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ABSTRACT

THE ROLE OF THE CROSS PATHWAY CONTROL PROTEIN
IN THE STRESS RESPONSE AND ADAPTATION
OF ASPERGILLUS SPECIES TO ANTIFUNGALS

Amarsaikhan, Nansalmaa
Ph.D., Department of Biotechnology
Supervisor: Prof.Dr Zümrüt Begüm Ögel
Co-Supervisor: Prof.Dr Ufuk Bakır
August 2010, 188 pages

In this study, the adaptation and response of Aspergillus nidulans and
Aspergillus fumigatus wild type and ∆cpcA strains to antifungal compounds were
studied using cultural, genetic and proteomic methods. CpcA is the fungal cross
pathway control protein which may also have a role in the development of resistance
to antifungal that has become a major problem in human and plant fungal diseases
and many studies are devoted to address the drug resistance mechanisms. Cell
adapts itself to stress when it is subjected to a stress repeatedly. The ancestor of
CpcA, ATF4 (CREB2) has recently been found to be important in the survival of
tumor cells after starvation and nutrient limitation and these findings are expected to
open new insights into the future antifungal therapy. Fungal cross pathway control
system conserves similar mechanism with the stress response pathway in humans as
a response to amino acid starvation. Fungal adaptation to antifungal agents was
studied using the genetic model A. nidulans with the experimentally induced
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adaptation setup.

It was concluded that A. nidulans cells are able to adapt to

antifungal. In order to understand how cell becomes resistant to a previously
susceptible agent, it is important to investigate the process when the cell encounters
the agent for the first time. Fungal cellular response to antifungal drugs was studied
using the human opportunistic pathogen A. fumigatus at the protein level. This is the
first proteomic study directed to investigate the A. fumigatus response to
voriconazole (VRC). The recently developed two dimensional gel electrophoresis
approach, Fluorescence 2-D Differential Gel Electrophoresis (DIGE) method was
applied to visualize differentially expressed proteins. It was concluded that, about
150 proteins were differentially regulated as a response to stress exerted by azole
group antifungal drugs. ∆cpcA strains of A. nidulans and A. fumigatus were
compared to wild type strains in terms of susceptibility to various stresses,
adaptation potential also at the proteome level. The results obtained in this study
showed that CpcA was important in the response of Aspergillus to oxidative, heat
stress and in the adaptation of cells to VRC and that its absence drastically changed
the cellular response to VRC at the protein level by changing the expression of about
80 proteins. Thus, this protein is a good candidate in future as a potential drug
resistance mediator and further characterization is needed to elucidate its mechanism
of action on drug resistance.

Keywords: Aspergillus species, antifungal, voriconazole, adaptation and proteomics.
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ÖZ

ASPERGĐLLUS TÜRÜ MANTARLARIN ANTIFUNGAL MADDE STRESĐNE
TEPKĐ VE ADAPTASYONUNDA ÇAPRAZ ĐZYOLU KONTROL PROTEĐNĐN
ETKĐSĐ

Amarsaikhan, Nansalmaa
Doktora, Biyoteknoloji Bölümü
Tez Yöneticisi: Prof.Dr Zümrüt Begüm Ögel
Ortak Tez Yöneticisi: Prof.Dr Ufuk Bakır
Ağustos 2010, 188 sayfa

Bu çalışmada Aspergillus nidulans ile Aspergıllus fumigatus türlerin
antifungal maddelere olan adaptasyonu ve tepkisi kültürel, genetik ve proteomik
yöntemlerle incelenmiştir. Özellikle, fungal çapraz izyolu proteini olan CpcA’nın
antifungallara direnç geliştirmedeki rölü araştırılmıştır. Đlaca direnç geliştirme
konusu hem insan hem de bitki hastalıklarında önemli bir sorun teşkil etmekte ve
direnç mekanizmasının çözülmesine yönelik birçok çalışma yürütülmektedir. Hücre
bir strese sürekli olarak maruz kalındığında zamanla strese adapte olmaya
başlamaktadır. CpcA proteinin atası olan ATF4 (CREB2) proteinin kanser
hücrelerinde açlık ve besin kısıtlığı sonrasında hücre çoğalmasında önemli rol
oynadığı ve bunun antikanser tedavisinde bir çığır açacağı düşünülmektedir.. Fungal
çapraz izyolu sistemi ile insanda ATF4 ile izlenen stres tepki izyolunda mekanizma
olarak büyük benzerlik görülmektedir. Küf mantarlarının antifungallara olan
adaptasyonu laboratuar ortamında uyarlanan adaptasyon deneyleriyle A. nidulans
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üzerinde çalışılmıştır. Deneyler A .nidulans’ın antifungallara adapte olabildiğini
göstermiştir. Hücrenin daha önce duyarlı olduğu maddeye zamanla nasıl direnç
geliştirdiğini anlamak için hücrenin o madde ile ilk karşılaştığı andaki hücre
tepkisine bakmak önemlidir. Mantar hücrelerinin antifungal ilaca yani voriconazole
olan tepkisi protein düzeyinde insan patojeni olan A. fumigatus’da bakılmıştır. A.
fumigatus’da vorikonazolun etkisi proteom düzeyinde ilk defa çalışılmıştır. Bu
çalışmada, farklı ifade edilen proteinleri görüntülemede kullanılan 2 boyutlu jel
eletroforez tekniğinin son geliştirilen versiyonu olan DIGE metodu kullanılmıştır.
Çalışma sonucunda, vorikonazol varlığında yaklaşık 150 proteinin ifadesi değiştiği
bulunmuştur. Hem A. nidulans ve A. fumigatus mantarların ∆cpcA suşu ile normal
suşların değişik streslere tepkisi, adaptasyon potansiyeli ve protein düzeyinde
tepkileri karşılaştırlımıştır. Çalışmanın sonucunda, CpcA proteinin oksidatif,
sıcaklık ve antifungal madde stresine adaptasyonu için önemli olduğu ve bu
proteinin yokluğunun hücrenin antifungal ilaç tepkisini protein düzeyinde önemli
ölçüde değiştirdiği ve yaklaşık 80 proteinin ifadesini etkilediği belirlenmiştir. Bu
yüzden, CpcA proteinin ileride ilaç direnç mekanizmasında aracı olarak iyi bir aday
olduğu ve bu konumdaki rolünün daha detaylı araştırılması gerektiği sonucuna
ulaşılmıştır.

Anahtar

kelimeler: Aspergillus

türü

mantarlar,

adaptasyon ve proteomik çalışmalar.
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CHAPTER 1

INTRODUCTION

1.1 The Aspergillus Species

Aspergillus is a genus of around 200 molds existing throughout the nature,
which was first found and categorized in 1729 by the Italian biologist Pier Antonio
Micheli. Aspergillus is a filamentous, cosmopolitan and ubiquitous fungus
commonly isolated from soil, plant debris and indoor air environment. Aspergillus
species are mainly aerobic and can be found in almost any oxygen-rich environment.
Also, they can grow on a wide range of carbon sources and they are capable of
growing on poor nutrients as well (Uitzetter et al.1982).
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Fig 1.1. Taxonomy of Aspergillus
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Aspergillus species have an anamorphic mode of propagation via asexual
conidiophores that are released into the environment which give rise to a vegetative,
branched mycelium after germination on a suitable growth substrates (Krappmann
et al., 2004). Although most Aspergillus species are known to reproduce asexually,
with the genome sequencing and other researches based on sex cycle of Aspergillus
species, a fully functional sexual cycle of Aspergillus fumigatus has been elucidated
and yielded insights into the potential for sexual reproduction in other supposedly
'asexual' fungi ( O`Gorman et al., 2008).
Despite belonging to the same genus, Aspergillus species have diverged
significantly, though they are sufficiently related such that orthologues can be
identified for the majority of genes. (Galagan et al., 2005)
Species of Aspergillus are important medically and commercially. Some
species can cause infection in humans and other animals. The most serious human
pathogenic species are Aspergillus fumigatus, followed by Aspergillus flavus,
Aspergillus clavatus and Aspergillus terreus, which are causes of allergies and threat
to immunocompromised patients. Other species are important as agricultural
pathogens. Some Aspergillus species like Aspergillus flavus cause disease on many
grain crops, especially maize, and synthesize mycotoxins including aflatoxin (Yu et
al., 2005).
Some species are important in commercial microbial fermentations and
sources of industrial enzymes. Aspergillus niger is the main producer of citric acid
worldwide and Aspergillus oryzae is used for koji production in Japan. Members of
the genus are also sources of natural products that can be used in the development of
medication to treat human disease. Aspergillus terreus, sometimes an opportunistic
pathogen, is also a source of lovastatin, one of the first of the hugely successful
statins used therapeutically to inhibit cholesterol biosynthesis (Wortman et al.,
2009).
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Within this genus, A. nidulans has a central role as a model organism. Its
biology and parasexuality has been extensively studied for many years and has been
the pioneer in the development of Aspergillus research. It shares many of the
properties of its close relatives with significance in the fields of medicine,
agriculture and industry. Furthermore, it has become one of the best-characterized
filamentous fungi and the first Aspergillus species to have its genome sequenced
(David et al., 2008).
8 genomes of Aspergillus species haven been determined and released to the
public over the past 4 years, namely, A. fumigatus (2 strains), A. nidulans, A. oryzae,
A. niger (2 strains), A. clavatus, A. fisherianus, A. terreus and A .flavus (Wortman et
al., 2009).

Fig 1.2. Phylogenetic relationship of the genome sequenced Aspergillus species
(Aspergillus Comparative Database, http://www.aspgd.org. 04/2010)
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1.1.1. Aspergillus nidulans

Aspergillus nidulans, also called Emericella nidulans has been an important
research organism for studying eukaryotic cell biology. Half a century of A. nidulans
research has advanced the study of eukaryotic cellular physiology, contributing to
our understanding of metabolic regulation, development, cell cycle control,
chromatin structure, cytoskeleton function, DNA repair, pH control, morphogenesis,
mitochondrial DNA structure and human genetic diseases (Calagan et al., 2005). In
addition to a long history of classical genetic and biochemical studies, most
molecular techniques for gene manipulation were first developed in A. nidulans
before application to other members of the genus. Mutant strains of A. nidulans
isolated over many years are available from the Fungal Genetics Stock Centre
(www.fgsc.net), together with other useful resources such as vectors and libraries.
A. nidulans is able to form sexual spores through meiosis, allowing crossing of
strains in the laboratory and A. nidulans is a homothallic fungus, thus can form
fruiting bodies in the absence of a mating partner (Fig.1.3). It possesses a penicillin
biosynthesis pathway similar to that found in the industrial producer Penicillium
chrysogenum, and has most of the steps of the aflatoxin pathway found in A. flavus
and A. parasiticus, so that it has become a key model system for studying these
secondary metabolic pathways and their regulation (Bok et al., 2006; Brakhage et
al., 2004).
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Fig 1.3. The life cycle of A. nidulans (Casselton and Zolan, 2002).

The genome of A. nidulans, sequenced at the Broad Institute, was published
in 2005. It is 30 million base pairs in size and is predicted to contain around 9,500
protein-coding genes on eight chromosomes (Galagan et al., 2005). Updates and
detailed annotation project has launched with A. nidulans since this fungus still
plays an important role as a genetic model. Eurofung through the Eurofungbase
Project decided to focus its community annotation efforts on A. nidulans in the first
instance (Wortman et al., 2009) and the newly annotated A. nidulans genome
sequence was made available in the CADRE database (Mabey et al., 2004). Such
community based re-annotation of the A. nidulans genome has the primary goal of
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increasing the number and quality of protein functional assignments through the
careful review of experts in the field of fungal biology.

1.1.2 Aspergillus fumigatus

In the past 20 years Aspergillus fumigatus has gone from being a saprophytic
fungus of minor interest to scientists to becoming one of the most important fungal
pathogens. The main reason for the rise in systemic infections lies in the steady
increase in the number of immunocompromised individuals, such as organ
transplant and AIDS patients, the main risk group for such infections (Latge, 1999).
A. fumigatus is a saprotrophic fungus that is widespread in nature, typically
found in soil and decaying organic matter such as compost heaps, where it plays an
essential role in carbon and nitrogen recycling. A. fumigatus is able to grow rapidly
on minimal agar plates containing a carbon source (e.g., glucose), a nitrogen source
(e.g., nitrate), and trace elements. In addition to being relatively flexible with regard
to growth medium, A. fumigatus is also able to withstand high temperatures. Growth
occurs up to 55ºC, and conidia are able to survive at temperatures up to 70ºC (
Latge,1999).
Until recently A. fumigatus was not only thought to reproduce asexually, as
neither mating nor meiosis had never been observed in the fungus. However, in
2008, it was shown for the first time that A. fumigatus possesses a fully functional
sexual reproductive cycle, 145 years after its original description by Fresenius (
O`Gorman et al., 2008).
Colonies of the fungus produce thousands of minute grey-green conidia (2-3
µm) from conidiophores that readily become airborne. Its spores are ubiquitous in
the atmosphere and it is estimated that everybody inhales several hundred spores
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each day; typically, however, these are quickly eliminated by the immune system in
healthy individuals. In immunocompromised individuals such as transplant patients
and people with AIDS or leukemia, the fungus is capable of becoming pathogenic,
over-running the hosts weakened defenses and causing a range of diseases generally
termed aspergillosis. Once inhaled in the absence of immunity, the conidia locate to
the lung alveoli and germinate. Although A. fumigatus only makes up a small
proportion of all aerial spores, around 0.3% in the air of a particular hospital, it
causes roughly 90% of systemic Aspergillus infections suggesting that A. fumigatus
possesses certain factors that allow it to become an opportunistic human pathogen in
immunocompromised patients (Brakhage and Langfelder, 2002).
The cell wall of A. fumigatus is a complex structure mainly composed of
polysaccharides and where the majority of the antigens secreted by the fungus
during its in vitro and in vivo growth are located. Some components of the wall are
directly associated with the colonization of the host tissue and others with the
damage to these tissues. The cell wall components are ß-(1-3)-glucan,
galactomannan and chitin and the genes and proteins related with the cell wall
structure are also related to the virulence of the organism (Rementeria et al., 2005;
Latge et al., 1993).
In recent years great progress has been made in understanding the genetics of
A. fumigatus; molecular genetics techniques have been developed that allow a
detailed characterization of the fungus. Molecular biology provides effective
techniques for understanding the mechanisms underlying A. fumigatus virulence and
for investigating the key components of the infectious process. In conjunction with
the genome sequence of A. fumigatus, these eventually led to the discovery of the
key elements of A. fumigatus virulence and eventually to drugs for treating systemic
A. fumigatus infections (Brakhage and Langfelder, 2002).

There is no unique

essential virulence factor for the development of this fungus in the patient and its
virulence appears to be under polygenetic control. So far, the group of molecules
and genes associated with the virulence of this fungus include many cell wall
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components, such as ß(1-3)-glucan, galactomannan, galactomannanproteins, and the
chitin synthetases as well as others. Some genes and molecules have been implicated
in evasion from the immune response, such as the rodlets layer and the conidial
melanin-DHN. The detoxifying systems for Reactive Oxygen Species (ROS) by
catalases and superoxide dismutases had also been pointed out as essential for
virulence. In addition, this fungus produces toxins (fumigaclavin C, aurasperon C,
gliotoxin, helvolic acid, fumagilin, Asp-hemolysin, and ribotoxin Asp fI/mitogilin
F/restrictocin), allergens (Asp f1 to Asp f23), and enzymatic proteins as alkaline
serine proteases, metalloproteases, aspartic proteases, dipeptidyl-peptidases and
phospholipases. These toxic substances and enzymes seem to be additive and/or
synergistic, decreasing the survival rates of the infected animals due to their direct
action on cells or supporting microbial invasion during infection. Adaptation ability
to different tropic situations is an essential attribute of most pathogens. To maintain
its virulence attributes A. fumigatus requires iron obtaining by hydroxamate type
siderophores, phosphorous obtaining and signal transduction pathways that regulate
morphogenesis and/or usage of nutrients as nitrogen, mitogen activated kinases,
cAMP-PKA signal transduction pathway, as well as others. In addition, they seem to
be essential in this field the amino acid biosynthesis, the activation and expression of
some genes at 37 °C, some molecules and genes that maintain cellular viability, etc (
Rementeria et al., 2005).
A. fumigatus genomic sequence was released in 2005. It is 29.4-megabase
consisting of eight chromosomes containing 9,926 predicted genes (Nierman et al.,
2005).
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Table 1.1. Comparison of genome characteristics of two Aspergillus species
(Galagan et al., 2005)
Genome characteristics

A. nidulans

Size (bp)

30.068.514

G+C ( %)

50

A. fumigatus
27.980.910
49

Protein coding genes

9.541

9.926

Protein coding genes >100 amino acids

9.396

9.009

Predicted protein coding sequence >100 amino acids
Coding ( %)

50

Gene density ( 1 gene every n bp)

3.151

Median gene length (mean)

1.547 ( 1.868)

Average number of exons per gene

3.6

49
2.938
1.389 ( 1.644)
2.8

1.2 Aspergillosis

Diseases caused by Aspergillus are called Aspergillosis. Mainly, the causing
agent of Aspergillosis is the opportunistic fungus A. fumigatus. The agents of
Aspergillus infection are airborne conidia which due to their small size are able to
reach the pulmonary alveoli, the primary site of infection.

In the absence of

adequate host immune response, they germinate and grow in vivo as A. fumigatus
has no specific nutritional requirements and can grow at elevated temperatures. For
most patients, the main portal of entry and site of infection for A. fumigatus is the
respiratory tract. Pulmonary diseases caused by A. fumigatus can be classified
according to the site of the disease within the respiratory tract and the extent of
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mycelia colonization or invasion, both of which are influenced by the
immunological status of the host (Bodey and Vartivarian, 1989).
The diseases caused by Aspergillus are very diverse and include, from
mycotoxicosis, allergic reactions and colonization with restricted invasion in
immunocompetent individuals, to systemic diseases with high mortality rates in
immunocompromised patients, called invasive aspergillosis (IA). Diseases caused
by A. fumigatus can be divided into three categories: (a) allergic reactions and (b)
colonization with restricted invasiveness are observed in immunocompetent
individuals, whereas (c) systemic infections with high mortality rates occur in
immunocompromised patients. Added to this is the lack of effective therapy,
resulting in a high mortality rate between 30 and 90% (Brakhage and
Langfelder.2005).

Fig 1.4. Spectrum of diseases caused by Aspergillus infection.(Segal and Walsh,
2006)
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1.3 Antifungal: drugs and other compounds

Fungal infections in human range from superficial and common such as
dermatophytes and onychomycoses to deeply invasive and disseminated diseases
such as candidiases and aspergillosis. In the past years, the frequency of systemic
fungal infections has increased dramatically along with the proliferation of severely
immunocompromised patients. With the increasing incidence of serious fungal
infections caused by opportunistic species, the use of antifungal drugs has increased
simultaneously. Available antifungal agents do not satisfy the medical need
completely due to side effects and other limitations of available drugs and recorded
resistance development to antifungal drugs. Additional factors include treatment
with broad-spectrum antifungal drugs or glucocorticosteroids; invasive procedures
such as surgery, in-dwelling catheters or prosthetic devices; and parenteral nutrition
or dialysis (Georgopapadokou,1998; Pasqualotto and Denning, 2008).
There are 4 main classes of systemic antifungal compounds currently in
clinical practice, namely; the polyenes, including Amphotericin B and its lipid
derivatives; the azoles such as itraconazole, voriconazole and recently introduced
posaconazole;

the

echinocandins,

including

caspofungin,

micafungin

and

anidulafungin; and the allylamines, terbinafine (Quiao et al., 2008). The first 3
classes target ergosterol, the major sterol in fungal plasma membrane. Although
selective towards ergosterol, systemic antifungal drugs also affect the function and
biosynthesis of mammalian sterols, thereby host`s immune response. For instance,
polyene class agent Amphotericin B increases the aggregation, adherence and
fungicidal activity of polymorphonuclear leukocytes (PMN); allylamines increase
the fungicidal activity of PMNs; whereas azoles inhibit chemotaxis and superoxide
production of PMNs (Georgopapadokou, 1998).
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Fig 1.5. The main classes of antifungal drugs clinically in use (Cowen, 2008).
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1.3.1 The Polyenes

Polyenes were first discovered in 1950s and they are produced by
Streptomyces species. They are fungicidal and have the broadest spectrum of any
clinical antifungal. A polyene is a molecule with multiple conjugated double bonds.
A polyene antifungal is a macrocyclic polyene with a heavily hydroxylated region
on the ring opposite the conjugated system. This makes a polyene antifungal
amphiphilic, having both hydrophobic and hydrophilic sides (Fig 1.5). The most
popular polyene antifungal is Amphotericin B. It has acute and chronic side effects
notably nephrotoxicity. The side effects are significantly reduced when Amp B is
used in lipid formulations (Georgopapadokou, 1998).

1.3.2

The Azoles

Azoles were discovered in 1970s, they are totally synthetic and the most
rapidly expanding group of antifungal agents. Of the three newest triazole
antifungal, voriconazole (VRC) and ravuconazole are structurally related to
fluconazole, whereas posaconazole bears a close resemblance to itraconazole, but
with the dioxolane ring altered to a tetrahydrofuran (Fig 1.5). Voriconazole proved
to be superior in terms of response rate, toxicity and overall survival and with its
favorable pharmacokinetics and fungicidal activity (Chamilos and Kontoyiannis,
2005). The structural differences might seem small, but they dictate antifungal
potency and spectrum, bioavailability and drug interaction and toxic potential –very
important considerations for compounds that bind to heme groups in P450s.
Two other antifungal drug classes, the pyridines (buthiobate and pyrifenox)
and the pyrimidines (triarimol and fenarimol), inhibit lanosterol demethylase and are
used extensively as antifungal agents in agriculture but are not used in medicine
13

(Vandenn et al., 1994). The morpholines (i.e., fenpropimorph and amorolfine)
inhibit two enzymes in the ergosterol biosynthetic pathway, C-14 sterol reductase
and C-8 sterol isomerase. The genes for these two enzymes, ERG24 and ERG2, have
not yet been cloned from any medically important fungus, but have been cloned
from S. cerevisiae. However, little is known of the interaction of the morpholines
with ERG24 or ERG2 (White T et al., 1998).

1.3.3. Echinocandins

Echinocandins are natural products discovered in 1970s. They are the most
recently developed class of antifungal. They were originally obtained from soil
fungi, but semi-synthetic derivatives have been developed such as caspofungin,
micafungin and anidulafungin. They are fatty acid derivatives consisting of a cyclic
hexapeptide core with a lipid side chain responsible for antifungal activity (Fig 1.5)
(Georgopapadokou N.H.1998).

1.3.4. Allylamines

This class of compounds discovered in 1970s, are also totally synthetic. The
only clinically used allylamine is terbinafine. Although terbinafine is not approved
for treatment, there is interest in the possibility of combining terbinafine with other
ergosterol synthesis inhibitors to achieve synergistic inhibitory effects (Odds et al.,
2003).
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1.3.5. Other antifungal and natural compounds

1.3.5.1. Flucytosine

The 5-Flourocytosine (5-FC) is a nucleoside analogue with a limited activity
spectrum, so it is mainly used in combination with Amp B. 5-FC is relatively nontoxic to mammalian cells due to the absence or very low activity of cytosine
deaminase (Georgopapadokou,1998).

1.3.5.2. Griseofulvin

The earliest inhibitory agent specific to fungal species was griseofulvin. The
selective toxicity of griseofulvin for fungi is only moderate and its spectrum of
action is restricted mainly to the dermatophyte fungi. The precise mechanism of
action of this compound is still unknown, but the favored explanation is that it
interferes with microtubule assembly (Odds et al., 2003).

1.3.5.3 Sordarins

The sordarin antifungal class, although not developed for clinical use. The
class was discovered by routine screening but was abandoned in the early 1970s.
Interest in sordarins was re-awakened as a result of a prospective screen for
inhibitors of C. albicans protein synthesis in vitro, which pinpointed the nature of
the sordarin antifungal effect (Odds et al., 2003).
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1.3.5.4 Natural antifungal compounds

Novel agents have originated from random or targeted screening of natural
products or synthetic compounds. The process has picked up considerable speed
with the introduction of high-throughput screening, combinatorial chemistry and
fungal genomics. Natural compounds have the potential to serve as alternatives to
many antimicrobial agents. Natural compounds such as phenolic agents that do not
have any significant medical or environmental shortcomings can be useful in control
programs involving conventional antifungal agents. Moreover, they can significantly
augment the utility of commercial fungicides by reducing cost of application,
potential for development of resistance (Kim et al., 2006).
Natural compounds could potentially serve as effective alternatives to
conventional antifungal or antimycotoxigenic agents. Prior studies also showed that
derivatives of benzoic or cinnamic acid inhibit growth of various filamentous fungi,
including Rhizoctonia, Aspergillus, Penicillium, and Pythium, growth of food
spoilage yeasts, and biosynthesis of mycotoxins (Kim et al., 2004). Another
example is the phenyllactic acid (PLA), a natural antifungal produced by lactic acid
bacteria. The mode of action of PLA is not clear yet. Besides lowering the pH, this
acid probably affects other pathways in the cell. As the name implies, PLA is a
product of phenylalanine catabolism; a small aromatic and acidic compound (Strom
et al., 2005).
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1.4 Antifungal drug resistance

The development of antimicrobial drug resistance is not a new phenomenon,
microorganisms have been responding to toxic environment stresses for long. It’s
likely that the mechanisms utilized to confer resistance to novel synthetic drugs have
been selected from an extensive repertoire that has enabled microorganisms to
survive for long in changing environments. Under the selection imposed by
antifungal drugs, drug-sensitive fungal pathogens frequently evolve resistance
(Anderson, 2005). The divergent mechanisms that arise through mutations, how
these mechanisms have an impact on pathogen fitness in various environments and
how the resistance mechanisms interact with each other are what collectively
determine the fate of resistance in fungal pathogen populations. Antifungal drug
resistance is mostly a local adaptation that confers no general advantage to the larger
pathogen pool and resistance to antifungal drugs involves modification of existing
genes instead of introducing new genes from distantly related taxa (Anderson,
2005). Resistance to antifungal drugs has important implications for morbidity,
mortality and health care costs in hospitals, as well as in the community. Hence,
substantial attention has been focused on developing a more detailed understanding
of the mechanisms of resistance, improved methods to detect resistance when it
occurs, new options for the treatment of infections caused by resistant organisms,
and methods to prevent the emergence and spread of resistance in the first place
(Ghannoum and Rice, 1999).
Antifungal drug resistance is usually measured by the Minimum Inhibitory
Concentration (MIC) defined according to the standard protocol by The Clinical
Laboratory and Standards Institute (CLSI). One disadvantage of MIC, as a measure
of resistance is that it does not always reflect the clinical outcome of antifungal
therapy since disease is the result of the complex interactions between pathogen and
host. Before the development of susceptibility testing of outlined by the CLSI, MIC
determinations were inconsistent and varied up to 50,000-fold in different
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laboratories. Establishment of standard MIC determination protocols for yeast and
filamentous fungi defining the uniform test conditions led to the reproducibility of
the MIC, nevertheless, simpler and more reproductive methods are being proposed
(Quaio et al., 2008).
Since the initial studies of antifungal drug resistance in the early 1980s, a
body of knowledge concerning the clinical, biochemical, and genetic aspects of this
phenomenon has been elucidated and recently, an elucidation of the molecular
aspects of antifungal drug resistance has been initiated (White T et al., 1998). One
way to discover antifungal drug resistance mechanisms is to compare resistant
clinical isolates with their susceptible parents (Perea et al, 2001; White, 1997).
Another way is to select for resistance in vitro (Albertson et al., 1996; Anderson,
2005; Cowen et al., 2000).
Most of the established antifungal resistance mechanisms are due to genetic
mutation usually point mutations in genes encoding drug targets or enzymes in
metabolic pathways, or transcription factors leading to gene overexpression. Such
mutations are stable, take time to be acquired and can be thought of as long-term
stress responses. Antifungal drugs, however, stimulate classic immediate stress
responses. These can be thought as reversible phenotypic responses that do not
involve mutation or chromosomal rearrangement. The short-term phenotypic stress
responses are important to allow cells to develop long-term stable resistance
mechanisms (Cannon et al., 2007).
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1.4.1 Antifungal drug resistance mechanisms

Fig 1.6. Known antifungal drug resistance mechanisms in human fungal pathogens
(Cowen and Steinbach, 2009).
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1.4.1.1 Polyene resistance

Polyenes, including AMP and nystatin are a class of antifungal agents that
target plasma membrane sterols. Their mechanism of action involves intercalation of
a ring of 8-10 polyene molecules into the fungal membrane, leading to the formation
of aqueous pores, through which the fungal cell leaks protons, potassium and other
monocovalent cations and essential cytoplasmic materials (Chamilos and
Kontoyiannis, 2005).

