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Summary

Summary

In this study the Cross-Pathway Control (CPC) o thpportunistic pathogenic fungus
Aspergillus fumigatusvas analysed in view of putative stress respoeseg which enables
the fungus to adapt within the host. Previous walikplayed that the transcriptional regulator
CpcA of the CPC is required for full virulence &f fumigatus

In the first part of this work am\. fumigatuswild-type and its AcpcA derivative were
compared under conditions of amino acid starvati@ntranscriptome profiling. 377 genes
were detected that are induced under starvatiah, 146 displayed a reduced transcriptional
level in comparison to thdcpcAdeletion strain. Classification pointed out thaistnof the
genes are involved in primary and secondary metaholn addition, expression of numerous
genes encoding transporters and permeases wasdadras well as that of some genes
coding for transcriptional regulators. Further, lweeregulated genes involved in any kind of
stress response like detoxification of oxidativeleooles and drug resistance were found.
Within these genes, two encoding so-called CpcAeddpnt AAA-ATPasescflaAandcdaB
could be identified. Deletion of these genes ledriancreased sensitivity towards Calcofluor
White, which is a cell wall stress-inducing drudiege results clarify the flexibility of the
fungus to react on different kind of stress signasactivation of the transcriptional regulator
CpcA.

The second chapter describes the CPC sensor Kipase and its influence on pathogenicity
of A. fumigatus A AcpcC deletion mutant is unable to induce the expressfoGpcA under
amino acid starvation conditions. Moreover, theetieh strain displayed no decreased
pathogenicity in a murine model of pulmonary aspkgis. Therefore, it is suggested that the
basal level of CpcA seems to be sufficient for futllence. This finding is supported by the
fact that during the early phase of infection nduction of CpcA expression occurs as
validated by a GFP-CpcA reporter strain.

Resulting from these data a deeper insight into gheteome depending on the basal
expression level of CpcA was sought. Therefore, Bl&periments were performed to
compare thevild-type with the AcpcAstrain under non-starvation conditions, which ltesu

in identification of 22 different proteins. 14 dfem displayed an increased level in witl-
typein comparison to the deletion strain. Functioassification pointed out that three of the
up-regulated proteins might play a role in pathaggn in addition, one protein was
identified that appears to be required for detoatiion of reactive oxidative species.
Accordingly, this study characterises the Cros¢wway Control system oA. fumigatusas a

wide-domain regulatory system of this human pathoge
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Zusammenfassung

In dieser Arbeit wurde die Cross-Pathway ControPQ} des opportunistisch pathogenen
PilzesA. fumigatusim Hinblick auf mdgliche Faktoren untersucht, diee Anpassung des
Organismus innerhalb des Wirtes erméglichen. Aubergen Studien war bereits bekannt,
dass der transkriptionelle Regulator CpcA diesete®ys Einfluss auf die Virulenz hat.

Im ersten Teil dieser Arbeit wurden mittels Tramstamanalyse der Wildtyp und eingpcA
Deletionsmutante unter Aminosauremangelbedingungateinander verglichen. Dabei
wurden 377 Gene identifiziert, deren Expressioreudiesen Bedingungen induziert wurde,
wahrend die Expression von 146 Genen reprimiertderubDie Klassifizierung dieser Gene
zeigte, dass die Mehrheit in Wege des primarensekdndaren Metabolismus involviert ist.
Dariber hinaus wurden eine Vielzahl an Transportaund Permeasen sowie
Transkriptionsfaktoren gefunden, als auch ein Dudzelevanter Gene bzgl. Stressantworten
wie z. B. der Neutralisierung oxidativer Molekilledes Resistenzmechanismen. Unter
anderem wurden dabei zwei sog. AAA-ATPasen entdeloktaufgrund der Tatsache, dass sie
Teil des CpcA-abhangigen Transkriptoms sind, @sA und cdaB bezeichnet wurden.
Entsprechende Mutantenstdmme zeigten als Phanioiy@esgepragte Sensitivitat gegentber
dem Zellwandstress induzierenden Wirkstoff CalamflWWhite. Diese Ergebnisse zeigen
schlie3lich die Anpassungsfahigkeit des Pilzesuatérschiedliche Stresseinflisse mittels des
transkriptionellen Regulators CpcA.

Das zweite Projekt beinhaltete die UntersuchungSagrsor Kinase CpcC und deren Einfluss
auf die Pathogenitdt voi\. fumigatus Die hierfir konstruierte Mutante zeigte unter
Mangelbedingungen nur eine begrenzte Induktion@poA im Vergleich zum Wildtyp, was
zu einem verminderten Wachstum unter Aminosauregihedingungen fihrte. Trotz dieser
geringeren Menge an CpcA zeigte der CpcC Delettangs keine verringerte Virulenz im
Mausmodel. Daraus wurde die Schlussfolgerung geralg’ die basale Expressionsrate von
CpcA ausreichend fur die Pathogenitat vanfumigatusist. Dies wird durch die Tatsache
unterstitzt, dass wahrend der frihen Infektionsph@sne Induktion der CpcA-Expression
stattfindet, wie mit Hilfe einegfp::cpcAReporterstammes festgestellt werden konnte.
Entsprechend dieser Ergebnisse war es das Zieljaadasalen Expressionslevel abhéangige
Proteome zu charakterisieren. Dieses wurde miREEE-Experimenten untersucht, was zur
Identifizierung von 22 Proteinen fihrte, von deng&a in einer AcpcAMutante eine
verminderte Expression aufwiesen. Die weitere Kiassrung in Funktionsgruppen zeigte,

dass drei dieser 14 Proteine gegebenenfalls eille f&o die Pathogenitéat voA. fumigatus



Zusammenfassung

spielen. Des Weiteren wurde ein Kandidatenprotesfurgden, dessen Funktion in der
Neutralisierung von oxidativen Substanzen liegt.

Diese Arbeiten charakterisieren dementsprechend\étswverk der Cross-Pathway Control

des Humanpathogers fumigatusals umfassendes regulatorisches System.
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Chapter 1

Introduction

1.1 Life and characteristics ofAspergillus fumigatus

The filamentous fungu#\spergillus fumigatuselongs to the phylogenetic group of the
Deuteromycota, a subgroup of the Euascomycota. gapeophytic microorganism it is able
to colonise and grow on decomposing substratesjngake soil and places like hay or
compost its natural habitat where it plays an ingo@rrole in recycling nitrogen and carbon
(Debeaupuiset al, 1997; Mullinset al, 1976). To grow on these materiafs, fumigatus
secretes degrading enzymes to digest them intorakgic or monomeric units, which then
can be taken up by the fungal cell.

As it is typical for a Deuteromycete, a sexual eydlas not been described yet for
A. fumigatus During its asexual lifecycléd. fumigatusproduces small spores as it is typical
for asperqilli, which are grey-green in colour dmave a size of 2 to @m. These conidia
contain each one haploid nucleus and are develfyped specialised cells called phialides,
which are part of the spore-producing structurks, donidiophores. These extend from so-
called foot cells at right angles to the vegetativgcelium to culminate in a vesicle with a
size of 20-3Qum in diameter. In general, the upper parts of agllieconidiophores are built
up by layers of specialised cells such as metyaglides, and conidia (fig. 1.1), with.
fumigatuslacking metula cells. To spread out its hydropbhatpores into the environment,
the fungus depends on air currents as it lackseaatiechanisms of spore dispersal (Brakhage
and Langfelder, 2002; Latgé, 1999). When a spoexhes a place rich in nutrients,
germination is triggered to initiate the vegetaty®wth state. In this statéy. fumigatus
produces a white-grey mycelium consisting of bramghhyphae. These are septated and
contain multiple nuclei per cell. Growth and myakkxtension is executed at the hyphal tip
to form a dense netting of intertwined hyphae. Afiecertain time, conidiophores can be
formed from this mycelium to produce new sporeseséhconidia are then spread into the

environment and a new cycle begins (fig. 1.2).
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Figure 1.1.Electroscope microscopy image of a conidophor&.dfimigatus

Shown is the asexual fruit body, the conidiophevkich is built up by vesicles
l 7 ‘ and phialides, from which conidia are formed ininkdy repeated budding (from

sem P priatiee Brakhage and Langfelder, 2002).

A. fumigatuss a fast growing fungus able to reach a coloag &f 4 cm in a week (Raper
and Fennel, 1965). Its optimal growth temperatarg74°C, but it is able to grow at higher or
lower temperatures. In general, fungi can be diasisinto thermophilic and thermotolerant
species based on their minimum and maximum growethperatures. In this regard,
A. fumigatuss a thermotolerant fungus able to grow from urC up to 55°C, which is in
contrast to thermophilic ones with a growth tempeg minimum at or above 20°C and a
maximum at or above 50°C. This is an important abigristic that distinguishés fumigats
from other asperqilli likéA. flavus A. niger, or A. terreus(Changet al, 2004; Cooney and
Emerson, 1964; Maheshwat al, 2000).

