldberg, 2003). The Hsc70 co-chaperone is
involved in recruiting Hsp70 to protein complexes and co-chaperones also play a
role in determining whether Hsp70 will be involved in protein folding or protein
degradation, thereby regulating their activity (Bursac and Lithgow, 2009; Tobaben et
al., 2003). Interestingly, in an eEFIBy deletion strain in S. cerevisiae, the molecular
Hsp70 chaperone ortholog, Ssa2p, was up-regulated when compared to the wild-type
strain, and appeared in the wild-type strain once subjected with stress from CdSO,
(Esposito and Kinzy, 2010). In A. fumigatus, molecular chaperone Hsp70 was up-
regulated in response to heat shock, which increases the rate of respiration resulting
in increased levels of ROS (Albrecht et al., 2010b). The molecular chaperone Hsp70
was also found to be present at higher levels in A. fumigatus conidia compared to the
mycelia (Teutschbein et al., 2010). Conidia require the presence of proteins to confer
tolerance and resistance to stress when they are in their dormant form but also to
protect against host defence mechanisms, which includes ROS. In canine kidney
cells, it was found that increased Hsp70 levels resulted in the increased activity of
the GSH utilising enzymes glutathione reductase and glutathione peroxidise and in

doing so, regulated the cellular redox status (Guo et al., 2007).

The nuclear pore complex subunit Secl3 showed a 1.7 fold increase in
expression in A. fumigatus AelfA compared to A. fumigatus ATCC46645. Secl3 is

involved in coat protein complex Il (COPII), vesicular trafficking, nuclear pore
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function, and ER-directed protein sequestration and degradation control (Nielsen,
2009). Sec13 is involved in the final step in COPII vesicle formation (Gaspar et al.,
2008). The COPII complex is involved in transporting vesicles, usually containing
secretory proteins and lipids, from the ER (Nielsen, 2009). COPII has also been
shown to transport misfolded proteins to the endoplasmic reticulum associated
degradation pathway (ERAD) (Fu and Sztul, 2003). The Secl3 ortholog in S.
cerevisiae was up-regulated by the unfolded protein response (UPR) (Travers et al.,
2000). The observed Sec13 increased expression in A. fumigatus AelfA may indicate
the need to deal with protein synthesis and secretion deficiencies which may have
resulted in increased levels of misfolded proteins. Secl3 along with molecular
chaperone Hsp70 may be up-regulated as they are both involved in dealing with
increased levels of misfolded proteins, which may have arisen due to the presence of

stress conditions.

There was a 1.9 fold increase in actin-bundling protein Sac6 in A. fumigatus
AelfA compared to A. fumigatus ATCC46645. In S. cerevisiae the Sac6 ortholog,
Sac6p, co-localises with actin and is involved in bundling actin filaments (Cheng et
al., 1999). Actin is a conserved cytoskeleton protein and is involved in many
processes including growth, differentiation, endocytosis and exocytosis
(Kummasook et al., 2011). Actin also plays a role in response to stresses including
heat stress, hyperosmotic stress and oxidative stress (Farah et al., 2011). During
oxidative stress, protection is conferred by the collapse of the cytoskeleton and the
formation of actin bundles that sequester actin and its associated proteins into

immobile and non-dynamic structures (Farah et al., 2011; Zhu et al., 2005). Farah et
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al. (2011) observed the co-localisation of Sac6-GFP with these actin bundles in S.
cerevisiae upon treatment with H,O,, menadione and diamide. This actin bundling
prevents the cell from growing during oxidative stress conditions and also provides a
source of cytoskeletal precursors for the reassembly of the actin cytoskeleton once
the oxidative stress conditions have ceased. The increased expression of Sac6 in A.
fumigatus AelfA points to an important role in protection against the stress conditions
present under normal growth conditions in A. fumigatus AelfA. In A. fumigatus an
increased expression of Sac6é was observed when subjected to heat shock, along with
the molecular chaperone Hsp70, which may be in response to the increased ROS
levels associated with heat stress, as well as the actual heat stress itself (Albrecht et
al., 2010b). Sac6 was present at higher levels in A. fumigatus conidia compared to
mycelia, as was molecular chaperone Hsp70 also, again possibly to protect against

the stresses encountered by conidia in the host (Teutschbein et al., 2010).

Ketol-acid reductoisomerase displayed a 4.9 fold decrease in expression and
phosphoribosylaminoimidazole carboxamide formyltransferase /IMP cyclohydrolase
showed a 3 fold decrease in expression in A. fumigatus AelfA compared to A.
fumigatus ATCC46645. These enzymes are involved in amino acid and nucleotide
biosynthesis. Specifically, ketol-acid reductoisomerase is involved in the
biosynthesis of branched-chain amino acids (Tyagi et al., 2005; Dumas et al., 2001),
while  phosphoribosylaminoimidazole carboxamide formyltransferase /IMP
cyclohydrolase is involved in the de novo biosynthesis of purines (Boccalatte et al.,

2009; Wang et al., 2009). The reduced expression of these enzymes indicates a
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reduced requirement for protein synthesis and transcription and may be a response to
the presence of the stress environment of A. fumigatus AelfA.

Two unique spots in A. fumigatus AelfA, not present in A. fumigatus
ATCC46645, were identified as a thiazole synthase from A. oryzae. This protein is
encoded by the pyrithiamine resistance gene, ptrA, used as the selection marker for
deleting A. fumigatus elfA (Kubodera et al., 2000). The identification of this protein
confers confidence in both the comparative proteomics strategy and the identification
of which protein spots are differently expressed between A. fumigatus ATCC46645
and AelfA. The ability to identify the selection marker could also be exploited in
other applications such as shotgun proteomics or quantitative label-free LC-MS
(Neilson et al., 2011), as it can act as a control between two different strains.

In the presence of H,0O,, of the proteins differentially expressed in A.
fumigatus AelfA compared to A. fumigatus ATCC46645, Vacuolar dynamin-like
GTPase VpsA, Cobalamin-independent methionine synthase Met H/D and RAS
small monomeric GTPase RasA have been linked to stress responses (Maeng et al.,
2010; Lessing et al., 2007; Vizeacoumar et al., 2006; Yu and Cai, 2004). Vacuolar
dynamin-like GTPase VpsA was up-regulated in A. fumigatus AelfA compared to A.
fumigatus ATCC46645 upon exposure to H,O,. Three isoforms of VpsA were
identified in A. fumigatus AelfA, which had fold increases of 7.8, 4.3 and 3.0. The
three isoforms were of the same molecular mass but had a slight change in pl, most
likely as a result of post-translational modification. In S. cerevisiae, the VpsA
ortholog; Vpsl, which it shares 60% sequence identity with, functions in membrane

fusion and fission events within the Golgi, vacuole, endosome and peroxisome, and
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also actin cytoskeleton organisation (Rooij et al., 2010; Vizeacoumar et al., 2006;
Yu and Cai, 2004). Yu and Cai (2004) demonstrated that Vps1 is required for the
normal organisation of the actin cytoskeleton and that over-expression of Vpsl led to
actin defects. The reorganisation of actin has been shown in response to stress (Farah
et al.,, 2011) and may explain the increased expression of VpsA in A. fumigatus
AelfA. With the absence of A. fumigatus EIfA, VpsA expression may be increased to
allow for actin reorganisation in response to the oxidative stress induced by H,0O..
Vpsl is also required for vacuole fission, a process that along with vacuole fusion, is
required for the adaptation of vacuoles to changing environmental conditions (Baars
et al., 2007; Peters et al., 2004). Fungal vacuoles are acidic organelles that have
functions in both degradation and storage (Li and Kane, 2009). Vacuolar ATP
synthase catalytic subunit A, which had a 1.5 - fold increase in expression in A.
fumigatus AelfA, has been shown to be involved in both vacuole fusion and fission in
S. cerevisiae (Baars et al., 2007). Vacuolar ATPases work as proton pumps and
regulate the pH of fungal vacuoles (Melin et al., 2004). Baars et al. (2007) found that
the acidification of the vacuole was necessary for vacuolar fission. The up-regulation
of both VpsA and Vacuolar ATP synthase catalytic subunit A indicates that in the
absence of A. fumigatus EIfA, VpsA expression is increased as a compensatory
mechanism possibly resulting in increased vacuole fission in A. fumigatus AelfA.
VpsA has also been implicated in peroxisome fission (Vizeacoumar et al., 2006).
Peroxisomes are involved in lipid metabolism and also in the detoxification of free
radicals (Schluter et al., 2006). We speculate that the increased levels of free radicals

in A. fumigatus AelfA, upon exposure to H,O,, may have resulted in increased
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peroxisomal activity and consequent VVpsA up-regulation in order to increase the rate
of peroxisome fission.