Another alternative mechanism of action of AMB is the

promotion of oxidative damage of cell membranes through the generation of
reactive oxygen species (Moore et al., 2000).
Mechanisms of AMB resistance have not been studied in detail in
A. fumigatus because it is less common than the azole resistance. Another reason is
that AMB inhibits fungal growth by a physico-chemical interaction, not by an
enzyme inhibition (Chamilos and Kontoyiannis, 2005). Also, since AMB fungicidal
activity partially attributed to its action as an oxidizing agent, resistance of
A. fumigatus to AMB might be induced through increased production of neutralizing
enzymes such as catalases that confer resistance to oxidative stress (Moore et al.,
2000). Although not very common, fungal resistance to polyenes is associated with
altered membrane sterols, altered phospholipids and increased catalase activity with
decreased susceptibility of oxidative damage (Georgopapadokou, 1998).

1.4.1.2 Azole resistance

Fungal azole resistance involves both amino acid changes in the target site
that alter drug–target interactions and those that decrease net azole accumulation.
The triazoles act by blocking the ergosterol biosynthetic pathway at the C-14
demethylation stage by binding to lanosterol 14-α demethylase or Cyp51, a P450
20

cytochrome enzyme encoded by ERG11 gene, orthologue in A. fumigatus is Cyp51
(Odds et al., 2003). This leads to ergosterol depletion and accumulation of lanosterol
and other toxic 14-α methylated sterols. Azoles are generally considered as
fungistatic agents, newly introduced azoles have fungicidal activity (Chamilos and
Kontoyiannis, 2005). Azole resistance mechanisms are best studied in C. albicans.
Known resistance mechanisms include reduced azole accumulation through active
efflux of drug, alteration or overexpression of the target enzyme and downstream
mutation in the ERG3 gene of ergosterol pathway that allows the accumulation of
less toxic sterols ( Chamilos and Kontoyiannis). However, these mechanisms are not
well studied in Aspergillus fumigatus. It has been shown that in Aspergillus
overexpression of efflux transporter encoding genes usually co-exist with point
mutations in the gene encoding for the target 14-α-DM enzyme (da Silva Ferreira et
al.,2004). A. fumigatus has 2 distinct CYP51 genes, CYP51A and CYP51B
(Mellado et al., 2001). Point mutation in CYP51A and overexpression has been
observed in resistant strains of A. fumigatus and role of CYP51B in azole resistance
has not been implicated yet (Chamilos and Kontoyiannis, 2005).
Another azole resistance mechanism in A. fumigatus is related to its ability to
import and incorporate exogenous cholesterol into the plasma membrane under
anaerobic conditions. This accumulation of cholesterol compensates for the
ergosterol depletion and confers a rescue mechanism for A. fumigatus upon azole
exposure (Xiong et al., 2005).
Another novel mechanism of azole resistance in Aspergillus and other fungi
involves the role of HSP90, a molecular chaperone induced under stress conditions.
HSP90 functions in drug resistance along with calcineurin pathway and enable
fungal cells to tolerate drugs that block ergosterol biosynthesis (Cowen and
Lindquist, 2005).
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1.4.1.3 Echinocandin resistance

Echinocandins are antifungal that target the fungal cell wall by
noncompetitive inhibition of 1,3-ß-D-glucan synthase, a fungus specific target
(Kartsonis et al., 2003). There are several cases of echinocandin resistance but the
mechanisms of resistance have not been elucidated yet. Echinocandin-resistant C.
albicans isolates have point mutations in (1,3)-b-glucan synthase subunit Gsc1p
(Baixench et al., 2007). It has been found that modification of Fks1p is sufficient to
lead to echinocandin resistance in a laboratory strain of A. fumigatus (Rocha et al.,
2007).

1.4.1.4 Allylamine resistance

Allylamines are antifungal that block ergosterol biosynthesis by inhibiting a
membrane-bound squalene epoxidase encoded by the ERG1 gene and accumulated
toxic squalene (Ryder N.S.,1992). Resistance mechanisms involve the mutation of
the target enzyme, squalene epoxidase and overexpression of the target enzyme.
Another mechanisms is the overexpression of salicylate 1-monooxygenase where
terbinafine could be the substrate for a degradation pathway involving degradation
of aromatic compounds through expression of salicylate 1-monooxygenase
(Graminha et al., 2004). An amino acid substitution in ErgA confers terbinafine
resistance in Aspergillus fumigatus (Rocha et al., 2006).
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1.4.1.5 Flucytosine resistance

Primary or intrinsic resistance to 5-FC is a common phenomenon. The
genetics of 5-FC resistance has been investigated in several fungi. Primary or
intrinsic resistance to 5-FC is usually the result of a defect in cytosine deaminase.
Secondary resistance to 5-FC in C. albicans is due primarily to a decrease in the
activity of the uracil phosphoribosyl transferase (UPRTase), which is involved in the
synthesis of FUMP and FdUMP. The frequency of 5-FC resistance is lowest in
C. albicans, intermediate in C. neoformans, and highest in Aspergillus (Bossche et
al., 1994).

1.4.2

Strategies towards overcoming antifungal drug resistance

The perspective on antifungal drug resistance suggests several possible ways
of overcoming, or preventing, drug resistance. Combination therapy can be used to
attack two different targets simultaneously with a low probability that resistance to
both drugs will arise, or to attack a drug target and its resistance mechanism
(Cannon et al., 2007).
Another prospect for resistance prevention is to abrogate the initial stress
response that permits tolerance and the development of resistance. Calcineurin,
Hsp90 and other stress response components provide a range of targets (Cowen and
Lindguist, 2005). Other potential targets include biofilm formation or transcriptional
regulators of efflux pumps such as Tac1p, Upc2p or Mcm1p (Cannon et al., 2007).
A third strategy is to choose drug targets and select drug candidates more
carefully. Rapidly acting fungicidal drugs are better, theoretically, than fungistatic
drugs as they do not allow the selection of resistant variants. Therefore essential
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gene products make better targets than nonessential gene products. Extracellular
targets are also better than intracellular targets as the intracellular action of drugs
provides more options for drug inactivation, sequestration and efflux-pumpmediated resistance. Also, the in vitro mutagenesis of the target, or selection of
resistant host cells, could be used to give an indication of the likelihood of resistance
development (Anderson, 2005). Another point of view is based on the suggestion
that compounds inhibiting the virulence factors of fungal pathogens needs
consideration of antifungal drug targets (Chauhan and Calderone., 2008). Finally,
genome-wide gene expression analysis upon exposure to antifungal agents may
expand the knowledge on the mechanism of antifungal drug action and facilitate the
identification of novel genes implicated in resistance development (Chamillos and
Kontoiyannis, 2005).

1.4.3

Global approaches to antifungal drug resistance in Aspergillus

An insight into the immediate stress responses induced by antifungal drugs
can be gained by transcript profiling cells exposed to drugs at, or below, their MIC
(Liu et al., 2005). This approach raises the prospect of identifying other potential
drug targets including components of the stress-response pathways. There is now an
increasing need to “shift from gene-by-gene studies to a more unified, wholeorganism approach” to assist in identifying novel genes and proteins involved in
physiological adaptation (Kim et al., 2007).
Mycelia can adjust to changes in the presence of antifungal drugs by altering
gene expression patterns. For a comprehensive evaluation of genes that have their
expression modulated during exposure of the mycelia to drug, a large-scale analysis
of gene expression could be performed using a microarray hybridization approach.
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Thus, measurement of changes in gene expression upon exposure to a drug can help
determine how drugs and drug candidates work in cells and organisms. DNA
microarray technology is a powerful tool to measure gene expression on a genomic
scale, allowing simultaneous measurement of changes in the expression of
thousands of genes (Agarwal et al., 2003). With the genome data available the
regulation of genes and proteins of A. fumigatus on a global scale can be analyzed
under conditions that are related to infection and drug action.
One of the tools capable of such a “whole-organism” approach is proteomic
analysis. This is a powerful tool which allows global analysis of protein expression
patterns, and thus holds great potential for building a better understanding of
changes that occur during fungal adaptation to various environmental conditions
(Kim et al., 2007). One of the most powerful proteomic techniques is based on 2Dgel electrophoresis. Up to thousands of proteins can be resolved in a single
experiment by separating proteins first according to their isoelectric point and in the
second dimension according to their molecular mass. Since its introduction, a lot of
inventions have improved the quality, the sensitivity and reliability of this technique,
such as the usage of ready-made IPG-strips, the application of new detergents and
the employment of sensitive detection methods based on fluorescent dyes. One of
them is the development of DIGE (Difference in Gel Electrophoresis), which is
based on the specific properties of the CyDye DIGE fluor minimal dyes Cy2,Cy3
and Cy5. These dyes enable the separation of three different protein samples on the
same 2D-gel resulting in less experimental variation (Kniemeyer et al., 2006).
Proteomics is one of the methods of choice to carry out global studies, and initial
efforts for the characterization of the A. fumigatus proteome have already been by
the introduction of a detailed reference 2-D map, which allows the analysis of the
proteomic profile (Vodish et al., 2009).
There are very limited global scale studies on antifungal response of
A. fumigatus although well established transcriptomic and proteomic studies have
been done in Candida species and S. cerevisiae (Rogers et al., 2006; Bruneau et
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al.,2003; Liu et al., 2005; Agarwal et al., 2003). So far, only two global scale studies
were performed on the response of A. fumigatus to antifungal drugs. One is on the
transcriptional response of A. fumigatus to voriconazole aiming at the understanding
how A. fumigatus becomes resistant to voriconazole. The study showed the total
expression of 2.700 genes affected by the drug and the mRNA expression of several
of these genes is dependent on the evolutionarily conserved cyclic AMP-protein
kinase (cAMP-PKA) signaling pathway. Also, it was observed that: (i) a decreased
mRNA expression of various ergosterol biosynthesis genes; (ii) increased mRNA
expression of genes involved in a variety of cell functions, such as transporters,
transcription factors, proteins involved in cell metabolism, and hypothetical
proteins; and (iii) the involvement of the cAMP-PKA signaling pathway in the
overexpression of several of these genes. Furthermore, this work demonstrated the
potential utility of gene expression profiling in antifungal studies (da Silva Ferreira
et al., 2006). The second study is on the molecular targets of A. fumigatus during
exposure to Amp B using proteomic and transcriptomic approaches. In
transcriptomic analysis, a total of 295 genes were found to be differentially
expressed many belonging to the ergosterol pathway genes, genes for cell stress
proteins, cell wall proteins, transport proteins and hypothetical proteins. Proteomic
profiles of A. fumigatus alone or A. fumigatus treated with amphotericin B showed
the differential expression of 48 proteins with high confidence. These proteins
belonged to the same above categories (Gautam et al., 2008).

1.5

Stress and Adaptation in Fungi

Stress can be characterized as a force shaping adaptation and evolution in
changing environments. In a general sense adaptation can be defined as the process
of change in an organism to conform better with new environmental conditions
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whereby the organism acquires characteristics, involving change in morphology,
physiology that improve their survival (Bijlsma and Loeschke, 2005).
Environmental stresses which can cause the internal milieu to disrupt are some of
the below:
•

Growth above or below the optimal temperature

•

High osmolarity and ionic strength

•

Exposure to toxic chemicals such as heavy metals

•

Oxidizing agents

•

Drugs

•

Starvation for a variety of nutrients

•

Irradiation

•

Desiccation

In most cases, when cells were shifted to these environments, they respond with
changes in the expression of hundreds or thousands of genes, revealing the plasticity
of genomic expression. Some of the expression changes are specific to each new
environment while others occur in all of the experiments tested and represent a
common response to environmental stress. After a shift to a stressful environment,
cells respond with large changes in gene expression; however, over time the gene
expression differences often subside, and transcript levels adjust to levels closer to
those seen in unstressed cells, even in the continued presence of the stress. This
transient period of large gene expression changes likely represents an adaptation
phase, during which time the cell adjusts its internal system to that required to
function under the new conditions (Gasch and Washburne, 2002). Depending on the
stress exposed and the characteristics of the organism, the adaptation phase may
vary in duration, response and the consequences. There are some well studied
known response mechanisms induced by stress. Living cells tolerate a particular
stress after repeated exposure to it and is said to be adapted. However, increasing
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tolerance upon repeated exposure to sub-inhibitory levels of chemicals with series of
fungal transfers is referred as long term adaptation (Park et al.,1994).

1.5.1

Stress response and signaling in fungi

When an opportunistic human fungal pathogen colonizes a variety of
ecological niches on humans, it experiences a range of environments that will cause
physiological stress. These stresses include temperature changes, ionic stress,
changes in osmolarity, and oxidative stress such as that experienced in the
phagosomes of neutrophils (Cannon et al., 2007). Antifungal drugs also, however,
stimulate classic immediate stress responses. These can be thought of as reversible
phenotypic responses that do not involve mutation or chromosomal rearrangement.
Phenotypic switching and biofilm formation are other phenotypic responses that can
increase drug resistance. The short-term phenotypic stress responses that lead to
drug tolerance are important because they may allow cells to develop long-term
stable resistance mechanisms that could also confer a fitness gain (Cannon et al.,
2007).
There are some well characterized stress response pathways. One of them is the
two component regulatory system. Two-component signal transduction systems are
the principal means for coordinating responses to environmental changes in bacteria
as well as some plants, fungi, protozoa, and archaea. These systems typically consist
of a receptor histidine kinase, which reacts to an extracellular signal by
phosphorylating a cytoplasmic response regulator, causing a change in cellular
behavior. The system serves as a basic stimulus-response coupling mechanism to
allow organisms to sense and respond to changes in many different environmental
conditions (Koretke et al., 2000). In case of human fungal pathogens, functions of
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this pathway are expanded to regulate adaptation, virulence, host cell recognition,
survival in neutrophils, mating and quorum sensing (Chauhan and Calderone, 2008).
Generally, the system follows the scheme below:
Signals

Two component system

MAPK module

Transcription factors

Responses

In bacteria, two component systems utilize two proteins; a membrane bound
sensor kinase to receive the signal and a regulator protein to receive phosphate from
the sensor kinase at its conserved aspartate residue. The activated regulator protein
can directly activate or repress its target genes. Two component systems in bacteria
are known to regulate many distinct processes including virulence and drug
resistance (Kruppa and Calderone, 2006). In yeast and filamentous fungi, the two
component system is more complex and involves 4 step phosphotransfer. This
system is best studied in S .cerevisiae and C. albicans. External stimulus is sensed
by a hybrid sensor histidine kinase, then phosphrolylated histidine kinase transfers
signal to intermediate histidine kinase, again phospohrylated histidine kinase
interacts with the response regulator protein. Final phosphotransfer can proceed
either to a transcription factor regulator directly from the intermediate kinase or to,
HOG, a MAPK signal transduction pathway. Studies on two component system of
pathogenic fungi have shown that proteins in this system provide adaptation
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functions against oxidant and osmotic stress. Also, these proteins at least are
required for virulence by regulating expression of virulence factors. Besides, these
proteins offer advantage of selectivity in their exploitation as potential drug targets
(Kruppa and Calderone, 2006). Stresses are transduced through a variety of
membrane receptors but elicit responses through conserved signaling pathways, one
of the most important being the MAP kinase (MAPK) signal transduction network
(Monge et al.,2006). Although individual components of these pathways are
conserved between fungal species there are some distinct features in each of them.
Human fungal pathogens must adapt to oxidative stress to invade host following
phagocytosis. Both primary human pathogens Candida albicans and Aspergillus
fumigatus use the two-component HOG1 MAPK pathway primarily for oxidant
adaptation (Du et al., 2006).
Calcineurin is also a critical mediator of calcium signaling and numerous cell
stress responses in eukaryotic organisms. It is a serine/threonine protein phosphatase
highly conserved in eukaryotes and is activated in response to several stresses.
Calcium is one of the most important secondary messengers in microbial responses
to the environment. Ca2+ functions as an essential cofactor for many proteins, and
thus microorganisms have evolved several mechanisms to regulate calcium levels in
cells and thereby control the transduction of important intra- and intercellular Ca2+
mediated signals. The role of calcineurin-mediated signaling in fungal physiology
has been extensively explored in S. cerevisiae and a host of other important fungi,
including the medically important opportunistic human fungal pathogens C.
albicans, Cryptococcus neoformans, and, recently, A. fumigatus. While these studies
have clearly illustrated the importance of calcineurin in the physiology of fungi, they
also demonstrate unique attributes of calcineurin-mediated signal transduction in
different fungal species (Cramer et al., 2008). The importance of the calcineurin
pathway in fungal physiology and the dramatic phenotypes associated with
pharmacologic inhibition and genetic deletions of this pathway make it an attractive
antifungal drug target.
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Fig 1.7 Stress response in Candida (Cannon et al., 2007).

1.5.2 Transcription factors in stress adaptation

All cells undergo rapid transciptional reprogramming in response to
environmental changes by mobilizing transcriptional activators and repressors.
Transcriptional activator proteins function by binding to specific DNA sequences
and recruiting the transcriptional machinery to the promoters of genes under their
control (Hinnebusch and Natarajan, 2002). A defining characteristic of transcription
factors is that they contain a DNA binding domain (DBD) which binds to gene
specific regulatory sites. In addition, transcription factors often contain a second
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domain that sense external signals and in response transmit these signals to the rest
of the transcription complex resulting in up or down regulation of gene expression.
Among them, basic leucine zipper (bZIP) proteins are an exclusively eukaryotic
class of enhancer-type transcription factor. Across species, bZIP factors are involved
in many processes that are critical to the function of an organism. They take
regulatory roles in many crucial steps of cell biology and physiology.
In mammalian cells multiple stress pathways unite on a single event phosphorylation of the eukaryotic translation initiation factor eIF2α and subsequent
translational activation of the transcription factor ATF4 (Harding et al., 2003).
ATF4 is alternatively called CREB2 due to its conserved core cAMP-binding
response element. ATF4 is a stress responsive gene, which is upregulated by several
factors/stressors, including oxygen deprivation (hypoxia/anoxia), amino acid
deprivation, endoplasmic reticulum stress (ER stress), oxidative stress (Harding et
al., 2003), and by the growth factor heregulin. ATF4 has both transcriptional and
translational regulation in response to different stresses. ATF4 can function as a
transcriptional activator, as well as a repressor. It is also a protective gene regulating
the adaptation of cells to stress factors such as ER and oxidative stress, and a
developmental gene, required for skeletal and eye development and haematopoiesis.
The transcriptional repressor activity of ATF4 is the basis for the suggestions that
ATF4 functions as a repressor of long-term memory storage. ATF4 is induced by
metabolic stress (such as glucose and amino acid deprivation), oxidative stress, and
ER stress. The various stress signals integrate to a common pathway of increased
translation of ATF4, which subsequently ensures supply of amino acids for protein
biosynthesis and protects cells against oxidative stress, by modulating a number of
genes involved in mitochondrial function, amino acid metabolism and transport, as
well as in redox chemistry (Harding et al.,2003).
In yeast, however, the single eIF2α kinase, Gcn2p, can control not only rates
of translation initiation but also upregulates a coordinately expressed set of genes

32

involved in amino acid biosynthesis and metabolism where a bZIP transcription
factor Gcn4p plays a regulatory role (Hinnebusch, 2005).
Reactive oxygen species are byproducts of aerobic metabolism produced by
partial reduction of oxygen during respiration. ROS can oxidize some proteins and
cell molecules causing DNA damage, protein inactivation, cross-linking and lipid
peroxidation. Against to that, cells have antioxidant response mechanism to relieve
oxidative stress such as enzyme mediated and other small molecule mediated
responses. ROS are also produced as defense mechanism against pathogenic
organisms to fight their attack. Fungi have larger number of antioxidant enzymes
and are able to produce secondary metabolites with antioxidant activity. Those
enzymes play important roles in oxidative stress resistance and simultaneously they
are virulence factors in fungal cells. In yeast, oxidative stress response genes are
regulated by a bZIP transcription factor, Yap1p homologue in C. albicans Cap1p is
involved in the oxidative stress response in C. albicans via multiple pathways,
including the cellular antioxidant defense system, carbohydrate metabolism and
energy metabolism and resistance pathways (Aguirre et al.,2006, Wang et al.,2006 ).
There are other studies as well showing the involvement of other
transcription factors in stress adaptation, particularly oxidative and drug induced
stresses. For example, the zinc-binding transcription factor Mrr1 regulates targets in
addition to MDR1, including oxidoreductases, which may help prevent drug-induced
cell damage resulting from the generation of toxic molecules (Morschhauser et al.,
2007). The zinc binding transcription factor Tac1 also regulates targets in addition
to CDR1 and CDR2, including a putative glutathione peroxidase, sphingosine
kinase, and phospholipid flippase, suggesting roles in oxidative stress response and
lipid metabolism. Another example is the downstream effector of calcineurin, the
transcription factor Crz1, which has been implicated in azole resistance in C.
albicans. Crz1 is dephosphorylated by calcineurin, upon which it translocates to the
nucleus, activating the expression of a suite of genes involved in signaling pathways,
ion/small molecule transport, cell wall integrity, and vesicular trafficking (Karababa
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et al., 2006). In all conditions when the triazoles do effectively inhibit their target,
cellular stress responses are required for survival; this applies both to the basal
tolerance of wild-type cells and the resistance phenotypes of specific mutants
(Cowen and Steinbach, 2009).

1.5.3

Fungal cross pathway control system

Eukaryotic cells recognize and process diverse stress signals to elicit programmes of
gene expression. An important contributor to stress adaptation is a family of protein
kinases that phosphorylate the alpha subunit of eIF2. 4 different eIF2 kinases have
been identified in mammals; each contains unique regulatory regions that recognize
a different set of stress conditions. Phosphorylation of eIF2 reduces global protein
synthesis concomitant with induced translation of selected mRNAs such as that
encoding bZIP transcription activator ATF4 (Wek et al., 2006). The most recent
findings on ATF4 reveals the GCN2 and ATF4 pathway`s importance in survival
and proliferation of tumor cells exposed to nutrient stress (Yu J et al, 2010). Thus,
this protein is expected to be a novel target for future antitumor therapy (Wek and
Stasche, 2010).
With respect to starvation and stress, yeast and mammalian cells have in
common a reduction in the rate of protein synthesis, mediated by phosphorylation of
translation initiation factor 2a (eIF-2a) . This process is considered to be an adaptive
mechanism aimed at conserving resources and limiting cell division under adverse
growth conditions. Phosphorylation of eIF-2a by the protein kinase encoded by
GCN2, leads to an increase in the synthesis of Gcn4p, while general mRNA
translation is decreased (Mager and Kruijff, 1995).
Presence of Gcn2p is necessary for turning on the general control of amino
acid biosynthesis in response to amino acid limitation. Gcn4p is a transcription
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factor belonging to bZIP family and it binds to and activates the target genes of this
pathway (Hinnebusch, 1997). For many years, it has been known that Gcn4p
stimulates the transcription of more than 30 amino acid biosynthetic genes.
However, global expression studies in S. cerevisiae revealed that Gcn4p induces
much larger set of genes encompassing more than 10% of yeast genome. Besides
amino acid biosynthesis genes of every family, purine and pyrimidine biosynthesis
genes, vitamin cofactor anabolic pathway genes, diverse genes involved in
peroxisomes, autophagy, amino acid transport or mitochondrial carriers were found
to be affected. Furthermore, loci coding for regulatory gene products such as
transcription factors, protein kinases or other regulatory subunits are Gcn4p targets
(Hinnebusch and Natarajan, 2002). This mechanism is well conserved in fungi as
well.