As mentioned above\. fumigatudacks an obvious sexual cycle. However, in eadtadies

it was shown that two different mating-types exastthis Deuteromycete, which leads to the
suggestion that a sexual cycle is possible (Dyeat BRaoletti, 2005). It is known that
parasexuality, which is typical for asexual fungidaenables genetic recombination to a
certain degree, is present M fumigatus The first step of the parasexual cycle is that
different A. fumigatusstrains grow next to each other, followed by hyghaion events and
plasmogamy to form a stabilised heterokaryon cairigi nuclei of both parental strains.
Within this, infrequent diploidisation and hapl@dtion events result in chromosome
exchanges and therefore recombination of the gergetntents (fig. 1.2). As a result, a
mycelium is formed that enables the fungus to dgve selective advantage in its natural
environment (Berg and Garber, 1962; Stroemnaesanbler, 1962).

With the completed sequencingAf fumigatusn 2005 the research on this organism became
easier resulting in a better understanding of filasnentous fungus. On eight chromosomes
9,926 putative protein encoding genes were fourd aitotal size of 29.4 Mb. Nearly a third
of the predicted genes are of unknown function ifiNan et al, 2005; Ronninget al, 2005).
Thus more time will be required for a final ann@atof theA. fumigatuggenome.



Chapter 1

1

ermtube
g heterokaryon
®
@:’ r'\ r‘D \)
g parasexuality k’@\\;?; .
Eene C
swelllng mycelium °
spores e eC Ce
conidiophore Osmani et al.,
295 m 2006

& Fungal mycelium

Research Trust

Figure 1.2.Lifecycle of the filamentous fungus fumigatus
The scheme displays the asexual cycla.dumigatuswith its possibility for parasexuality with a diffent strain
resulting in a stabilised heterokaryon.

1.2 One fungus - three diseasefspergillus fumigatus & aspergillosis

As outlined aboveA. fumigatusbelongs to the group of saprophytic, filamentousgi
dwelling the soil as a natural habitat. Moreovéis tftungus can also be an opportunistic
pathogen for humans. In the last two decadesfumigatushas become one of the most
dangerous fungal pathogens for immunocompromisgigiduals, with the risk of acquiring a
disease termed aspergillosis that is usually Isedlin the respiratory tract. The primary site
of entry is the host’s lung, although infection Ayfumigatuds not limited to this location as
it can colonise the skin or disseminate to othgans like kidneys and liver (Denning, 1998;
Dixon and Walsh, 1992; Kwon-Chung and Bennett, 199#gé, 1999; Lortholaret al.,
1995; Prescottt al, 1992). Primarily, infection results from inhatatiof the airborne spores,
which are small enough to reach the aveoli of gspiratory system. Most patients suffering
from aspergillosis have an impaired immune systeat ts often evoked by leukaemia,
neutropenia or after prolonged treatment with stisrosuch as solid organ transplantation
patients. The mortality rate of aspergillosis amdhgse patients lies between 30 to 90%
(Ellis, 1999; Latgé, 1999). To a limited extent, nmmnocompetent persons can acquire
aspergillosis, but the number of incidences isdyynbt as high as compared to the one among
immunocompromised patients (Ellis, 1999).
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1.2.1 The different types of disease

Aspergillosis can be divided in three differentrfier of disease: allergic bronchopulmonary
aspergillosis (ABPA), the so-called aspergillomad anvasive forms of aspergillosis (IA)
(fig. 1.3).

ABPA is one of the most severe allergic pulmonaspudliers that is induced by aspergilli. It
resembles classic asthma with an immune reactidnaaflls against the fungus (Latgé, 1999;
Murali et al, 1997; Pattersont al, 1986). This kind of aspergillosis is predomingridund

in patients suffering from asthma or cystic fibeband may result in a fatal destruction of the
lung (Pattersoret al, 1982; Rosenbergt al, 1977). In weaker forms it appears as an
asthmatic illness without severe damage of theinaspy tract. One major problem is still to
diagnose this kind of disease and to distinguistwéen usual forms of asthma where no
fungus is involved and thAspergillusdepended form. The standard diagnostic techniques
differ from patient to patient as well as from te@atus of the disease. Means of ABPA
diagnosis are still limited, which often resultsundetectable disease leading to the concept
of “silent” ABPA (Schénheydeet al, 1988). In most cases, patients having an ABP4& ha

be treated with antifungal drugs; in the worst casenario, untreated patients may die by the
failure of the respiratory system (Latgé, 1999).

The second form of aspergillosis is the so callggeegilloma, often referred to as “fungus
ball” (Shibuyaet al, 2006). Typical patients are persons having acgsease of the lung or
a tuberculosis infection. The aspergilloma is ugual limited ball of mycelium without
invasive growth. In some cases the non-invasivéferation of hyphae turns into an invasive
form of aspergillosis, e.g. when the immune systempaired by suppressive therapies or by
some kind of illness (Shibuyeat al, 2006). In immunocompetent persons the fungusbas
the ability to grow invasively, a disseminationim¥asive aspergillosis is therefore unlikely.
The third type of aspergillosis is the so-calledasive type (IA), which is the most severe
form of disease evoked by this fungus. Mortalitiesain this case range from 30 to 90%, and
this disease is characterised by invasive fungaitir within the host. 1A can be sub-divided
in four types which are (Denning, 1998; Hogteal, 2005; Verweij and Denning, 1997): 1.)
acute or chronic pulmonary aspergillosis (Latgé992.) tracheobronchitis and obstructive
bronchial disease with various degrees of invasibthe mucosa and cartilage as well as
pseudomembrane formation, as it is predominantiyndoin AIDS patients (Denningt al,
1991; Kempeeet al, 1993; Nastet al, 1997); 3.) acute invasive rhinosinusitis (Drakosl.,
1993; Morgaret al, 1984; Savaget al, 1997; Viollieret al, 1986; Washburn and Bennett
al., 1988); 4.) disseminated disease founding irbtiaé and other organs of the host (Bodey
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et al, 1992; Paganet al, 1996; Ribaudkt al, 1999; Wingarcet al, 1987). In the early state

of 1A it is very difficult to diagnose an infectiony common techniques like CT scan or
microscopy. Symptoms giving a hint for an invasaspergillosis are often too unspecific.
Therefore, an improved diagnostic regime is neadeatder to detect the different forms of
IAs (Latgé, 1999).

aspergilloma

athsw554v.ucsf.eu/ © Fungal Www.uniklinikum-giessen.e
casel6/aspergilloma.html Research Trust /pneumologie/Aspergillose. html

invasive aspergillosis (IA)

Figure 1.3.The three forms of aspergillosis

The figure displays the three typical types of agilesis evoked by different asperqgilli lik&. fumigatus The
aspergilloma and the ABPA (allergic bronchopulmgnaspergillosis) are in general no invasive formns,
contrast to the IA, the worst form of aspergillosis

1.2.2 The immune-defence-system and therapies agstiraspergillosis

Invasive forms of aspergillosis normally appear parsons, whose immune system is
suppressed by some kind of illness such as leulkaemby treatment with pharmaceuticals
after organ transplantations. In a functional immwystem there are different defence
mechanisms to react on invasive growth of paragiticganisms. One important group are
cells that have the ability for phagocytosis (Lat#99). On one hand there are macrophages,
which are the first defence barrier of the hostirmgjahe fungus. These cells have the ability
to bindvia lectin-like interactions to a special receptorjahihcan be found on the cell wall of
the conidia (Kan and Bennett, 1988, 1991; Serraom€zet al, 2004). After absorption, the
spore resides in the phagosome where lysis stahs. dying process of the spores in
macrophages is slow, so that after 24 hours sOWlolof the ingested spores survive
(Schaffner, 1985; Schaffner, 1992). The second @tygsing barrier is constituted by
neutrophils. These are specialised on germinafooges and single hyphae emerging from
them. Mechanisms for killing spores are based ostragng the fungal cell wall. For

8
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recognition of the germinating conidia neutrophilstect the same cell wall protein as
macrophages do (Serrano-Gonetzal, 2004). Killing by neutrophils happens fast, satth
after 2 hours 50% of the phagocytised spores armairglted (Roilideset al, 1991).
Additionally, T-cells are activated and seem to dmeimportant defence against invasion
(Hohl and Feldmesser, 2007). In an immune-suppdessividual with impaired function or
absence of macrophages and/or neutrophils, fungades will not be attacked and can
germinate without any restriction by the host. Asbahe mycelium cannot be attacked, the
fungus gets the ability to grow invasively and nmagch the blood stream from which other
parts and organs of the host can be infected.