Cobalamin-independent methionine synthase Met H/D was up-regulated 1.7-
fold in A. fumigatus AelfA compared to A. fumigatus ATCC46645 following
exposure to H,O,. Cobalamin-independent methionine synthase is involved in the
final step of methionine synthesis where it converts L-homocysteine to methionine
(Suliman et al., 2007). In A. fumigatus, cobalamin-independent methionine synthase
was induced in response to heat shock (Albrecht et al., 2010b) and was also
identified as a possible A. fumigatus yapl target, suggesting a role in the oxidative
stress response (Lessing et al., 2007). The observed up-regulation of cobalamin-
independent methionine synthase in A. fumigatus AelfA indicates an increased
requirement for methionine in response to the stress induced by H,O,. Cobalamin-
independent synthase is one of the enzymes in the S-adenosylmethionine (SAM)
cycle (Figure 5.6) (Fontecave et al., 2004). One of the intermediates of this pathway,
homocysteine, can be converted to glutathione, resulting in increased glutathione
levels in the cell (Fontecave et al., 2004). In Penicillium chrysogenum, addition of
methionine to the culture medium resulted in increased intracellular GSH levels
(Emri et al., 1998). Interestingly, in Chapter 4 increased intracellular GSH levels
were observed in A. fumigatus AelfA following exposure to H,O, and this will be
discussed in more detail in Chapter 7. In E. coli, oxidative stress results in
methionine auxotrophy, however cobalamin-independent methionine synthase was
inactivated by glutathionylation under these conditions (Hondorp and Matthews,

2009; Hondorp and Matthews, 2004). The inactivation of cobalamin-independent
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methionine synthase in E. coli may be a protective measure by preventing growth
until stress conditions had abated (Hondorp and Matthews, 2009). In A. fumigatus, in
the absence of EIfA, cobalamin-independent methionine synthase is up-regulated and
may contribute to the oxidative stress response by participating in increasing

intracellular GSH levels.
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Figure 5.6: The S-adenosylmethionine (SAM) cycle. Cobalamin-independent
methionine synthase catalyses the methylation of homocysteine to methionine.

Figure adapted from Fontecave et al. (2004).
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Mitochondrial glycerol-3-phosphate dehydrogenase was up-regulated in A.
fumigatus AelfA 1.5 fold compared to A. fumigatus ATCC46645. Mitochondrial
glycerol-3-phosphate dehydrogenase is a member of the glycerol-3-phosphate shuttle
which is involved in transporting excess NADH to the mitochondrial electron
transport chain (Saliola et al., 2008; Pahlman et al., 2001). In doing so, the cellular
redox balance is maintained. Mitochondrial glycerol-3-phosphate dehydrogenase
may be up-regulated in A. fumigatus AelfA in order to restore the redox balance,
disrupted by the addition of H,0..

Expression of RAS small monomeric GTPase RasA was decreased 2.2 fold
in A. fumigatus AelfA compared to A. fumigatus ATCC46645 following exposure to
2 mM H,0,. In A. fumigatus, RasA regulates hyphal morphogenesis and is involved
in multiple cellular processes including maintenance of polarity, cell wall integrity
and vacuolar expansion (Fortwendel et al., 2011). In C. albicans the Ras-CAMP
cascade represses the expression of oxidative stress response conditions and mutants
in this cascade have shown increased resistance to oxidative stress (Deveau et al.,
2010; Bahn et al., 2007). The down-regulation or deletion of Ras genes in S.
cerevisiae and C. neoformans have also resulted in increased resistance to oxidative
stress (Maeng et al., 2010; Longo and Fabrizio, 2002). There are two orthologs of A.
fumigatus rasA in S. cerevisiae; rasl and ras2 sharing 41 % and 42 % sequence
identity to A. fumigatus rasA. Deletion of S. cerevisiae ras2 resulted in increased
stress resistance, particularly to superoxide toxicity (Longo and Fabrizio, 2002;
Longo, 1999). In C. neoformans, the deletion of rasl resulted in a strain that

demonstrated increased resistance to oxidative stress exerted by H,O, or menadione
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compared to the wild-type (Maeng et al., 2010). The down-regulation of RasA in A.
fumigatus AelfA may therefore be a response to the oxidative stress induced by H,O..

The 26S proteasome is a protease complex functioning in the degradation of
misfolded proteins and short-lived regulatory proteins (Tone et al., 2000). The 26S
proteasome is composed of the 19S regulatory particle and the 20S proteasome
(Goldberg, 2003; Tone et al., 2000). The 20S proteasome is the catalytic core
responsible for protein degradation of oxidised proteins, while the 19S regulatory
particle is required for the degradation of ubiquitinylated proteins (Shringarpure et
al., 2003; Tone et al., 2000). The Proteasome regulatory particle subunit (RpnL) had
a fold decrease of 1.8 in A. fumigatus AelfA. The ortholog of RpnL in S. cerevisiae,
Rpn12, along with other proteins, forms the lid of the 19S regulatory particle (Tone
et al., 2000). Shringarpure et al. (2003) reported that the 26S proteasome is sensitive
to oxidative stress while the 20S proteasome is resistant. In fact, in oxidative stress
conditions, the 20S proteasome dissociates from the 19S regulatory particle (Wang et
al., 2010). Yeast mutants in which this dissociation has been blocked, and
consequently contain 26S proteasomes, are more sensitive to H,O, than wild-type
yeast cells in which the dissociation occurs (Wang et al., 2010). We speculate that as
the 19S regulatory subunit inhibits degradation of oxidised proteins upon exposure to
H,O,, it exhibits decreased expression in A. fumigatus AelfA.

As was the case under basal growth conditions, an aminoacyl-tRNA
synthetase was found to be up-regulated in A. fumigatus AelfA following exposure to
H,0,. Under basal conditions, expression of tyrosyl-tRNA synthetase was increased,

however following H,O, exposure, cysteinyl-tRNA synthetase expression was
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elevated 1.5 fold in A. fumigatus AelfA compared to A. fumigatus ATCC46645.
Cysteine-containing proteins are required in redox homeostasis in reactions (e.g.,
glutathionylation and sulfenic acid formation), and are very important for signalling
processes in response to environmental stress, including oxidative stress (Jones and
Go, 2011; Meyer and Hell, 2005a). In A. fumigatus AelfA, in the presence of H,0,,
increased synthesis of cysteine-containing proteins may be required, resulting in the
increased expression of cysteinyl-tRNA synthetase.

ATP Citrate lyase, subunit 1, was identified from two spots, which were up-
regulated 1.9 and 1.5 fold, respectively, in A. fumigatus AelfA compared to A.
fumigatus ATCC46645. ATP Citrate lyase cleaves citrate into oxaloacetate and
cytosolic acetyl coenzyme A (CoA) (Son et al., 2011; Hynes and Murray, 2010).
Acetyl-CoA is required for carbon and energy metabolism, many biosynthetic
processes including the synthesis of polyketides and fatty acids, acetylation of
histones, and is essential for normal growth and development (Hynes and Murray,
2010). In particular cytoplasmic acetyl-CoA is required for fatty acid biosynthesis
(Hynes and Murray, 2010). In A. fumigatus, ATP Citrate lyase was up-regulated in
response to heat shock (Albrecht et al., 2010b). Pyruvate carboxylase was decreased
1.6 fold in expression in A. fumigatus AelfA compared to A. fumigatus ATCC46645.
Pyruvate carboxylase converts pyruvate into oxaloacetate which then enters the TCA
cycle (Huet et al.,, 2000). This would suggest that there is decreased aerobic
respiration in A. fumigatus AelfA upon exposure to H,O,. This is supported by the
observation of increased expression of pyruvate decarboxylase PdcA, which had a

fold increase of 1.5 in A. fumigatus AelfA. Pyruvate decarboxylase decarboxylates
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pyruvate to form acetaldehyde which can then be converted to acetate or is
metabolised to ethanol by anaerobic respiration (Hynes and Murray, 2010). The
decreased expression of pyruvate carboxylase and the increased expression of
pyruvate decarboxylase suggest a switch from aerobic respiration to anaerobic
respiration following exposure to H,O, in A. fumigatus AelfA, while the increased
expression of ATP Citrate lyase indicates a requirement for increased levels of

cytosolic acetyl-CoA possibly for fatty acid biosynthesis (Figure 5.7).
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Figure 5.7: Pyruvate metabolism in A. fumigatus AelfA following exposure to H,0..
ATP Citrate lyase (red) cleaves citrate into oxaloacetate and Acetyl-CoA. Acetyl-
CoA may be required for fatty acid synthesis. At the same time pyruvate carboxylase
(blue), which converts pyruvate into oxaloacetate which enters the TCA cycle, was
down-regulated. Pyruvate decarboxylate (red) expression was increased in A.
fumigatus AelfA. Pyruvate decarboxylase converts pyruvate into acetaldehyde which
is then converted into either ethanol or acetate. The increased expression of pyruvate
decarboxylase and the decreased expression of pyruvate carboxylase suggest a shift
from  aerobic to  anaerobic  respiration. (Figure  adapted  from