Fig 1.8. Targets of Gcn4p in S. cerevisiae (Hinnebusch and Natarjan, 2002).
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Fungal amino acid biosynthesis is vital to metabolism with feeding substrates
entering from various metabolic routes. Besides pathway specific regulation, global
regulation of the biosynthetic routes has evolved in fungi. Generally, basal
expression rates of the enzymatic activities that constitute the anabolic pathways are
high, and pathway-specific regulatory systems have been characterized for every
biosynthetic family. Moreover, a global regulatory system modulating fungal amino
acid biosynthesis as a whole has been intensively studied, commonly referred to as
the cross-pathway control (cpc) or general control of amino acid biosynthesis
(Carsiotis and Jones, 1974).
The so called Cross-Pathway Control (CPC) system acts in response to
environmental stress conditions, amino acid depletion particularly. A sensor kinase
and a transcriptional activator protein make up this conserved regulatory system.
Amino acid depletion is reflected intracellular by the accumulation of uncharged
tRNA molecules which are bound by the HisRS domain of the eIF alpha kinase.
Phosphorylation of this subunit of translation initiation factor leads to downregulation of general translation accompanied by increased expression of a specific
transcript encoding the activator to generate a transcriptional read-out to counteract
the starvation condition (Krappmann and Braus, 2005).
Fungal CpcA is the functional orthologue of yeast Gcn4p. The CpcA protein
has been cloned and characterized in Aspergillus niger (Wanke et al., 1997),
Aspergillus nidulans (Hoffmann et al., 2001) and Aspergillus fumigatus (
Krappmann et al., 2004). It belongs to the bZIP-type transcriptional activators based
on the C-terminal leucine zipper region necessary for dimerization and DNA
binding. Common to all cpcA loci of Aspergilli that have been characterized to date
is an unusual long leader region that precedes the coding sequence of the mRNA
transcript. Within this 5`leader, two conserved small upstream open reading frames
can be found that are likely to mediate translational regulation of CpcA expression
comparable to the mechanisms in S. cerevisiae. Consensus sequences for CpcA
binding can be found in the 5` untranslated region of cpcA, therefore transcriptional
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auto-regulation is likely to contribute to CpcA expression (Hoffmann et al., 2001).
Moreover, upon amino acid starvation, induced expression of CpcA overrules
secondary metabolite biosynthesis and favors the metabolic flux towards amino acid
in A. nidulans. This was prominent at the branch point to of penicillin and lysine
biosynthesis routes in A. nidulans (Busch et al., 2003).
The Aspergillus fumigatus transcriptional activator CpcA was found to
contribute significantly to the virulence of this fungal pathogen suggesting that
specific stress conditions are encountered by A. fumigatus within the mammalian
host and that the fungal cross-pathway control system plays a significant role in
pulmonary aspergillosis, supporting the function of the fungal cross-pathway control
of amino acid biosynthesis as a general stress response system (Krappmann et al.,
2005). Assuming that uninduced CpcA levels contribute to virulence of A. fumigatus
raises the question, which sub-set of genes is targeted and driven in their expression
by low CpcA quantities. The existence of such genes could be demonstrated in S.
cerevisiae (Paravicini et al., 1989) and it is likely that in A. fumigatus several genes
of that kind exist. Comprehensive profiling data on the CpcA-dependent
transcriptome and proteome will assist in defining such a basal targetome of this
conserved transcription factor to gain further knowledge on the influence of the
Cross-pathway Control system in pathogenicity of A. fumigatus (Sasse et al., 2008).
Despite to the similarity in terms of their role in cellular stress response and
mechanisms of action, above mentioned proteins show very low homology sequence
wise. Fungal CpcA shows about 31 % sequence homology to its functional
orthologue Gcn4p, while it shows 16 % homology to its putative ancestor ATF4.
Sequence based alignment of the proteins are shown in Appendix D and E.
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1.6. Aim of the study

This study aimed at studying the fungal cross pathway control protein, CpcA
in terms of its role in stress response and adaptation in Aspergillus species to
antifungals. CpcA was chosen to be the target protein due to the fact that
mammalian cells employ similar pathway to respond to diverse signals by activating
the expression of transcription factor ATF4 (CREB). ATF4 is important protein in
memory formation and is an evolving key protein in cancer formation.
Fungal drug resistance is an emerging issue in the treatment of human fungal
diseases and exploring the virulence determinants and key proteins involved in drug
resistance is getting more and more important to address these mechanisms. This
study also aimed at determining the laboratory induced long term adaptive potential
of Aspergillus species to novel and synthetic antifungal agents and assigning a
particular role of fungal cross pathway control activator, CpcA, in the adaptation of
antifungal compounds.
A. nidulans wild type and ∆cpcA strains were used and their fitness was
compared in terms of adaptive potential. The second phase of the study was carried
out with a clinical isolate of A. fumigatus. We compared the drug exposure response
and gene expression and proteomic profiles of wild type and ∆cpcA mutant of A.
fumigatus. Apart from that, we investigated the proteomic response of wild type A.
fumigatus to voriconazole to address the general response on a global level. The
short term pre-exposure to sublethal dose of A. fumigatus and its effect on further
response was studied. So far, this is the first study directed toward revealing the
response of A. fumigatus to voriconazole at the proteome level and, the proteome
data was compared with other revealed data of transcriptome and other antifungal
drugs.
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CHAPTER 2

MATERIALS AND METHODS

2.1 Materials

2.1.1 Fungal strains
A .nidulans wild-type, A234 and ∆cpcA, AGB51 strains were kindly provided
by Prof.Dr Gerhard Braus from Georg August University, Institute for Molecular
Microbiology and Genetics, Department of Microbiology and Genetics, Göttingen,
Germany. A. fumigatus wild-type, D141 and ∆cpcA, AfSO2 strains were kindly
supplied by Dr.Sven Krappmann from The Institute of Molecular Biology for
Infectious Disease, University of Wurzburg, Germany. Upon receipt of the strains,
the genotypes of the strains were confirmed by cultivating the strains on plates
containing phleomycin at concentration of 30 µg/ml. Wild type strain cannot grow
on a plate containing phleomycin while ∆cpcA strain is able to grow on phleomycin
due to insertion of phleomycin resistance gene.
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Table 2.1. Aspergillus strains used in this study
Name

Description of the strain

D141

A. fumigatus wild-type strain, clinical isolate

AfSO2

A. fumigatus D141 strain carrying complete deletion of
cpcA locus: Phleo r, 5MT s

A234

A. nidulans wild-type strain ( yA2; pabaA1; veA1)

AGB51

A. nidulans A234 strain carrying complete deletion of cpcA
locus: Phleo r

2.1.2

Chemicals and Enzymes

The list of the chemicals, enzymes and their suppliers are given in the
Appendix A. Phenyllactic acid (PLA) was purchased from Sigma-Aldrich.
Voriconazole, Pfizer was kindly provided by Dr.Ayşe Kalkancı from Department of
Microbiology, Faculty of Medicine, Gazi University, Turkey.

2.1.3 Growth Media, Buffers and Solutions

The preparation of growth media, buffers and solutions are given in Appendix B.
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2.2 Methods
2.2.1

Maintenance and Cultivation of Strains

A. nidulans A234 and AGB51 strains were inoculated onto Aspergillus
Minimal Medium (AMM) agar plates with 1% Para-aminobenzoic acid (PABA)
supplementation ( Appendix B) and were cultivated at 30 ºC for 5 days.
A. fumigatus D141 and AfSO2 strains were inoculated onto AMM agar
plates and cultivated at 37ºC for 5 days. Spores were collected and suspended in
Saline/Tween solution (Appendix B) and maintained at 4ºC. Stock cultures was
prepared in Saline/ Tween solution containing 25% glycerol (Appendix B) and kept
at - 80ºC for long term storage.

2.2.2 Nucleic Acid Isolation Techniques

2.2.2.1 Genomic DNA isolation
Genomic DNA isolation was performed both manually and using the Plant
Genomic DNA purification kit (Genemark) according to manufacturer`s instruction.
For both, mycelia were filtered through Whatman 3MM filter paper and collected
mycelia were dehydrated and frozen and ground in liquid nitrogen. About 100 mg of
powdered mycelia was used. In manual DNA isolation, powdered mycelia were
transferred to a sterile 50 ml falcon tube. Then 25 ml TTE buffer (Appendix B) was
added and the mix was homogenized by vortexing. The mixture was centrifuged
then at 3000 rpm for 10 minutes. The supernatant was discarded and 15 ml of lysis
buffer (Appendix B) was added on the pellet, mixed and incubated at 37°C for 15
minutes. After addition of an equal volume of phenol:chloroform:isoamylalcohol
(25:24:1), the mixture was centrifuged at 5500 rpm for 8 minutes, upper phase was
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transferred to a new tube and this step was repeated until the interphase was clear.
The cleared upper phase was transferred to a sterile Sorvall tube of 10 ml. 0.1
volume sodium acetate (3 M, pH 5.2) (Appendix B) and 2 volume cold absolute
ethanol was added and the mix was kept at -20°C for at least 2 hours. Then, the
tubes were centrifuged at 12 000 rpm for 10 minutes at 4°C. The supernatant was
discarded and the pellet was washed with 10 ml 70% ethanol (Appendix B). The
tubes were centrifuged at 6000 rpm for 3 minutes at 4ºC and the supernatant was
discarded. The tubes were centrifuged at 6000 rpm for 3 minutes at 4ºC and the
supernatant was discarded. The pellet was air-dried for 10 minutes and then
dissolved in 100 µl sterile double distilled water at 4°C overnight. Optionally,
extracted DNA was treated with RNse by adding 10 µl, 10 mg/ml DNase free RNase
(Appendix B) and incubating at 37°C for 2 hours. The resulting DNA was stored at 20 ºC.

2.2.2.2 Total RNA isolation
Total RNA isolation was performed using TriSolution Reagent Plus
(Genemark) and RNeasy Plant Mini Kit (Qiagen) according to the manufacturers`
instructions. TriSolution is a mixture of phenol, guanidium thiocyanate, buffers and
stabilizers developed for the isolation of total RNA free from protein and DNA
contamination. The reagent also includes a bottle of PS&PG Removal Solution,
which eliminates polysaccharides and proteoglycans contamination.
The RNeasy Plant Mini Kit (Qiagen) was designed generally for purification
of total RNA from plant cells and tissues and filamentous fungi. This method is the
combination of the selective binding properties of a silica-based membrane with the
speed of microspin technology. Samples are first lysed and homogenized in the
presence of a highly denaturing guanidine-thiocyanate–containing buffer, which
immediately inactivates RNases to ensure purification of intact RNA. Ethanol is
added to provide appropriate binding conditions, and the sample is then applied to
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an RNeasy Mini spin column, where the total RNA binds to the membrane and
contaminants are efficiently washed away.
The powder of 100 mg of fungal mycelia was used and the resulting RNA
sample was stored at -20°C. For long term storage the RNA samples were stored at 80ºC for 1 month.

2.2.3 Agarose Gel Electrophoresis

2.2.3.1 Visualization of DNA
To visualize genomic DNA and PCR products, 0.8% (w/v) agarose gel
(Appendix B) was used. The gel was melted and cooled to 50-60ºC. After adding
ethidium bromide at a concentration of 0.5 mg/l, the gel was poured into mould and
allowed to solidify. Then the cast gel was placed in the electrophoresis tank filled
with 1X TAE buffer (Appendix B). The samples were mixed with 6x loading dye at
a ratio of 5:1 and loaded into the well. Markers in the range of desired band length
were loaded along with the samples. Electrophoresis was carried out at 100 V for
about 45 min. After that, the gel was visualized under UV at 312 nm illumination
and documented using Gel Doc XR system (BioRad).

2.2.3.2 Visualization of RNA
To visualize total RNA, 1.2 % (w/v) agarose gel containing 5x Running
Buffer ( Appendix B) was used. The gel was melted and cooled to 50-60 ºC.
Differently from the DNA, RNA samples were mixed with probe buffer ( Appendix
B) and heated at 60ºC to denature. Then, the mix was placed on ice until loading.
The cast gel was placed in the electrophoresis tank filled with 1X TBE buffer (
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Appendix B). Samples were loaded and electrophoresis was carried out at 90 V for
about 2 hours in fume hood due to formaldehyde in the electrophoresis buffer. After
that, the gel was visualized under UV and documented using Gel Doc XR system
(BioRad).

2.2.4 Quantification of Nucelic Acids

2.2.4.1 Determination of DNA quantity
The estimation of the concentration of DNA samples was done according to
the comparison of the band intensity of marker of known concentration on the
agarose gel.
The concentration was calculated according to the following formula:

Concentration of DNA (ng/ml) = L fragment
L marker
Where L fragment: the length of the fragment
L marker : the total length of the marker
Cmarker : the concentration of marker
Vmarker,

the volume of marker

Iband :

the intensity of the band

VDNA :

the volume of loaded DNA
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x C marker x V marker x I band x 1
V DNA

2.2.4.2 Determination of RNA quantity
The yield of RNA was determined using NanoDrop spectrophotometer at
260 nm. The purity was also estimated using A260/A280 ratio between 1.8 and 2.1
indicating purity of the RNA. For reading, the device was first blanked using
RNase-free water and then 1.5 µl of RNA sample was dropped onto the reading spot
and the device measures absorbances at 230, 260 and 280 nm and calculates the
concentration of RNA in ng/µl. The integrity of the purified RNA was determined
by agarose gel electrophoresis where the existence of ribosomal RNA bands was
accepted as the proof of undegraded RNA.

2.2.5. cDNA synthesis

cDNA was synthesized using Quantitect-Reverse Transcription Kit of
QIAGEN according to manufacturer`s instruction. The method comprises 2 main
steps: elimination of genomic DNA and reverse transcription. 1µg of total RNA was
used for cDNA synthesis. The resulting cDNA was kept at – 20ºC for further use.

2.2.6 Polymerase Chain Reactions ( PCR)

2.2.6.1 Conventional PCR
For amplification of DNA products, Taq DNA polymerase ( Genemark and
Fermentas) was used. In general, 50 µl reaction contained 10 X reaction buffer
containing MgCI2 to give final concentration of 1 X, 10mM dNTP to give final
concentration of 0.2 mM, 2units of Taq polymerase, 30 pmols of each primer and
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0.1 µg of template DNA and sterile double distilled water to give final volume of 50
µl. The thermocycler parameters were adjusted as following:
Initial denaturation: 95 ºC for 5 min
Denaturation:

95 ºC for 1 min

Annealing:

TAN for 45 seconds

Extension:

72 ºC for 1 min/ kb

Final Extension:

72 ºC for 5 min

35 cycles

TAN refers to the annealing temperature ranging from 50-58 ºC depending on the
melting temperature of the primers.

2.2.6.2 Reverse Transcriptase PCR ( RT-PCR)

For two-step RT-PCR, cDNA synthesized by the Quantitect Reverse
Transcription Kit (QIAGEN) was used as template and standard PCR protocol was
followed as explained above.
For one step RT-PCR, One Step RT-PCR kit ( QIAGEN) was used following
the manufacturer`s instructions. The kit contains a unique blend of enzymes that
allow both reverse transcription and PCR amplification 0.5 µg of total RNA was
used as template and master mix containing 10 µl of One step RT-PCR Buffer to
give final concentration of 5X, 2 µl of dNTP containing 10 mM each to give final
concentration of 400 µM each, 60 pmol of primer pairs each, 2 µl of One step RTPCR Enzyme Mix and RNase-free water to give final volume of 50 µl. Thermal
cycler was programmed according to instruction:
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Reverse Transcription: 50ºC for 30 min
Initial PCR activation: 95 ºC for 15 min
Denaturation:

94 ºC for 1 min

30 cycles

Annealing:

TAN for 45 seconds

Extension:

72 ºC for 1 min/ kb

Final Extension:

72 ºC for 10 min

2.2.6.3 Real-time RT-PCR ( qPCR)

For quantitative PCR, cDNA synthesized as explained above, was used as
template. 10 pmols of each primer pair was used and the qPCR reaction was carried
out at REFGEN Co. LtD. Sybr Green Dye (Roch) was used to detect the double
stranded DNA binding.

2.2.7

Northern Blotting

2.2.7.1 Labeling of Probe DNA
Genomic DNA was prepared as explained in 2.2.1.1. For labeling, PCR
reaction was prepared using template DNA, 100 pmol of each primers, 5 µl of 10X
PCR Buffer, 2.5 µl of MgCI2, 4.5 µl of dNTP deficient in dTP, 1 µl Hot start Taq
DNA polymerase and double distilled water to give final volume of 50 µl. To label
the probe DNA, 0.5 µl of dUTP was added and same volume of distilled water was
added to control tube. PCR thermocycler was adjusted as below:

47

Initial Denaturation: 95 ºC for 5 min
Denaturation:

95 ºC for 30 sec

Annealing :

T AN for 30 sec

Extension:
Final Extension:

30 cycles

72 ºC for 1 min
72 ºC for 15 min

The labeled probe was stored at – 20 ºC.

2.2.7.2 Extraction of Probe DNA from the gel
Agarose Gel Electrophoresis was performed as explained in 2.2.3.1. After
visual confirmation of the labeling, corresponding gel bands were excised using a
clean, sharp scalpel and extracted from gel using Gel Extraction Kit (QIAGEN)
according to manufacturer`s instruction. The system combines spin-column
technology with the selective binding properties of a uniquely designed silica
membrane. DNA adsorbs to the silica membrane in the presence of high
concentrations of salt while contaminants pass through the column. The resulting
cleaned DNA was stored at - 20ºC.

2.2.7.3 Blot Assembly
For blotting, total RNA was isolated 10 µg of RNA is mixed with Probe
Buffer (Appendix B), denatured at 60ºC for 15 min and loaded on an agarose gel as
described in 2.2.3.2. After 2 hours, the gel is visualized under UV and washed twice
with 10xSSC buffer (Appendix B) for 20 min each. Then, the gel was blotted to a
membrane. For that, 3mm Whatman filter paper in size of the gel, soaked in 10x
SSC buffer was placed on the bridge placed on a solution of 10x SSC buffer. The
48

gel was placed upside down and gel-sized positively charged membrane was placed
on top of the gel and 2 folds of Whatman paper is placed over the membrane. Then,
a pile of paper towel and stabilizer and weight of about 500 gr is placed on the
assembly and left overnight for the RNA to get transferred to the membrane. Then,
the gel was visualized under UV to check if there is RNA left on the gel. Membrane
was cross linked under UV-linker for 30 sec.

2.2.7.4 Hybridization
The cross linked membrane was pre-hybridized using DIG Easy HYB. For
that, the membrane was put in hybridization tube with 15 ml DIG HYB at 65ºC for
2-3 hours in the hybridization oven (Stuart Scientific).
For hybridization, 10 µl of probe was denatured at 95ºC for 5 min and
chilled on ice. The probe was then added to the DIG HYB solution and hybridized
with the membrane overnight at 65ºC in the hybridization oven. After that, the
membrane was washed with 50 ml 1xSSC buffer containing 0.1 % SDS (Appendix
B) at 65ºC for 15 min. Then, membrane solution was discarded and membrane was
washed with pre-heated 50 ml 0.1xSSC buffer containing 0.1% SDS (Appendix B).
After discarding the solution, the membrane was washed twice with Wash Solution
(Appendix B) for 5 min at room temperature.

2.2.7.5 Detection
After discarding Wash Buffer, 30 ml of Blocking Solution (Appendix B) was
added and rolled in the hybridization chamber for 30 min at room temperature.
Then, Blocking Solution was changed with 20 ml of Antibody Solution containing
anti DIG HYB (Appendix B) and rolled for 20 min at room temperature.
Afterwards, the membrane was washed twice with 50 ml Wash Solution for 15 min
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each. Then, 20 ml Detection Buffer (Appendix B) was applied twice to rinse the
membrane for 5 min each. Then, membrane was taken out of the hybridization tube
and put in a plastic bag and detection solution CPDS was applied throughout the
membrane and kept in dark for 5 min. Afterwards, the membrane was kept in dark
chamber and exposed to X-ray film for 30 min at room temperature. Then, the film
was visualized using Film Visualization System (BIORAD).

2.2.8 Antifungal Susceptibility Testing ( MIC)

2.2.8.1 Broth Microdilution Assay ( M28-A)
Broth microdilution assay was performed according to CCLS Guidelines.
First, stock solution of voriconazole was prepared (Appendix B). As control, nistatin
was used (Appendix B). Drug-free and conidia-free media were used as control and
10 4 conidia/ ml was used an inoculum load.
Firstly, to 96 well, U-bottom microtiter plate, 100 µl of either RPMI or
AMM was dispensed and then 100 µl of drug solution was added and mixed. 100 µl
of solution was removed and transferred to adjacent well to obtain 2 fold drug
dilutions. Then, 2x105 conidia/ml was prepared in either RPMI or AMM and 100 µl
was used to inoculate the wells. The culture was incubated at 37ºC for 24 and 48
hours. At each time point, microtiter plate was taken out and OD was read at 690 nm
and growth inhibition was observed using concave mirror.
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2.2.8.2 Agar Diffusion Assay

First, spore suspension was prepared in Saline/Agarose/Tween solution (
Appendix B) and spores were counted using Thoma Haemocytometer with the
following formula:

Then, conidia suspension was prepared in concentration of 2x104 conidia/ µl
as initial conidial load and 1:10 dilutions were made till 2x10. Agar plates
containing the stress inducing agents ( Appendix B) were prepared beforehand. 5 µl
of conidia suspension was dropped onto the agar plate in triplicate and plates were
incubated at 37ºC for 3 days. The resulting plates were photographed and degree of
inhibition was assessed visually.

2.2.8.3 Scale up Broth Microdilution Assay
According to the degree of inhibition in broth microdilution assay described
in 2.2.9.1.1, narrower range of drug concentration was chosen and scaled up to 50100 ml. Conidia were inoculated in 100 ml AMM containing different
concentrations of drug in 500 ml flask and incubated for 48 hours at 37ºC at 175
rpm.
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2.2.8.4 XTT Viability assay
To assess the viability of fungal cells, 10 4 conidia were inoculated in either
RPMI or AMM containing two-fold drug dilution as described in 2.2.9.1.1. After
overnight incubation at 37ºC, 50 µl of XTT solution (Appendix B) and 5 µl of
Menadione solution (Appendix B) is added and incubated for additional 3 hours.
Then, the plate was centrifuged for 5 min at 6.000 g and supernatant is transferred to
a new plate. The intensity of formed orange color is read spectrophotometrically at
450 nm which is proportional to the number of viable cells in each well.

2.2.8.5 Glucose Consumption Assay
The amount of residual glucose in the medium was quantified using enzyme
based glucose assay. Medium samples were taken from the culture supernatant and
diluted in 1:100 ratio in the assay solution. A standard curve was prepared using
known concentration of glucose. The residual glucose was reported by a glucose
sensor EKG Diagnostics (Germany).

2.2.8.6 Total Biomass Measurement
The biomass of scale up broth microdilution assay was measured by
weighing the dry mass of mycelia. At the end of the assay described in 2.2.9.1.3,
mycelia was filtered through previously dry-weighed 3mm Whatman paper and
washed with distilled water and dried at 65 ºC overnight inside the Whatman filter
paper. After overnight incubation, the dry mycelia was weighed and the difference
between mass of 3 mm Whatman paper containing dry mycelia and without mycelia
gave the dry cell mass of mycelia.
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2.2.9 Adaptation experiments

2.2.9.1 Serial Transfer Adaptation
Fungal strains were adapted to stress inducing agents either by serial transfer
to defined concentration or stepwise increased concentration of stress inducing
agents. For serial transfer, stress concentration inhibiting the growth of cells by 80
% was chosen as sublethal concentration. 2x10

5

conidia/ µl were prepared in

Saline/Tween solution. Agar plates with and without stress inducing agents were
prepared and 5 µl of conidial solution was spotted in the center of agar plate and
allowed to dry for 10 min at room temperature. Then, the plates were incubated at
30ºC for 5 days. Every day, colony diameter was measured and growth rate was
determined. At the end of 5 days, plates were taken and conidial suspension was
prepared by sweeping the conidia all over the growth zone and a new 2x10

5

conidia/ µ l were prepared in Saline/Tween solution. The serial transfer procedure
was followed for 10 weeks.

2.2.9.2 Pre-exposure Adaptation
For pre-exposure adaptation, agar plates containing VRC at concentration of
50 % growth inhibition were prepared and 1x106 conidia was inoculated and
cultured for 5 days at 37ºC. After 5 days, conidia were collected using Saline/Tween
solution and adjusted to 2x105 conidia/µl. Next time, 5 µl of conidial suspension was
spotted in the center of agar plate and allowed to dry for 10 min at room
temperature. Then, the plates incubated at 37 ºC for 5 days. Every day, colony
diameter was measured and fitness rate was determined using fitness assay.
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2.2.9.3 Fitness Assay
The fitness for all strains at every transfer was determined by measuring the
colony diameter at two random diameters every day. Then, the fitness rate was
estimated for each transfer at the end of five days. Finally, relative fitness was
determined for each transfer by normalizing the fitness rates with respect to the
fitness rate of stress agent-free transfer.

2.2.10 Two-dimensional Gel Electrophoresis ( 2DE)

2DE was done using DIGE (Difference Gel Electrophoresis) methodology
which is based on the specific properties of the CyDye flour minimal dyes which
enable to separate three different protein samples on the same 2D-gel resulting in
less experimental variation.

2.2.10.1

Protein Isolation

Proteins were isolated using TCA-Acetone precipitation method optimized
for 2DE in Aspergillus species (Kniemeyer et al., 2006). About 100 mg of mycelia
powder was weighed and 300 µl of chilled TCA solution (Appendix B) was added
and the mix was vortexed severely to dissolve the powder. Then, the sample was
incubated at - 20ºC overnight. The next day, sample was thawed and vortexed for 30
sec and centrifuged at 12.000g for 15 min at 4ºC. Acetone in the supernatant was
removed and the pellet was resuspended in 1 ml chilled Wash Solution (Appendix
B). The sample was then centrifuged at 12.000g for 15 min at 4ºC. All the acetone in
the supernatant was removed and the resulting pellet was dried at room temperature
for 15 min. The protein sample was resuspended in 300 µl of Lysis Buffer
(Appendix B) and sonicated in water bath sonicator for 10 min to extract proteins.
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Then, the protein samples were left for freeze at – 70ºC for 1 hour. Frozen samples
were warmed up at room temperature for 10 min and centrifuged at 20000 g for 20
min at 16ºC. The supernatant containing the soluble proteins was collected without
disturbing the residual pellet. If necessary, sample was centrifuged again to get rid
of any precipitation in the protein sample.

2.2.10.2

Quantification of Proteins

Protein quantity was determined using Bradford Assay. First, standard curve
was prepared using known concentrations of Bovine Serum Albumin (BSA) and
BIORAD Bradford solution and measuring the absorbance at 595 nm. After setting
the standards, protein samples were prepared in 1:1000 dilutions. Prepared sample
was mixed with Bradford Assay solution kept for 10 min to homogenize and
absorbance was measured spectrophotometrically at 595 nm and resulting
absorbance was plotted on the standard curve to determine the corresponding protein
concentration. All measurements were done in duplicate. Sample protein
concentration should be in the range of 2-10 ml/ml for efficient 2DE.