To date, there are four drugs that are used géyneghinst aspergillosis (Espinel-Ingragt
al., 2005). One of them is amphotericin B (amB), $hi# “gold standard” against this disease
evoked byA. fumigatus This drug binds to membrane sterols resultingha formation of
membrane channels, which increase the cell's pevilitgaMoreover, it inhibits the activity
of proton ATPase pumps. There are two main disadgas of amphotericin B: one is its
insolubility in water and therefore difficulties @pplying the drug to the host at sufficient
doses; the other point is its toxicity, based am fict that amphotericin B, although being a
reagent that targets ergosterol, displays a prareauaffinity to the cholesterol of mammalian
cells, resulting in their destruction. Neverthelassdate amphotericin B is the most effective
antifungal drug againsA. fumigatus(Bolard, 1986; Brajtburg and Bollard, 1996; Clensen
and Peacock, 1990; Meletiadet al, 2007; Pathalet al, 1998; Patterson, 1998). Other
common anti-fungal drugs are itraconazole, vorieoteand posaconazole, which belong to
the triazole family. The effect of the triazoles general lies in inhibition of ergosterol
biosynthesis. Itraconazole, for example, inhibitee tenzyme cytochrome P-450 ot4
demethylase, which is important for ergosterol pamn. Reduced levels of ergosterol
increase membrane fluidities and thus result ineiased permeability. One of the advantages
when using triazoles as antifungal drug is thaseéhare very specific for fungi and have less
effect on mammalian cholesterol biosynthesis. Thhere are less adverse effects in IA
patients and the compatibility is higher as it ighwamphotericin B. However, triazole-
containing drugs bear some disadvantages: It wasvrsithat someA. fumigatusstrains
acquires resistance especially against itraconaatde an i.v. preparation for itraconazole is
not available (Chryssanthou, 1997; Denn@t@al, 1997; Denninget al, 1997; Latgé, 1999).
This problem does not exist for other triazoles lkoriconazole, which have also other
advantages in comparison to itraconazole (Pfateasl, 2002). A common drawback is the

high amount of required drug, but the concentrastilows no strong adverse effects in
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patients with invasive aspergillosis. Nevertheledlspf these used triazoles show less effect
againstA. fumigatughan amphotericin B and are mostly fungistaticantrast to amB, which

is fungicidal. The effects of the described antifaindrugs are typical foA. fumigatusand
may differ for different species of aspergilli suabA. flavusor A. terreus(Meletiadiset al,
2007). In general it has to be stated that thetggadd different antifungal drugs is still limited
and new appendages of therapies and pharmaceutaadsurgently to be found.

1.2.3 Virulence determinants ofA. fumigatus

To invade the host and overcome any residual imnayséem,A. fumigatusneeds special
abilities (Latgéet al, 1997; Latgéet al, 1994). It must be able to survive in a nutriémited
area for which specific biosynthetic pathways migkt necessary. One important point to
initiate growth inside the host is the productidnadhesins, which enable. fumigatusto
adhere at the respiratory epithelia. Thereby thedia are able to bind with their cell surface
on membrane-associated proteins. These interadbetwgeen the spores’ cell wall and host
proteins can happen both in a specific or unspeai@nner. Typical binding targets for the
fungus are fibrinogen, laminin, fibronectin, angeylV collagen (Bromley and Donaldson,
1996; Gil et al, 1996; Penalvert al, 1996; Tronchinet al, 1993). The interacting
compounds and molecules for adhesion to proteintkeohost epithelium, which can be e.g.
carbohydrates, protein molecules and glycoproteins,localised in the inner and outer cell
wall layer. To bind on hydrophobic proteins, fumigatuscontains so-called hydrophobins
that are located in the surface layer of dry can@nd can also been found in other fungal
spores. Although all these adhesins appear impgddafungal adhesion in the host, their role
in or contribution to pathogenicity is still uncigdatge, 1999; Thaet al, 1994).

Conidial pigmentation, resulting in the typical grgreen colour, seems to be important for
fungal resistance. White spores have a more pefmeahl wall and are more susceptible to
antifungal drugs compared wild-type conidia. An important compound in pigmentation is
melanin, which likely enables the fungus to cousmterthe immune defence system and
increases spore resistance (Hogal, 1996; Latgé, 1999; Tsat al, 1997; Verweijet al,
1998). Deletion of theksP laccase results in white-coloured spores, whidh raduced
pathogenicity compared with the wild-type (Jadtral, 1997; Jahret al, 2000; Langfeldeet

al., 1998; Langfeldeet al, 2001; Tsaiet al, 1998). In contrast to this leads the deletion of
the abr2 gene, which encods also a laccaseAin fumigatus not to a reduction of
pathogenicity (Sugarevet al, 2006). To summarize it can be said that protaimelved in

pigmentation are not necessarily required for eingk.

10



Chapter 1

Other putative virulence factors Af fumigatusare toxic molecules, which are often products
of secondary metabolism. Gliotoxin is one of thestlstudied toxins ofA. fumigatus It
inhibits the phagocytosis by macrophages and cdncin their apoptosis. This effect could
also be seen for polymorphonuclear leucocytes (PMN)in a reduced form (Eichnet al,
1986; Kamei and Watanabe, 2005; Orciu@b al, 2007; Waringet al, 1988). Other
molecules with a toxic effect are the 18-kDA RNasel a hemolysin (Asp-HS). The RNase
has the ability to digest the 28S rRNA of eukargot&he protein is secreted into the
environment and can Kill cells that are in the wiityi of the spore. In IA patients this secrete
can be found in the urine (Arrudst al, 1992a; Arrudeet al, 1992b; Kurupet al, 1994;
Lamy and Davies, 1991; Latgé, 1999). The hemolysimnich enables the fungus to disrupt
blood cells, contains negatively charged domaimkcam also be detected in infected patients.
However, despite of the facts that the hemolysis toaic effects it seems not to be a main
virulence factor but a compound that increasesetfexts of other toxic factors involved in
pathogenicity (Ebinat al, 1983; Fukuchet al, 1996; Malicevet al, 2007; Yokotaet al,
1985). An additional large group of putative vimde factors are enzymes displaying
different kinds of function. Some proteases formegke seem important for full virulence of
A. fumigatus They are needed to obtain nutrients by degraadasfocollagen and elastin,
which constitute the main compounds of the lung ribtbet al, 1995). In further works it
could be shown that clinical isolates have a higphesduction of proteases than the
environmental pendants, and some of these enzygadsd a detachment of epithelium cells
in the respiratory tract. The major protease unuartral conditions is the serine alkaline
proteaseALP with the ability to proteolyse elastin. Neverthslestrains withouALP cause
the same mortality rate in a mouse model compapethdse withALP. Other enzymes
without proteolytic activity are also important fé. fumigatusin causing disease (Grant,
2001; Smithet al, 1994; Tanget al, 1992; Tanget al, 1993; Tekaia and Latge, 2005):
catalases and peroxidases are needed by the ongémisounterattack reactive oxidative
species like KO, (Shibuyaet al, 2006). Deletion of four enzymes which are invalvie
peroxide breakdown lead to strains which are mamesiive to this reactive oxidative
molecule but not to phagocytosis (Padgs al, 2003). Thus, the role of catalases and
peroxidases foA. fumigatugpathogenicity has still to be proven.

In general it has to be stated that pathogenidith.cfumigatusappears to be multifactorial
and cannot be assigned to one single trait (d’Erderl, 1996; Latgé, 1999; Tekaia and
Latgé, 2005).
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1.3 The lung as an environment foA. fumigatus with nutrient limitation

As described beforé). fumigatuss a typical saprophyte that can degrade decayiatgrial

in order to gain nutrients from the environment jBaupuiset al, 1997; Mullinset al,
1976). When spores of this fungus colonise the lahthe host, nutrients are likely to be
limited. Nitrogen and carbon sources may not beasy available as it is the case in the
natural environment. Therefore, the fungus depemusspecial metabolic pathways that
support its growth under depleted conditions. Rbieo pathogenic organisms it was shown
that these kinds of pathways are often involveg@athogenicity. Earlier studies pointed out
that the lipid metabolism of pathogenic organisike Candida albicanandMycobacterium
tuberculosiss essential for virulence (Bishai, 2000; Lorenz d&ink, 2001, 2002; McKinney
et al, 2000; Munoz-Elias and McKinney, 2005). These oig/as are able to extract carbon
sources from the hostia the glyoxylate cycle. The key enzyme of this patfws an
isocitrate lyase, whose deletion leads to a redusadence of M. tuberculosisand C.
albicans (Lorenz and Fink, 2001; Munoz-Elias and McKinn2905). Investigations of the
isocitrate lyase ofA. fumigatusrevealed that in this organism the glyoxylate ey not
important for virulence as an isocitrate lyase muteas the same virulence in murine model
as the wild-type, and this lead to the suggestia the lipid metabolism is not sufficient to
exploit C-sources in the lung (Ibrahim-Graeegl, 2008; Schobedt al., 2007). ThereforeéA.
fumigatususes other pathways and enzymes to metaboliseemstifrom the environment.
The lung of mammals, consisting mostly of protdike collagen, is a habitat where nutrients
are unbalanced. For degradation of these tissumduigus needs special enzymes like
proteases which results in mobilisation of aminadscwhich can be used as sources of
nitrogen and carbon (Kogast al, 2004). Free amino acids are absorbed and metadula
different pathways to support fungal growth. An ortant route in carbon metabolism is the
methylcitrate cycle: the amino acids isoleucinelineaand methionine are converted to
propionylICoA, which then can be channelled into this patvizsletion of the methylcitrate
synthase, a key enzyme of this metabolic routayltiesn reduced fungal virulence. One
possible explanation for this is that propiddybA cannot be metabolised and accumulates in
the fungus where it has a toxic effect (Brock andtil, 2004; Ibrahim-Graneit al, 2008;
Maerkeret al, 2005; Zhang and Keller, 2004). As a result groimtthe host lung is reduced.
Other metabolic pathways appear to be also imporfian A. fumigatusduring invasive
growth. Primary metabolism pathways involved in duwoing substances like para-
aminobenzoic acid, pyrimidine, or lysine are alequired for the growth in the host and