www.genome.jp/kegg/pathway).
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In summary, the work in this chapter describes changes in the proteome of A.
fumigatus AelfA compared to that of A. fumigatus ATCC46645, under basal growth
conditions and following exposure to H,O,. Under basal growth conditions proteins
(n = 8) had a fold increase in A. fumigatus AelfA, while proteins (n = 5) had a fold
decrease when compared to A. fumigatus ATCC46645. Upon exposure to H,O; ten
proteins had a fold increase in A. fumigatus AelfA while there was a fold decrease for
five proteins when compared to A. fumigatus ATCC46645. All of the proteins were
identified by LC-MS/MS and had functions ranging from stress response,
translation, actin cytoskeleton and metabolism. Proteins involved in stress response
(e.g., mitochondrial peroxiredoxin Prx1 and molecular chaperone Hsp70) were
identified with increased expression in A. fumigatus AelfA grown under basal
conditions, indicating the induction of cellular stress possibly due to the absence of
EIfA. This supports the phenotypes and altered GSH/GSSG ratios observed in
Chapter 4, and will be discussed in detail in Chapter 7. Proteins involved with the
actin cytoskeleton were also identified as undergoing differential expression in A.
fumigatus AelfA revealing previously unknown changes in the actin cytoskeleton,
upon deletion of A. fumigatus elfA. From the proteins identified in A. fumigatus
AelfA, following exposure to H,O,, possible changes in vacuole and peroxisome
numbers along with changes in metabolism were different to the A. fumigatus
ATCC46645 response to H,0O,. Investigating the proteome of A. fumigatus AelfA has
provided an insight into the systems changes within the fungus as a result of the loss
of EIfA, and not only complements the phenotypic studies carried out, but also

provides evidence of other possible roles of EIfA in A. fumigatus. In Chapter 6, a
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study of the proteome of germlings from an NRPS deletion strain, A. fumigatus
Apes3, will be described to determine if this proteomic approach can offer insight

into additional gene function in another A. fumigatus deletion strain.
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6.1 Introduction

Comparative proteomics of A. fumigatus ATCC46645 and AelfA, described
in Chapter 5 extended the information gained from phenotypic analysis and also
provided further insight into possible roles of A. fumigatus elfA. 2D-PAGE proteome
maps of A. fumigatus contain proteins which are annotated as unknown function
proteins (Vodisch et al., 2009). One of the challenges facing fungal proteomics is in
assigning functions to these unknown function proteins (Doyle, 2011). Comparative
proteomics is one strategy employed to elucidate protein function. In conjunction
with the gene deletion of an unknown function protein, comparative proteomics can
determine the effects of the loss of the unknown function protein on the systems
within the cell, as was observed with A. fumigatus EIfA in Chapter 5. A. fumigatus
pes3 is a nonribosomal peptide synthetase (NRPS) that encodes a protein of
unknown function. Comparative proteomics was applied to a pes3 disrupted strain,
A. fumigatus Apes3, to determine if comparative proteomics could aid the

elucidation of the function of this enzyme in A. fumigatus.

Nonribosomal peptides (NRPs) are synthesised independently of the
ribosome during secondary metabolism in bacteria and fungi (Stack et al., 2007;
Cramer et al., 2006a) and include many secondary metabolites such as gliotoxin in
A. fumigatus (Cramer et al., 2006b), and the iron-chelating siderophores (Schrettl et
al., 2007). NRPs are derived not only from the twenty proteinogenic amino acids but
also non-proteinogenic amino acids, fatty acids, and a-hydroxy acids (Strieker et al.,
2010). NRP synthesis is carried out by multimodular enzymes called nonribosomal

peptide synthetases (NRPSs) (Stack et al., 2007). Each module in an NRPS is
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composed of an adenylation domain (A), a thiolation (T) (also known as a peptidyl
carrier protein (PCP)) domain, and a condensation domain (C) (Figure 6.1) (Mootz et
al., 2002). The adenylation domain is responsible for the recognition and activation
of amino acid substrates by adenylation by ATP hydrolysis. The peptidyl carrier
protein covalently binds the substrate, which was transferred from the adenylation
domain, to the enzyme via a thioester linkage. Finally, the condensation domain
catalyses the formation of a peptide bond between the bound aminoacyl and peptidyl
intermediates (Stack et al., 2007; Cramer et al., 2006a). The final product is released
by a thioesterase domain, which is found at the most downstream module of the
NRPS. The three domains are in the order adenylation, thiolation and condensation
in a linear NRPS, forming an elongation module that adds one amino acid to the
growing chain. The order of modules within an NRPS dictates the order of the amino
acids in the peptide product (Neville et al., 2005). Iterative NRPSs and nonlinear
NRPSs deviate from this A-T-C organisation of domains in the modules (Stack et

al., 2007).

Figure 6.1: Schematic representation of a module in an NRPS. Each module
contains an adenylation domain (A), a thiolation domain (T) and a condensation

domain (C) in this order.
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NRPSs are activated when 4’- phosphopantetheine is transferred from
coenzyme A to a conserved serine residue within the thiolation domain by the
enzyme 4’- phosphopantetheinyl transferase (4’- PPTase) (Stack et al., 2009; Neville
et al., 2005). The phosphopantetheinylation of the thiolation domain converts the
inactive apo- enzyme to the active holo- enzyme. The 4’- phosphopantetheine
prosthetic groups anchor the activated aminoacyl intermediates, via a thioester
linkage (Stack et al.,, 2007). This anchorage allows for the movement of
intermediates between the active sites of the NRPS during NRP synthesis (Neville et

al., 2005).

A. fumigatus contains fourteen genes encoding putative NRPSs (Cramer et
al., 2006a). A. fumigatus gliP is a bimodular NRPS and is required for the
biosynthesis of gliotoxin (Cramer et al., 2006b). Siderophores are involved in the
acquisition of iron, and two siderophores in A. fumigatus; SidC and SidD, are
synthesised by NRPSs (Schrettl et al., 2007). The NRPS brevianamide F synthetase
(FtmA) produces the precursor of the fumitremorgin family of secondary
metabolites, brevianamide F which is the diketopiperazine scaffold (Maiya et al.,
2006). Pesl, a multimodular NRPS, has roles in the protection against oxidative

stress and also virulence in A. fumigatus (Reeves et al., 2006).

A. fumigatus pes3 is encoded by the largest gene (25 kb) in the A. fumigatus
genome (O'Hanlon, 2010; Stack et al., 2009). A. fumigatus pes3 is predicted to
synthesise a peptide containing six amino acids as it contains six adenylation
domains, provided each adenylation domain is specific for a unique substrate

(Figure 6.2) (Cramer et al., 2006a). Stack et al. (2009) demonstrated that a
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recombinant Pes3 module was a target for 4’- phosphopantetheinylation by 4’-
PPTase, and therefore it is likely that Pes3 is activated in vivo by this process. A.
fumigatus pes3 expression was highest in ungerminated spores when the expression
of all the NRPS genes in A. fumigatus was analysed, leading to a hypothesis that A.
fumigatus pes3 may be involved in germination (Cramer et al., 2006a). Despite
extensive metabolite profiling, no intracellular or secreted Pes3 produced product
was identified (O'Hanlon, 2010). However, in the same study, a pes3 disrupted
strain; A. fumigatus Apes3, exhibited increased sensitivity to voriconazole and
increased resistance to diamide. In both a G. mellonella and a murine model of
pulmonary aspergillosis, A. fumigatus Apes3 displayed increased virulence. Finally,
comparative SEM analysis of A. fumigatus ATCC46645 and Apes3 germlings
revealed smoother hyphal surfaces on A. fumigatus Apes3 compared to wild-type
and the loss of rod-like strands that were present in the wild-type. While these
phenotypes are very informative regarding cellular processes affected by the loss of
A. fumigatus Pes3, there is no molecular explanation for these phenotypes. It was
hypothesised that the use of comparative proteomics would provide further insight

into A. fumigatus Pes3 function.
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Figure 6.2: Schematic representation of the domain structure of A. fumigatus Pes3 (Stack et al., 2009). A. fumigatus Pes3 consists of
six adenylation domains (Al - A6), seven thiolation domains (in grey), seven condensation domains (C1 — C7), and three
epimerisation domains (E1 — E3). The black helices that extend from the thiolation domains represent the 4’-phosphopantetheine

groups that are added post-translationally.
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Consequently, the aims of the work described in this chapter were to (i)
investigate differences in the proteome of A. fumigatus ATCC46645 and Apes3
germlings, (ii) to image and compare the surface (1,3)-B-glucan of A. fumigatus
ATCC46645 and Apes3 germlings using confocal microscopy (iii) to determine the
germination rate of A. fumigatus ATCC46645 and Apes3 conidia under static
conditions and (iv) to determine the MIC of voriconazole for A. fumigatus
ATCC46645 and Apes3. This analysis of A. fumigatus pes3 was carried out to

further the elucidation of its function.
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6.2 Results

6.2.1 Comparative proteomic analysis of A. fumigatus ATCC46645 and A.

fumigatus Apes3

A. fumigatus ATCC46645 and Apes3 were cultured for 9 h in AMM before
the germlings were harvested and protein was extracted as described in Section
2.2.16.4. The protein lysates were TCA/Acetone precipitated and resuspended in IEF
Buffer (Section 2.2.17) before separation on pH 4 - 7 strips (300 ug protein/ strip)
(Section 2.2.18). Following separation by SDS-PAGE on a 12 % gel, the gels were
stained with Colloidal Coomassie (Section 2.2.14) and analysed using Progenesis™

SameSpot Software (Figure 6.3).