2.2.10.3

Sample Preparation and Labeling of Samples

Before starting 2DE, the samples have to be labeled with the spectrally
resolvable fluorescent dyes Cy 2, Cy 3 and Cy 5. To guarantee good labeling
efficiency, protein concentration should lie in the range of 2-10 mg/ml and the
sample pH should be in the range of pH 8.0-9.0. To test sample pH, small volume of
protein sample was spotted on a pH indicator strip. The pH of the lysate was
adjusted by careful addition of 50mM NaOH solution (Appendix B). For labeling,
the dye stock solutions were spinned down briefly and kept on ice and 200 pmol/µl
working dye solutions were prepared in 5 µl total volume (Appendix B). 50 µg of
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each protein sample was added to a new microcentrifuge tube. 0.3 µl of dye was
added to corresponding samples. The pooled sample of all proteins was labeled with
Cy2 as an internal control. The dye and protein sample was mixed by vortexing
briefly and collected by spinning shortly. Then, the samples were left in the dark for
30 min on ice. Then, 1 µl of a 10 mM lysine solution (Appendix B) was added to
stop the labeling reaction and mixed and kept in dark for 10 min to complete the
labeling. All 3 dye labeled samples are collected in one microcentrifuge tube and 75
µg of unlabelled protein samples and 4X sample buffer (Appendix B) containing
DTT and ampholytes was added and the mix was incubated for 10 min. 50 µg of
each labeled proteins were mixed with 75 µg of unlabeled proteins which made total
of 300 µg of protein pool in one sample.

2.2.10.4

First Dimension Electrophoresis: Isoelectric Focusing (IEF)

The first dimension, isoelectric focusing is performed in IPG gels strips with
a non-linear pH range of 4-7 and 7-11. Readymade 24 cm IPG dry strips (GE
Healthcare) with nonlinear pH range of 4-7 and 7-11 were used for the first
dimension. First 12 samples were applied at once on the pH 4-7 strips and stored at 70ºC. Then, next 12 samples were applied on pH 7-11 strips and stored at -70ºC
until use. Prior to IEF, the IPG dry strips must be rehydrated to their original
thickness of 0.5 mm with a rehydration buffer containing urea. During IEF, the
proteins are separated according to their pI where the net charge of the protein
reaches 0. During IEF, the operation condition of the IEF program is monitored on
the computer connected to the IEF device. After IEF, the IPG strips are equilibrated
to allow the separated proteins to fully interact with SDS.
The IPG strips were rehydrated overnight with a rehydration buffer
(Appendix B) in rehydration lanes with gel side down and plastic backs on. Then,
rehydrated strips were transferred to ceramic manifold with the marked end (+) end
pointing toward the anode of the IPGphor device. Moistened two electrode pads
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were placed on both ends of the IPG strip. Then, the electrodes were put on both
ends of the IPG strips and a strip of sample cups were placed close to the anode end
of the strips. Manifold tray was filled with 110 ml of Cover Fluid (GE Healthcare)
and oil leakage was checked and samples were loaded into the cups. 1%
Bromophenol blue was added to each sample and Cover Fluid was dropped on the
samples.
IPGphor focusing programme was adjusted with the following parameters:
300 V for 3 hours
600 V for 4 hours
1000 V for 3 hours
8000 V for 6 hours
24.000 Vhr at 8000 V

2.2.10.5

Equilibration of Strips

Prior to the second-dimension separation, the IPG strips are equilibrated to
allow separated proteins fully interact with SDS. DTT and iodoacetamide are used
to reduce and alkylate sulfhydryl-groups of the proteins. IPG strips removed from
the manifold tray were placed in individual tubes containing 15 ml of SDS
equilibration buffer containing DTT (Appendix B) and incubated at room
temperature for 15 min with gentle agitation on a shaker. Afterwards, DTT
containing equilibration buffer was discarded and replaced with iodoacetamide
containing equilibration buffer (Appendix B) and incubated at room temperature for
15 min on a shaker. The second dimension electrophoresis was done in 4 batches, 6
gels in one batch in multiple gel cassette vertical electrophoresis unit according to
manufacturer`s instruction (GE Healthcare).
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2.2.10.6

Gel casing for the second dimension electrophoresis

Six vertical SDS-polyacrylamide gels, which employ tris-glycine running
buffer system was acted at one time. Six gel cassettes were assembled and placed
into the Ettan Daltsix casting chamber separated by thin plastic sheets which make it
easier to remove after polymerization. Small paper labels were inserted to ease
sample identification. Polyacrylamide gel solution with 10 % APS (Appendix B)
was prepared and mixed thoroughly after addition of APS and poured into the
casting chamber. Afterwards, water saturated butanol solution (Appendix B) was
pipetted on top of each gel and the gels were left for polymerization for at least 2
hours. After 2 hours, the gel casting chamber was disassembled and butanol solution
was poured off and each gel was covered with gel storage solution (Appendix B).
The gels were then stored overnight at 4ºC. The gel casting chamber was cleaned
thoroughly.

2.2.10.7 Second Dimension Electrophoresis: SDS-PAGE
Removed IPG strips from the equilibration buffer were dried for a while and
rinsed with fresh SDS electrophoresis buffer (Appendix B). Then, holding one end
with forceps IPG strips were carefully drawn across the exposed top part of the long
gel plate until the IPG strip is completely on the glass plate. Using a thin spatula,
strips were pushed down to contact with the surface of the gel and air bubbles if
formed are removed by pressing the strips to the gel. 8-10 µl of molecular protein
marker was applied to a sample application piece and covered with preheated
agarose sealing solution (Appendix B) and placed beside the cathodic end of the IPG
strip. Then, the strip was sealed with agarose sealing solution avoiding air bubble
formation and left for the agarose solution cool and solidify. Previously prepared
1xSDS electrophoresis buffer was poured and the electrophoresis pump was
operated. Then, the gels were inserted into the unit and upper chamber was sealed
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over the gel cassettes. The upper chamber was fillet with 2 x SDS electrophoresis
buffer (Appendix B) and the lower chamber was filled with 1xSDS electrophoresis
buffer to the same level. Then the electrophoresis was started with 2 W/gel and after
30 minutes 13 W/gel. The run was stopped as soon as the bromophenol blue band
reached the bottom of the gel.

2.2.10.8

Scanning of Gels using Fluorescent Scanner

The laser scanner (Typhoon Variable Mode Imager) was left to warm up for
30 minutes and the surface of the scanner was cleaned with water and the gel was
placed on the platen. The Fluorescent Acquisition Mode was selected and
appropriate scan parameters were selected. A prescan was carried out with a
resolution of 1000 µm and the saturation was checked with help of Image Quant
software. Then, scan was started with a resolution of 100 µm and the images were
cropped with the Image Quant Tool and data was saved on CD.

2.2.10.9

Staining of the Gels

Gels were stained either by Coomassie Brilliant Blue or Ruthenium. After
scanning, the gel cassettes were opened using a Wonder Wedge to separate the
plates. The gels were transferred in a staining box containing fixing solution, 400
ml/gel (Appendix B) and fixed for at least one hour. Then, the gels were washed
with water for 15 minutes with gentle agitation on a shaker. The washed gels were
stained overnight with staining solution (Appendix B). The next day, gels were
transferred into neutralizing buffer for 5 minutes and washed with methanol
containing washing solution (Appendix B) until the background is low. Destained
gels were stored at 4ºC in a slightly diluted washing solution.
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Ruthenium staining was performed in dark, First; the gel was fixed in fixing
solution overnight and washed twice with water. Then, the gel was stained in 1 µM
Ru-BPS solution for at least 3 hours in dark. Then, the gels were neutralized and
destained and washed with water in dark before excising the spots.

2.2.10.10

Image Analysis of Stained Gels

Destained gels were scanned with the software Labscan using a conventional
scanner in the transparent mode for excision of the spots. Image files were saved in
.tiff mode.

2.2.10.11

Spot analysis using DeCyder

To compare protein spot volumes of proteins, scanned images of each
sample and internal standard were overlaid in DeCyder Differential Analysis
software package. DeCyder Differential Analysis Software automatically detects,
matches and analyzes protein spots in multiplexed fluorescent images, and is able to
give routine detection of < 10% differences with > 95 % confidence. Statistical
analysis is carried out on each and every difference. DeCyder v6.5 Differential
Analysis Software consists of several modules:
•

Image Loader—loading images into an Oracle database

•

Administration Tools—database administration, maintenance, and user
access control

•

Batch

Processor—automated

detection,

quantization

matching,

and

comparison of multiple 2-D DIGE gels.
•

Differential In-gel Analysis (DIA)—co-detection, background subtraction,
normalization, and quantization of spots in an image pair
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•

Biological Variation Analysis (BVA)—matching multiple

gels

for

comparison and statistical analysis of protein abundance changes
•

XML Toolbox—exporting spot data from DIA or BVA modules for further
downstream analysis

The DIA software module provides consistent and accurate co-detection of
image pairs from the same gel using novel algorithms. Background subtraction,
quantization, normalization and first level matching within gel are automated for
high-throughput analysis with low experimental variation.
For the intra-gel co-detection, the DIA software tool was used. The
algorithms within the software co-detect the spots present in each scan. For the
quantification spot volume for each sample was compared to the internal standard by
the software. The protein abundance was expressed as a normalized ratio relative to
the internal standard. For the detection of differentially expressed protein spots the
threshold was set to 2 times standard deviation.

2.2.10.12

Statistical Analysis and Selection of Spots

Typhoon laser scanned gels were subjected to spot analysis using the
differential protein expression analysis software DeCyder 6.5. DeCyder Differential
Analysis Software automatically detected, matched and analyzed protein spots in
multiplexed fluorescent images using Differential In-gel Analysis (DIA) module and
Biological Variation Analysis (BVA) modules. In BVA module, images are matched
between gels using the BVA software module that looks for consistency of
differences between samples across all the gels and applies statistics to associate a
level of confidence for each of those differences. Also, in BVA, statistical analysis
with Student`s t-test, 1way and 2-way ANOVA analysis are done simultaneously.
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Finally, the XML Toolbox can be used to export spot data from DIA or BVA for
downstream analysis. Statistical analysis with Student`s t-test, 1way and 2-way
ANOVA analysis were done simultaneously. Finally, the XML Toolbox was used to
export spot data from DIA or BVA for downstream analysis. In addition to that,
external normalization as part of an analysis workflow was applied as described
(Albrecht et el., 2008). Combination of Variance Stabilization – Vsn, and Locally
weighted regression (loess) was used for external normalization of the experimental
data. Variance Stabilization – Vsn, a normalization method that was originally
developed for microarray data. This method can eliminate dye specific effects.
Another normalization method that has formerly been used for microarray data is
locally weighted regression (loess). Loess is used for normalization between the
different images of one gel as it uses information from the Cy3 and Cy5 channel and
operates on every gel separately. In contrast, vsn can be used to normalize across all
gels in one experiment. Therefore, a combination of both can be beneficial as
within-gel and between-gel normalization is needed to eliminate bias in a dataset
(Albrecht et al., 2008).

2.2.10.13

Excision of Spots from the Gels

The differentially regulated protein spots confirmed by data and image
analysis which were also detectable in the Coomassie and/or Ruthenium stained gels
were excised manually. In case of Ruthenium stained gels, the spots were excised in
dark room using fluorescent chamber and special glasses to visualize the spots. The
spot of interest was forsy marked on the scanned image print of the gel and the
correct position of the spot was matched on the gel. With the help of cut end pipette
tip, desired spot was excised from the gel and transferred to a microcentrifuge tube.
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2.2.10.14

Tryptic Digestion of Peptides

The excised spots were tryptically digested to be identified by MALDITOF/TOF analysis. Tryptic digestion protocol was adapted from Shevchenko et al.,
(1996). The gel particles were first washed twice with 200 µl 50 mM Ammonium
bicarbonate/ aceonitrile (Appendix B) for 15 min. The remaining fluid was removed
and acetonitlie was added to cover the gel particles which being to shrink and stick
together. Then, the acetonitrile was removed by carefully pipetting and the gel
pieces were rehydrated in 50 mM ammonium bicarbonate solution. After 5 min,
equal volume of acetonitrile was added and incubated for 15 min. After removal of
excess fluid, enough acetonitrile was added and removed after the gel pieces had
shrunk. The gel particles were dried in a vacuum centrifuge for 5 min with lids of
the microfuge tubes open. Then, for in-gel digestion, freshly prepared trypsin
solution (Appendix B) was added to cover the gel and incubated for 30 min on ice.
Then, excess enzyme solution was removed and and just enough 25 mM ammonium
bicarbonate solution was added to keep the gel wet overnight avoiding excess liquid
in the tube. The wet gel particles were incubated at 37ºC overnight.

2.2.10.15

Extraction of Digested Peptides

The overnight incubated gel particles were taken and about 10-15 µl of
extraction buffer (Appendix B) was applied and mixed thoroughly. Then, the
samples were sonicated in water bath for 10 min and left for extraction for at least 1
hour at room temperature.
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2.2.10.16

Mass Spectrometry Identification of Peptides

1.5 µl of extracted peptide sample was mixed with 1.5 µl of Matrix solution (
Appendix B) and deposited on one anchor position. The corresponding position on
the anchor chip and spot number was recorded and the standard solution was applied
at marked position on the anchor chip. The chip was left open for 10-15 min to let
the solvent evaporate until a layer of tiny crystals covering the anchor became
visible. The ready chip was placed in the Bruker Ultraflex I MALDI-TOF/TOF
device (Bruker Daltonics) and analyzed there.

2.2.10.17

Database Search and Matching of Peptides

MS-spectra was subsequently identified by searching the NCBI-database
using the MASCOT interface. For identification of some proteins, peptides were
fragmented further to obtain MS/MS spectra. The resulting matched list of peptides
was documented in the Protein Scape software.

2.2.10.18

Protein Identification and Categorization

The results of NCBI database search were confirmed by assessing the
MASCOT score and the hit of the Aspergillus fumigatus genome. And double
entries were searched and deduced from the list and corresponding locus tags were
matched from the database. The resulting protein lists were categorized and
annotated proteins were grouped functionally using FUNCAT general categorization
scheme with the statistical top level categorization. At the same time, ExPAsy
proteomic server and KEGG pathway database were also used to refer to the
biological function of the individual proteins and general categorization according to
biological function of the proteins.
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CHAPTER 3

RESULTS AND DISCUSSION

3.1 Experimental strategy

The experimental strategy shown in Fig.3.1 was followed throughout the
study aiming at the determination of the role of cross pathway control protein,
CpcA, in the stress response and adaptation of Aspergillus species. CpcA was
chosen as the target protein due to its similarity to mammalian ATF4, also
known as CREB, an important bZIP transcription factor in various cellular
processes such as stress adaptation, memory formation and cancer development.
CpcA is the functional orthologue of Gcn4p, a bZIP protein in the yeast,
Saccharomyces cerevisiae which is activated by amino acid starvation.
Nevertheless, Gcn4p was found to be a globular regulator of cellular processes,
far beyond the amino acid starvation (Natarajan.2001). The role of CpcA as a
regulator of other cellular processes in addition to amino acid starvation has not
yet been studied. Both CpcA and ATF4 are transcriptionally and translationally
regulated in response to amino acid deprivation in the cell and expressionally
induced by the phosphorylation of the translation initiation factor eIF2 by a
protein kinase. The structural and physiological similarity between these two
proteins led to the hypothesis that stress adaptation mechanism could be
conserved in both lower and higher eukaryotes and other novel roles of the
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CpcA protein in fungi could be explored. Involvement of ATF4 in cancer
formation and resistance to anticancer agents could be related to the involvement
of CpcA in the antifungal drug resistance mechanism. Based on this hypothesis,
first, Aspergillus nidulans was chosen as a genetically well-characterized model
organism. The general stress response to stress inducing agents, natural and
synthetic antifungal agents and furthermore, the long term adaptation tendency
studies were carried out with A. nidulans. All these studies were performed by
means of comparison between the wild type and ∆cpcA strains of A. nidulans.
Then, after confirming that ∆cpcA strain is slower in adaptation to voriconazole,
an azole group antifungal drug, the second phase of study was followed with a
clinical isolate of Aspergillus fumigatus due to the importance of the drug
resistance of A. fumigatus in medical mycology. In that sense, expression studies
of cpcA gene were carried out at different time points after exposure to
voriconazole. As an adaptation experiment, A. fumigatus strains were first preexposed to sublethal doses of the drug and then drug susceptibiliy and cell
response were compared between the strains along with the inducer of the cross
pathway control system. Also, high throughput proteomic profiling was
performed to address the response of initially drug sensitive A. fumigatus to
voriconazole. Furthermore, the comparative proteomic response of A. fumigatus
wild type and ∆cpcA strains to voriconazole was studied to get a deeper
knowledge about the mode of action of fungal response to azole drugs at the
protein level.
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Fig 3.1. Experimental strategy scheme.
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3.2 Stress response in A. nidulans

3.2.1 Response of Aspergillus nidulans strains to osmotic stress

To analyze the response of A. nidulans wt and ∆cpcA strains to osmotic
stress, cells were grown on Aspergillus minimal agar media containing NaCI or
sorbitol (Fig 3.2). The osmotic stress inducing agents, NaCI and sorbitol were used
in other studies on osmotic stress response in A. nidulans (Kim et al., 2007;
Furukawa et al., 2005). The presence of osmotic stress reduced the growth of A.
nidulans strains irrespective of the presence or absence of the CpcA protein (Fig
3.2). The observed slight difference between the two strains was insignificant. This
result suggests that the cross pathway control system is not involved in the osmotic
stress response of the A. nidulans. In S. cerevisiae , Gcn4p was found to be induced
in response to high salinity (Goossens et al.,2001) however, in A. nidulans another
transcription factor, HogA was found to mediate the osmotic stress response (Han
and

Prade,

2002).

The

measurements

were

repeated

three

times.

Fig 3.2. The effect of osmotic stress on growth of A. nidulans wt and ∆cpcA strains
in the absence or presence of 1M NaCI or 1M sorbitol at 30ºC for 3 days .
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3.2.2. Response of Aspergillus nidulans strains to heat stress

To analyze the response of A. nidulans wt and ∆cpcA strains to heat stress,
the cells were grown on Aspergillus minimal agar media at 30ºC, 37ºC and 45ºC for
3 days. The total radial growth and growth rate results have shown that ∆cpcA strain
is more susceptible to mild heat stress than the wild type strain (Fig 3.3) while the
wild type cells could not withstand temperatures above 55ºC, ∆cpcA strain was not
able to grow above 45ºC. This observation suggests that CpcA might influence heat
stress above 42ºC which is a severe condition for fungal cells. Heat shock response
genes were among the Gcn4p induced genes in the study of Hinnebusch et al.,
(2001) which suggests that the same response mechanism might be conserved in
filamentous fungi. This is supported by the results of proteomic profiling by
A. fumigatus wt and ∆cpcA strains, discussed in the Section 3.3.5.10. The
measurements were repeated three times.

Δ cpcA

Fig 3.3. The effect of heat stress on the growth of A. nidulans wt and
∆cpcA strains, grown at different temperatures for 3 days.
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3.2.3 Response of Aspergillus nidulans strains to oxidative stress

To analyze the response of A. nidulans wt and ∆cpcA strains to oxidative
stress, cells were grown on Aspergillus minimal agar media containing hydrogen
peroxide, which is the major substrate for the fungal antioxidant system mainly used
to assess oxidative stress response in cells (Hagiwara et al., 2008). The chosen
concentration of H2O2 was high enough to see the growth difference between the
two strains. The results showed that ∆cpcA strain is significantly more susceptible to
oxidative stress than the wild type strain. The wild type strain could grow up to 5
mM H2O2, however, ∆cpcA strain could not withstand H2O2 above 2.5 mM. The
measurements were repeated three times. The result shown in Fig 3.4 suggests that
the cross pathway control system might have a role in the protection of A. nidulans
cells against reactive oxygen species. Another bZIP protein, Yap1p is found to
mediate the oxidative stress response in Aspergillus species (Lessing et al., 2008)
However, in fission yeast S. pombe, the orthologue of GCN2 is upregulated both in
response to oxidative stress and amino acid starvation (Zhang et al., 2004). Thus, the
significant difference between the two strains could be due to the upregulation of
Gcn2p homologue CpcC in A. nidulans which upregulates CpcA. Accordingly, these
might not be a direct role of CpcA in oxidative stress response however; the absence
of CpcA appears to clearly impair the response of A. nidulans cells to oxidative
stress.
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Fig 3.4. The effect of oxidative stress on the growth of A. nidulans wt and ∆cpcA
strains in the presence of 2mM H2O2 at 30ºC for 3 days.

3.2.4

The Response of Aspergillus nidulans strains to cell wall stress

To analyze the response of A. nidulans wt and ∆cpcA strains to cell wall
stress, the cells were grown on Aspergillus minimal agar media containing cell wall
inhibiting agents, either Congo Red or SDS. Congo Red (CR) is a polysaccharidebinding dye with a greater binding affinity toward ß-1,3-glucans (Wood, 1980). CR
interferes with growth and causes morphological aberrations in filamentous fungi
(Pancaldi et al., 1984). In filamentous fungi, SDS triggers the presumed cell wall
integrity pathway, indicating that its effect is at least partly on the wall (Hill et al.,
2006). The A. nidulans strains could not grow in the presence of SDS but grew on
medium containing Congo Red. The cell wall inhibitor Congo Red caused stress on
the growth of A. nidulans cells, however, the reduction was relatively similar for
both strains as indicated in Fig 3.5. The measurements were repeated three times.
71

Fig 3.5. The effect of cell wall stress on the growth of A. nidulans wt and
∆cpcA strains in the presence of 80 mg/l Congo Red or 0.01 % SDS at 30ºC for 3
days.

3.2.5 The Response of Aspergillus nidulans strains to antifungal stress
To analyze the response of A. nidulans wt and ∆cpcA strains to antifungal
stress, the cells were grown on Aspergillus minimal agar media containing
phenyllactic acid (PLA) or voriconazole (VRC) or amphotericin B (AmpB) . PLA is
a natural antimicrobial aromatic acid produced by the lactic acid bacteria. Due to its
foodborne origin and absence of toxicity to animal and human cell lines; it is a
promising candidate for its application in the food industry as an antifungal agent
(Lavermiccoca et al., 2003). VRC and AmpB are antifungal drugs currently used in
the treatment of disease caused by Aspergillus species. They have distinct modes of
action on the cell membrane of Aspergillus as mentioned in the Section 1.4. The
concentrations were chosen based on the experimental results which will be
mentioned in Section 3.2.8. The results showed PLA and VRC significantly reduced
the growth of A. nidulans strains; however AmpB did not cause much growth
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retardation for both strains at the stated dose (Fig 3.6). The measurements were
repeated three times. This result was probably due to the ineffective dose of AmpB
or intrinsic resistance of A. nidulans parental strain to AmpB (Fig 3.6). There are
records of A. nidulans being more resistant to AmpB than other Aspergillus species
(Kontoiyannis et al., 2002). In terms of susceptibility of AmpB, there was no
difference between wt and ∆cpcA strains due to the fact that ∆cpcA is derived from
the same wt strain and deletion of cpcA did not change the intrinsic resistance of the
parental strain to AmpB.
The general antifungal stress response in A. nidulans for both strains was
prominently inhibitive when compared to no stress control, thus a difference in
response was not observed between the two strains. However, as described in
section 3.2.9, there is a difference between the behaviors of the cells in the long term
adaptation of A. nidulans to VRC.

Fig 3.6. The effect of antifungal agents on the growth of A. nidulans wt and ∆cpcA
strains in the presence of 4 mg/ml PLA or 0.075 mg/l VRC or 0.075 mg/l AmpB at
30ºC for 3 days.
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3.2.6

Growth of Aspergillus nidulans strains on different carbon
sources

To analyze the effect of carbon source on the growth of A. nidulans wt and
∆cpcA strains, cells were grown on Aspergillus minimal agar media containing
glucose, ethanol, glycerol, maltose or sorbitol. The results in Fig 3.7 showed that
sugar alcohols such as glycerol and sorbitol reduced the growth of A. nidulans
strains with respect to glucose, maltose and the straight chain ethanol. In general,
there was no significant different between the two strains, implying that the CpcA
protein does not have a significant influence on the carbon metabolism of
A. nidulans.
This result is unexpected since the majority of the carbon metabolism genes
are under the transcriptional control of Gcn4p or CpcA, however the observed
results can be explained by the absence of starvation or a nutrient imitating
condition, thus not necessitating the induction of the cross pathway system.

Fig 3.7. The effect of different carbon sources on the growth of A .nidulans
wt and ∆cpcA strains at 30ºC for 3 days.
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3.2.7 Growth of Aspergillus nidulans strains on different nitrogen sources

To analyze the effect of nitrogen source on the growth of A. nidulans wt and
∆cpcA strains, the cells were grown on Aspergillus minimal agar media containing
inorganic and organic nitrogen sources. The results showed that A. nidulans can
utilize many amino acids as nitrogen source (Fig 3.8 and 3.9).. In general, there was
no significant difference between the two strains, implying that the cross pathway
control system is not induced upon the growth of different nitrogen sources unless
there is a nutrient starvation. The observed growth retardations are mainly due to the
incorporation of the metabolitic routes to generate substrates for cell growth. These
results are in accordance with conclusion made by Krappman et al.,(2006) in A.
fumigatus that utilization capacities of nitrogen sources are not affected by cross
pathway control system.

Fig 3.8. The effect of different inorganic nitrogen sources on the growth of
A. nidulans wt and ∆cpcA strains at 30ºC for 3 days..
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Fig 3.9. The effect of different organic nitrogen sources on the growth of
A. nidulans wt and ∆cpcA strains 30ºC for 3 days.

3.2.8 Susceptibility of Aspergillus nidulans strains to antifungal agents

In this study, it was aimed at determining the adaptive potential of
Aspergillus nidulans to antifungal agents and assigning a possible role for the cross
pathway control regulator CpcA in the adaptation process. For this aim, the first
approach was to determine the subinhibitory doses of the antifungal agents. For that
purpose, the inhibition spectrum of the antifungal agent was first screened and then
percent sub-inhibition was determined.
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3.2.8.1 Determination of the inhibitory concentrations of phenyllactic
acid (PLA)

To determine the Minimum Inhibitory Concentration (MIC) of the antifungal
agent that totally inhibits the growth of the cells, A .nidulans wt and ∆cpcA strains
were grown on different doses of PLA ranging from 0.5-20 mg/ml in both agar and
broth media. After finding the MIC, the concentration range was narrowed below
MIC to determine the percent growth subinhibition of the cell. PLA fully inhibits the
growth of A. nidulans cells at 9 mg/ml and reduces the growth to 20 % of the control
at 4 mg/ml by extrapolation (Fig 3.10). This concentration is in correlation with the
MIC data of other studies (Lavermiccoca et al., 2003; Strom et al., 2003) and quite
high when compared to the inhibitory concentration of antifungal drugs which are at
a µg/ml level.