therefore for full virulence. In addition to carbamd nitrogen, the fungus also needs trace
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elements such as iron. In contrast to many oth#grogansA. fumigatusdoes not contain a
specific mechanism for utilization of host iron sges (Ramanan and Wang, 2000; Ratledge
and Dover, 2000; Schretdt al, 2004). The fungus uses two systems for iron wptake
reductive iron assimilation system and the sidevoplassisted iron mobilization system
(Haas, 2003; Leong and Winkelmann, 1998; Vandiial, 2002). In earlier works it was
demonstated that theidA gene, which is involved in biosynthesis of &nfumigatus
siderophore, is important for growth in the hostcontrast to this, thigrA gene encoding an
iron permease that is involved in the iron assitimfasystem seems not to be important for
survival in the host (Schrett al, 2004).

To react on limited and changing conditions of @mvironment, the fungus needs special
sensors and regulatory proteins by which uptakdesys and metabolic pathways are
induced. Changing conditions of glucose for exangule detected by the cAMP/protein
kinase (Ruijter and Visser 1997). The nitrogenragation under poor conditions is regulated
by different kind of proteins like thareA gene product, the Ras-related protein RhbA, or
CpcA, the regulator of the Cross Pathway Contrd? QL system of amino acid biosynthesis
(Henselet al, 1998; Krappmanet al, 2004; Panepintet al, 2002; Panepintet al, 2003).
Deletion of theareA gene leads to delayed invasive growth in the hestilting from the
disability to take up certain nitrogen sources.ai®8 without therhbA gene are also
attenuated in virulence like @cA deletion strains. Integral to the CPC is an elkiase,
which is the sensory element of this system. Itre@tt on different kinds of limitations like
amino acid starvation and stress conditions peeckfkom the environment (Natarajenal,
2001) of this sensor kinase resulting in incredsegdls of the transcriptional activator CpcA
that in turn activates genes important for différeimd of metabolic pathways, among them

cellular amino acid biosynthesis.

1.4 The Fungal Cross-Pathway Control System

Microorganisms have to be able to react to changimgronmental conditions. In order to
have a higher chance of survival under rapidly @wgl environmental situations, they must
have a system that is sensitive and that enab&ms tb react on these ascendancies. Such
kinds of regulatory systems were detected in varitungi like the yeasSaccharomyces
cerevisisae (Hinnebusch, 1984) or in filamentous moulds likkeurospora crassaand
Aspergillus nidulangCarsiotiset al, 1974; Davis, 2000; Piotrowska, 1980; Sachs, 1996)
where they were named “General Control of aminal dubsynthesis” (GC) or “Cross-

Pathway Control” (CPC), respectively. They are vaatéd under amino acid starvation
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conditions and result in a regulation of differesdgts of genes involved in amino acid
biosynthesis, purine biosynthesis, nitrogen anfusuhetabolism and vitamin biosynthesis
(Hinnebusch, 1997; Mirande, 1988; Mosehal., 1991; Natarajaret al, 2001; Tianet al,
2007).

In its core, this signal transduction system cdesef a sensor kinase, which is able to
phosphorylate a subunit of the eukaryotic transhatiinitiation factor elF2, and a

transcriptional activator that serves as downstretiattor to generate a cellular read-out.

1.4.1 Induction and regulation of the CPC/GC

The regulatory gene of the yeast General Contrad mamedGCN4 (generalcontrol non-
derepressible), and its mRNA contains four smatlimgp sequences, which are part of an
unusually long leader region preceding the actwalirg sequence. ThAspergillus gene
homologous tdGCN4is cpcA ThecpcAgene ofA. fumigatushas a size about 2.2 kb, from
which the coding sequence spans 810 bp. Two sniRisCexist preceding thepcA coding
region, which are similar to the four regulatoryRIES of GCN4(fig. 1.4).

e - - -

GCN4 S. cerevisiae v

MFP

cpcA A. nidulans

e
v

MASFTLAHAA FGSESEF RSQ QQQEQQQ--- FSARGLRAL P CSVSPASRTT R GRICSSIP- Y-P

cpc A A. fumigatus v

APHAPAPAA FGSESEF EFQ QRQ--QQ--- FPAGGLRAL S RPVSAASFER LA--CASTSE YSP

Figure 1.4 Comparison of thepcAin A. fumigatuswith theGCN4of S. cerevisia@and thecpcAof A. nidulans
The figure shows the single UORFscptAandGCN4respectively. The amino acid sequence of the@RF of

S. cerevisiaeand the ¥ UORFs ofA. nidulansand A. fumigatusis written below the corresponding gene.
Homologous parts of the sequences are marked bdldirzderlined.

The relationship between structure and functionttid GCN4 gene product has been
investigated in detail. The C-terminal part consaanleucine-zipper motif that is important for
the dimerisation of the protein. Furthermore, aseswed DNA binding region can be found
in the C-terminal domain, which is important foariscriptional regulation of Gcn4p target
genes (Ellenbergeat al, 1992). The N-terminal region is divided in tworfsathat represent
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different transcriptional activation domains (Drgbzlet al, 1998). All these elements are
conserved in thé. fumigatus cpcAyene product as estimated from the deduced angido a
sequence. The CpcA protein consists of 252 amindsaand has a calculated molecular
weight of about 27 kDa. The activation of other geby CpcA is affected by the binding at
the promoter regions of these genes resultingdreased levels of transcription.

Regulation of cpcA expression in the related fungus nidulansis mediated on the
transcriptional as well as the translational lefi¢gbffmannet al, 2001), and it is likely that
regulation ofA. fumigatuscpcA resembles this pattern. In contrast to this, esgom of
GCN4 in S. cerevisiads mainly regulated on translational level, whereéa C. albicans
transcription of GCN4 is more important than translation (Touretial, 2005). In detail,
translational regulation of gene expressigia the upstream open reading frames of
GCNd4cpcAtranscripts acts like follows: under sated coodsi, expression levels are low at
a basal level due to the fact that scanning rib@somitiate translation on th@CN4/cpcA
transcript at the first uORF. Important for thig éihe amounts of so-called tertiary complexes,
which consist of the translation initiator elF2, BTand a tRNA®, and these three
components are crucial factors for initiation arslation. The tertiary complex enables the
ribosomes to bind at the first uUORF within the kerasequence d&CN4/cpcA After reaching
the stop codon, ribosomes disassemble into the rta@somal sub-domains. To initiate
another round of translation, a new tertiary compgias to be assembled together with the
small ribosomal subunit. In case concentrationsediary complexes are high, one of the
downstream uORFs will be translated. As the disadmetween the stop codon of the distal
UORF and the start codon of the actual coding semues too close translational re-initiation
is hampered and almost no gene product is expregseldr starvation conditions expression
is drastically de-repressed. In case of amino atavation, uncharged tRNA molecules
accumulate and bind to a sensor kinase called GonZppcC, respectively. The activated
kinase phosphorylates a subunit of the initiatiactdr elF2, resulting in diminished levels of
tertiary complexes and therefore lower rates afdiation initiation. In consequence, overall
cellular translation is down-regulated but translatinitiation at thecpcA/GCN4coding
region increases, as competent ribosomes that faded to translated the distal uUORF are
now able to bind at the start codon of the codguence to initiate the translation (fig. 1.5)
(Braus et al, 2004).
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non-starvation conditior

CAP

starvation conditions

Uncharged tRNA —» -

CAP AAA

Figure 1.5 Regulation of translation @pcAin A. fumigatus

The picture shows a hypothetical model of the ratih of cpcAcorresponding to the yeast model. Under non-
starvation conditions sufficient amounts of chargetlA molecules are in the cell resulting in higtvéls of
tertiary complexes. This leads to a translatiotheff' and 2 UORF but not of the coding sequence of the gene.
Under starvation conditions the level of unchargeNAs increases, which is recognised by the sekisaise
CpcC. Activated CpcC phosphorylates elF-2-GDP tB-2IP, which leads to a lower amount of tertiary
complexes. Thus, the coding sequence of fA@Q@RF cannot be translated and the scanning ribesdrimd to

the start codon of thepcAcoding region to initiate translation.