Twenty six protein spots were found to be differentially expressed; fifteen
protein spots had a fold increase > 1.5 in A. fumigatus Apes3 germlings while eleven
protein spots had a fold decrease > 1.5 when compared to A. fumigatus ATCC46645
germlings. These spots were excised from the gels, trypsin digested as described in

Section 2.2.19 and analysed by LC-MS/MS (Section 2.2.21).
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Figure 6.3: 2D-PAGE analysis of A. fumigatus ATCC46645 (A) and Apes3 9 h
germlings (B). The proteins were first separated on pH 4 — 7 strips followed by SDS-
PAGE on 12 % gels. The proteins found to be differentially expressed after analysis

using Progenesis™ SameSpot software are numbered.

283



6.2.2 LC-MS/MS analysis of differentially expressed proteins

Twenty five proteins were identified from the twenty six excised spots by
LC-MS/MS (Tables 6.1 and 6.2). The protein identified as having the highest fold
increase in A. fumigatus Apes3 germlings compared to A. fumigatus ATCC46645
was 60S ribosomal protein L5 (AFUA_1G12890). Whereas, the protein exhibiting
the highest fold decrease in A. fumigatus Apes3 germlings compared to A. fumigatus

ATCC46645 was transketolase TktA (AFUA_1G13500).

Transketolase TktA was identified from two different spots which were
decreased 3.1 and 2.5 fold, respectively. Both protein spots exhibited the same
molecular mass however they differed in pl. The pl for protein spot 576 was 6.12 but
was higher for protein spot 585 at pl 6.3. This increased pl may have resulted from

post-translational modification.

Among the proteins with increased expression in A. fumigatus Apes3 were
proteins involved in heat shock, the electron transport chain and proteins associated
with the ribosome. Three heat shock proteins; Hsp70 (AFUA_1G07440),
Hsp30/Hsp42 (AFUA _3G14540) and molecular ~ chaperone Hsp70
(AFUA _1G07440) (Albrecht et al., 2010b) were all up-regulated 2.6, 1.6 and 2.1
fold respectively. The 40S ribosomal protein S5 and the 60S ribosomal protein L5
were increased 3.2 and 4.1 fold in expression in A. fumigatus Apes3. Proteins
involved in germination and morphology were among the proteins with decreased
expression in A. fumigatus Apes3 compared to A. fumigatus ATCC46645. These

proteins comprise of pentafunctional polypeptide AroM (AFUA_1G13740) (Lamb et
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al., 1991), spermidine synthase (AFUA _1G13490) (Jin et al., 2002) and actin

(AFUA_6G04740) which had fold decreases of 2.9, 1.8 and 2.1, respectively.
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Table 6.1: A. fumigatus proteins (n = 15) with a fold increase in A. fumigatus Apes3 germlings compared to A. fumigatus germlings

following identification by 2D-PAGE and LC-MS/MS.

Spot No. Annotation name CADRE ID Fold tpl tMW % Sequence
Change coverage
328 Glycine dehydrogenase AFUA_4G03760 1.8 6.71 116116 12
698 t-complex protein 1, zeta subunit AFUA_3G09590 2.2 6.31 59081 6
1108 NGG1 interacting factor Nif3 AFUA _ 6G12480 1.7 6.08 42126 23
1291 ATP Synthase gamma chain, mitochondrial AFUA_1G03510 1.8 8.31 32530 47
precursor
1352 Glucosamine-6-phosphate deaminase AFUA_1G00480 3.2 8.35 40181 4
1478 GTP-Binding nuclear protein Ran AFUA _6G13300 1.9 7.50 24077 23
1497 Heat Shock Protein 70 AFUA_1G07440 2.6 509 69792 2
1512 Heat Shock Protein Hsp30/Hsp42 AFUA_3G14540 1.6 6.09 20450 46
1534 Ubiquinol-cytochrome C reductase iron-sulfur AFUA 5G10610 1.8 9.20 33111 33
subunit precursor
1557 Ras GTPase Rab11 AFUA _1G02190 3.6 595 22568 43
Continued
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Table 6.1: continued

1562
1566
1668
1771
1948

40S Ribosomal protein S5
Mitochondrial ATPase subunit ATP4
60S Ribosomal protein L5

Molecular Chaperone Hsp70
Enolase/Allergen Asp F 22

AFUA_1G15020
AFUA_8G05440
AFUA_1G12890
AFUA_1G07440
AFUA_6G06770

3.2
2.0
4.1
2.1
2.1

9.35
9.36
8.59
5.09
5.39

25886
29767
35519
69792
47392

33
14

42

CADRE 1.D.: A. fumigatus gene annotation nomenclature according to Nierman et al. (2005) and Mabey et al. (2004).
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Table 6.2: A. fumigatus proteins (n = 10) with a fold decrease in A. fumigatus Apes3 germlings compared to A. fumigatus germlings

following identification by 2D-PAGE and LC-MS/MS.

Spot No. Annotation name Gene ID Fold tpl tMW % Sequence
Change coverage
128 Pentafunctional polypeptide (AroM) AFUA_1G13740 2.9 6.15 175521 12
244 Pyruvate Carboxylase AFUA _4G07710 2.2 6.23 132003 16
576 Transketolase TktA AFUA _1G13500 3.1 6.12 75245 24
585 Transketolase TktA AFUA _1G13500 2.5 6.12 75245 31
714 Phosphoglucomutase AFUA _3G03020 2.2 5.78 56680 18
1060 Actin AFUA_6G04740 2.1 5.37 43397 52
1242 Spermidine synthase AFUA 1G13490 1.8 5.24 33444 28
1457 Phosphoserine phosphatase AFUA_4G12730 1.6 5.67 33442 26
1494 Glycerol-3-phosphate phosphatase AFUA _1G10570 2.5 5.48 25765 34
1773 Nascent polypeptide-associated complex (NAC) AFUA_6G02750 2.0 5.32 20591 27
subunit
1923 Aminopeptidase AFUA _5G04330 2.0 6.26 109277 22

CADRE 1.D.: A. fumigatus gene annotation nomenclature according to Nierman et al. (2005) and Mabey et al. (2004).
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6.2.3 Identification of thiazole synthase, which is encoded by the selection

marker ptrA, in A. fumigatus Apes3 germlings only.

Two unique spots, observed in A. fumigatus Apes3 germlings only following
2D-PAGE and image analysis, were excised and subjected to LC-MS/MS (Figure
6.4). Both spots were identified as a thiazole synthase from A. oryzae. As mentioned
in Chapter 5, this protein is encoded for by the pyrthiamine gene, which was used as
the selection marker in the transformation of A. fumigatus Apes3 (O'Hanlon et al.,
2011). As was the case with A. fumigatus AelfA, two isoforms of thiazole synthase
were also identified in A. fumigatus Apes3. The observation of two isoforms of this

protein was discussed in Chapter 5.
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Figure 6.4: The observation and identification of the thiazole synthase encoded by
A. oryzae ptrA. This protein was identified from two spots (A. and B.) in A.
fumigatus Apes3 and was not present in A. fumigatus ATCC46645. This protein is
encoded by the pyrithiamine resistance gene, ptrA, from A. oryzae that was used as a

selection marker in the deletion of A. fumigatus pes3 (O'Hanlon et al., 2011).
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6.2.4 Confocal Imaging of (1,3)-p-glucan in A. fumigatus ATC46645 and A.

fumigatus Apes3

A. fumigatus ATCC46645 and Apes3 were cultured for 9 h in AMM before
the germlings were harvested and fixed in 4 % (v/v) formaldehyde, followed by
staining for confocal microscopy as described in Section 2.2.29. (1,3)-p-glucan in the
cell wall was stained by first incubating the germlings with a mouse antibody 1gG
[anti-linear-(1,3)-B-glucan], followed by staining with Alexa Fluor 488 goat anti-

mouse antibody. The germlings were then imaged by confocal microscopy.

(1,3)-B-glucan was successfully stained and was visible in the cell walls of
both A. fumigatus ATCC46645 and Apes3 germlings (Figure 6.5). Interestingly,
(1,3)-B-glucan was only visible in germinating conidia and germ tubes, and not in
resting conidia (Figure 6.5a). Differences in germling length between A. fumigatus
ATCC46645 and Apes3 was observed whereby the A. fumigatus Apes3 germlings
were shorter in length than those of A. fumigatus ATCC46645 (Figure 6.5b). The
expression of (1,3)-p-glucan on the surface of the cell walls of the germlings from
the two strains was compared by measuring the intensity of the stained (1,3)-p-
glucan. The pixel intensity of a fixed area on each germling was measured to
determine the (1,3)-B-glucan content. A fixed area on each germling was measured
to ensure that germling size did not affect the measurement. There were significantly
(p = 0.0325) reduced levels of (1,3)-B-glucan present on the cell surface of A.

fumigatus Apes3 compared to that in A. fumigatus ATCC46645 (Figure 6.5c¢).
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Figure 6.5: Confocal microscopy analysis of (1,3)-B-glucan in A. fumigatus

ATCC466645 and Apes3 germlings.