Fig 3.10. Growth inhibition by PLA.
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3.2.8.2

Determination of the inhibitory concentrations of voriconazole
(VRC)

To determine the MIC of voriconazole, A. nidulans wt and ∆cpcA strains
were grown at different doses of VRC ranging from 0.001-16 mg/l in both agar and
broth media. After finding the MIC, the concentration range was narrowed below
MIC to determine the percent growth subinhibition of the cell. Accordingly, VRC
fully inhibits the growth of A. nidulans cells at 2 mg/l and reduces the growth to
20% at 0.075 mg/l by extrapolation (Fig 3.11). This concentration is in the range of
drug susceptible strains of other Aspergillus species in the literature (Linares et al.,
2005; Espinel-Ingroff et al., 2002).

Fig 3.11. Growth inhibition by VRC.
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3.2.9 Adaptation of Aspergillus nidulans to antifungal agents

After determining the subinhibitory concentrations of antifungal compounds,
A. nidulans strains were adapted to antifungal agents by a serial transfer method.
The method involves the serial exposure of the cells to antifungal stress for a certain
period on agar media. This approach was first used by Schoustra et al., with the aim
of measuring the rate of compensatory evolution. Thus, the authors used a drug
resistant strain and cultivated the cells on drug-free environment by weekly transfer
(Schoustra et al., 2005). The reversed version of the experimental methodology was
adapted to be used in this study. Drug containing medium was used and initially
drug sensitive cells were used for weekly transfer on drug containing medium. After
each transfer, cells were incubated for 5 days and at the end of a transfer, new
conidial culture was prepared from the transfer culture by swiping conidia from the
agar surface and adjusting the conidial load to 2x105 conidia/µl. The growth rate and
adaptation tendency was evaluated using fitness assay as described in Section 2.2.

3.2.9.1 Adaptation of Aspergillus nidulans strains to PLA

To evaluate the adaptation potential of A. nidulans strains to PLA, totally 11
transfers were made with PLA at 4 mg/ml which corresponds to approximately 80 %
growth inhibition. At the end of 11 transfers, the fitness assay normalized to the
corresponding control showed that both strains can gradually adapt to PLA. A
significant difference between wt and ∆cpcA strain in adaptation was not observed
(Fig 3.12). In case of a natural antifungal compound PLA, it was concluded that
both strain can eventually adapt to PLA.
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Δ

Fig 3.12. Adaptation of A. nidulans wt and ∆cpcA strains to PLA.

3.2.9.2 Adaptation of Aspergillus nidulans strains to voriconazole

The same adaptation procedure was applied to VRC at 0.075mg/l,
corresponding to 80 % growth inhibition. According to the results, the ∆cpcA strain
did not show any adaptation even at the 8th transfer, while the wt strain began to
adapt rapidly to VRC starting from the 5 th transfer. At the end of the 8 th transfer,
there was significant difference between 2 strains in terms of fitness in response to
VRC, as shown in Fig 3.13.
The fitness rate of A. nidulans cells at different stages of adaptation to VRC
were compared and it was observed that the fitness rate of adapted cells were much
better than the initial cell culture before adaptation. Therefore, it is possible to say
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that experimental acquisition of drug resistance under laboratory conditions is
possible with serial transfer of cells to subsequent culture.

Δ

Fig 3.13. Adaptation of A. nidulans wt and ∆cpcA to VRC.

3.2.10 Role of CpcA protein in Aspergillus nidulans adaptation

Having completed the adaptation experiments for both antifungal agents, it
was concluded that cross pathway control protein. CpcA could be important in
modulating the development of resistance to azole group antifungal drugs. The
reason of ∆cpcA strain not being different from the wild type strain in the adaptation
to PLA could be due to the different mode of action of PLA resulting in a different
cellular response mechanism to overcome the stress and adapt to it. It was
hypothesized that the PLA could be involved in the phenylalanine biosynthesis
pathway (Herve and Chapeville,1965). If the intervention of the phenylalanine
biosynthesis was the only mode of action of the PLA, then the effect of the CpcA
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should be expected. This brings to the conclusion that the amino acid biosynthesis
intervention mechanism of the PLA could be minor or compensated by other
metabolic routes which would not necessitate the intervention of cross pathway
control system. However, for VRC, it seems most likely that in response to VRC
stress, which begins at the cell membrane and ergostrol biosynthesis and further
affects the cell homeostasis, fungal cells need to adjust the production of some
metabolites and shift the energy to other necessary pathways to cope with the stress.
At this point, cross pathway control system might be involved in mediating the
shifting role. Thus, when compared to adaptation to PLA. it is possible to say that
cross pathway control protein CpcA could have other mediating role as a drug
response regulator.

3.2.10.1 Expression of the cross pathway control protein in cells adapted
to antifungal agent

The expression of cpcA was analyzed in wild type PLA and VRC adapted
cultures to see if there was any difference in terms of cpcA expression. The
expression was analyzed by one step RT-PCR using total RNA. There was no
difference in the expression of cpcA, possibly because both were adapted to stress
conditions. As shown in Fig 3.14, in stress adapted cells, the expression of CpcA is
somewhat higher than the control culture with VRC-adapted cells showing highest
level of expression. Nevertheless, a significant difference is not observed.
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Fig 3.14. Analysis of the expression of cross pathway control protein, cpcA in the
control, PLA and VRC adapted cultures in A. nidulans wt strain. Lanes: M: Marker
100bp ladder Genemark, 1: non-adapted control culture, 2: VRC adaped and 3: PLA
adapted culture.

3.3 Stress response in Aspergillus fumigatus

The second part of the study was performed with A. fumigatus, D141, wild type
strain and its mutant AfSO2 (∆cpcA) strains. Further information is presented in
Section 2.2.1. The reason for choosing a clinical strain was that VRC is currently the
drug used for treating Aspergillosis caused by A. fumigatus. However, there are
some records of development of resistance against VRC, so it is getting more
important to address the general mechanism involved in the drug resistance. Many
molecular mechanisms have been offered as described in Section 1.2.3 and still there
are other possibilities. So, this study was directed to imply a new approach to drug
resistance mechanism. The long term adaptation experiments were not performed on
A. fumigatus to avoid the development of resistance to a currently used drug, but,
instead, A. fumigatus was pre-exposed to sublethal doses of VRC and the difference
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in MIC between untreated and treated cells was analyzed and comparison was made
between the two strains.

3.3.1 Antifungal drug susceptibility in Aspergillus fumigatus

To assess antifungal drug susceptibility in A. fumigatus wt and ∆cpcA
strains, different assays have been employed. First, the standard method of MIC
determination, broth microdilution method was applied and then to confirm agar
diffusion and formazan derivative XTT viability assays were used. Moreover, in
order to evaluate whether the hyphal and conidial for of the cell differ in terms of
drug susceptibility, both forms were compared according to their drug susceptiblity.
The results of the assays and comparison are shown in detail in the following
sections.

3.3.1.1 Broth microdilution method

As described by the Clinical Laboratory Standards Institution, there is a
reference method for antifungal susceptibility testing of filamentous fungi,
optimized for measuring antifungal susceptibility to Amphotericin B and the azole
group drugs. It is not well established yet for echinocandins (Espinel-Ingroff et al.,
2005). Although the procedure is not that well defined, it mainly correlates with in
vivo susceptibility and used as a basis for the measurement of susceptibility. The
protocol M38-A is also called broth microdilution method, and is described in
section 2.2.8.1.1. As the culture medium, clinically used RPMI 1640 medium and
AMM medium were used for the determination of MIC for A. fumigatus D141.
These media were selected because although routinely used in M-28A, is not
favorable for the optimal growth of A. fumigatus and AMM is a good medium for
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growth and the media to be used throughout the study. Thus comparison was made
between the two media. RPMI 1640 is a rich medium, generally used for tissue
culture and routinely used for drug susceptibility assays.
Assay on both medium gave similar MIC end points (Table 3.1), namely, 0.5
mg/l which is in accord to other published MIC data (Chryssanthou and CuencaEstrella, 2006). Due to the complexity and presence of various nutrients in RPMI,
the growth difference between wt and ∆cpcA strain was not significantly different,
however, as the AMM medium has just enough nutrients to allow the growth of
normal cells, there was a slight difference in terms of growth between the two
strains.

Table 3.1. The voriconazole MIC end points of A. fumigatus strains
determined by the broth micro dilution assay
Strain/ Medium

RPMI 1640

AMM

wt D141

≤ 0.5 mg/l

≥ 0.5 mg/l

∆cpcA AfSO2

≤ 0.5 mg/l

≥ 0.5 mg/l

3.3.1.2 Agar diffusion assay

To confirm the result of the broth microdilution method on solid medium,
agar diffusion assay was applied only on the control, on medium containing 0.25
mg/l (half the MIC) and 0.5 mg/l (MIC) of VRC. As growth medium AMM was
used. At MIC end point (0.5 mg/l), no growth was observed which correlates to the
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M28-A result. At 0.25 mg/l of VRC, subinhibitory growth was observed as seen in
Fig 3.15.

1

2

3

4

5

6

7

8

∆cpcA strain

Fig 3.15. The growth of A. fumigatus wt and ∆cpcA strains on drug-free AMM and
0.25 mg/l VRC containing AMM. The upper 3 inoculums is wild type and lower
ones are ∆cpcA strain. Columns are: 1&5: 106 conidia, 2&6: 105 conidia, 3&7:
104conidia and 4&8: 10 3 conidia.

3.3.1.3 Formazan derivative XTT viability assay

The MIC was also determined using a formazan derivative XTT color assay
to get a more reliable and quantitative data. XTT assay is a metabolic reduction
assay that measures the activity of cells and can be used to compare untreated cells
with cells treated with antimicrobial agents. XTT is a new yellow tetrazolium salt
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which is converted by mitochondrial dehydrogenases of viable fungi to an orange
formazan product. Tetrazolium salts are heterocyclic organic compounds that
substitute the natural final acceptor (oxygen) in the biological redox process and are
reduced to formazan derivatives by receiving electrons enzymatically from
substances of the hydrogen transport system or nonenzymatically from artificial
electron transporters (phenazine methosulfate (PMS) and menadione) which
enhance the reaction. Tetrazolium salts can penetrate rapidly into intact cells and
directly into subcellular membranes with dehydrogenase activity, where they are
converted to colored formazan derivatives. Therefore, they are used as indicators of
reducing systems (Meletiadis et al., 2001).
XTT is converted into a water-soluble formazan, thereby avoiding the
additional steps for the solubilization of formazan derivatives, but needs the
presence of an electron-coupling agent. The nature and the concentration of this
agent are critical in order to obtain a good correlation between formazan production
and the number of viable fungi..
Firstly, the electron coupling agent was selected by comparing PMS and
menadione. Samples were prepared by heating the cells at different temperatures to
compare the absorbance of viable, partially dead and dead cells. Viable cells were
treated at normal growth temperature, 37̊C and dead cells were prepared by cooking
the cells at 100̊C for 15 min and partially dead cells were prepared by mixing viable
and dead cells in 1:4 ratio. Menadione was selected due to its lower background
color and significant difference between viable, partially dead and dead cells (Fig
3.16).

Exposure time and the concentration of XTT salt and menadione were

optimized for the viability assay of A. fumigatus cells to get a quantitative data on
the drug susceptibility (Table 3.2).
The resulting MIC value determined using the XTT viability assay correlated
with the M28-A assay. Both assays gave the same MIC end points for both strains,
namely 0.5 mg/l (Fig 3.17).
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Fig 3.16. Comparison of menadione vs PMS as electron carrier for XTT
assay.
Table 3.2. Optimized assay conditions of XTT colorimetric assay on
A. fumigatus D141.
Parameter

Assay conditions

Optimum condition

Electron carrier selection

Menadione/ PMS

Menadione

Concentration of electron
carrier

25- 250 µM

100 µM

Exposure time

0.5- 5 hours

2.5 hours

XTT salt concentration

50- 250 µg/ml

100 µg/ml

Shaking speed

3000g-6000g for 10
min

4000g for 10 min

Incubation

30ºC and 37 ºC

37ºC

Absorbance spectrum

300-700 nm

450 nm

Growth medium

RPMI and AMM

AMM

Conidial load

104, 105 and 106

105
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Fig 3.17. The determination of MIC for A. fumigatus D141 & AfSO2 strains
using XTT assay

3.3.1.4 Comparison of hyphal and conidial forms of Aspergillus
fumigatus in terms of antifungal susceptibility

Next, it was aimed to determine if there was a difference in terms of
antifungal susceptibility between hyphal and conidial forms of A. fumigatus strains.
Although the conidial form is the infective form, the disease causing form is the
hyphal form. So, drug susceptibility is more important in the hyphal form of the cell
as drugs are administered to stop the growth of the cells already in the hyphal form.
Previously, this question was addressed and antifungal susceptibility and glucose
consumption assays were used to compare different growth forms of the cells
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(Manavathu et al., 1999; Wetter et al., 2005). For hyphal form, the cells were first
vegetated for 12 hours and then drug solutions at different concentrations were
added and incubated for another 24 hours. XTT assay was applied to determine
susceptibility. Accordingly, the drug susceptibility was the same for both forms.

Fig 3.18. The MIC end points of hyphal and conidial forms of A. fumigatus wt and
∆cpcA strains.
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3.3.2

Determination of the dose of VRC exposure for proteomic studies

To determine the dose of VRC treatment for proteomic analysis, different
assays were employed. The aim here was to see a response enough to address the
difference in proteomic study. Sampling time and drug doses were selected
according to glucose consumption and XTT viability assays and drug dose was
evaluated by conventional two dimensional gel electrophoresis (2-DE).

3.3.2.1 Glucose consumption assay

The glucose consumption assay is based on the assumption that when fungi
are exposed to an inhibitory concentration of an antifungal drug, their uptake of
nutrients, such as glucose, is suppressed. A MIC is determined by comparing the
residual glucose levels in the medium following incubation of the fungus with and
without the drug. The cells are grown overnight about 16 hours in their exponential
phase without addition of drug and then different dose of drug was applied and
sampled at 2 different time points, namely 4 and 8 hours. The glucose consumption
assay showed correlation with the M-38A testing in determining the MIC end point
of an antifungal drug (Wetter et al., 2003). In this study, this procedure was adapted
to see the effect of VRC doses on the cell culture. At first, different doses of VRC
(1xMIC, 5xMIC and 10 xMIC) were applied and compared according to their
consumption of medium glucose. For that, glucose assay was applied which
measures the percent residual glucose in the culture medium. Here, the medium was
scaled up to 100 ml and cells were grown overnight and the doses were applied and
samples were taken after 4 and 8 hours of exposure (Fig 3.19 and Fig 3.20).
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Fig 3.19. The effect of dose and sampling time on the glucose consumption of
A. fumigatus wt strain.

Fig 3.20. The effect of the dose of VRC and sampling time on the glucose
consumption of A. fumigatus ∆cpcA strain.
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From the assay, it was seen that there is no significant difference in terms of
different drug doses in glucose consumption at 4 th hour after the drug application. At
the end of 8 hours after addition of the drug, which corresponds to 24 hours of
incubation, the wild type cells use up all the medium glucose which means the cells
would enter starvation phase and this is not desired for the proteomic profiling.

3.3.2.2 Formazan derivative XTT viability assay
XTT assay was employed to see the difference in terms of viability after
applying different doses of drug and sampling 4 hours after exposure. As shown in
Fig 3.21, the viability did not differ much despite of huge difference in the dose like
5xMIC and 10xMIC. Thus, the drug dose was deduced to 1xMIC and 5xMIC and
the next assay was performed accordingly.

Fig 3.21. The effect of dose and sampling time on the viability of the A. fumigatus.
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3.3.2.3 Conventional 2- Dimensional Gel Electrophoresis

The final assay for the determination of application dose was conventional 2DE. This was applied to see the effect of doses on protein expression. A 2-D gel
electrophoresis protocol optimized for A. fumigatus on a large format gel with a
broad pH range (3-11) was applied as described (Kniemeyer et al., 2005).
Conventional 2-DE was applied at two different doses of drug after an exposure of 4
hours to VRC. The aim was to compare 2-DE gels in terms of spot availability and
quality. As Figs 3.22-3.24 imply, the results of the gels showed no significant
difference in terms of spot availability and quality between two doses while a
difference was observed in protein expression in the absence of VRC. Thus, 1xMIC
was chosen to be the application dose. This was also in accord with the released
transcriptome data (da Silva Ferreira et al., 2006).
pH 3-11 NL

97.4

66.3

36.5

31

Fig 3.22. 2D gel of A. fumigatus wt cells without VRC exposure.
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pH 3-11 NL

97.4

66.3

36.5

31

Fig 3.23. 2D gel of A. fumigatus wt cells exposed to 1xMIC VRC for 4 hours.
pH 3-11 NL

97.4

66.3

36.5

Fig 3.24. 2D gel of A. fumigatus wt exposed to 5xMIC VRC for 4 hours.
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3.3.3. The expression of cross pathway control protein coding gene cpcA in
Aspergillus fumigatus as a response to VRC

3.3.3.1

Northern blotting of cpcA expression

To see the expression of cpcA gene in response to voriconazole (VRC)
exposure, northern blotting was done with samples of different drug dose and at
different time points. First, a primer pair for cpcA was designed (Table 3.3) and
cpcA coding region was amplified from genomic DNA of A. fumigatus wt strains.
Then, the amplified region is labeled with alkali-labile Digoxigenin-dUTP instead of
dTTP. This is a nonradioactive labeling method where the probe is distinguished
from the non-labeled DNA by a size increase due to incorporation of DIG-dUTP via
PCR (Fig 3.25).

Table 3.3. Primer pair for cpcA (AFUA_4G12470)
Primer name

Melting point

cpcA_for: 5`- TTC ACT GAC CTC AGC ACT CC-3`

60°C

cpcA_rev: 5`- CCT GGC GTT CAA GCT TGC -3`

58°C

Expected fragment length: 438 bp
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M

1000bp

Control

Probe

~500bp
438bp

500bp

Fig 3.25. Probe preparation of cpcA gene fragment. M: Marker; 100bp DNA
ladder (Genemark); Control: PCR amplified fragment of cpcA Probe: dUTP-labeled
cpcA fragment.

For Northern blot analysis, cells were first grown for 16 hours to their
exponential phase of growth and then exposed to VRC and incubated up to 8 hours.
Meanwhile, samples were taken at different time points and total RNA of samples
collected at t=0, t=2.5h and t=4h were prepared as described in Section 2.2.2.2. The
quantity and quality of RNA were confirmed spectrophotometrically in Nanodrop
(Appendix C). Two independent Northern blot analyses were made with different
biological replicates. The RNA samples were run on a denaturing gel
electrophoresis.
Northern blotting showed that the cpcA gene is expressed in all samples
showing that there is a basal expression of cpcA gene in control sample as well. The
transcription level differed at different time points and not significantly differed in
terms of drug dose. The mRNA level first increased then decreased by time
showing the possible time dependent regulation of cpcA (Fig 3.26 and 3.27). The
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Northern blot was repeated to confirm the time dependent regulation of cpcA and
upregulation of cpcA transcript in response to its positive effector, 3AT, an amino
acid starvation inducer and absence of expression in ∆cpcA strain, AfSO2.
1

2

3

4

5

6

7

8

9

Fig 3.26. Northern blot I of drug treated and untreated samples. Lanes 1-3:
Drug untreated control at t=2,4 and 8 respectively, Lanes 4-5: 1xMIC of VRC
treated samples taken at t=2 and 4respectively,Lanes 6-7: 5xMIC treated samples
taken at t=2 and 4 respectively, 8-9: 10xMIC treated samples at t=2 and 4. the rRNA
bands of corresponding blot are shown below.
1

2

3

4

5

6

7

8

Fig 3.27 Northern blot II of drug treated and untreated samples. Lanes 1-2:
Untreated control samples taken at t=2 and 4 respectively, Lanes 3-4: 1xMIC treated
samples at t=2 and 4, Lanes 5-6: 5xMIC treated samples at t=2 and 4, Lane 7:
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inducer of cpcA, 3AT treated sample taken at t=2 as a positive control and Lane 8:
Untreated sample of ∆cpcA strain. rRNA bands are shown below the blot.

3.3.3.2

cDNA synthesis of optimization for real-time PCR of the
cpcA expression

To confirm the expression of cpcA gene quantitatively, real-time PCR was
performed. The cDNA of cpcA gene was synthesized from total RNA for further
quantification of the gene expression with real-time PCR. As a control of the PCR
reaction, the expression of the actin gene was used. PCR conditions and ingredients
were optimized as well as the concentration of cDNA for real-time RT-PCR. The
PCR was optimum at primer annealing temperature of 56 ºC and MgCI2
concentration of 2 mM and primer concentration of 25pmol each.

For real-time

PCR, 10µg of total RNA was found to be optimal.
M

1

2

3

4

5

6

900bp
478 bp

Fig 3.28. Optimized PCR for cpcA and actin with genomic DNA. M: Gene
ruler DNA ladder. Lane 1, 2 and 5 :cpcA gene fragment; Lane 3 and 6: act gene
fragment; Lane 4: No DNA negative control.
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3.3.3.3. Real-time PCR of cpcA expression

The optimized cDNAs were used for real-time PCR to get a quantitative
expression data (Fig 3.29). The expression profile by qPCR demonstrated that the
level cpcA transcript decreases in response to 1xMIC drug at different time points
and increases in response to its positive regulator 3AT used as a control. The results
obtained from this study are in accord with northern blot results presented in Section
3.3.1. As an experimental control, the transcript of actin gene was used as a positive
control and expression level of cpcA was normalized with the expression of actin
(Fig 3.29).

Fig 3.29. Expression profile of cpcA with actin expression normalization by
real-time PCR.

3.3.4

The effect of pre-exposure to VRC on antifungal susceptibility of
A. fumigatus

As it was not preferred to perform long term adaptation experiments with
A. fumigatus to currently used antifungal drug due to its potential of developing
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resistance, short term adaptation or the effect of pre-exposure to voriconazole was
studied in A. fumigatus. For that, A. fumigatus strains were previously exposed or
adapted to 0.5xMIC of voriconazole overnight and the cells were harvested and
called pre-exposed cells. The aim of this study was to see if there is an effect of
previous exposure to sublethal dose of drug on the cell viability and metabolism. In
addition to that, to see the effect of induced cross pathway control system on drug
susceptibility of the cells, overnight grown cells were treated with 3AT with or
without drug and the glucose consumption and viability of the cells were compared.

3.3.4.1

The effect of pre-exposure to VRC on viability of A. fumigatus

In terms of viability, pre-exposed wild type cells were better at growing on VRC
containing medium, whereas, ∆cpcA cells were weaker in compensating the growth
after being exposed to VRC than wild type cells (Fig 3.30). Also, involvement of
3AT, a histidine analogue which is known to induce cross pathway control network
in yeast and fungi, was studied. To see the effect of 3AT on the drug susceptibility,
pre-exposed and not pre-exposed cells were treated with 3AT either with VRC for 4
hours or firstly with 3AT for 1 hour and then with VRC for 3 hours. The results
obtained by XTT assay demonstrated that 5mM of 3AT enhances the growth of both
pre-exposed and not pre-exposed wild type cells in response to VRC (Fig 3.30 and
Fig 3.32). Accordingly, the induction of cross pathway control enhances the cellular
response to antifungal stress and pre-exposure to drug improves the adaptive
potential of the cells to upcoming stress. These observations were not confirmed in
∆cpcA strain, validating the hypothesis that absence of cross pathway activator
protein weakens the adaptive potential of the cell.
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Fig 3.30. The effect of pre-exposure on the growth of wild type cells on VRC.

Fig 3.31. The effect of pre-exposure on the growth of ∆cpcA cells on VRC.
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Fig 3.32. The effect of cross pathway control system on the viability of the
cells in response to VRC.

3.3.5

Proteomic studies

3.3.5.1 Experimental strategy
As the importance to address the drug resistance mechanism in Aspergillus
species grows, the need for employing new techniques and methods is getting
crucial to explore more information on this event. With the release of genomic data
and development in the high throughput analysis, figuring the whole picture at a
glance is now possible.
One such approach is the proteomics where the detection of expressed
proteins is possible. Since its first introduction in 1970`s, proteomics itself has
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expanded and improved. 2-DE (2 Dimensional Electrophoresis) combined with
protein identification by MS is currently the workhorse for proteomics (Gorg et
al.,2004). 2DE couples IEF (Isoelectric Focusing) in the first dimension with SDSPAGE in the second dimension and enables the separation of complex mixtures of
proteins according to pI, MW, solubility and relative abundance. In addition, 2DE
not only provides information on protein modification and/or changes in their
expression levels, but also permits the isolation of proteins in mg amounts for
further structural analysis by MALDI-TOF/MS and other related detection
techniques (Gorg et al., 2004). There are now plenty of approaches of proteomics
and promising high tech applications are being united with classical proteomics. One
such example is the 2D-DIGE (Two Dimensional Flouresecence Differential Gel
Electrophoresis), a modified 2D electrophoresis (2DE) technique that enables
comparison of two (or three) proteomes simultaneously on the same gel. The
different protein samples to be compared are covalently tagged with spectrally
different fluorescent dyes that are designed to have no effect on the relative
migration of proteins during isoelectric focusing or molecular mass separation
during electrophoresis. The “spot maps” generated from the dye scans for each of
the dyes are then superimposed to discern the expression pattern of the proteome
samples being compared. Proteins that do not change in expression are seen as spots
with a fixed ratio of fluorescent signals, whereas proteins that differ between the
samples have different fluorescence ratios. The fluorescent dyes used in DIGE are
cyanine flours and matched in respect of molecular weight. DIGE is a sensitive
technique, capable of detecting as little as 0.5 fmol of protein, and this detection
system is linear over a >10,000-fold concentration range (Sapra, 2007).
The aim of this study was to understand first the drug response and adaptive
potential of the wild type response of A. fumigatus to selected doses of VRC and
second to address the involvement of cross pathway control protein, cpcA in the
response of A. fumigatus to VRC. These questions were addressed by the
experimental strategy outlined in Figure 3.33.
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Experimental design (DIGE)

Sample preparation

Labelling of the samples

First dimension electrophoresis (Isoelectric Focusing)

Second dimension electrophoresis ( SDS-PAGE)

Scanning of the gels

Gel staining

Spot analysis

Excision of the spots

Protein identification by MS

Data analysis

Fig 3.33. Experimental strategy of proteomic study.
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3.3.5.2 Experimental design

As the DIGE approach allows the analysis of two to three different
samples in one gel, different gel combinations were designed and three
biological replicates of each sample were included in the experimental
design. As the third sample, pooled internal control of all samples in the
experiment was used to minimize the gel-to-gel variation. With 4 different
samples and 3 biological replicates of each, there were 12 different gel
combinations as shown in Fig 3.34. Furthermore, to obtain more spots, each
12 samples were separated on 2 different pH strips which makes a total of 24
gels. Table 3.4 shows the combinations of the gels prepared in this study.