Regulation ofAspergillusCpcA expression on the transcriptional level hasmbinvestigated

in detail forA. nidulans(Hoffmannet al, 2001). There, synthesized CpcA binds to so-called
CPREs CrossPathway ControRecognitionElements) that locate within the promoter region
of target genes. It could be shown that two of ¢h€PREs are part of the promoter region of
cpcAsuggesting a functional auto-regulatory loop (Hathnet al, 2001). A regulation like
this has not been proven for CpcA expressiofl.ifumigatushowever, it was shown that two
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highly conserved CPRESs are also present withircpiod promoter region (Krappmaret al,
2004). The proximal one (5-ATGACTCAC-3’, pos. -1D6ill -1053) is identical to its
A. nidulanscounterpart, the distal one shows a differencerie site of the sequence in
comparison to thé. nidulansCPRE (5-ATGACTCgAC-3’, -1273 till -1264). This &&ls to
the suggestion that binding of CpcA to this rectignisite might be weaker (Arndt and Fink,
1986; Hinnebusch, 1984; Thireetal, 1984).

In addition, a variety of other factors that inihee activity of the Cross-Pathway
Control/General Control activators CpcA/Gecn4dp weédentified, among them: glucose,
nitrogen and purine starvation (Braetsal, 2004; Grundmanet al, 2001; Hinnebusch and
Natarajan, 2002) (fig. 1.6).

nitrogen starvation

_h

abundance
\/ of amino acids
- - @ =Y /
transcriptional
auto-regulation
- 500-1000 target genes

Figure 1.6. Factors with an effect on CpcA
The scheme displays the different kinds of factbet have an effect on CpcA. The arrows show atitiga
influences on CpcA.

1.4.2 CPC & Pathogenicity ofA. fumigatus

As outlined above, pathogenicity ok. fumigatus depends on several attributes, and
conclusively, a plethora of genes and their praslidiuence its virulence (Latgé, 2001). In
earlier works it was demonstrated tbptAhas an influence on pathogenicityAffumigatus
(Krappmannet al, 2004). In this particular studgpcAdeletion mutants had been generated
lacking either the coding region or the completeneggdocus. Both strains showed, in
comparison to thevild-type reduced growth on minimal medium containing 5mgeDL-
tryptophan (5MT), which is a tryptophan analogued &uds to a feedback inhibition of the
tryptophan biosynthesis resulting in amino acidvst&on conditions. The reconstitution of

both strains withcpcA led to normal growth on 5MT containing medium. Histidine-
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depleted cultures, both deletion strains showethdoction of the Cross-Pathway Control, as
it was shown in Northern experiments using qualifieporter genes. The influence agicA
with respect to pathogenicity was tested in a naurirodel of pulmonary aspergillosis using
leukopenic mice. Infection of the mice with tixdd-type strain resulted in a dying rate of
85% after five days. In contrast to this, dyingeeaamong the group of mice infected with the
cpcAdeletion strains were at 44% and 31% after 5-&daApmologous reconstitution of the
cpcAlocus in the deletion strains restored pathoggnio wild-type levels. Furthermore it
could be shown by competitive infection in immunagressed mice that the wildtype had a
growth advantage in comparison to eitbpcAdeletion strain. These results demonstrate that
the absence of thgpcAgene product results in attenuated virulence. @ssible explanation
for this phenotype is nutritional limitation withihe host’s lung, making the Cross-Pathway

Control system necessary for fungal growth andetioee virulence.

1.5 Aim of this work

In recent decade#. fumigatushas become one of the most menacing pathogengs fan
immunocompromised individuals. Factors and charesties that enable the fungus to change
from a saprophyte to a pathogen are still uncleéavas shown that special mechanisms and
pathways contribute to virulence and that pathaggniof Aspergillusis a multifactorial
phenomenom (Latgé, 1999). Among these factors és Ghoss-Pathway Control system
effector CpcA (Krappmanet al, 2004). In this work the Cross-Pathway Controludtidoe
analysed with respect to stress resistance andgexticity ofA. fumigatus

The first project describes the analysis gene egma under conditions of amino acid
starvation by means of microarray hybridisationghwihe aim to get a comprehensive
overview on the CpcA-directed transcriptome Aof fumigatus Data from other fungi had
revealed that the CPC system is not restrictedmalitions of amino acid starvation but may
act as a general response system to act upon ioorsddf nutritional or environmental stress.
Therefore, transcriptional profiling should evakitiieA. fumigatusCPC system with respect
to stress resistance of this pathogen.

The second part of this PhD work deals with the2dtfhase CpcC, the orthologue of yeast
Gcen2p, and the role of the Cross-Pathway Contrahdyhagocytosis by macrophages. For
that purpose a suitable reporter strain had todmstoucted, and thepcC gene had to be
identified and comprehensively characterised talt@s deletion mutant strains. Accordingly,

the impact of CpcC in virulence was assessed.
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The basal expression level of the Cross-Pathwayr@loactivator CpcA is the main focus of
the last chapter. Based on the finding tbptC deletion strains show no difference in
virulence to theimwild-type progenitor suggests that the basal expression [@&vElpcA is

necessary but also sufficient to support pulmomepergillosis. Conclusively, gene products
depending in their expression on basal expres®wald of CpcA should be identified by

proteome analyses.
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Chapter 2

CpcA - a Master Regulator of Stress Response Factor

2.1 Abstract

The opportunistic pathogeA. fumigatusrequires a variety of metabolic pathways and
regulatory circuits to grow and survive in the langf infected hosts. One of these is the
Cross-Pathway Control (CPC) system, which is hogmls to the yeast general control (GC)
of amino acid biosynthesis. Based on the obsenvdtiat the transcriptional activator of the
A. fumigatusCPC, CpcA, is required for full virulence of thishgus, we wanted to find
putative CPC-regulated stress genes that are eshjtor infection and survival under stress
conditions. In transcriptional profiling studiesdem amino acid starvation conditions 523
genes were detected that are regulated by Cpci, Wbich 377 are up-regulated and 146 are
repressed. Many of these genes are involved in buoktapathways like amino acid
biosynthesis or sulfur, nitrogen, and carbon mdisimo A large group of permeases and
multi-drug transporters as well as transcriptiomagjulators are also targets of CpcA.
Accordingly, these data demonstrate a wide domegulation executed by the CPC. In
addition we detected twelve genes putatively ingdivMn stress response. Two CpcA-
dependent AAA-ATPases were also present in the sigtavhich were designatedaA and
cdaB Single and double knock-out mutant strains showvestliced growth on Calcofluor
White-containing medium, therefore the correspogdiene products appear to be involved
in counteracting cell wall and septa stress. Fumtloee, Calcofluor White treatment of
A. fumigatugesulted in a weak induction opcAtranscription but not to an activation of the
Cross-Pathway Control system. These studies suphpertrole of the CPC as a global
regulatory system evolved in fungi that is activeder diverse environmental conditions of

stress.
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2.2 Introduction

In the last decade the Deuteromycéigpergillus fumigatusas become one of the most
important opportunistic pathogens for immunocompsaa hosts such as leukemia patients
or recipients of tranplanic organs, which can suféeverely from invasive forms of
aspergillosis (Latgé, 1999). The number of infegbatients has increased rapidly in the last
years with high mortality rates between 30% to 90%i, until now no effective and reliable
therapy against this fungus has been developeds,(H999). A large number of clinical
isolates show resistance to established mycodtaliags, like the standard triazoles such as
itraconazole and voriconazole (Espinel-Ingradt al, 2005). Other antimycotica, like
amphotericine B, that have a higher efficiency &mdvhich less strains show a resistance,
may be also toxic for the host itself (Denngtgal, 1997; Denninget al, 1997; Meletiadi®t

al., 2007). Moreover, it is still difficult to diagnesaspergillosis in an early stadium of
infection, when a therapy by antifungal pharmaaalsi could lead to a more successful
treatment. Therefore, there is still a necessitfitd new mycobiotica and therapies that are
effective and show no toxicity for the patients.cAdingly, it is important to gain better
understanding ofA. fumigatuspathogenicityin general and a more detailed picture about
factors, pathways, and regulatory systems thairaaved in virulence of this saprophytic
fungus.