A. Representative confocal image of a germling and conidia. (1,3)-p-glucan was
detected on the surface of the cell wall in the germling and the swollen
conidia (indicated by black arrows), while no (1,3)-B-glucan was detected in

resting conidia (indicated by white arrow).

B. Confocal images of A. fumigatus ATCC46645 and Apes3 germlings show the
stained (1,3)-B-glucan on the cell wall surface and also the difference in
length of the germ tubes. A. fumigatus Apes3 exhibits shorter germ tubes than

A. fumigatus ATCC46645.

C. There was significantly less (p = 0.0325) (1,3)-p-glucan on the surface of A.
fumigatus Apes3 germlings when compared to those of A. fumigatus

ATCC46645.
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6.2.5 A. fumigatus Apes3 germinated at a slower rate than A. fumigatus

ATCC46645 under static conditions

When cultured under shaking conditions, both A. fumigatus ATCC46645 and
Apes3 conidia germinated at the same rate (O'Hanlon et al., 2011). Proteins involved
in germination were down-regulated in expression in A. fumigatus Apes3 9 h
germlings, so the rate of germination under static conditions was determined for both
A. fumigatus ATCC46645 and Apes3 (Section 2.2.27). Germination was first
recorded in both strains at 6 h. The germination rate of A. fumigatus Apes3 was
significantly slower (p < 0.01) than that of A. fumigatus ATCC46645 after 8 h and
10 h (Figure 6.6). After 8 - 10 h, the percentage of A. fumigatus Apes3 conidia that
had germinated was 10 — 20 %, whereas 20 — 35 % of A. fumigatus ATCC46645

conidia had germinated.
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Figure 6.6: Germination rate of A. fumigatus ATCC46645 and Apes3 conidia under
static conditions. Germination was first recorded in both strains after 6 h and the rate
of germination of A. fumigatus Apes3 was significantly slower (p < 0.01) than that in

A. fumigatus ATCC46645.
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6.2.6 Investigation of hydrophobicity of A. fumigatus Apes3 conidia

Scanning electron microscopy (SEM) analysis of A. fumigatus ATCC46645
and Apes3 revealed that the surface of A. fumigatus Apes3 germlings appeared
smoother than that of A. fumigatus ATCC46645 and did not have distinctive rod-like
strands that were present on A. fumigatus ATCC46645 (O'Hanlon et al., 2011). The
hydrophobicity of A. fumigatus ATCC46645 and Apes3 conidia was determined
(Section 2.2.26) and no difference between the two strains was observed (Figure

6.7).

6.2.7 Determining the MIC of voriconazole for A. fumigatus Apes3

A. fumigatus Apes3 was more sensitive to voriconazole than A. fumigatus
ATCC46645 in plate assays (O'Hanlon et al., 2011). The antifungal MIC of
voriconazole was determined for both A. fumigatus ATCC46645 and Apes3
following EUCAST guidelines (Pfaller et al., 2011). The MIC for voriconazole was
0.125 pg/ml for A. fumigatus ATCC46645, while it was 0.0625 pg/ml for A.

fumigatus Apes3.
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Figure 6.7: Hydrophobicity of A. fumigatus ATCC46645 and Apes3. There was no

difference in the hydrophobicity of the conidia from the two strains.
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6.3 Discussion

The work described in this chapter details the application of comparative
proteomics to another deletion strain; A. fumigatus Apes3. Comparative proteomics
of A. fumigatus ATCC46645 and Apes3 germlings revealed the differential
expression of a number of proteins. Fifteen proteins were up-regulated in A.
fumigatus Apes3 germlings, while ten proteins were down-regulated when compared
to A. fumigatus ATCC46645 germlings. Confocal microscopy of (1,3)-p-glucan not
only determined a decrease in surface (1,3)-pB-glucan in A. fumigatus Apes3
germlings, but also illustrated decreased germ tube length in the A. fumigatus Apes3
germlings compared to those of A. fumigatus ATCC46645. The germination rate for
A. fumigatus Apes3 was significantly (p < 0.01) lower than A. fumigatus
ATCC46645 under static conditions. The hydrophobicity of both A. fumigatus
ATCC46645 and Apes3 conidia was the same. The MIC of voriconazole for A.
fumigatus Apes3 was measured as 0.0625 pg/ml, and 0.125 pg/ml for A. fumigatus
ATCC46645. These results point to the involvement of A. fumigatus pes3 in
germination and cell wall composition, particularly with respect to (1,3)-p-glucan
content, which has consequences regarding resistance to azoles, in particular

voriconazole.

Three heat shock proteins were up-regulated in A. fumigatus Apes3
germlings. Hsp70 had a 2.6 fold increase, Hsp30/Hsp42 had a 1.6 fold increase and
molecular chaperone Hsp70 showed a fold increase of 2.1. Heat shock proteins are
involved in many cellular processes maintaining cellular homeostasis and promoting

stress tolerance (Henderson, 2010). In A. fumigatus AelfA, molecular chaperone
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Hsp70 was up-regulated under basal growth conditions. Heat shock proteins are
induced under stress conditions and have been identified in numerous studies in
which A. fumigatus has been subjected to stress (e.g., exposure to heat shock
(Albrecht et al., 2010b), H,0O, (Lessing et al., 2007) and amphotericin B (Gautam et
al., 2008)). Teutschbein et al. (2010) identified Hsp70 and Hsp30/Hsp42 to be more
abundant in conidia than mycelia. In the study where A. fumigatus was subjected to
heat shock, the heat shock proteins that were up-regulated in A. fumigatus Apes3
were also increased in expression (Albrecht et al., 2010a). Interestingly, the nascent
polypeptide-associated complex (NAC), which was down-regulated 2 fold in A.
fumigatus Apes3, was also down-regulated upon exposure to heat shock (Albrecht et
al., 2010a). This protein complex is involved in protein biosynthesis and translation
(Panasenko et al., 2009). The differential expression of these heat shock proteins and
the NAC protein in A. fumigatus Apes3 indicates a generalised stress environment in

A. fumigatus Apes3.

Ras GTPase Rab11 expression was increased 3.6 fold in A. fumigatus Apes3.
Rab proteins belong to a subfamily of Ras-related small GTPases and are involved in
vesicle trafficking and transport (Inaba et al., 2002). Rab11 has been implicated in
regulating plasma membrane-endosome trafficking in Drosophila melanogaster,
specifically transport through the recycling endosome (Assaker et al., 2010).
Possible alterations in endocytic trafficking may play a role in the increased
sensitivity of A. fumigatus Apes3 to voriconazole. The increased expression of
Rab1l in A. fumigatus Apes3 may point to Pes3 playing a role in membrane-cell wall

interactions.
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The 60S ribosomal protein L5 and the 40S ribosomal protein S5 were both
up-regulated 4.1 and 3.2 fold respectively in A. fumigatus Apes3. The 60S ribosomal
protein had the highest fold increase of all the up-regulated proteins in A. fumigatus
Apes3. The increased expression of the ribosomal subunits is possibly indicative of a
need for increased protein synthesis in A. fumigatus Apes3, perhaps to overcome the
slower germination rate observed under static conditions. Ribosome biogenesis is
usually increased in germinating spores as the ribosome content in ungerminated
spores is insufficient for polarised hyphal growth (Bhabhra et al., 2008; Mirkes,

1974).

The increased expression of proteins involved in ATP synthesis, ATP
hydrolysis and oxidative phosphorylation suggest increased energy requirements in
A. fumigatus Apes3. ATP synthase expression, which was up-regulated 1.8 fold, in
A. fumigatus Apes3 is involved in ATP synthesis (Davies et al., 2011), while
mitochondrial ATPase, which was up-regulated 2 fold, is involved in ATP
hydrolysis (Senior et al., 2002). Ubiquinol-cytochrome C reductase iron-sulphur
subunit precursor was up-regulated 1.8 fold and is proposed to have a role in

oxidative phosphorylation (Schrettl et al., 2008).

Spermidine synthase was down-regulated 1.8 fold in A. fumigatus Apes3
germlings compared to A. fumigatus ATCC46645. Spermidine, along with spermine
and putrescine, are the most common naturally occurring polyamines in fungi. In
Ustilago maydis, spermidine synthase is required for both morphogenesis (i.e., the
yeast to mycelium transititon) and fungal survival during infection of plants (Valdes-

Santiago et al., 2009). In A. nidulans, deletion of spermidine synthase resulted in
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morphological defects and altered germination (Jin et al., 2002). Delayed spore
germination and mycelial formation as well as enlarged conidia were also observed
in the spermidine synthase deletion strain (Jin et al., 2002). SEM revealed the
absence of rod-like strands on A. fumigatus Apes3 germlings that were present on A.
fumigatus ATCC46645 germlings while confocal microscopy revealed shorter germ
tubes in A. fumigatus Apes3 compared to the wild-type (O'Hanlon et al., 2011).
These morphological defects observed in A. fumigatus Apes3 may partly result from
the decreased spermidine synthase levels, because in A. nidulans, absence of

spermidine synthase resulted in morphological defects (Jin et al., 2002).