WT

WT

With VRC

Without VRC

3 biological replicates

ΔcpcA

ΔcpcA

With VRC

Without VRC

Fig 3.34 Design of the DIGE experiment.
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Table 3.4. The combination of DIGE gels with three biological replicates.

Gel number

Cy 3

Cy 5

Cy 2

1

WT + VRC

WT

Internal standard

2

MT + VRC

WT + VRC

Internal standard

3

MT

MT + VRC

Internal standard

4

WT

MT

Internal standard

5

WT

WT + VRC

Internal standard

6

WT + VRC

MT + VRC

Internal standard

7

MT + VRC

MT

Internal standard

8

MT

WT

Internal standard

9

WT

WT + VRC

Internal standard

10

WT + VRC

MT + VRC

Internal standard

11

MT + VRC

MT

Internal standard

12

MT

WT

Internal standard

WT

wild type protein sample

MT

∆cpcA protein sample

VRC 0.5 mg/l (1xMIC) voriconazole treatment
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3.3.5.3 Sample preparation

To take advantage of the high-resolution of 2DE, protein samples have to be
denatured, disaggregated, reduced and solubilized to achieve complete disruption of
molecular interactions and to ensure that each spot represents an individual
polypeptide. Sample preparation method has been simplified and critical steps such
as cell disruption, lysis buffer and protein extraction method have been optimized
for A. fumigatus (Kniemeyer et al., 2005). The difference in preparation of samples
in DIGE technique is that the lysis buffer used in protein extraction should not
contain DTT and ampholytes which are added after labeling since they interfere with
the labeling reaction.
After extracting the proteins, the quantity of the protein was determined
using Bradford Assay (BIORAD). For efficient quantification, standard curve was
prepared with known concentration of BSA using 3 replicates (Appendix C).
According to the standard curve, concentrations of samples were calculatedand the
sample pH was adjusted as follows. The pHs of the samples were adjusted to 8.08.5 with 50 mM NaOH (Appendix C).

3.3.5.4 Pre-labeling of Proteins for Fluorescence Differential Gel
Electrophoresis (DIGE)

The protein samples were labeled prior to the electrophoretic separation with
different fluorescent dyes, and mixed together before running on the gel. In this way,
the proteins of different samples migrate under identical conditions, and gel-to-gel
variations are eliminated. For this method the cyanine dyes (CyDy) are chemically
modified in a way that they bind to proteins and allow precise co-migration of the
same proteins in both dimensions. After electrophoresis the gels are scanned with a
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fluorescent imager at different wavelengths. There is linear relationship between the
am led protein and the signal measured with the imager, because on excitation of the
dye by monochromatic light, the dye emits light in proportion to the amount of the
labeled amount in the sample. Three spectrally distinct dyes are available: Cy2,Cy3
and Cy5. They can be excited with a blue, red and green laser, respectively. This
visual inspection is very useful as a control over the separation quality and for
optimization of sample preparation and labeling. Two different ways of labeling are
employed: lysine and cysteine tagging. Mostly applied one is the lysine tagging
because its amino group is easily accessible without derivatization of the protein,
and also, because lysine is one of the most common amino acid in proteins. The
labeling occurs via NHS ester chemistry. It is important not to label all the lysine
which would make the sample very hydrophobic, affecting the solubility
(Westmeyer et al., 2008).

3.3.5.5. The two dimensional electrophoresis- IEF and SDS-PAGE

At the end of SDS-PAGE, the gels were kept in the cassettes and scanned
using Typhoon Laser Scanner with the excitation wavelength of each dye one after
the other (Fig 3.35). The scanned gel demonstrates a good quality gel absent from
background and without horizontal streaking. Also, the scanned image shown in Fig
3.35 shows perfectly distributed and clear spots which is a desired case for further
identification procedure. Although the scanned image shown in Fig 3.35 is the main
gel of the experimenym it is only the scanned image used as a reference for spot
selection and spot analysis using DeCyder software. In order to identify the
corresponding protein to the spot, the gel must be stained either by Colloidal
Commassie Blue or ruthenium.
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pH 4-7 NL
97.4

66.3

36.5

31

Fig 3.35. A fluorescence scanned DIGE gel

3.3.5.6 Gel staining

Of the 6 gels in one batch, 1 was kept for Ruthenium staining and the
remaining 5 gels were stained with Colloidal Coomassie Brilliant Blue. Stained gels
were scanned and calibrated with Labscan Software 5 (GE Healthcare). The scanned
gel image was used to match the spots on the gel and detect CBB stained spots and
CBB undetected spots (Fig 3.36). When compared to the fluorescence scanned
DIGE gel (Fig 3.35) the CBB stained gel shows that most of the prominent spots are
detected by CBB staining and the spots are easily selected and excised from the gel.
Approximately, 90 % of the spots were selected from the CBB stained gels.
Undetected spots were searched in Ruthenium stained gels since it is more sensitive
than CBB. Ruthenium staining was done in dark room and the stained gel was kept
in dark until the excision of the spots.
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pH 4-7 NL

97.4

66.3

36.5

31

Fig 3.36 CBB stained gel.

3.3.5.7 Spot analysis and validation

Typhoon laser scanned gels were subjected to spot analysis using the
differential protein expression analysis software DeCyder 6.5 as described in
Section 2.2.10.12.
Using DeCyder 6.5, all the gel images were analyzed and matched with
corresponding biological replicates and internal standards. Statistical analysis were
done according to manufacturer`s instruction (GE Healthcare). In addition to that,
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external normalization as part of an analysis workflow was applied as described in
Albrecht et el., 2008. It was used as part of the normalization on DIGE data. Fig
3.37 and Fig 3.38 show the statistical distribution of the experimental data after
normalization with the Vsn and Loess data analysis and normalization tools. The
plot in Fig 3.37, which is the data distribution of pH 4-7 gels demonstrates the fitting
of normalized data in 95 % confidence limit, an indication of the statistically valid
data set. However, in Fig 3.38, which is the data distribution of pH 7-11 gels shows
that some of the data are outside the 95 % confidence limit according to which the
dataset was reorganized and the data outside this range was excluded from the
analysis.
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Fig 3.37 The data distribution after normalization for pH 4-7 gels.

Fig 3.38. The data distribution after normalization. Data for pH 7-11 gels.
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In the first group, the pH 4-7 gels, there were 300 spots passing the threshold
and ANOVA. In the second group, the pH 7-11 gels, there were 73 spots passing the
threshold and the ANOVA. Thus, in total, the differential analysis gave 373 spots
validated using statistical analysis representing differentially regulated proteins.
Criteria described in the Table 3.5 were used to pick differentially expressed spots
among the normalized data set.

Table 3.5. Criteria of choosing differentially expressed spots
Condition

Selected threshold

Spot area

250

Spot volume

10.000

Slope

2.3

Fold expression

x2

3.3.5.8 Spot excision and digestion.

Statistically confirmed and differentially expressed spots were excised
manually from the gels and digested with sequence-grade trypsin as described in
Section 2.2.10.14, to generate peptides for MALDI-TOF/MS identification. Among
373 spots scanned from the DIGE gels, 343 were identified as spots on the CBB and
Ruthenium stained gels and excised from the gels. For that, the spots were numbered
on the DeCyder software (Fig 3.39) and the corresponding spot was matched on the
scanned CBB stained gel image and detected on the raw gel visually. The rest 30
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spots were not detected on both CBB and ruthenium stained gels either because they
were too small to be detected by these staining methods or due to insensivity of
above mentioned staining methods.

3 #4 #

2 07

5 # 6 # 7 #

1 5#
n o ns po t

2 3 #2 4 #

2 1 4 2 9 #3 0 #
4 2 4 0

41# 4 3#

2 7#
36#

3 7#

3 8#

219

5 0#
6 1
222

65#

6 8

7 1#

7 3

# 256

8 3
8 8

8 7#

9 1# 9 3# 2 72
2 27

1 0 91#1 0

97#

1 1 1#

1 16

Fig 3.39. Assigned spots for excision.

3.3.5.9 MALDI-TOF/MS identification of differentially regulated
proteins

The samples were measured on an ultraflex MS-MALDI-TOF device using
flexControl 3.0 for data collection and flexAnalysis 3.0 for spectra analysis/peak list
generation (Bruker Daltonics, Germany). Peptide mass fingerprint and peptide
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fragmentation spectra of each sample were submitted for identification using
MASCOT interface (MASCOT 2.1.0, Matrix Science, London,UK). Up to five
peptides of the PMF spectra were chosen for PSD MS/MS analyses. For some
proteins, the signal intensity of MS/MS was not sufficient for data analysis or
peptides from the PMF were not suitable for MS/MS analysis. Hits were considered
significant according to the MASCOT score (P=0.05). With respect to the sample
preparation, fixed modification of cysteins to S-carbamidomethyl derivatives and
variable methionine oxidation was defined for the database search. (Vodish et al.,
2009). NCBI database searches were triggered and archived on a Proteinscape 1.3
database server (Protagen, Germany). Accuracy of raw peak lists were improved by
automated internal recalibration using known contaminants (coomassie, trypsin and
keratin fragments) and application of the peak rejection filter of the Score Booster
tool, implemented into the Proteinscape 1.3 database software. Table 3.6 in
Appendix C shows the information provided by the MALDI-TOF/MS analysis.
A total of 343 spots representing 292 different proteins were identified with a
sequence coverage from 9 to 95% and MASCOT scores from 45.2 to 394. At the
end of NCBI search, 142 of the identified proteins were found more than once, so
there were altogether 199 valid protein spots. Taking into consideration the
annotations of the proteins in genome sequence of Aspergillus fumigatus Af293,
81.25 % (160 out of 199) of the proteins were annotated. About 90 % of all
identified proteins were in the pH range of 4-7, the rest being in the pH range of 711, which is a reasonable ratio since most of the proteins are in the wider range of
pH 4-7 and fewer proteins are expected to be obtained from a very basic range of pH
7-11.
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3.3.5.10

Data analysis

As there were many different combinations of the samples included in the
study, the data were analyzed in groups. In total, there were 177 proteins obtained
from pH 4-7 strips and 23 from the pH 7-11 strips and these proteins were firstly
divided into groups (Table 3.6) Overall, 145 proteins were found to be dependent on
VRC, regardless of the presence or absence of CpcA protein, whereas, 99 proteins
were found to be dependent on the lack of cpcA gene, regardless of VRC. Each
protein was searched on Expasy Proteomics Server and related information was
searched using various databases including NCBI, ExPaSy. KEGG and FUNCAT
and related biological function were determined for the annotated ones. In Fig 3.42,
the functional categories of all proteins found in this study are shown, and Table 3.7
shows the summary of proteins detected in this study.

Table 3.6. The combination of samples and the information obtained.
Combination

Effects to address

Comments

WT vs WTV

The effect of VRC on wild type cells

The normal cell response to
VRC

WT vs MT

The effect of absence of CpcA

The

difference

in

cell

response by the lack of cpcA
under non-stress conditions
MT vs MTV

WTV vs MTV

The effect of absence of cpcA on VRC The mutant cell response to
response

VRC

The effect of cpcA on VRC response

The

difference

in

cell

response to VRC by the lack
of cpcA gene
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Fig 3.40. FUNCAT general categorization of differentially regulated proteins in
response to VRC and lack of cpcA .
Table 3.7. Numbers of proteins significantly up or downregulated in response to
lack of cpcA or VRC.
WT_WTV
AND
MT_MTV

WT_MT
AND

WT_WTV

WT_MT

MT_MTV

WTV_MTV

ONLY

ONLY

ONLY

ONLY

74

10

25

36

17

6

63

15

7

44

8

9

137

25

32

80

25

15

WTV_MTV

Up
Down
Total
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3.3.5.10.1 The response of A. fumigatus strains to voriconazole

In total, 145 proteins were detected to be differently expressed in response to
voriconazole in Aspergillus fumigatus (Appendix J). Those are proteins present in
the WT_WTV and MT_MTV gels. Among them, 74 proteins were upregulated and
63 were downregulated. Identified proteins were categorized according to FunCat
and GO classification systems. Enrichment analysis were carried out to identify
functional classes that are significantly overrepresented in the set of differentially
regulated proteins (Fig 3.41, Appendix J).Many proteins with increased abundance
upon voriconazole treatment belonged to the categories protein degradation,
respiration, cytoskeleton/structural proteins and stress response whereas lower
abundant proteins fell into the categories translation,glycolysis, carbohydrate
metabolism, pentose phosphate pathway, amino acid metabolism, TCA cycle,
respiration and metal binding.
In more detail, many enzymes which catalyze reactions in central metabolic
pathways such as glycolysis, the TCA cycle and the pentose phosphate shunt
showed a decrease in abundance upon treatment with voriconazole. Furthermore,
proteins involved in the biosynthesis of branched-chain amino acid leucine,
isoleucine and valine as well as amino acids of the aspartate family, namely
methionine and threonine were underrepresented in voriconazole treated A.
fumigatus mycelium in comparison to untreated controls. A protein annotated as
tartrate dehydrogenase showed the highest increase in expression among the amino
acid

and

carbohydrate

metabolic

enzymes.

It

belongs

to

the

isocitrate/isopropylamate dehydrogenase family but its biological function has not
been elucidated yet.
Triazoles target the ergosterol biosynthetic pathway and thus it is not
surprising that also proteins in the lipid and ergosterol pathway responded to
voriconazole with increased or decreased levels, which has also been shown in
proteome studies of pathogenic yeast C. albicans (Hoehamer et al., 2010). The
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observed decreased abundance of the HMG-CoA synthase, Erg13 which is involved
in the second step in melvonate biosynthesis is contradictory to the reported
upregulation of the corresponding gene in A. fumigatus during exposure to
voriconazole (da Silva Ferreira et al.,2006). . Erg13 catalyzes the formation of
HMG-CoA from acetyl coA and acetoacteyl-CoA, involed in the second step of
mevaloane biosynthesis, the inital steps of pathway which eventually leads for
formation of ergosterol (Parks W et al., 1995).It was also postulated by Bammert
and Fostel (2000), that perturbations of ergosterol levels affect also the functioning
of mitochondrial enzymes. Indeed, several components of the mitochondrial electron
transport systems changed their abundance as a response to voriconazole Erg13
level was found to increase in response to rapamycin ( Burtcher R.A et al.,2006)
which is also a Gcn4p inducer in S. cerevisiae

and decreased in resistance to

chemicals such as tunicamycin and competitive fitness (Breslow D.K et al.,2008).
The effect of voriconazole on the respiratory pathway may also result in the
formation of reactive oxygen intermediates (ROI): components of the thioredoxin
and glutaredoxin antioxidant systems showed an up to 7.3-fold upregulation and also
one subunit (HapE) of the global redox-regulating AnCF complex increased in
abundance (Thon et al.2010). In addition, also the changes in protein expression of
several heat shock proteins, the downregulation of many ribosomal proteins, the
increased levels of components of the ubiquiting proteosome system, cell wall
biosynthesis and the GTP-binding protein YchF, a protein involved in the sakA
MAPK pathway (Calderone et al., 2006) indicates that voriconazole most probably
triggers a general stress response in A. fumigatus. Oxidative stress response proteins
are involved in as cell redox homeostasis since they are involved in maintaining the
cellular balance in response to oxidation related stress. Such proteins are upregulated
implying that the drug could be causing internal oxidative stress to the cell during
the reorganization of cellular homeostasis upon drug exposure. Also, the
upregulation of Hsp co-chaperone Cdc37, which stabilizes Hsp90 and mediates
Hog1p MAPK pathway, correlates to this hypothesis. Namely, HOG MAPK
pathway induces many adaptive responses to oxidative stress conditions (Chauhan
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and Calderone, 2006). In addition to that, phosphotransmitter protein of Hog1p
pathway, Ypd1 is also upregulated in response to VRC which further supports the
hypothesis.
This is also supported by the fact that the G beta-like WD protein cpcB is
affected

by

the

supplementation

of

voriconazole

to

the

medium.

In

Schizosaccharomyces pombe this protein modulates the stress response as a putative
translational regulator (Nunez et al., 2009). In general, amino acid biosynthesis and
protein biosynthesis proteins were down regulated along with a cross pathway
control system G-coupled protein, CpcB, which possibly indicates the involvement
of cross pathway control system in shifting the use of energy from amino acid
production to induction of the stress response mechanisms. Alanyl tRNA synthetase
has editing activity and is related to amino acid biosynthesis pathway. Lower levels
of aminoacyl tRNA synthetase can lead to amino acid imbalance in the cell which
may trigger the involvement of cross pathway control system and the generation of
high levels of errors in proteins probably leading to the development of resistance
against drugs (Jakubowski and Goldman, 1992). Carbohydrate metabolism proteins
and purine metabolism proteins are also targets of Gcn4p in baker`s yeast, thus cross
pathway control, which also indicates the regulation of the cell metabolism in
response to drug stress.
When compared to transcriptome data (da Silva Ferreira et al., 2006) this
number is about one tenth of the differently expressed genes which is in compliance
with the comparative transcriptome and proteomic data available on amphotericin B
(Gautam et al., 2008). According to the results, voriconazole mostly affected
expression of general and oxidative stress response, amino acid biosynthesis, and
carbohydrate metabolism proteins. There are also some other proteins not belonging
to a general group, however, related to very specific functions in drug response.
There were 112 proteins present in WT_WTV gels only, which could be
categorized as the wild type response proteins to VRC (Fig 3.41). 13 proteins were
uniquely present in MT_MTV gels, which indicate the ∆cpcA strain response to
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VRC. There were 20 proteins expressed in both WT_WTV and MT_MTV gels,
which could be considered as drug specific response regardless of genotype. Thus, it
is reasonable to evaluate the response separately for each group.
Other proteins which do not belong to a functional group yet are also
regulated by the presence of voriconazole. Their function or particular role in drug
response is not known yet but there are a few of them, which could be of particular
interest in drug resistance mechanism. An example is the CipC like antibiotic
response protein which was found to be also present in the microarray analysis of
voriconazole response of A. fumigatus. Out of 130 proteins 75 found in our study
were also present in the transcriptome data. While the remaining 55 proteins are not
found in the transcriptome data, some of them are present in the proteomic and
transcriptomic data of AmpB treated C. albicans. In general, it seems that exposure
to VRC affects large number of protein expression, most of which could be
controlled by the cross pathway control system.
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Fig 3.41 Functional categorization of proteins differentially expressed in
response to VRC in the wild type strain.

Table 3.8 The most abundantly expressed proteins in WT_WTV gels.

Protein name

Locus Tag

Log
Fold

Function

1

heat shock protein
Hsp30/Hsp42

AFUA_3G14540

6.45

Stress response

2

ThiJ/PfpI family protein

AFUA_4G01400

5.44

Proteolysis

3

pheromone processing
carboxypeptidase (Sxa2)

AFUA_2G03510

4.63

Proteolysis

4

tartrate dehydrogenase

AFUA_8G01160

3.13

Carbohydrate
metabolism
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Table 3.8. (continued)
5

Allergen Asp F3

AFUA_6G02280

2.87

Cell redox
homeostasis

6

GNAT family acetyltransferase

AFUA_5G00720

2.81

DNA
modification

7

carboxypeptidase CpyA/Prc1

AFUA_6G13540

2.75

Proteolysis

8

ML domain protein

AFUA_2G11340

2.58

Lipid transport

9

cyanate hydratase

AFUA_2G16530

2.46

Energy
metabolism

10

CipC-like antibiotic response
protein

AFUA_5G09330

2.39

Stress response

11

serine carboxypeptidase (CpdS)

AFUA_6G00310

2.34

Proteolysis

12

high expression lethality protein
Hel10

AFUA_1G06580

2.31

Outer
membrane
protein

13

DUF636 domain protein

AFUA_5G06910

2.13

Glutathione
dependent

14

WW domain protein

AFUA_5G03750

2.097

Protein binding

15

Hsp90 co-chaperone Cdc37

AFUA_4G10010

2.014

Signal
transduction

16

fungal specific transcription factor

AFUA_4G06420

1.95

Zn binding

The absence of the above mentioned high numbers of protein expression
change is not the case in ∆cpcA strain of A. fumigatus. In the VRC response of
∆cpcA strain, there are 29 proteins changing expression. There are 20 common
proteins present in both wild type response and mutant response, which could be
explained as the drug specific proteins expressed regardless of the genotype.
However, the rest 110 proteins are wild type specific response to VRC which are not
observed in the ∆cpcA response to VRC. This shows that in the absence of the cross
pathway control protein, cpcA, the protein based response of A. fumigatus changes
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dramatically and the number of affected proteins falls down from 110 to 13, about
one tenth of expressed proteins. As observed in the adaptation experiments, CpcA
seems to play a regulatory role in the stress response although not directly involving
the specific pathway but the presence of this protein is required for maintaining
cellular balance in response to particular stress including antifungal drug response.

Fig 3.42 Functional categorization of proteins differentially expressed in response to
VRC in the ∆cpcA strain.
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Table 3.9. The most abundantly expressed proteins in MT_MTV gels

Protein name

Locus Tag

Log
Fold

Function

1

tartrate dehydrogenase

AFUA_8G01160

2.59

Carbohydrate
metabolism

2

heat shock protein Hsp30/Hsp42

AFUA_3G14540

2.54

Stress
response

3

aspartyl aminopeptidase

AFUA_3G08290

2.45

Proteolysis

4

proteasome regulatory particle
subunit (RpnL)

AFUA_3G08940

2.12

Proteolysis

5

high expression lethality protein
Hel10

AFUA_1G06580

2.31

Outer
membrane
protein

6

oxidoreductase, short-chain
dehydrogenase/reductase family

AFUA_5G02870

1.90

Secondary
metabolite
metabolism

3.3.5.10.2 The effect of cpcA in drug response of A. fumigatus.

There were in total 90 proteins differentially regulated due to absence of
CpcA protein in A. fumigatus (Appendix K). 25 of them were proteins found
differentially regulated in the absence of any stress, that is, the proteins affected due
to only absence of uninduced cross pathway control system. However, when there is
a stress caused by the drug, the wild type response differed from ∆cpcA strain
response to VRC by means of changes in 78 proteins. 13 of the proteins were found
in both WT_MT and WTV_MTV gels, implying these proteins belonged to the sole
genotypic difference between two strains. The rest were differentially expressed
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either due to the absence or presence of stress and their effect on the ∆cpcA cells.
Apparently, when there is no stress to induce the cross pathway system, there is
basically not much change in the cell due to the absence of CpcA protein. Still, there
is repression of some amino acid, carbohydrate metabolism proteins and activation
of immunogenic and nucleic acid binding proteins (Fig 3.43).

Fig 3.43. Functional categorization of proteins differentially expressed due to the
absence of cpcA gene.
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Table 3.10. The most abundantly expressed proteins in WT_MT gels

1
2
3
4

Protein name

Locus Tag

Log
Fold

3-hydroxyanthranilate 3,4dioxygenase 1

AFUA_8G04650

6.42

Tryptophan
metabolism

Conidial hydrophobin RodB

AFUA_1G17250

2.61

Cell wall
component

ubiquitin conjugating enzyme
(MmsB)

AFUA_4G12080

1.61

DNA repair

1.86

Secondary
metabolite
metabolism

oxidoreductase, short-chain
dehydrogenase/reductase family

AFUA_5G02870

Function

On the other hand, when stress is exerted on the cells, caused by the presence
of an antifungal drug, the cell response is activated and plenty of proteins differ in
their expression levels. Although it seems that the only difference between the
samples in the gel WTV_MTV is in the genotype of the strains, there is obviously a
big difference in the response of the two strains to VRC. 78 proteins changed their
expression level differentially due to change in response of the mutant strain.
In the proteins involved in amino acid metabolism, a protein taking role at
the lysine biosynthesis and penicillin biosynthesis junction of the pathway is
downregulated showing the tendency of the cell to switch from amino acid
biosynthesis to secondary metabolite biosynthesis. Also, glutathione biosynthesis
enzyme and many stress response heat shock factors are upregulated showing the
cellular stress response to VRC. When compared, the change in the cellular response
is almost the opposite of wild type response to VRC. For many proteins, the
expression pattern was reversed, possibly indicating that the absence of CpcA
changes the cellular response to drug stress.
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Fig 3.44. Functional categorization of proteins differentially expressed due to the
lack of cpcA gene in the presence of VRC.

Table 3.11. The most abundantly expressed proteins in WTV_MTV gels

Protein name

Locus Tag

Log
Fold

Function

1

3-hydroxyanthranilate 3,4dioxygenase 1

AFUA_8G04650

6.42

Tryptophan
metabolism

2

hexokinase Kxk

AFUA_2G05910

2.04

Aminosugars
metabolism

3

N-acetylglucosamine-phosphate
mutase

AFUA_1G06210

1.97

Aminosugars
metabolism

4

pyruvate dehydrogenase E1
component alpha subunit, putative

AFUA_1G06960

1.91

Carbohydrate
metabolism
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3.3.5.10.3 Analysis of differentially expressed hypothetical proteins

Hypothetical proteins are those which are not assigned to any function, however,
many of them have hypothetical functions that could play essential roles in drug
resistance. Such uncharacterized proteins showed very high increase in abundance
with log

2

ratios above 4. The protein AFUA_5G09330 displayed a log2 2.3-fold

increase after cultivation of A. fumigatus in voriconazole-containing medium. This
protein has been reported to be associated with the response to the antibiotic
compound concanamycin A in A. nidulans (Melin et al.2002). the biological
function of this protein has not been elucidated yet. However, protein
AFUA_5G09330 was exclusively found in hyphae of A. fumigatus but not in conidia
(Bauer et al.2009). Further studies are required to define its relevance to antifungal
drug resistance.
Table 3.12 lists some of the abundantly expressed hypothetical proteins
obtained in this study. The possible roles of these proteins were searched using
NCBI and EMBL protein database and particularly the conserved domains search. It
seems that most of them are secondary metabolism related proteins which are the
main focus of the research recent years. Characterization of these proteins could
obviously help in understanding of the role of such proteins in cellular processes and
response and could further give insight into not yet well characterized mechanisms.
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Table 3.12. Analysis of abundantly expressed hypothetical proteins.
A. WT_WTV
Locus Tag

Log

Comments

Fold
1 AFUA_4G12450 2.24
2 AFUA_4G01460 5.09
3 AFUA_4G06420 1.95

Pleckstrin homology domain (PH domain), playing
roles in protein targeting and interaction with signal
transduction pathways.
Putative halogenase playing a role in the biosynthesis
of pyrrolnitrin, an antibiotic with broad-spectrum
anti-fungal activity.
Fungal specific C6 transcription factor

4 AFUA_6G11850 4.77

Clavaminic acid synthetase (CAS) -like; CAS is a
trifunctional Fe(II)/ 2-oxoglutarate (2OG) oxygenase
carrying out three reactions in the biosynthesis of
clavulanic acid, an inhibitor of class A serine betalactamases.