In its natural habitat, which is the soil of decaybrganic material like compogt, fumigatus

is able to react on changing growth and stressitiond (Latgé, 1999; Millneet al, 1977,
van Heerderet al, 2002). It is also flexible with respect to difa@t temperature ranges,
demonstrated by its capacity to grow at levels ap2-55°C, whereas other aspergilli like
A. flavus A. nigerandA. terreushave not this kind of ability (Chargt al, 2004). Therefore,
the body temperature of mammalians does not repr@sbarrier for this fungus and has no
negative influence on the colonisation by the spafethe fungus and the germination within
the lung tissue. In order to respond to and to wyumaturally occurring environmental stress
situations like starvation conditions (Henselal, 1998; Krappmanmt al, 2004; Panepinto
et al, 2002; Panepintet al, 2003; Ruijter and Visser, 1997), changing temjpees, and
escalating pH values several signalling cascaddsdatinct cellular pathways are required.
The mammalian lung may represent an ecologicalenwdhere starvation conditions exist and
nutrients are limited; accordingly, the pathwaygamant for survival and adaptation in the
naturalA. fumigatushabitat may also play a role for germination ie bost and therefore as a
consequence of invasive aspergillosis. One of thpgbways required for adaptation to

environmental stress in the natural habitat isGhess-Pathway Control system (CPC), which
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is homologous to the General Control (GC) of amawdd biosynthesis ir5. cerevisisae
(Delforge et al, 1975; Hinnebusch, 2005; Krappmaeh al, 2004; Schurclket al, 1974;
Wolfner et al, 1975). The CPC system consists of two main corapis) CpcA and CpcC.
The encodingcpcA gene is orthologous to yeaSICN4 which codes for a transcriptional
regulator that acts on a plethora of gergeC encodes a sensor kinase that is important for
translational regulation oftpcA expression in accordance to the yeast mechanism of
regulation (Hinnebusch, 2005; Hoffmam al, 2001). Under sated conditions, two short
open reading frames (UORFs) in the upstream regjidhe cpcA gene repress translation of
the cpcA that results in low amounts of CpcA, the basal rezpion level. Under
environmental stress conditions like amino acidvsti@zon, the CPC sensor kinase CpcC
becomes activated to phosphorylate a subunit oétikaryotic initiation factor of translation
elF2. This results in an increased translatiorhefttanscriptional activator CpcA. Now CpcA
can modulate the expression pattern of its targeeg enabling the fungus to react to the
starvation conditions. In recent studies the ygasteral control response under amino acid
starvation conditions has been analysed (Hinnehu@d5; Natarajaret al, 2001). It was
shown that Gen4p activates more than 30 genesviestoh amino acid biosynthesis in twelve
different biosynthetic pathways; around 1000 gesresregulated directly and indirectly by
this transcriptional activator under these staoraticonditions. Furthermore, the
transcriptional response of the Ascomyclteurospora crassander amino acid starvation
conditions shows de-repressed expression of genedved in amino acid biosynthesis,
which represents the largest group of genes inatttdrding data set (Tiaet al, 2007).
Genes with functions in carbon metabolism and g@rometabolism were also found to be
regulated as well as others, which are involvetha oxidative stress response. In total, the
CPC-dependent transcriptome of this filamentougfisnshows a regulation of 443 genes.
These data sets give a hint on the importanceeofuthgal CPC network in order to react to
different kinds of environmental stress.

In this study the CpcA-dependent transcriptomé .ofumigatusunder amino acid starvation
conditions was investigated. In earlier works it ieeen shown that the transcriptional factor
CpcA is involved in pathogenicity &. fumigatusa deletion of the encoding gene resulted in
attenuated virulence in a murine model of pulmoreapergillosis (Krappmanet al, 2004).
Therefore, the main focus of the data set wasrsgutative stress factors regulated by CpcA,
which maybe support growth &. fumigatusin the host. Approximately 500 genes were
identified to be regulated by CpcA, among them lye&d0 that are influenced in a positive
manner. These genes were categorized into diffefitemitional groups, such as carbon
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metabolism, amino acid biosynthesis, transporiersch represents the largest group of up-
regulated genes in the data set, and putativessgesses. Furthermore, the CPC transcriptome
was compared with transcriptional profiling datafoffumigatuspropagated in the presence

of the antifungal drug voriconazole (da Silva Feeret al, 2006).
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2.3 Materials and Methods

2.3.1 Strains and media

For general cloning procedures tBscherichia colistrain DH5a [F—,f80dDlacZ2)M15-1,
D(lacZYA-arghU169, recAl endAlhsdR17(rK—, mK+), supE44 |-, thil, gyrA94 relAl]
(Woodcocket al, 1989) was usedE. coli cultures were grown in LB or LBLS (1%bacto-
tryptone, 0.5% yeast extract, 1% or 0.5% NaCl, pb) medium at 37°C. Fungal strains used
in this study are listed in table 2.1 GrowthAffumigatusstrains was carried out at 37°C on
minimal medium prepared and supplemented accorttindgafer (1977). Supplemented
antibiotics and drugs were ampicillin (1Q8/ml), kanamycin (5Qug/ml), hygromycin B (200
pg/ml), phleomycin (4Qug/ml), pyrithiamine (10Qug/ml).

2.3.2A. fumigatus transformation and plasmid construction

AspergillusDNA was extracted and isolated according to tleeqmol of Kolaret al (1988).
For genomic analysing Southern hybridisation metwad used (Southern, 1975), the probe
labelling was done with the DNA labelling kit of Glealthcare (Buckinghamshire, UK) was
used according to the manufacturer’s protocol.[FWA amplification Phusion polymerase of
FINNZYMES was used as described previously (Seilal, 1985).

E. coli transformation was performed according to thequuit of Higa and Mandel (1970).
Aspergillus strains were transformed by using the polyethylglyeol-mediated fusion of
protoplasts (Punt and van den Hondel, 1992).

For constructing thedaAknock out cassette the 5° UTR of the gene was ifieglby using
the primer pair CS49/CS50 (3.4 kb). The 3’ regioaswamplified by using the primers
CS51/CS52 (2.7 kb). The hygromycin resistance tiassas received by digesting pME3002
with Sfil (3.5 kb). All three received fragments were lggavia overlappingSfil sites using a
T4 ligase receiving a 5'-marker-3' fragment anchsfermed in the pCRBIluntll-TOPO®
vector (NVITROGEN GMmBH, Karlsruhe,D) according to the manufacturer’'s protocol. For
construction of thecdaB deletion cassette the flanking regionscdaB were amplified by
using the primers CS45/CS46 for the 5" UTR (2 kbyl £S47/CS48 for the 3’ region (2.1
kb). A phleomycin resistance cassette was receiyedigesting pME2891 witlsfil (2.9 kb).
Via ligation of the three fragments the construct Birker-3’ was received and finally cloned
in pBlueskript Il KSvia EcoRV (pCS8). Used primers and plasmids are listeclet2.2 and
2.3To deletecdaApCS5 (pCR-Bluntll-TOPG® vector containing thedaAdeletion cassette)
was digested withFspl and Stu to receive an 8.9 kb fragment 5-marker-3’, whialas

transformed via homologous integration in the clinical isolate D14AfS00). pCS8
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(pBlueskript Il KS containing thedaB deletion cassette) was digested witpal and Nhe
receiving a 6.9 kb fragment, which was transform&dhomologous recombination in the
wild-type strain D141(AfS00). For construction of the douligock out strain thedaB
deletion construct was integrateh homologous recombination in tleelaA deletion strain.
For all polymerase chain reactions genomic DNA usesd as template. For marker recycling
the protocol was used according to Krappmanal (2005) with the modification to select

transformants on minimal medium containing,@d FUDR.

2.3.3 Growth tests

2000 spores in gl of each strain were plated on minimal medium (Mamd incubated for
two to three days at 37°C. For amino acid starwationdition 2 mM L-methione sulfoximine
(MSX) were used. 1 mg/ml Calcofluor Whitelg®IA) containing medium was used to induce

stress conditions to cell wall and septa building.

2.3.4 Transcriptome analysis and Northern hybridiséion

2x10 spores per millilitre of thevild-type strain D141 and thepcA deletion strain AfS01
were inoculated in liguid MM containing ammonium agrogen source. After 17 h
incubation at 37°C the cultures were shifted fatitnal 4 h to fresh MM in the presence or
absence of 10 mM 3-amino-1,2,4-triazol (3AT) to lkey@amino acid starvation conditions.
Mycelia were harvested by filtration with miraclotiiiter (CaLBlIOCHEM) and washed
thoroughly with sterile water. Tot®NA was isolated from liquid cultures by using Tiiz
(INVITROGEN). 20 ug RNA from each sample were fractionated in forrahidle, 1,4%
agarose gel, stained with ethidium bromide andvitealised with UV-light. The presence of
clear ribosomal bands was used as a criterion émdgquality. Each RNA sample was
digested with DNAse and purified with RNeasy colirom Qiagen and eluted in 10
RNAse free water. For hybridisation microarray shipr A. fumigatusAf293 from TIGR
were used. Hybridisation was accomplished accortbntpe protocol of da Silva Ferreied
al. (2006). For verification of the transcriptome aland induction under Calcofluor White
conditions Northern experiments according to thetquols cited by Brown and Mackey
(1997) were done. Random primed labelling was peréa with the SRATAGENE Prime-It I
kit in the presence ofaf32P]-dATP. (Feinberg and Vogelstein, 1983). Autikmgraphies

were produced by exposing the washed membranesiard<X-OMAT films.