Also down-regulated in A. fumigatus Apes3 was the pentafunctional
polypeptide AroM, which was decreased 2.9 fold compared to A. fumigatus
ATCC46645. AroM is essential for viability in A. fumigatus (Carr et al., 2010), and
produces aromatic amino acids by catalysing the conversion of 3-deoxy-D-arabino-
heptalosonate 7-phosphate, a metabolite of quinic acid, to 5-enolpyruvylshikimate 3-
phosphate by the shikimate pathway (Hawkins et al., 1993). The overexpression of
AroM in A. nidulans inhibited conidial germination (Lamb et al., 1991), thus AroM
may negatively regulate conidial germination. It is plausible that, in an attempt to
remove inhibition of germination, A. fumigatus Apes3 decreased the expression of
AroM to reduce the negative affect it has on germination.

Actin expression exhibited a 2.1 fold decrease in A. fumigatus Apes3. This
decrease in actin may have been a factor affecting the germ tube length in A.
fumigatus Apes3 which was shorter than that in A. fumigatus ATCC46645, since the

integrity of the actin cytoskeleton is required for normal germ tube emergence in A.
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nidulans (Harris et al., 1999). Actin was identified as one of the most abundant
proteins present in A. fumigatus conidia (Teutschbein et al., 2010).

The down-regulation of spermidine synthase, pentafunctional polypeptide
AroM and actin, which have been shown to affect morphology and germination, is in
complete accordance with the reduced germination rate under static conditions
observed for A. fumigatus Apes3, as well as the morphological differences observed
by both SEM and confocal microscopy (O'Hanlon et al., 2011).

Transketolase TktA was identified from two individual spots which had fold
decreases of 3.1 and 2.5, respectively. Transketolase links the pentose phosphate
pathway and glycolysis by catalysing the transfer of a two-carbon residue from a
ketose to an aldose (Figure 6.7) (Kochetov and Sevostyanova, 2005; Esakova et al.,
2004). The pentose phosphate pathway and glycolysis are central pathways in
metabolism and so the down-regulation of transketolase may indicate reduced
activity of these pathways in A. fumigatus Apes3. In addition to transketolase,
expression of two other proteins involved in glycolysis, phosphoglucomutase and
pyruvate carboxylase, was also downregulated, 2.2 fold for both, in A. fumigatus
Apes3 (Figure 6.7) (Teutschbein et al., 2010). Transketolase also provides erythrose
4-phosphate, a precursor for aromatic amino acid biosynthesis (Sundstrom et al.,
1993). The decreased expression of transketolase and AroM in A. fumigatus Apes3,
which are both involved in aromatic amino acid biosynthesis, possibly results from

the decreased requirement for aromatic amino acids in A. fumigatus Apes3.

302



Hoaxokinaso, Glucose 6 phosphatase
Phosphate = A —— Glucose 6 phosphate Glucose-1-phosphate
Pathway Glucose 6 phosphate Phosphogiucomitase
' l 1someraso ] Q
Frudose 6 phosphate
fructolenase
Xylulose-5-phosphate
- Fructose-1 6 esphosphate
Transketolase R
Crametoize > 27N
Inosephosphate-
Imm ] somerase
1.3 Besphosphoglycerate
Phosphogiycorate
___Amess |
3 Phosphoglycerale
Phasphogiycorate
]
2-Phosphogiycesate
Phosphoencipyruvate

Figure 6.7: Interconnectivity between the glycolytic pathway and the pentose
phosphate pathway. The enzymes; phosphoglucomutase and pyruvate carboxylase,
which are involved in the glycolysis, exhibited decreased expression in A. fumigatus
Apes3. Transketolase, which was also decreased in expression in A. fumigatus

Apes3, connects the two pathways. Figure adapted from Teutschbein et al. (2010).
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Interestingly, both transketolase and phosphoglucomutase were identified as antigens
which reacted with rabbit immunosera that was exposed to A. fumigatus conidia
(Asif et al., 2010). A. fumigatus Apes3 cytokine induction (TNF-a, IL-6, RANTES
and IL-10) was reduced compared to that in A. fumigatus ATCC46645 leading to the
possibility that A. fumigatus Apes3 is immunologically silenced, which is supported
by the increased virulence of A. fumigatus Apes3 in both G. mellonella and a
hydrocortisone acetate (HCA) immunosuppressed murine model of invasive
aspergillosis (O'Hanlon et al., 2011). The decreased expression of transketolase and
phosphoglucomutase in A. fumigatus Apes3 may contribute to the reduced cytokine
induction and, along with the absence of Pes3 may result in the immunological
silenced phenotype.

Thiazole synthase from A. oryzae, encoded by the pyrithiamine resistance
gene ptrA (Kubodera et al., 2000), which was used as the selection marker in the
deletion of A. fumigatus Apes3 (O'Hanlon et al., 2011), was identified from two
unique spots in A. fumigatus Apes3. As described in Chapter 5, this protein was also
identified from two unique spots in A. fumigatus AelfA. The identification of thiazole
synthase in both A. fumigatus AelfA and Apes3 strengthens the case whereby this
selection marker could be used as a control between two different strains in
applications such as shotgun proteomics or quantitative label-free LC-MS (Neilson
etal., 2011).

(1,3)-B-glucan on the cell surface was significantly (p = 0.0325) reduced in A.
fumigatus Apes3 germlings compared to A. fumigatus ATCC46645. This reduction

in surface (1,3)-p-glucan is relevant with respect to the increased sensitivity of A.
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fumigatus Apes3 to voriconazole, and the lowered MIC of voriconazole compared to
that for A. fumigatus ATCC46645 (O'Hanlon et al., 2011). In C. albicans, it has been
shown that extracellular (1,3)-p-glucan contributes to azole resistance as it sequesters
the antifungal preventing its entry into the cell and consequently its intracellular
action (Nett et al., 2010). C. albicans fks1 is responsible for cell wall (1,3)-p-glucan
synthesis and is proposed to be an essential gene as construction of a FKS1 null
mutant was unsuccessful (Nett et al., 2010). In a heterozygous deletion mutant,
FKS1/Afks1, biofilm cell wall (1,3)-B-glucan was reduced 30% and FKS1/Afksl
biofilms were reduced 80 % following treatment with fluconazole compared to the
wild-type strain (Nett et al., 2010). By using radio-labelled fluconazole, Nett et al.
(2010) observed that the (1,3)-B-glucan matrix sequesters fluconazole, and that the
FKS1/Afks1 biofilm matrix contained 50 % less fluconazole than the wild-type. As
further confirmation of the azole sequestering ability of the (1,3)-B-glucan matrix,
treatment of wild-type with glucanase reduced the amount of radio-labelled
fluconazole detected in the matrix. In A. fumigatus Apes3, reduced surface (1,3)-p-
glucan was observed by confocal microscopy. As a consequence of the absence of
Pes3, we hypothesise that the reduced surface (1,3)-p-glucan may sensitise A.
fumigatus Apes3 to voriconazole by facilitating greater intracellular accumulation.

In summary, this work describes the comparative proteomic investigation of
A. fumigatus ATCC46645 and Apes3 germlings. Proteins (n = 25) were differentially
expressed and comprised fifteen proteins with increased expression and ten proteins
with decreased expression in A. fumigatus Apes3 germlings. The functions of the

proteins with increased expression included heat shock, membrane trafficking,
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ribosomal and electron transport, whereas proteins with decreased expression had
functions in morphogenesis and germination. Confocal microscopy identified
reduced (1,3)-B-glucan on the surface of A. fumigatus Apes3 germlings and also
shorter germ tube length in A. fumigatus Apes3. The decreased expression of
proteins related to morphogenesis and germination supports the observed differences
in SEM and also the reduced germination rate of A. fumigatus Apes3 germlings. The
reduced surface (1,3)-p-glucan in A. fumigatus Apes3 provides an explanation as to
the lower MIC of A. fumigatus Apes3 to voriconazole than that of A. fumigatus
ATCC46645 as surface (1,3)-p-glucan sequesters azoles and prevents entry into the
cell. While comparative proteomics, in conjunction with the confocal microscopy
and previous SEM analysis (O'Hanlon et al., 2011) has illuminated a structural role
for Pes3 in A. fumigatus with respect to the cell wall, the actual molecular function
of this NRP still remains to be elucidated. Future studies to isolate the A. fumigatus
pes3 encoded peptide need to be carried out along with studies to investigate the
exact nature of the structural role of Pes3. However, the work presented here, in
addition to the work described in Chapter 5, illustrates the significant utility of
comparative proteomics in identifying possible gene functions while supporting
phenotypes already identified. A. fumigatus pes3 will not be discussed further in

Chapter 7, which will focus solely on A. fumigatus elfA.
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7.1 Discussion and conclusion

The detailed systems biology of filamentous fungi has, until recently, proven
refractory to detailed analysis. However, the advent of fungal genome sequencing,
targeted gene deletion technologies, comparative proteomics and allied phenotypic
analyses have coalesced to provide the tools necessary to tackle hitherto impossible
challenges (Carberry et al., 2006; Kniemeyer et al., 2006; Nielsen et al., 2006;
Nierman et al., 2005). Thus, this thesis primarily describes the detailed functional
characterisation of a translation elongation factor 1B subunit gamma (eEF1By) from
the opportunistic pathogen, Aspergillus fumigatus. Resultant data has revealed
significant new insights into fungal systems biology, specifically with respect to
protein synthesis, oxidative stress responses, protein degradation control and
cytoskeletal organisation- in addition to demonstrating the power of comparative

proteomics to reveal much about inter-related systems within the organism.