5 AFUA_6G09200 2.9

similar to
protein.

6 AFUA_5G08220 6.42

DNA-binding proteins Bright/BRCAA1/RBP1.

7 AFUA_5G09330 2.3

CipC antibiotic response protein, putative

5-nitroimidazole antibiotic resistance

B. WT_MT
Locus Tag
1

Log Fold

AFUA_4G12880 5.1

Comments
paralog to Phosphatidylinositol-specific
phospholipids C, X domain
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C. WTV_MTV
Locus Tag

Log Fold

1

AFUA_4G01460 4.8

2

AFUA_6G11850 4.4

3

AFUA_4G01400 5.6

4

AFUA_5G08220 5.9

Comments
Trp
halogenase
domain
and
oxidoreductase domain
Taurine catabolism deoxygenase paralog
to a C6 tracsription factor
a protease family protein
DNA-binding proteins Bright/BRCAA1/
and Zinc-binding domain; targets proteins
to membrane lipids via interaction with
phosphatidylinositol-3-phosphate.
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CHAPTER 4

CONCLUSION

This study aimed at the determination of the role of cross pathway control
protein, CpcA, in the stress adaptation, particularly, in the antifungal drug resistance
of Aspergillus species. In the scope of the study, general stress response profile,
antifungal stress response, and adaptation to antifungal stress in Aspergillus nidulans
were investigated. Furthermore, antifungal drug susceptibility, gene expression and
proteomic profiling of Aspergillus fumigatus in response to voriconazole, an
antifungal drug were carried out for the first time in this study. Throughout the
study, wild type and ∆cpcA strains of A. nidulans and A. fumigatus were used and
comparative analysis has been made. The main findings of the study are summarized
below:
•

For both strains, different growth forms of fungal cells did not change the
susceptibility to VRC.The MIC value does not change in hyphal forms
and conidial form of the cells.

•

General stress response profiling of A. nidulans wt and ∆cpcA strains
showed that ∆cpcA strain is more susceptible to heat and oxidative stress
thus, implying the possible role of cross pathway control system upon
these stresses.

•

Antifungal stress responses of A. nidulans strains were further
investigated and inhibition spectra of both natural and synthetic
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antifungal agents have been studied. Natural antifungal compound,
phenyllactic acid (PLA) inhibited the growth in mg/ml while antifungal
drug, voriconazole (VRC) inhibited the growth in mg/l range showing
the efficacy of the drug.

•

Wild type cells can gradually adapt while ∆cpcA cells fail to adapt to
VRC. Thus, the presence of CpcA may be necessary in fungal adaptation
to antifungal drug.

•

The gene expression studies of the cross pathway control protein were
done using Northern blot analysis, and quantitative PCR methods.
Results showed the increased expression of cpcA in adapted samples, but
decreased expression in the initial response to the drug, suggesting
downregulation of the system in response to drug further supported by
the proteomics.

•

Exposure to VRC, results in cells downregulation of proteins taking role
in amino acid biosynthesis, protein synthesis, energy metabolism,
primary metabolites and protein transport. Also, as response to VRC,
general stress response, cell redox homeostasis and protein targetting
proteins are expressed in higher abundance.

•

The absence of CpcA protein, changes the response of cells to VRC by
decreasing

mRNA

processing

and

decreasing

translation

and

upregulating the proteins involved in stress response, cytolysis and
oxidation reduction.
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•

In addition to targets of Gcn4p, CpcA dowregulated the protein involed
in the hyphal tip growth suggesting that the cross pathway control system
might be involved in the morphogenesis of fungal cells.

•

In the presence of VRC, lack of CpcA revets the stress response and cell
detoxification of A. fumigatus by decreasing the abundance of related
proteins instead responds by increasing the level of protein modification
and targetting. In the presence of a drug, wild type cells tend to spend
energy by switching on the cell stress response machinery and lowering
production of primary metabolites most of which are CpcA targets.

•

The absence of CpcA weakens the protein expression of the cell
suggesting that basal expression CpcA is necessary for cell drug stress
response.

•

The presence and activation of CpcA is necessary for adaptation of A.
fumigatus to voriconazole, thus CpcA could be a mediator of antifungal
drug resistance.
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APPENDIX A

CHEMICALS, ENZYMES AND THEIR SUPPLIERS

Chemical or Enzyme

Supplier

ß- Mercaptoethanol

Merck

3- Ammonium triazole

Sigma

Acetonitrile

Applichem

Acrylamide

Sigma

Agar

Difco

Agarose

Applichem

Amphotericin B

Sigma

Bromophenol Blue

Merck

Casein Hydrolysate

Difco

Chaps

Merck

Chloroform

Merck

DIG HYB system

Roche

Dimethylsulfoxide

Merck

DNA ladder

Genemark

DTT

Merck

152

EDTA

Merck

FeSO4.7H2O

Merck

Formaldehyde

Merck

Gel extraction kit

Qiagen

Glacial Acetic Acid

Merck

Glucose

Merck

Glycerol

Applichem

Iodoacetamide

Sigma

Isoamylalcohol

Merck

Isopropanol

Merck

K2HPO4

Merck

KH2PO4

Merck

Lambda DNA/EcoR I+Hind III

Genemark

Maleic Acid

Merck

Menadione

Sigma

Methanol

Applichem

MgCl2.7.H2O

Merck

NaOH

Merck

Pharmalyt 3-10

Pharmacia

Phenyllactic acid

Sigma

Phleomycin

Cayla

Plant genomic DNA purification kit

Genemark

Protein marker

Roche

RNeasy Plant Mini Kit

Qiagen

SDS

Merck

Sorbitol

Sigma
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Taq DNA polymerase

Fermentas

TEMED

Applichem

Thiourea

Merck

Tris

Merck

Tris HCI

Merck

Trisolution Reagent Plus

Genemark

Trypsin ( sequencing grade)

Sigma

Urea

Merck

Voriconazole

Pfizer

XTT Tetrazolium salt

Sigma

Yeast Extract

Merck

Zwittergent

Sigma
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APPENDIX B

PREPARATIONS OF GROWTH MEDIA, BUFFERS AND SOLUTIONS

Agar plates with stress inducing agents
AMM is prepared with 1.5 % agar, autoclaved at 121ºC for 15 min and cooled to 5060ºC. Then, stock solutions of stress inducing agents are added at appropriate
concentration, mixed and poured into Petri dishes.

Agarose (0.8%)
0.8 g agarose is dissolved in 100 ml TAE buffer by heating and stirring. Then, the
agarose solution is cooled to 50-60ºC.

Agarose sealing solution
100 ml of SDS Electrophoresis buffer, 0.5 g Agarose and 200 µl Bromophenol Blue
solution are mixed and heated in microwave for 1-2 min and cooled to 50-60 ºC.
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Ammonium bicarbonate/Acetonitrile solution
Fresh 50 mM of NH4 HCO3 solution is prepared and mixed with pure acetonitrile in
1:1 ( v/v) ratio.

Antibody Solution
Antibody solution is freshly prepared by diluting anti-digoxygenin-AP 1:10,000 (75
mU/ml) in blocking solution.

APS (Ammonium persulfate) (10%)
0.125 g is dissolved in 0.5 ml water. Prepared fresh prior to each use.

Aspergillus Minimal Medium
Solution is prepared by mixing sterile 10 x Salt Mix, 10% glucose, and 1000 x Trace
elements, 20% MgSO4 x7H2O and dH2O.

Blocking Solution
10x Blocking Reagent of DIG EASY is diluted in Maleic Acid Buffer.

Colloidal Coomassie Staining Solution
57 ml o-phosphoric acid, 240 g Ammonium Sulfate are dissolved completely in 2.4
L dH2O. While stirring 3 g Colloidal Coomassie Blue is added. Before use, 600 ml
Methanol is added to the solution and mixed well.
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CyDye stock solution
CyDye powder is dissolved in dimethylformamide (DMF) to give final
concentration of 1nmol/µl. To make 400pmol/µl of working dye solution in 5 µl, 3
µl of DMF is added to 2 µl of dye stock solution.

Denaturation solution
0.5 M NaOH and 1.5 M NaCl is mixed and autoclaved.

DEPC treated ethanol
All glassware and water is treated with 0.1% DEPC, autoclaved and 75% Ethanol is
prepared in the DEPC-treated water and stored at -20ºC.

Detection Buffer
0.1 M Tris-HCl and 0.1 M NaCl is dissolved in dH2O, pH 9.5 was adjusted with
NaOH.

Extraction buffer
Acetonitrile is mixed with 0.1 % TFA in 1:1 ratio and stored at 4ºC.

Fixing Solution (100 ml)
50 ml methanol, 12 ml acetic acid, 50 µl 37% formaldehyde are mixed and volume
made up to 100 ml with water.
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Gel storage solution
50 ml of 4xResolving Gel Buffer and 2 ml 10 % SDS are mixed and filled up to 200
ml with dH2O and stored at 4ºC.

Glucose ( 20%)
20 g glucose is dissolved to 100 ml water and filter sterilized and stored at 4 ºC.

Glycerol ( 25%)
25 ml glycerol is diluted to 100 ml with water, autoclaved and stored at room
temperature.

High Stringency Buffer
0.5x SSC containing 0.1% SDS is prepared and stored at room temperature.

Lysine solution
10 mM lysine solution prepared in ddH2O and stored at -20ºC.

Lysis buffer for protein isolation
7M Urea, 2M Thiourea, 2% Chaps, 30 mM Tris and 1 % Zwittergent in dH2O,
volume made up to 10 ml and incubated at 37 ºC for complete dissolve. The stock
solution stored at – 20ºC in 1 ml aliquots. Prior to use, 1 ml aliquot of stock solution
slowly thawed at 37 ºC and 20 mM DTT is added.
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Lytic Solution
20.45 g NaCl was added to 400 ml of water and mixed until dissolved. Then 21.91 g
CaCI2-2H2O was added and mixed until dissolved. The pH of the solution was
adjusted to 5.8 with dilute HCl and autoclaved.

Maleic Acid Buffer
0.1 M Maleic acid, 0.15 M NaCl dissolved in dH2 O, filled up to 1L and pH adjusted
to 7.5 with NaOH, autoclaved and stored at room temperature.

Menadione solution
10mM solution was prepared by dissolving 1.72 mg in 10 ml acetone and then
diluted to 1:10 in PBS and stored at 4 ºC.

MgSO4 (1 M)
24.6 g MgSO4.7H2O was dissolved in 100 ml water and autoclaved.

Neutralization solution
0.5 M Tris-HCl (pH 7.5) was mixed with 1.5 M NaCl.

PBS (Phosphate Buffered Saline)
8 g NaCI, 0.2 g KCI, 1.44 g Na2HPO4 and 0.24 g KH2PO4 was dissolved in 800
ml dH2O, pH adjusted to 7.4 with HCI and filled up to 1L.
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PLA stock solution
20 mg/ml of stock solution was prepared in 8% MetOH and stored at 4ºC.

Polyacrylamide gel ( 12.5%)
The

following

chemicals

were

added

in

correct

order;

188

ml

Acrylamide/Bisacrilamide ( 37.5:1, 30%), 113 ml 1.5M Tris, pH 8.8, 4.5 ml of 10 %
SDS and 30.8 ml Rhinohide. Then 75 µl TEMED and 5.5 ml of 10 % APS was
added. Stirred mix was poured directly to the gel casting chamber.

Probe buffer for total RNA
4 ml 5X Running Buffer, 1.4 ml 37 % Formaldehyde, 5 ml Formamide, 800 µl
template buffer, 800 µl 50 % Glycerin and 1.5 µl Ethidium Bromide were mixed
and stored at 4ºC.

Rehydration Buffer
7 M Urea, 2M Thiourea, 2% Chaps, 1% Zwittergent and 50 µl 1% Bromophenol
blue was dissolved in dH2O, volume made up to 25 ml and incubated at 37 ºC to
completely dissolve. The stock solutions was stored in 3 ml aliquots at - 20 ºC. Prior
to use, 3 ml aliquot of stock solution was slowly thawn at 37 ºC and 36 µl DeStreak
and 15 µl IPG Buffer were added.

Resolving Gel Buffer ( 4x)
181.7 g Tris Base ( 1.5 M) was dissolved in 750 ml dH2O. The medium pH was
adjusted to 8.8 using HCI and filled up to 1l with dH2O.
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Running buffer for total RNA ( 5X)
41.9 g MOPS, 4.1 g Na-Acetate was dissolved in dH2O and added 20 ml of 0.5 M
EDTA. Volume was filled up to 1L and pH was adjusted to 7.0 using NaOH,
autoclaved and stored at room temperature.

Running Buffer (1X)
0.25 M Tris, 1.91 M glycine, 1% SDS was dissolved in dH2O and the volume was
made up to 1L.

Saline/Agarose/Tween Solution
0.2 g NaCI, 0.1 g Agarose and 20 µl Tween 20 were dissolved in dH2O, the volume
was filled up to 100 ml and heated in microwave over to completely dissolve
agarose and sterilized by autoclaving. The solution was stored at room temperature.

Saline/Tween Solution
0.5 NaCl was added to 95 ml of distilled water. While stirring, 2 ml 1% tween
solution was added and volume was made to 100 ml with water and autoclaved in
10 ml glass tubes.

Salt Mix (10 x)
1 L of 10 x stock solution containing 60g NaNO3, 5.2g KC1, 15,2g KH2PO4 and
dH2O was prepared. pH was adjusted to 6.5 with 1N NaOH, autoclaved and stored
at room temperature.
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Sample Buffer (4X) (5 ml)
2 ml of 20% SDS was mixed with 1 ml of 1M Tris-HCl, pH 7, 1 ml of glycerol and
few grains of bromophenol blue. The sample was stored at room temperature.
Before use, mercaptoethanol was added to final concentration of 20%.

SDS Equilibration buffer
30 % Glycerol, 6 M Urea, 75 mM Tris-HCI,pH 8.8, 2% SDS and 1ml of 1%
Bromophenol Blue solution were dissolved in water and volume made up to 500 ml.
Stock solution in 50 ml aliquots was stored at - 20 ºC. Prior to use, 50 ml aliquot
stock solution was thawed at 37 ºC and 0.5 g DTT was added for the first
equilibration and 1.25 g Iodoacetamide for the second equilibration.

SSC (10X)
3 M NaCl and 300 mM sodium citrate, pH 7.0 were dissolved in water and stored at
room temperature.

TAE buffer (50X)
242 g of Tris base was added in 600 ml of distilled water, pH was adjusted to 8.0
with approximately 57 ml of glacial acetic acid. Then 100 ml of 0.5 M EDTA (pH
8.0) was added and the volume is adjusted to 1 liter.

TCA-acetone solution
3.99 g TCA was dissolved in 30 ml acetone and stored at – 20 ºC. Prior to use, 0.09
g fresh DTT was added to the solution.
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Trace Element Solution (1000X)
76 mM ZnSO4, 178 mM H3BO3, 25 mM MnCl2, 18 mM FeSO4, 7.1 mM CoCl2, 6.4
mM CuSO4, 6.2 mM Na2MoO4, 174 mM EDTA were mixed and autoclaved and
stored at 4° C.

Tris-HCl buffer
121.1 g Tris base is dissolved in 800 ml of distilled water. The pH is adjusted to the
desired value with concentrated hydrochloric acid. The solution is cooled to room
temperature before making final adjustment to pH. The volume of the solution is
then adjusted to 1 liter with distilled water, dispensed into aliquots and sterilized by
autoclaving.

Trypsin stock solution
Lyophilized trypsin (20 µg/vial) was resuspended in 20 µL of the 50 mM acetic acid
solution provided with trypsin, yielding a 1 µg/µL stock solution. Stock was diluted
to 1 µg/50 µL with 50 mM ammonium bicarbonate and the remaining trypsin stock
at –70° C.

Tween Solution (1%)
10 ml Tween 80 was added to 90 ml of distilled water, mixed well and kept at 4°C.

Vitamin Solution (1000x)
100 mg/l thiamin, 100 mg/l riboflavin, 100 mg/l nicotinamide, 50 mg/l pyridoxine,
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10 mg/l panthotenic acid, 0.2 mg/l biotin was mixed and filter sterilized.

Voriconazole stock solution
1 mg of voriconazole was dissolved in 25 ml of d dH2O. The drug solution was
stored at 4 ºC for immediate use and at – 20 ºC for long term use.

XTT stock solution
1mg XTT Tetrazolium salt was dissolved in 1 ml PBS by heating to 60 ºC and
stored at –20 ºC.

Wash Solution for protein isolation
0.09 g fresh DTT was dissolved in 30 ml 90 % Acetone just prior to use.

Washing Solution for Northern Blotting
0.1 M Maleic acid and 0.15 M NaCl was mixed, pH adjusted to 7.5, then 0.3% (v/v)
Tween 20 was added and mixed well before use.
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APPENDIX C

MOLECULAR SIZE MARKERS

100bp DNA LADDER GENEMARK

Fig C.1 100bp DNA Ladder
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APPENDIX D

SEQUENCE ALIGNMENT OF CPCA AND GCN4

GCN4 -MSEYQPSLFALNPMG--FSPLDGSKSTNENVSASTSTAKPMVGQLIFDKFIKTEEDPII 57
CPCA MSTPNIPHQGEFGCPGSFWLGLRTNLDDPEFFDFTEGFGEDFTDPTMLSPHLVPTG-IMA 59
:
*
:. * : * . . * .. : . .: :.. ::. .: .
:
GCN4 KQDTPSNLDFDFALP-QTATAPDAKTVLPIPELDDAVVESFFSSSTDSTPMFEYEN-LED 115
CPCA SKDSLGDVPAGTVSPSDLFMDASAPPSTSFTDLSTPSFDSPGYFSQDTSPVFGADLDLAP 119
.:*: .:: . . * :
..* . .:.:*. . .:*
* *::*:* : *
GCN4 NSKEWTSLFDNDIPVTTDDVSLADKAIESTEEVSLVPSNLEVSTTSFLPTPVLEDAKLTQ 175
CPCA GHEEWAPLFP-----SNDGMSMP-----------FDPTGLEIAA----PVPAVKAEPTVS 159
. :**:.**
:.*.:*:.
: *:.**:::
*.*.::
..
GCN4 TRKVKKPNSVVKKSHHVGKDDESRLDHLGVVAYNRKQRSIPLSPIVPESSDPAALKRARN 235
CPCA SPTVKPVSSPARSPTATSRSTTKHSTVAGVSAR----RTKPLPPIKYDESDPVAAKRARN 215
: .** .* .:.. ..:. .:
** *
*: **.** :.***.* *****
GCN4 TEAARRSRARKLQRMKQLEDKVEELLSKNYHLENEVARLKKLVGER---- 281
CPCA TEAARKSRARKLERQGDMERRIAELSKELEETRQMVEFWKSQAQARARGA 265
*****:******:* ::* :: ** .: . .: *
*. . *

166

APPENDIX E

SEQUENCE ALIGNMENT OF CPCA AND ATF4

CPCA
ATF

------MSTPNIP-------HQGEFGCPGSF-----WLGLRTNLDDPEFFDFTEGFG--- 39
-4MTEMSFLSSEVLVGDLMSPFDQSGLGAEESLGLLDDYLEVAKHFKPHGFSSDKAKAGSSE 60
:*: :
.*. :*. *:
:* : .::.
* . .
*

CPCA
ATF-4

----EDFTDPTMLSPHLVPTG----------------IMASKDSLGDVPAGTVSPSDLFM 79
WLAVDGLVSPSNNSKEDAFSGTDWMLEKMDLKEFDLDALLGIDDLETMPDDLLTTLDDTC 120
:.:..*: * . . :*
: . *.* :* . ::. *

CPCA
ATF-4

DASAPPSTSFTDLSTPSFDSPGYFSQDTSP-------VFGADLDLAPGHEEWAPLFPSND 132
DLFAPLVQETNKQPPQTVNPIGHLPESLTKPDQVAPFTFLQPLPLSPGVLSSTPDHSFSL 180
* **
. .. .. :.:. *::.:. :
.*
* *:** . :* .. .

CPCA
ATF-4

GMSMPFDPTG--------LEIAAPVPAVKAEPTVSSPTVKPVSSP------ARSPTATSR 178
ELGSEVDITEGDRKPDYTAYVAMIPQCIKEEDTPSDNDSGICMSPESYLGSPQHSPSTRG 240
:. .* *
:*
.:* * * *.
**
.: ..:*

CPCA
ATF-4

STTKHSTVAGVSARRTKPLPP-----------IKYDESDPVAAKRARNTEAARKSRARKL 227
SPNRSLPSPGVLCGSARPKPYDPPGEKMVAAKVKGEKLDKKLKKMEQNKTAATRYRQKKR 300
*..: . .** . ::* *
:* :: *
* :*. ** : * :*

CPCA
ATF-4

ERQGDMERRIAELSKELEETRQMVEFWKSQAQ---------ARARGA---- 265
AEQEALTGECKELEKKNEALKERADSLAKEIQYLKDLIEEVRKARGKKRVP 351
.* : . **.*: * :: .:
.: *
:***
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APPENDIX F

THE QUALITY AND QUANTITY OF TOTAL RNA SAMPLES

Table F.1. RNA samples of northern blot I.

RNA Samples

RNA quantity

RNA quality

(ng/µl)

(A260/A280)

Required
volume
for
10µg of total
RNA (µl)

Control t=0

803.7

2.14

12.44

Control t=2.5

1487.9

2.20

6.72

Control t=4

1002.9

2.13

9.97

1xMIC t=2.5

1138.6

2.22

8.78

1xMIC t=4

934.4

2.10

10.7

5xMIC t=2.5

1353.8

2.22

7.39

5xMIC t=4

844.7

2.15

11.84

10x MIC t=2.5

1747.9

2.2

4.01

10x MIC t=4

788.4

2.21

12.68
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Table F.2. RNA samples of northern blot II

RNA Samples

RNA quantity

RNA quality vVolume for

(ng/µl)

(A260/A280)

Control t=0

4406

1.59

2.27

Control t=2

4240.8

1.72

2.36

Control t=4

3525.1

2.01

2.84

1xMIC t=2

3737.3

1.96

2.67

5xMIC t=2

2166.2

2.01

4.62

1xMIC t= 4

3866.3

2.12

2.59

5xMIC t=4

1698.9

2.13

5.89

3AT t=2

4047.7

1.85

2.45

(-) control

2030.5

2.19

4.92
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1 10µg (µl)

APPENDIX G

THE STANDARD PROTEIN CURVE

Fig G.1 Standard BSA protein curve
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APPENDIX H

CALCULATED CONCENTRATIONS OF PROTEIN SAMPLES

Table H.1. Calculated protein concentrations.

Biological
samples

replicate Protein quantity
(mg/l)

Required volume for
labeling (µl)

WT ( Rep.1)

2.01

24.86

WT ( Rep.2)

2.32

21.55

WT ( Rep.3)

3.38

14.79

WT+VRC ( Rep.1)

2.52

19.84

WT + VRC ( Rep.2)

3.44

14.53

WT + VRC (Rep.3)

4.18

11.96

MT ( Rep.1)

4.16

12.02

MT ( Rep.2)

4.19

11.93

MT ( Rep.3)

4.72

10.59

MT + VRC ( Rep.1)

3.70

13.5

MT + VRC ( Rep.2)

4.19

11.93

MT + VRC ( Rep.3)

3.92

12.75
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APPENDIX I

THE INFORMATION OBTAINED BY THE MS ANALYSIS

Table I.1. The information obtained and accepted range.
Name
Target position
Name

Explanation
Accepted range
Position name on the anchor chip N/A

Spot number

Number of spots given by the
author

Master gel no

Spot number on the master gel

Spectrum

MS or MS/MS

Data Type

MS or MS/MS

If not fully
identified by MS
then MS/MS

Spectrometer

Given by the analyzer

UT03_118

Accession

Accession number of NCBI
database

i.e.: gi|71001164

Seq. pI

Calculated isoelectric point of
the protein from the amino acid
sequence

4-7 or 7-11
depending on the
IPG strip used

Seq. MW [kDa]

Calculated MW of the protein
from the amino acid sequence

Up to 220 kDa

Total Seq. Cov.
[%]

Ratio of the number of explained
amino acids to the total number
of amino acids in the protein

More than 20 %
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Table I.1 (continued)
Name
MS Cov. [%]

Explanation
Percent sequence identified by
MS

Accepted range
More than 20 %

MS/MS Cov. [%]

Percent sequence by MS/MS

At least 2
fragments of MS
should match

MS Mascot Score

Describes the significance of
search result from the search
engine MASCOT

A typical
significant
threshold is 60 or
above, but may
vary by search
parameters

MS Meta Score

Describes significance of a
search score using several search
engines

Higher is better

Name and origin of
corresponding protein as in the
database

Several
alternatives are
given.