33



Chapter 2

Table 2.1.List of used strains in this study

Strain Description Reference

D141 wildtype, clinical isolate Staitt al, 1980
AfS01 AcpcA phled Krappmanret al, 2004
AfCO7 AcdaA hygl® this study

AfC08 AcpcB phled® this study

AfC09 AcdaA hygf’; AcpcB phled® this study

AfC10 cdaA::loxP this study

AfC11 cdaB::loxP this study

AfC12 AcdaA hygr; cdaB::loxP this study

Table 2.2.List of used plasmids in this study

Plasmid

Description

Reference

pBluescripfll KS*

cloning vector §mp"; MCS)

Stratagene (La Jolla, CA, USA)

pCRP-Bluntll-TOPCG®

cloning vector KarT)

Invitrogen Gmbh (Karlsruhe, D)

pCS5 cdaAdeletion cassettedaA::loxP-hph/tk | this study
pCS8 cdaBdeletion cassettedaB::loxP-ble/tk | this study
pME2891 loxP-pgpdA::ble/HSV1tk::trpCt-loxP Krappmanret al, 2005
pME2892 Cre expression module in pPTRII Krappmetral.,, 2005
pME3002 loxP-pgpdA::hph/HSV1tk::trpCt-loxP Krappmanret al, 2005

Table 2.3.Primers used in this study

Name Size Sequence

CS13 19-mer 5-TGCATCCTGCGCTTCGATG-3

CS14 19-mer 5-CAGAATACGCCACGCGAAG-3’

CS17 20-mer 5-TTCATCCTCTTCCCCACTGG-3

CS18 23-mer 5-ACTACGGAAGAAGCGGTCCA-3’

CS21 20-mer 5-ATACGACCAAATCGATGTCC-3

CS22 20-mer 5-AAGTTCAGACTGATCACGTC-3

CS25 20-mer 5-AAG GTTCCTTTCGTCTGTGG-3'

CS26 20-mer 5-GGTCCTTGTAGTGAGTCACG-3’

CS45 20-mer 5-AGCTGCTTTGTCACTTCCAG-3’

CS46 35-mer 5-TAGGCCTGAGTGGCCGAAGGAGGATTCCTTGGTGS
Cs47 38-mer 5-TAGGCCATCTAGGCCTACGTCACACGCCAATCCMC-3
Cs48 19-mer 5-CGGAAACGGAGCGAATTAG-3

CS49 18-mer 5-CGTGCCTGAGGATCCTCC-3'

CS50 35-mer 5-TAGGCCTGAGTGGCCAGGGGAAACCTAAGGTAGAB
Css1 34-mer 5-TAGGCCATCTAGGCCCGAGGAAATCATTCAAAGAG’
CS52 20-mer 5-GGAAGCAAGACAATCTCTGA-3
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CS76 19-mer 5-GAGCTACGGGATACGATTG-3'
Table 2.3 continued.

Name Size Sequence

CS77 19-mer 5-ACAAGTCCGTTGAGTTGCG-3’
CS31 20-mer 5-ATCCATCGTCGCATCAACCC-3
CS75 18-mer 5-TGGCGGCCGTTCAGATTG-3

VG20 18-mer 5-CTGTTCACGCTGCTGAGC-3

Sv27 20-mer 5-TCAATTCACTCAAAAACAGC-3’
Sv48 23-mer 5-TCTGGAGGATACAATCACTTTCC-3
Sv49 23-mer 5-AATCCCATTGAGTGCCTTTCAGC-3’
Sv64 23-mer 5-TAATCTATTCAAAAGATCTGAGG-3’
Sv65 21-mer 5-TCTACACACAGATCTAGTTGG-3’
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2.4 Results

In the yeastS. cerevisiagt was shown that the general control of aminal dmbsynthesis
with its transcriptional regulator Gen4p regulagegdiverse set of genes and cellular pathways
with a certain bias to those involved in amino abidsynthesis (Delforgeet al, 1975;
Hinnebusch, 2005; Schurclet al, 1974; Wolfner et al, 1975). Earlier works on
transcriptional profiling in dependency of Gcn4pveaaled that more than 600 genes are
regulated directly or indirectly by this transcrgotal activator (Natarajaet al, 2001). The
homologous systems to the general control cankssdentified in other fungi lik&l. crassa
and A. nidulans where it is called Cross-Pathway Control (CPCarfibtiset al, 1974,
Davis, 2000; Piotrowska, 1980; Sachs, 1996)Alrfumigatus this system was investigated
under the aspect for its role in virulence; thugyvpus works showed that the transcriptional
regulator CpcA, the orthologue to Gcndp, is reqlii@ full pathogenicity ofA. fumigatus
(Krappmannet al, 2004). Therefore, it was of interest to get aeroiew of the CpcA-
dependent transcriptome with the focus set onstedated genes. In this study a comparison
between awild-type isolate of A. fumigatusand its AcpcA derivative under conditions of

histidine starvation was done.

2.4.1 Transcriptional profiling of histidine-starved A. fumigatus reveals the CpcA-
dependent transcriptome

To analyse the CpcA-dependent transcriptomewvihé-type clinical isolate D141 and the
AcpcAmutant AfS01 were propagated in liquid minimal med and shifted to conditions of
histidine starvation for four hours induced by tltimetabolite 3AT. Competitive
hybridisations on whole genome microarrays wereeaout (see Material and Methods) to
compare the transcriptional profiles of each stiaithe absence or presence of amino acid
starvation. Analysis of both transcriptome data sevealed 1563 genes to be regulated to a
certain extent (see supplemental table 1). Fohéuranalyses, only genes above a threshold
value of 1.5 fold regulation were considered. Adiogly, 1048 entries from the initial gene
list showed at least an expression level of 1.8 @l higher (suppl. table 2). In theld-type
842 genes were found, from which 494 were inducet 38 were repressed in the presence
of 3AT,; in thedcpcAstrain 493 genes were regulated, from which 19& we-regulated and
298 down-regulated. Only 290 genes showed in bio#tins the same regulation. 555 genes
are higher expressed in theld-type in comparison to thelcpcA mutant and 206 are only

present in thelcpcAmutant data set (suppl. tables 3 and 4).
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2.4.2 Estimation of the CpcA-dependent transcriptora

In order to identify direct and indirect targets@cA, all genes with a regulation level of 1.5
fold or higher (1048) were screened for being ratpd in thewild-type under starvation
condition but not in thedcpcA strain. 523 gene loci could be assigned to thilyars,
resulting in the suggestion that this group corstagenes that are regulated by the CPC
effector CpcA (suppl. table 5). For validation pasps, the transcriptional steady-state level
of some genes induced under starvation was chaokidrthern hybridisations. As internal
standard a probe binding to the CpcA-independenC transcript was used. All of the
analysed genes were highly expressed inntte:type under starvation but not under normal
conditions. Altered expression levels of these genethecpcA strain were neither seen
under starvation nor under non-starvation condgtifig. 2.1).

The set of 523 genes was classified in functioatdgories. The majority (377 genes) showed
an up regulation in the presence of amino acidvatam (table 2.4 and suppl. table 6),
whereas only 146 were repressed under these camgli(suppl. table 7). 49 of the 377 up-
regulated genes are involved in amino acid biosgithto form the largest functional group
of the data set. 48 CpcA-regulated genes encoditajipe transporters or permeases could be
identified. Also a high number (25) of transcriptad and translational factors were positively
regulated by CpcA, corroborating the assumptiont ®aCcA is a master regulator of the
fungus. Additionally, genes involved in carbon,rogfen, and sulfur metabolism could be
assigned; in total, 19 genes encoding proteinshiese metabolic pathways were detected in
the data set. Moreover, factors involved in vitaraimd cofactor biosynthesis, fatty acid and
purin/pyrimidin metabolism, and secondary metalolisvere de-repressed in a CpcA-
dependent manner under amino acid starvation gondias well as genes encoding enzymes
related to protein degradation and modificationrtthiermore, many genes required for other
functionalities were identified, and additional lbyipetical genes or genes with unknown

function could be found in the data set.

37



Chapter 2

wt AcpcA

aroC (constitutive standard)

glutaminyl-tRNA synthetase gene

pyridoxine biosynthesis

glyoxylate reductase

- + - + aa starvation (3AT)
Figure 2.1.Validation of the transcriptome profiling data set
Northern hybridisation patterns of several genas showed an up-regulation in the transcriptomdilprasing
RNA samples fromwild-type (wt) and thedcpcA deletion strain in the presence or absence of araiid
starvation conditions. In accordance with the nacray hybridisation data, the selected genes dispaeased
transcription under starvation in théld-typebut not in the deletant.
In further analyses, the focus was set on put&@peA targets that are likely to be involved in
any kind of stress response that would supportiiref A. fumigatusunder conditions of
environmental stress. In the profiling data, twetaggets could be identified fulfilling this

condition (table 2.5).

Table 2.4.Numbers of CpcA-induced genes assigned to funaticategories.