The work presented in this thesis describes the functional characterisation of
EIfA, an eEF1By from A. fumigatus. eEF1By is a member of the eEF1 complex
required for protein synthesis and, along with eEF1Ba, forms the eEF1B component
of the eEF1 complex which provides nucleotide exchange factor activity to the
eEF1A subunit (Pittman et al., 2009; Ozturk and Kinzy, 2008). Studies in S.
cerevisiae have determined that eEF1By does not act as a nucleotide exchange factor
but may act to stimulate the nucleotide exchange activity of eEF1Ba, moreover it
lacks any GST activity (Esposito and Kinzy, 2010; Le Sourd et al., 2006; Jeppesen et
al., 2003; Janssen and Moller, 1988). However, A. fumigatus EIfA has previously

been shown to contain a catalytically active GST domain (Carberry et al., 2006) and
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so, we initially hypothesised that in addition to intimate involvement in protein
synthesis, EIfA may play a role in the oxidative stress response in A. fumigatus.
Moreover, we considered that it may function as a redox “sensor” or modulator to
either detect or prevent oxidative damage to newly synthesised polypeptides.
Therefore, absence of EIfA would not only result in aberrant protein synthesis, but
also in disruption of the cellular redox status, consequent oxidative stress and protein
misfolding. The successful deletion of A. fumigatus elfA facilitated both comparative
proteomic and phenotypic investigation against the wild-type strain. Indeed, this
comparative proteomic investigation of A. fumigatus ATCC46645 and AelfA
revealed unexpected insights into the effect that the loss of A. fumigatus elfA had on

the proteome of the mutant (Figure 7.1).

Firstly, the increased expression of aminoacyl-tRNA synthetases in A.
fumigatus AelfA under both normal growth conditions and following exposure to
H,0, strongly indicates that eEF1By is required for protein synthesis in A.
fumigatus. Specifically, tyrosyl-tRNA synthetase exhibited increased expression in
A. fumigatus AelfA under normal growth conditions, while cysteinyl-tRNA
synthetase exhibited increased expression upon exposure to H,O,. We conclude that
the increased expression of these aminoacyl-tRNA synthetases is indicative of
altered protein synthesis in A. fumigatus AelfA which reveals a role for EIfA in either
the delivery or binding of the cognate aminoacyl adenylated tRNAs to the ribosome.
In particular, the increased expression of cysteinyl-tRNA strongly suggests an

increased requirement for cysteine-containing proteins, such as peroxiredoxins,
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Figure 7.1: Putative systems biology of EIfA functionality in A. fumigatus. The loss of EIfA on translation, oxidative stress response,
protein degradation and actin cytoskeleton is illustrated. The proteins in white had altered expression under normal growth conditions,
while those in yellow were altered following H,O, exposure. Prx1: Mitochondrial peroxiredoxin Prx1, RasA: RAS small monomeric
GTPase RasA, Secl3: Nuclear pore complex subunit Secl3, VspA; Vacuolar dynamin-like GTPase VspA, RpnL: Proteasome

regulatory particle subunit RpnL Sac6; Actin-bundling protein Sac6.
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which are essential for attenuation of oxidative stress within the cell (Jones and Go,

2011; Meyer and Hell, 2005b).

Secondly, comparative proteomics highlighted that under normal growth
conditions proteins involved in stress responses (e.g., mitochondrial peroxiredoxin
Prx1, molecular chaperone Hsp70 and Hsc70 co-chaperone) were differentially
expressed, with Prx1 and Hsp70 expression increased while the expression of Hsc70
was decreased. The observation of these differentially expressed proteins indicates
that in the absence of A. fumigatus elfA, a stressed cellular environment exists. This
is mirrored by redox alterations in A. fumigatus AelfA where, under normal growth
conditions the GSH/GSSG ratio of A. fumigatus AelfA was decreased compared to
that of A. fumigatus ATCC46645. This decreased GSH/GSSG ratio is indicative of
oxidative stress conditions (Rahman et al., 2006). Combined, these data suggest that
in the absence of EIfA, protein synthesis is partially disrupted, either resulting in- or
consequent to- oxidative stress, and a resultant dysregulation of the GSH/GSSG ratio

occurs in A. fumigatus (Figure 7.2).

The increased expression of mitochondrial peroxiredoxin Prx1 in A.
fumigatus AelfA was especially interesting because in S. cerevisiae, mitochondrial
peroxiredoxin Prx1 requires GSH-mediated reduction for antioxidant activity
(Greetham and Grant, 2009). Indeed, both GSH and a thioredoxin were required to
maintain the mitochondrial peroxiredoxin Prx1 in its reduced, active state.
Specifically, the catalytic cysteine of peroxiredoxin is reactivated by
glutathionylation and subsequent reduction by thioredoxin reductase coupled with

GSH (Greetham and Grant, 2009). If this is also the case in A. fumigatus, then the
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Figure 7.2: Summary of the results which support the hypothesis that A. fumigatus

EIfA is a component of the oxidative stress response.
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increased expression of Prx1 observed in A. fumigatus AelfA can be explained as
follows: Due to decreased GSH levels in A. fumigatus AelfA, mitochondrial
peroxiredoxin Prx1 may not be able to return to its reduced active state and its
expression is consequently up-regulated to compensate for this molecular bottleneck.
Alternatively, Prx1 expression may be up-regulated in response to the oxidative
stress conditions in A. fumigatus AelfA directly as a result of increased GSSG levels

within the cell.

Consolidating the hypothesis that A. fumigatus elfA is involved in the
oxidative stress response, A. fumigatus AelfA was found to be significantly more
sensitive than wild-type to the oxidants; H,O,, diamide and DPS. Both diamide and
DPS are thiol-specific oxidants which react directly with GSH (L6pez-Mirabal and
Winther, 2008). The reduced GSH levels in A. fumigatus AelfA compared to those in
A. fumigatus ATCC46645 confirm that GSH levels are depleted to a greater extent in
A. fumigatus AelfA in the presence of these oxidants resulting in the increased
sensitivity of A. fumigatus AelfA. Conversely, in S. cerevisiae, an eEF1By deletion
strain was more resistant to the oxidants; H,O,, menadione and CdSQO, (Olarewaju et
al., 2004). However, in S. cerevisiae, the GST domain of eEF1By is not active
(Jeppesen et al., 2003), whereas in A. fumigatus, Carberry et al. (2006) demonstrated
GST activity in EIfA. Thus, the data presented in this thesis lead to the conclusion
that the eEF1By proteins in A. fumigatus and S. cerevisiae, respectively, mediate
differential responses consequent to oxidative stress, and that this may be due to the
presence of a functionally active GST domain in EIfA. Targeted inactivation of the

GST activity within EIfA would conclusively resolve this hypothesis.
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The effects of H,O,-induced oxidative stress on the proteome of A.
fumigatus AelfA was investigated and compared to that of A. fumigatus ATCC46645
(Figure 7.2). Proteins which participate in the oxidative stress response such as
cobalamin-independent methionine synthase, vacuolar dynamin-like GTPase VpsA,
and mitochondrial glycerol-3-phosphate dehydrogenase exhibited increased
expression, while Ras small monomeric GTPase RasA and the proteasome

regulatory particle were decreased in expression.

Cobalamin-independent methionine synthase, which exhibited increased
expression in A. fumigatus AelfA, is essential for SAM cycle occurrence (Fontecave
et al., 2004) and homocysteine, an intermediate of the SAM cycle, can be converted
to glutathione (Figure 7.3) (Fontecave et al., 2004). This is particularly relevant since
GSH/GSSG determination in A. fumigatus AelfA, following exposure to H;O,
revealed an increase in GSH levels. Thus, a clear cross-supporting link is established
between the proteomic and phenotypic analyses. Oxidative stress generally results in
a decreased GSH/GSSG ratio as GSH levels decrease as a result of its utilisation in
protein glutathionylation reactions, scavenging ROS, and in antioxidant enzyme-
mediated reactions (LOpez-Mirabal and Winther, 2008; Rahman et al., 2006).
Consequently, GSH is oxidised to GSSG thereby increasing the GSSG levels in the
cell during oxidative stress (LOpez-Mirabal and Winther, 2008; Rahman et al.,
2006). However, because GSH levels in A. fumigatus AelfA were already lower than
those in the wild-type due to the stressed environment upon deletion of elfA, we
speculate that cobalamin-independent methionine synthase expression was up-

regulated to increase the GSH levels following exposure to H,O, (Figure 7.3).
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Figure 7.3: Proposed relationship between GSH and cobalamin-independent methionine synthase. A.
Cobalamin-independent methionine synthase is a component of the S-adenosylmethionine (SAM) cycle
from which the intermediate homocysteine can be converted into cysteine and then subsequently into
glutathione. Figure adapted from Fontecave et al. 2004. B. Schematic outline of the proposed relationship
between the increased GSH levels in A. fumigatus AelfA and cobalamin-independent methionine synthase
increased expression following exposure to H,O,. Since homocysteine can be converted into GSH,
consequently the increased expression of cobalamin-independent methionine synthase may account for the

increased GSH levels in A. fumigatus AelfA after H,O, addition.
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Interestingly, it has been observed that addition of methionine to Penicillium
chrysogenum cultures also resulted in increased intracellular GSH levels
(Emri et al., 1998), and if this is also the case in A. fumigatus, it may represent a
universal response to GSH depletion consequent to oxidative stress in filamentous

fungi.