Intens. Cov. [%]
Seq. Covs. [%]

MS/MS Mascot
Score
Protein
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APPENDIX J

LIST OF DRUG DEPENDENT PROTEINS

Table J.1. Downregulated WT_WTV proteins.
protein name

spot no

volume
ratio

locus tag

1

cobalamin-independent methionine synthase MetH/D

115

-1.373

AFUA_4G07360

2

pyruvate carboxylase

123

-1.775

AFUA_4G07710

3

translation elongation factor eEF-3

132

-1.818

AFUA_7G05660

4

assimilatory sulfite reductase

161

-2.144

AFUA_6G08920

5

conserved lysine-rich protein

159

-1.007

AFUA_4G12450

6
7

alanyl-tRNA synthetase
polyadenylate-binding protein

227
261

-1.575
-2.167

AFUA_8G03880
AFUA_1G04190

8

translation elongation factor EF-2 subunit

262

-1.575

AFUA_2G13530

9

3-isopropylmalate dehydratase

301

-1.463

AFUA_2G11260

10

bifunctional purine biosynthetic protein Ade1

362

-1.641

AFUA_6G04730

11

mitochondrial Hsp70 chaperone (Ssc70)

527

-2.643

AFUA_2G09960

12

2-isopropylmalate synthase

534

-1.650

AFUA_1G15000

13

Hsp70 chaperone (BiP)

541

-1.379

AFUA_2G02320

14

conserved hypothetical protein

544

-2.102

AFUA_4G08030

15

aminopeptidase P

546

-1.176

AFUA_5G08050

16

N-acetylglucosamine-phosphate mutase

600

-1.959

AFUA_1G06210

17

phosphoglycerate mutase,

607

-1.515

AFUA_3G09290

18

succinate dehydrogenase subunit Sdh1

610

-1.498

AFUA_3G07810

19

t-complex protein 1, eta subunit

635

-1.397

AFUA_1G06710

20

pyruvate kinase

643

-1.230

AFUA_6G07430

21

karyopherin alpha subunit

661

-1.141

AFUA_2G16090

22

dihydroxy acid dehydratase Ilv3

696

-1.261

AFUA_2G14210

23

myo-inositol-phosphate synthase

716

-1.500

AFUA_2G01010
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Table J.1 (continued)
24

threonine synthase Thr4

718

-1.553

AFUA_3G08980

25

glucose-6-phosphate isomerase

745

-1.603

AFUA_2G09790

26

IMP dehydrogenase

762

-1.421

AFUA_2G03610

27

actin interacting protein 2

769

-1.204

AFUA_5G02230

28

choline oxidase (CodA)

772

-2.739

AFUA_8G04090

29

antigenic mitochondrial protein HSP60

782

-1.407

AFUA_2G09290

30

glutamate carboxypeptidase

856

-1.910

AFUA_3G05450

31

AAA family ATPase Rvb2/Reptin

877

-1.356

AFUA_1G02410

32

ATP synthase F1, beta subunit

895

-1.261

AFUA_5G10550

33

hydroxymethylglutaryl-CoA synthase Erg13

896

-1.574

AFUA_3G10660

34

dihydrolipoamide dehydrogenase

910

-1.207

AFUA_2G02100

35

6-phosphogluconate dehydrogenase Gnd1

928

-1.173

AFUA_6G08050

36

enolase/allergen Asp F 22

933

-1.409

AFUA_6G06770

37

isocitrate dehydrogenase Idp1

935

-1.702

AFUA_3G08660

38

944

-1.343

AFUA_4G06620

39

Glutamate/Leucine/Phenylalanine/Valine
dehydrogenase
fumarate hydratase

951

-1.561

AFUA_6G02470

40

cystathionine gamma-synthase

980

-1.519

AFUA_7G01590

41

eukaryotic translation initiation factor 3 subunit

984

-1.254

AFUA_3G11360

42

adenosylhomocysteinase

999

-1.488

AFUA_1G10130

43

translation elongation factor EF-Tu

1008

-1.174

AFUA_1G12170

44

succinyl-CoA synthetase beta subunit

1029

-1.726

AFUA_4G04520

45

conserved hypothetical protein

1054

-2.229

AFUA_2G15900

46

aspartate-semialdehyde dehydrogenase

1065

-1.290

AFUA_3G06830

47

ubiquinol-cytochrome C reductase complex core

1070

-1.046

AFUA_5G04210

48

oligopeptidase family protein

1071

-1.403

AFUA_8G04730

49

Ketol-acid reductoisomerase

1158

-1.184

AFUA_3G14490

50

conserved hypothetical protein

1224

-1.308

AFUA_5G02850

51

thiamine biosynthesis protein (Nmt1)

1283

-1.388

AFUA_5G02470

52

transaldolase

1288

-1.244

AFUA_5G09230

53

thiazole biosynthesis enzyme

1306

-1.151

AFUA_6G08360

54

G-protein comlpex beta subunit CpcB

1386

-1.196

AFUA_4G13170

55

carbonyl reductase

1434

-1.148

AFUA_5G09400

56

pyruvate decarboxylase PdcA

1713

-1.409

AFUA_3G11070

57

40S ribosomal protein S12

1779

-2.228

AFUA_1G05500

58

protein required for cell viability

1787

-1.472

AFUA_6G10360

59

ATP citrate lyase, subunit 1

150

-1.277

AFUA_6G10650

60

mitochondrial F1 ATPase subunit alpha

229

-1.769

AFUA_8G05320
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Table J.1 (continued)
61

translation elongation factor EF-1 alpha subunit

319

-0.770

AFUA_1G06390

62

hypothetical protein AFUA_8G00120

793

-1.081

AFUA_8G00120

Table J.2 Upregulated WT_WTV proteins.

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30

Protein name

spot
no

volume
ratio

locus tag

conserved lysine-rich protein
conserved hypothetical protein
actin-bundling protein Sac6
pyoverdine/dityrosine biosynthesis family protein
pheromone processing carboxypeptidase (Sxa2)
Hsp90 co-chaperone Cdc37
serine carboxypeptidase (CpdS)
methylmalonate-semialdehyde dehydrogenase
Woronin body protein HexA
fungal specific transcription factor
carboxypeptidase CpyA/Prc1
RNP domain protein
actin-related protein 2/3 complex subunit 1A
phytanoyl-CoA dioxygenase family protein
60S ribosomal protein L4
tartrate dehydrogenase
NGG1 interacting factor Nif3
aspartic endopeptidase Pep2
conserved hypothetical protein
actin cytoskeleton protein (VIP1)
oxidoreductase, 2-nitropropane dioxygenase
family
WW domain protein
autophagic serine protease Alp2
CCAAT-binding factor complex subunit HapE
esterase
HAD superfamily hydrolase
1,3-beta-glucanosyltransferase Bgt1
phytanoyl-CoA dioxygenase family protein
pre-mRNA splicing factor
cytochrome c peroxidase Ccp1

146
454
571
575
584
588
593
727
821
867
899
1057
1109
1110
1129
1175
1197
1211
1235
1251
1270

2.248
5.019
1.525
1.137
4.635
2.014
2.353
1.413
1.269
1.950
2.752
1.693
1.271
1.878
1.415
3.136
1.711
1.984
4.771
1.335
1.396

AFUA_4G12450
AFUA_4G01460
AFUA_2G07420
AFUA_4G01370
AFUA_2G03510
AFUA_4G10010
AFUA_6G00310
AFUA_4G12870
AFUA_5G08830
AFUA_4G06420
AFUA_6G13540
AFUA_6G12300
AFUA_6G06500
AFUA_2G01850
AFUA_5G03020
AFUA_8G01160
AFUA_6G12480
AFUA_3G11400
AFUA_6G11850
AFUA_2G10030
AFUA_2G09850

1284
1351
1353
1362
1382
1409
1419
1426
1428

2.097
1.848
1.239
1.319
1.368
1.663
1.801
1.555
1.566

AFUA_5G03750
AFUA_5G09210
AFUA_6G05300
AFUA_5G09860
AFUA_6G10760
AFUA_1G11460
AFUA_2G15850
AFUA_5G08690
AFUA_4G09110
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Table J.2. (continued)
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65
66
67
68
69
70

uridylate kinase Ura6
short chain dehydrogenase
ubiquitin C-terminal hydrolase L3
conserved hypothetical protein
proteasome regulatory particle subunit (RpnL)
high expression lethality protein Hel10
oxidoreductase, short-chain
dehydrogenase/reductase family
ThiJ/PfpI family protein
6-phosphogluconolactonase
orotate phosphoribosyltransferase
GNAT family acetyltransferase
Phosphoserine phosphatase
dienelactone hydrolase family protein
mitochondrial peroxiredoxin Prx1
heat shock protein Hsp30/Hsp42
eukaryotic translation elongation factor 1 subunit
Eef1-beta, putative
conserved hypothetical protein
cytochrome c subunit Vb
phosphotransmitter protein Ypd1
tropomyosin
mitochondrial import receptor subunit (Tom20)
ML domain protein
allergen, putative
conserved hypothetical protein
Asp-hemolysin
cyanate hydratase
ubiquitin conjugating enzyme (UbcM)
allergen Asp F3
DUF636 domain protein
CipC-like antibiotic response protein
cell cycle regulatory protein Cks/Suc1
Acyl CoA binding protein family
HIT domain protein
L-PSP endoribonuclease family protein (Hmf1)
cytochrome c oxidase subunit VIa
conserved hypothetical protein
glutaredoxin Grx5
conserved hypothetical protein
thioredoxin TrxA
NEDD8-like protein (RubA)
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1429
1437
1440
1467
1473
1478
1480

1.384
1.925
1.190
2.946
1.903
2.310
1.602

AFUA_7G03990
AFUA_4G08710
AFUA_2G05590
AFUA_6G09200
AFUA_3G08940
AFUA_1G06580
AFUA_5G02870

1491
1497
1508
1513
1552
1571
1604
1636
1639

5.449
1.439
1.369
2.801
1.538
1.618
1.329
6.451
1.235

AFUA_4G01400
AFUA_1G02980
AFUA_2G11290
AFUA_5G00720
AFUA_4G12730
AFUA_6G01940
AFUA_4G08580
AFUA_3G14540
AFUA_1G11190

1641
1707
1739
1770
1813
1823
1849
1855
1868
1870
1871
1883
1888
1891
1917
1933
1949
1951
1954
1988
1989
1999
2002
2024

6.427
1.516
1.587
1.999
1.193
2.586
1.943
1.392
1.303
2.462
1.197
2.873
2.131
2.395
1.157
1.156
1.223
0.968
1.216
1.619
1.160
1.324
1.503
1.388

AFUA_5G08220
AFUA_2G03010
AFUA_4G10280
AFUA_7G04210
AFUA_6G11380
AFUA_2G11340
AFUA_5G01440
AFUA_3G14070
AFUA_3G00590
AFUA_2G16530
AFUA_6G02420
AFUA_6G02280
AFUA_5G06910
AFUA_5G09330
AFUA_8G03920
AFUA_2G11060
AFUA_6G12680
AFUA_7G02340
AFUA_3G06190
AFUA_4G06860
AFUA_4G05950
AFUA_2G03300
AFUA_5G11320
AFUA_2G08150

Table J.2. (continued)

71
72
73
74

outer mitochondrial membrane protein porin
NADH-ubiquinone oxidoreductase 213 kDa
subunit
cytochrome c
GTP-binding protein YchF

751
900

1.142
1.274

AFUA_4G06910
AFUA_6G12280

933
1111

0.712
1.352

AFUA_2G13110
AFUA_1G09800

Table J.3. Downregulated MT_MTV proteins.

protein name
assimilatory sulfite reductase

spot no

volume ratio

locus tag

1

161

-1.254

AFUA_6G08920

2

conserved lysine-rich protein

159

-1.266

AFUA_4G12450

3

polyadenylate-binding protein

261

-1.174

AFUA_1G04190

4

mitochondrial Hsp70 chaperone (Ssc70)

527

-1.934

AFUA_2G09960

5

thiazole biosynthesis enzyme

1306

-1.228

AFUA_6G08360

6

pyridoxine biosynthesis protein

1364

-0.937

AFUA_5G08090

7

conidial hydrophobin RodB

1965

-2.357

AFUA_1G17250
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Table J.4. Upregulated MT_MTV proteins.

protein name

spot no

2

pyruvate dehydrogenase E1 component
alpha subunit
RNP domain protein

3

saccharopine dehydrogenase Lys1

4

acyl-CoA dehydrogenase

5

tartrate dehydrogenase

1175

2.592

AFUA_8G01160

6

aspartic endopeptidase Pep2

1211

1.058

AFUA_3G11400

7

actin cytoskeleton protein (VIP1)

1251

1.142

AFUA_2G10030

8

short chain dehydrogenase

1437

1.133

AFUA_4G08710

9

proteasome regulatory particle subunit
(RpnL)
high expression lethality protein Hel10

1473

2.119

AFUA_3G08940

1478

2.078

AFUA_1G06580

1480

1.900

AFUA_5G02870

12

oxidoreductase, short-chain
dehydrogenase/reductase family
heat shock protein Hsp30/Hsp42

1636

2.541

AFUA_3G14540

13

conserved hypothetical protein

1641

1.180

AFUA_5G08220

14

carbonic anhydrase Nce103

1658

1.729

AFUA_4G11250

15

tropomyosin

1770

1.016

AFUA_7G04210

16

cofilin

1848

1.553

AFUA_5G10570

17

Asp-hemolysin

1868

1.526

AFUA_3G00590

18

allergen Asp F3

1883

1.427

AFUA_6G02280

19

conserved hypothetical protein

1885

1.597

AFUA_6G02830

20

CipC-like antibiotic response protein

1891

1.400

AFUA_5G09330

21

conserved hypothetical protein

354

1.604

AFUA_6G03450

22

oligosaccharyl transferase subunit
(alpha)
t-complex protein 1, delta subunit

384

1.068

AFUA_2G05790

388

1.062

AFUA_3G07830

900

1.337

AFUA_6G12280

829

2.457

AFUA_3G08290

1

10
11

23
24
25

NADH-ubiquinone oxidoreductase 213
kDa subunit
aspartyl aminopeptidase

179

locus tag

1053

volume
ratio
1.131

1057

1.011

AFUA_6G12300

1060

1.153

AFUA_3G11710

1095

1.151

AFUA_1G14850

AFUA_1G06960

APPENDIX K

LIST OF STRAIN DEPENDENT PROTEINS

Table K.1. Downregulated WT_MT proteins.
Protein name
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16

ATP sulphurylase [Aspergillus fumigatus
Af293]
phosphoglucomutase PgmA [Aspergillus
fumigatus Af293]
hypothetical protein An12g00820 [Aspergillus
niger]
branched-chain amino acid aminotransferase,
cytosolic [Aspergillus fumigatus Af293]
NAD-dependent formate dehydrogenase
AciA/Fdh [Aspergillus fumigatus A1163]
zinc-binding oxidoreductase ToxD, putative
[Aspergillus fumigatus A1163]
tartrate dehydrogenase [Aspergillus fumigatus
Af293]
WW domain protein [Neosartorya fischeri
NRRL 181]
pyridoxine biosynthesis protein [Aspergillus
fumigatus Af293]
ubiE/COQ5 methyltransferase [Aspergillus
fumigatus Af293]
heat shock protein Hsp30/Hsp42 [Aspergillus
fumigatus Af293]
carbonic anhydrase family protein [Aspergillus
fumigatus A1163]
tropomyosin, putative [Neosartorya fischeri
NRRL 181]
4-aminobutyrate transaminase GatA (EC
2.6.1.19)
Cytochrome c
Cytochrome c oxidase subunit VIa, putative

180

spot
no
596

volum
e ratio
-1.259

Locus tag

693

-1.682

AFUA_3G11830

771

-1.474

AFUA_7G01830

1091

-2.054

AFUA_2G10420

1112

-1.581

AFUA_6G04920

1142

-1.132

AFUA_6G10120

1175

-1.974

AFUA_8G01160

1284

-1.239

AFUA_5G03750

1364

-1.095

AFUA_5G08090

1534

-1.484

AFUA_7G06080

1636

-2.585

AFUA_3G14540

1658

-2.074

AFUA_4G11250

1770

-1.396

AFUA_7G04210

AFUA_3G06530

284

-0.953

AFUA_5G06680

969
1947

-1.944
-1.104

AFUA_2G13110
AFUA_3G06190

Table K.2. Upregulated WT_MT proteins.

1
2
3
4
5
6
7
8
9
10

Protein name

spot
no

Hsp70 chaperone (HscA) [Aspergillus fumigatus
Af293]
pyruvate dehydrogenase E1 component alpha
subunit, putative [Aspergillus fumigatus A1163]
RNP domain protein [Aspergillus fumigatus A1163]
TAM domain methyltransferase, putative
[Neosartorya fischeri NRRL 181]
40S ribosomal protein S0 [Aspergillus fumigatus
Af293]
oxidoreductase, short-chain
dehydrogenase/reductase family [Aspergillus
fumigatus Af293]
ubiquitin conjugating enzyme (MmsB) [Aspergillus
fumigatus Af293]
3-hydroxyanthranilate 3,4-dioxygenase 1 (EC
1.13.11.6)
Putative uncharacterized protein
Conidial hydrophobin RodB

181

Locus tag

569

volu
me
ratio
1.050

1053

1.235

AFUA_1G06960

1057
1131

1.363
1.297

AFUA_6G12300
AFUA_2G15860

1401

1.273

AFUA_3G13320

1480

1.862

AFUA_5G02870

1854

1.609

AFUA_4G12080

1938

6.421

AFUA_8G04650

1941
1965

5.737
2.614

AFUA_4G12880
AFUA_1G17250

AFUA_8G03930

Table K.3. Downregulated WTV_MTV proteins.

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25

Protein name

spot
no

UREA_ASPFU Urease (Urea
amidohydrolase)
conserved hypothetical protein [Aspergillus
fumigatus A1163]
pheromone processing carboxypeptidase
(Sxa2) [Aspergillus fumigatus Af293]
GMC oxidoreductase, putative [Aspergillus
fumigatus A1163]
aryl-alcohol dehydrogenase [Aspergillus
fumigatus Af293]
septin AspB [Aspergillus fumigatus A1163]
rAsp f 4 [Aspergillus fumigatus]
saccharopine dehydrogenase Lys1
[Aspergillus fumigatus Af293]
branched-chain amino acid
aminotransferase, cytosolic [Aspergillus
fumigatus Af293]
phytanoyl-CoA dioxygenase family protein
[Aspergillus fumigatus A1163]
tartrate dehydrogenase [Aspergillus
fumigatus Af293]
conserved hypothetical protein [Aspergillus
fumigatus Af293]
WW domain protein [Neosartorya fischeri
NRRL 181]
pyridoxine biosynthesis protein [Aspergillus
fumigatus Af293]
HAD superfamily hydrolase [Aspergillus
fumigatus Af293]
1,3-beta-glucanosyltransferase Bgt1
[Aspergillus fumigatus Af293]
short chain dehydrogenase [Aspergillus
fumigatus Af293]
ubiquitin conjugating enzyme (UbcA),
putative [Neosartorya fischeri NRRL 181]
conserved hypothetical protein [Aspergillus
fumigatus A1163]
ThiJ/PfpI family protein [Aspergillus
fumigatus Af293]
High expression lethality protein Hel10,
putative
GNAT family acetyltransferase [Aspergillus
fumigatus Af293]
heat shock protein Hsp30/Hsp42 [Aspergillus
fumigatus Af293]
Putative uncharacterized protein
rho-gdp dissociation inhibitor [Aspergillus
fumigatus Af293]

182

Locus tag

232

volum
e
ratio
-1.337

454

-4.852

AFUA_4G01460

584

-4.679

AFUA_2G03510

632

-1.668

AFUA_3G01580

638

-2.375

AFUA_4G00610

852
1020
1067

-1.440
-1.288
-1.145

AFUA_7G05370
AFUA_2G03830
AFUA_3G11710

1091

-1.205

AFUA_2G10420

1110

-1.424

AFUA_2G01850

1175

-2.518

AFUA_8G01160

1235

-4.416

AFUA_6G11850

1284

-2.768

AFUA_5G03750

1364

-1.306

AFUA_5G08090

1382

-1.318

AFUA_6G10760

1409

-1.349

AFUA_1G11460

1437

-1.407

AFUA_4G08710

1463

-1.205

AFUA_5G07040

1467

-2.753

AFUA_6G09200

1491

-5.655

AFUA_4G01400

1512

-1.815

AFUA_1G06580

1513

-3.184

AFUA_5G00720

1636

-6.495

AFUA_3G14540

1641
1689

-5.997
-1.396

AFUA_5G08220
AFUA_5G11380

AFUA_1G04560

Table K.3. (continued)

26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46

mitochondrial chaperone Frataxin, putative
[Neosartorya fischeri NRRL 181]
phosphotransmitter protein Ypd1 [Aspergillus
fumigatus Af293]
tropomyosin, putative [Neosartorya fischeri
NRRL 181]
ARD/ARD family protein, putative
[Neosartorya fischeri NRRL 181]
allergen, putative [Aspergillus fumigatus
A1163]
Putative uncharacterized protein
Ubiquitin carrier protein (EC 6.3.2.-)
Cytochrome c oxidase subunit VIa, putative
L-PSP endoribonuclease family protein
(Hmf1), putative
AdoMet-dependent tRNA methyltransferase
(MTase) complex subunit Trm112, putative
Glutaredoxin Grx5, putative
Putative uncharacterized protein
FK506-binding protein 1A (FKBP) (EC
5.2.1.8) (Peptidyl-prolyl cis-trans isomerase)
(PPIase) (Rapamycin-binding protein)
4-aminobutyrate transaminase GatA (EC
2.6.1.19)
Malate dehydrogenase (EC 1.1.1.37)
Putative uncharacterized protein
Cytochrome c
Chaperonin, putative
Putative uncharacterized protein
Acyl CoA binding protein family [Neosartorya
fischeri NRRL 181]
hypothetical protein NFIA_108170
[Neosartorya fischeri NRRL 181]

183

1738

-1.265

AFUA_4G10510

1739

-1.291

AFUA_4G10280

1770

-2.380

AFUA_7G04210

1781

-1.000

AFUA_6G04430

1849

-1.896

AFUA_5G01440

1855
1886
1947
1951

-1.385
-1.460
-1.542
-1.246

AFUA_3G14070
AFUA_3G06030
AFUA_3G06190
AFUA_7G02340

1956

-1.228

AFUA_6G06330

1989
1999
2055

-1.141
-1.535
-1.680

AFUA_4G05950
AFUA_2G03300
AFUA_6G12170

284

-1.481

AFUA_5G06680

633
746
969
1189
1192
1933

-1.079
-1.099
-3.768
-1.261
-1.518
-1.120

AFUA_7G05740
AFUA_5G01770
AFUA_2G13110
AFUA_6G10700
AFUA_4G11760
AFUA_2G11060

1866

-1.439

AFUA_4G08030

Table K.4. Upregulated WTV_MTV proteins.
Protein name
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25

spot
no
362

volume
ratio
1.476

Locus tag

526

1.149

AFUA_1G07440

538

1.241

AFUA_2G09960

541

1.197

AFUA_2G02320

569

1.160

AFUA_8G03930

600

1.966

AFUA_1G06210

607

1.109

AFUA_3G09290

696

1.096

AFUA_2G14210

722

1.548

AFUA_2G13530

769

1.240

AFUA_5G02230

797

1.325

AFUA_5G06610

835

2.048

AFUA_2G05910

877

1.342

AFUA_1G02410

885

1.148

AFUA_6G02230

ATP synthase F1, beta subunit [Aspergillus
fumigatus Af293]
6-phosphogluconate dehydrogenase Gnd1
[Aspergillus fumigatus Af293]
fumarate hydratase, putative [Neosartorya fischeri
NRRL 181]
eukaryotic translation initiation factor 3 subunit
EifCe, putative [Aspergillus fumigatus A1163]
actin [Aspergillus terreus NIH2624]

895

1.252

AFUA_5G10550

929

1.255

AFUA_6G08050

951

1.817

AFUA_6G02470

984

1.108

AFUA_3G11360

1004

2.038

AFUA_6G04740

TAM domain methyltransferase, putative
[Neosartorya fischeri NRRL 181]
pyruvate dehydrogenase E1 component alpha
subunit, putative [Aspergillus fumigatus A1163]
ubiquinol-cytochrome C reductase complex core
protein 2, putative [Aspergillus fumigatus A1163]
Ketol-acid reductoisomerase [Aspergillus
fumigatus Af293]
glyceraldehyde-3-phosphate dehydrogenase
[Aspergillus fumigatus]
G-protein comlpex beta subunit CpcB [Aspergillus
fumigatus Af293]

1131

1.523

AFUA_2G15860

1053

1.916

AFUA_1G06960

1070

1.335

AFUA_5G04210

1170

1.031

AFUA_3G14490

1352

1.623

AFUA_5G01970

1386

1.178

AFUA_4G13170

bifunctional purine biosynthetic protein Ade1,
putative [Aspergillus fumigatus A1163]
molecular chaperone Hsp70 [Neosartorya fischeri
NRRL 181]
mitochondrial Hsp70 chaperone (Ssc70), putative
[Aspergillus fumigatus A1163]
Hsp70 chaperone (BiP), putative [Aspergillus
fumigatus A1163]
Hsp70 chaperone (HscA) [Aspergillus fumigatus
Af293]
N-acetylglucosamine-phosphate mutase
[Aspergillus fumigatus A1163]
phosphoglycerate mutase, 2,3bisphosphoglycerate-independent [Aspergillus
fumigatus Af293]
dihydroxy acid dehydratase Ilv3 [Aspergillus
fumigatus Af293]
translation elongation factor EF-2 subunit
[Aspergillus fumigatus Af293]
actin interacting protein 2 [Aspergillus fumigatus
A1163]
glutathione synthetase [Aspergillus fumigatus
Af293]
hexokinase Kxk [Aspergillus fumigatus Af293]
AAA family ATPase Rvb2/Reptin, putative
[Neosartorya fischeri NRRL 181]
glucokinase GlkA [Aspergillus fumigatus Af293]

184

AFUA_6G04730

Table K.4 (continued)

1480

27

oxidoreductase, short-chain
dehydrogenase/reductase family [Aspergillus
fumigatus Af293]
DUF967 domain protein

28

cofilin [Neosartorya fischeri NRRL 181]

29
30

3-hydroxyanthranilate 3,4-dioxygenase 1 (EC
1.13.11.6)
Putative uncharacterized protein

31

Conidial hydrophobin RodB

32

ATP citrate lyase, subunit 1, putative (EC 2.3.3.8)

141

1.228

AFUA_6G10650

33

ATP synthase subunit alpha

264

1.041

AFUA_8G05320

34

NADH-ubiquinone oxidoreductase, subunit F,
putative (EC 1.6.5.3)
Curved DNA-binding protein (42 kDa protein) (EC
3.4.11.18)
socitrate dehydrogenase, NAD-dependent (EC
1.1.1.41) (Isocitrate dehydrogenase, putative)
GTP-binding protein YchF

290

1.010

AFUA_4G11050

340

1.142

AFUA_2G16820

430

1.166

AFUA_1G12800

432

1.269

AFUA_1G09800

2047

1.295

AFUA_6G04570

26

35
36
37
38

translation elongation factor eEF-1 subunit
gamma [Aspergillus fumigatus Af293]

185

2.160

AFUA_5G02870

1735

1.096

AFUA_2G04610

1848

1.356

AFUA_5G10570

1938

6.421

AFUA_8G04650

1941

4.418

AFUA_4G12880

1965

1.068

AFUA_1G17250
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