Thirdly, further analysis of the differentially expressed proteins identified in
A. fumigatus AelfA under both normal growth conditions and following exposure to
H,O,, revealed that a number of proteins involved in protein folding and protein
degradation were differentially expressed. Under normal growth conditions,
molecular chaperone Hsp70 and nuclear pore complex Secl3 exhibited increased
expression in A. fumigatus AelfA. The Hsp protein family is required for the
disassembly of protein aggregates, protein folding and the degradation of misfolded
proteins (Bursac and Lithgow, 2009; Mayer and Bukau, 2005), while Secl3
functions in the coat protein complex Il (COPII), vesicular trafficking, nuclear pore
function and ERAD (Nielsen, 2009). The COPII complex also transports misfolded
proteins to the ERAD (Fu and Sztul, 2003), which in turn is involved in the
retrotranslocation of misfolded proteins from the ER to the cytosol for degradation
by proteasomes (Goeckeler and Brodsky, 2010). Previously, Sec13 was found to be
up-regulated in S. cerevisiae by the UPR (Travers et al., 2000), which has been
shown to target genes involved in the ERAD (Malhotra and Kaufman, 2007; Ron
and Walter, 2007). The increased expression of these proteins under normal growth

conditions is indicative of a greater requirement for protein degradation in A.
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fumigatus AelfA which is in accordance with the stressed environment evident due to

aberrant protein synthesis and decreased GSH/GSSG ratio.

One of the consequences of oxidative stress is an increase in misfolded and
irreversibly damaged proteins which, unless removed from the cell, are highly toxic
(L6pez-Mirabal and Winther, 2008; Hayes and McLellan, 1999). Following
exposure to H,O,, the increased expression of vacuolar dynamin-like GTPase VpsA
and the decreased expression of the proteasome regulatory particle subunit (RpnL)
pointed towards an increased requirement for protein degradation in A. fumigatus
AelfA. One of the functions of vacuolar dynamin-like GTPase VpsA is in vacuole
fission (Baars et al., 2007). Vacuoles, along with proteasomes, degrade proteins
exported from the ER by the ERAD (Esposito and Kinzy, 2010; Goeckeler and
Brodsky, 2010; Li and Kane, 2009). The proteasome regulatory particle subunit
forms the lid of the 19S regulatory subunit which is required for degradation of
ubiquitinylated proteins but inhibits degradation of oxidised proteins (Wang et al.,
2010; Tone et al., 2000). This decreased expression of the proteasome regulatory
particle subunit in A. fumigatus AelfA is strongly indicative of an attenuation of
proteasome regulation to facilitate degradation of the increased levels of misfolded
or oxidised proteins present in the cell, consequent to loss of EIfA. We speculate that
the increased protein glutathionylation observed in A. fumigatus AelfA, compared to
wild-type, indicates a parallel attempt to confer protection against oxidative stress, in
particular to prevent protein oxidation, following altered redox homeostasis.
Interestingly, in S. cerevisiae, increased accumulation of oxidised proteins was

observed in an eEF1By deletion strain which also exhibited altered vacuole
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morphology and altered expression of Hsp proteins (Esposito and Kinzy, 2010).
Thus, the identification of a number of proteins involved in protein folding and
degradation of misfolded proteins in A. fumigatus AelfA, under both normal growth
conditions and following exposure to H,O,, suggests that in the absence of EIfA, the
cellular protein degradation systems are activated. We hypothesise that in the
absence of this key component of the cellular translational machinery, a stressed
environment ensues resulting in increased levels of misfolded and irreversibly
damaged proteins, which must be removed from the cell to prevent manifestation of

toxic effects.

Fourthly, comparative proteomics enabled the identification of an additional
function of A. fumigatus elfA that could not have been elucidated through phenotypic
analysis alone. Here, increased expression of additional proteins (i.e., actin-bundling
protein Sac6 and vacuolar dynamin-like GTPase VpsA), in A. fumigatus AelfA under
both normal growth conditions and following oxidative stress, involved in
cytoskeletal transformation, highlighted the involvement of EIfA with the

cytoskeleton.

Under normal growth conditions, actin-bundling protein Sac6 exhibited
increased expression in A. fumigatus AelfA. Moreover, following exposure to H,0,,
increased expression of vacuolar dynamin-like GTPase VpsA, which in addition to
its function in vacuole fission is also required for normal actin cytoskeleton
organisation in S. cerevisiae (Yu and Cai, 2004), was observed. The cytoskeleton
plays a role in the oxidative stress response whereby it confers protection by

collapsing into actin bundles that sequester actin and its associated proteins into
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immobile structures (Farah et al., 2011). In S. cerevisiae, Sac6 was observed to co-
localise with these actin bundles during oxidative stress induced by H,0,,
menadione and diamide (Farah et al., 2011). Translation elongation and actin
cytoskeleton modulation are linked, because eEF1A in addition to its canonical role
of delivering aminoacyl-tRNA to the elongating ribosome, is also an actin binding
and bundling protein (Gross and Kinzy, 2005). In S. cerevisiae, eEF1Ba regulates
the actin binding and bundling activities of eEF1A and has been proposed to direct
eEF1A towards binding aminoacyl-tRNA (Pittman et al., 2009). In mammalian
epithelial cells, eEF1By increased the formation of keratin intermediate filament
bundles in vivo (Kim et al., 2007). Moreover, over-expression of eEF1By in
epithelial cells resulted in a disrupted interaction between eEF1By and keratin, and
also reduced protein synthesis suggesting a functional link between the cytoskeletal
structure and translation in epithelial cells (Kim and Coulombe, 2010; Kim et al.,
2007). The observation of increased expression of Sac6 in A. fumigatus AelfA under
normal growth conditions strongly suggests that EIfA (an EF1By) also links the actin
cytoskeleton with the translational apparatus, an interaction that warrants further

investigation in future work.

Finally, the findings presented herein have revealed a diverse role for EIfA
with respect to translation, the oxidative stress response, GSH/GSSG redox
homeostasis, regulation of protein degradation, the actin cytoskeleton, and antifungal
resistance in A. fumigatus. More globally, this study has also demonstrated the
effectiveness of using targeted gene deletion approaches to studying gene function in

filamentous fungi. In addition to this, the advantages of comparative proteomics
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investigations to reveal protein systems are clearly evident. Indeed, in the two
proteomic studies presented here (A. fumigatus elfA and pes3), the comparative
approach adopted, highlighted previously unknown functions for both of these
biochemically unannotated proteins. However, there still remain questions regarding
the function of EIfA in A. fumigatus (Figure 7.4). Although phenotypic analysis
revealed that A. fumigatus AelfA was significantly more resistant to voriconazole
than the wild-type strain, no mechanism was detectable. However, this increased
resistance requires further investigation to improve understanding of azole resistance
in A. fumigatus, a phenomenon that has become more prevalent in clinical isolates
(Bueid et al., 2010). The interaction between EIfA and the actin cytoskeleton also
warrants further investigation to determine the precise molecular mechanism linking
translation and cytoskeletal organisation. The order of events leading to increased
misfolded proteins and the activation of the oxidative stress response following loss
of EIfA remains to be fully elucidated. We hypothesise that the ensuing alteration in
protein synthesis, after loss of EIfA, results in increased levels of misfolded proteins
which may in turn generate a stressed environment activating the oxidative stress
response. Alternatively, loss of EIfA and the subsequent deficit in translation results
in a stressed environment, which not only activates the oxidative stress response, but
also results in increased levels of misfolded and irreversibly damaged proteins. The
result of either hypothesis put forward here is an increase in protein degradation
mechanisms and oxidative stress response mechanisms. These hypotheses require
further investigation to fully elucidate the molecular mechanism of EIfA in A.

fumigatus.
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To conclude, this study represents the first functional characterisation of EIfA
in A. fumigatus, a translation elongation factor 1B gamma subunit with a
catalytically active GST domain, and has provided significant new information to
inform our thoughts on the complexity of protein systems operating within this

opportunistic pathogen.
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