Category Number % of all 377 induced genes
hypothetical proteins 76 20.2%
aa biosynthesis 49 13.0%
transporters/permeases 48 12.7%
other genes 39 10.3%
transcription-/translation factors 25 6.6%
genes with unknown function 25 6.6%
acetyl-/methyltransferases 14 3.7%
carbon meatbolism 13 3.4%
stress response factors 12 3.2%
purine/pyrimidine-modification/DNA/RNA 10 2.7%
protein degradation 9 2.4%
oxidoreductases involved in metabolism 8 2.1%
tRNA modification/synthesis 8 2.1%
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Table 2.4 continued.

Category Number % of all 377 induced genes
replication and repair systems DNA/RNA 7 1.9%
coenzyme sythesis 7 1.9%
nitrogen and sulfur metabolism 6 1.6%
secondary metabolism 4 1.1%
heavy metal binding (Cu, Fe, Zn) 4 1.1%
cell growth 3 8.0%
ribosomal proteins 3 8.0%
respiration 3 8.0%
fatty acid metabolism 3 8.0%
vitamin biosythesis 3 8.0%
cell wall 1 0.3%

Table 2.5.CpcA-depender. fumigatuggenes putatively involved in stress response.

Locus tag Gene

Afu7g05750 Afu7g05750 AAA family ATPase, putative

Afu3g10770 Afu3g10770 RTAL domain protein, putativ

Afu5g07960 Afu5g07960 C2H2 finger and ankyrin démparotein, putative
Afu7g06570 Afu7g06570 zinc/cadmium resistancegirot

Afulgl16560 Afulg16560 MIF domain protein

Afulg05040 Afulg05040 protein mitochondrial targgtprotein (Masl), putative
Afu7g06680 Afu7g06680 AAA family ATPase, putative

Afu2g00590 Afu2g00590 glutathione-S-transferasgaiive

Afu6g08460 Afu6g08460 cytochrome P450 alkane hygase, putative
Afu3g10220 Afu3g10220 acid phosphatase, putative

Afu5g13000 Afu5g13000 CRAL/TRIO domain protein

Afu2g11180 Afu2g11180 developmental regulator FIbA

In the data set CpcA repressed the expression@gérdes in the presence of 3AT (table 2.6);
17 of these genes encode transporters or are gwaivtransport mechanisms. In addition,
eleven genes related to carbon metabolism, whichnearly the same number of genes that
were up-regulated under starvation were foundommtrast to that, no gene involved in amino
acid biosynthesis was found to be repressed anygl foar transcriptional factors showed
repression in a CpcA-dependent manner. Also thatifitation of annotated genes in the
repression data set having a function in nitrogesutfur metabolism failed. The comparison
of genes involved in protein metabolism and degradaevealed to no obvious difference
between thevild-typeand the deletion strain, since in both data setgets of these functions
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were found. Interestingly, genes classified torbmlved in stress-response were also down-
regulated in dependency of CpcA. However, theseewmainly proteins assigned to
chaperone function in order to react on stressdedby heat, whereas in the other data set a

strong diversity predominated.

Table 2.6.Numbers of CpcA-dependent repressed genes witfigrelit functional categories.

Category Number % of all 146 repressed genes
hypothetical proteins 45 30.8%
transporters/permeases 17 11.6%
other genes 14 9.6%
genes with unknown function 13 8.9%
stress/heat shock 12 8.2%
carbon meatbolism 11 7.5%
protein degradation 6 4.1%
transcriptionsfactors 4 2.7%
DNA mod./RNA mod./ 4 2.7%
ribosomal proteins 3 2.1%
oxidoreductases involved in metabolism 3 2.1%
cell wall 3 2.1%
fatty acid metabolism and ureat cycle 3 2.1%
Acetyl-/Methyltransferasen 3 2.1%
respiration 2 1.4%
heavy metal binding (Cu, Fe, Zn) 2 1.4%
nitrogen and sulfur metabolism 1 0.7%
pH regulation 1 0.7%

2.4.3 The CpcA-directed transcriptome of A.fumigatus in comparison to the
transcriptional profile elicited by voriconazole treatment

Amino acid starvation represents a stress condioA. fumigatusthat triggers a cellular
response by de-repression of CpcA expression taltres regulation of various kinds of
genes. This wide domain response enables the futtgusact on the encountered stress
signal. In order to assess some overlap of the @pkted transcriptome and the one
elicited by the antifungal drug voriconazole, thetadwere compared to the transcriptional
profile, in whichA. fumigatusvas incubated for 4 h in the presence of thiduamgal drug (da
Silva Ferreiraet al, 2006). Voriconazole belongs to the azole familyantifungal drugs,

which target the fungal ergosterol biosynthesisagBGuerraet al, 2003). Unknown and
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hypothetical genes from the previous data set ware taken in consideration for the
comparison; among the remaining genes that weraiced! in the CpcA-directed
transcriptome, 46 showed also an up-regulation .bf fald or higher in the presence of
voriconazole whereas 37 were repressed. In theepcesof 3AT, the transcriptional level of
48 amino acid biosynthesis proteins was increasdtidwild-type with only three of them
being also induced by voriconazole treatment. H@wethe remaining 45 amino acid
biosynthesis genes were repressed or displayedndaction of 1.5 fold or higher by
voriconazole. The second largest group in the lerofif induced genes were putative
transporters and permeases. Seven of them were-dguiated, and only five displayed an
induction of expression during incubation with wamazole. Interestingly, five of the twelve
putative CpcA-regulated stress genes were indutékel voriconazole profile as well, while
seven showed a diminished expression level belewhteshold of 1.5 fold regulation or they
were not detectable in the voriconazole transcmgt@rofile (table 2.7). A further interesting
fact was the pronounced up-regulation of ¢peAgene itself during voriconazole treatment,
leading to the suggestion that this drug actemrA expression on the level of transcription.
However, expression of theggB-encoded ornithine carbamoylase activity was nteaable

in the presence of the antifungal drug, which iaths that voriconazole increases the
transcription of the CPC regulator but does noiger the CPC response itself.

Table 2.7.Stress genes induced under amino acid starvatibw@iconazole-induced stress

Locus tag Gene 3AT" | Voriconazole
Afu7g05750 AAA family ATPase, putative 5.40 2.69
Afu3g10770 RTAL domain protein, putative 3.98 3.8
Afu5g07960 C2H2 finger and ankyrin domain protgintative | 3.49 1.76
Afu7g06570 zinc/cadmium resistance protein 5|00 .584
Afu7g06680 AAA family ATPase, putative 3.90 49.03

Hnduction factor of the gene ater treatment withrBriconazole

2.4.4 CpcA-dependent stress genes

A dozen genes were identified that are likely tarhlved in the fungal stress response (see
table 2.5) among them a putative glutathione-Ssterase. INA. fumigatusthree functional
glutathione transferases were characterised by Batnal (2005) to be involved in
detoxification of reactive oxidative species (RO&e H,O, and of xenobiotics. This
detoxification function is similar to the functioof cytochrome P450 alkane hydroxylase,
another putative stress related gene found inranscriptional profile. Additional functional
stress response genes were up-regulated in ousegtéor example a protein containing an
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RTA1 domain. It is known from yeast that specifiofeins containing such an RTA1 domain
enable the organism to react on triazole-contaifungal drugs like itraconazole, resulting in
increased resistance. From the pathogenic y@agltabratait is known thatRTAlis a target
of Pdrl, a transcriptional regulator for pleiotropirug resistance (Vermitslat al, 2006). In
addition to these stress response proteins, acaithtium resistance protein encoded by the
gene with the locus tag Afu7g06570 was identifi@devious studies had indicated that
although these kinds of gene products are not uhtonal essential for the organism they
are often required for normal growth under stremsddions. Deletion of these genes may
lead to accumulation of zinc, which results in ghler sensitivity towards other growth-
inhibiting drugs. This was shown, for instance, dazinc transporter i8. cerevisia@ncoded
by the YKE4 gene, whose deletion results in zinc accumulatiocompanied by a higher
sensitivity to Calcofluor White in medium that alsontains increased concentrations of zinc
(Kumanovicset al, 2006). A further interesting gene found in théadancodes a regulator
involved in developmentflpA). This gene, which belongs to the family of re¢gois of G-
protein signalling (RGS) was characterised An nidulans as a negative regulator for
vegetative growth and to be involved in signallimy order to react on changing
environmental conditions (Lee and Adams, 1994; etwal, 1996). The other RGSgsA
rgsB andrgsC, which are also known fror. nidulans(Han et al, 2004) were however not
detected in the data set.

Among the twelve different stress genes, two gesresoding ATPases belonging to the
AAA-ATPases family are present. Members of the AAAPase family are associated to
various cellular activities like chaperone actiyiproteolysis and movement of microtubule
motors in eukaryotes. Most of these proteins ur@largonformation change and/or bind ATP
for hydrolysation, resulting in physical works; hewer, the exact mechanism of
conformational changing is still not completelyrdiad. In general, proteins of the AAA-
ATPases family consists of six different domaing] ¢hey have the ability to form oligomers,
in general hexamers. Most eukaryotic genomes ené0deo 80 members of this protein
family (Hanson and Whiteheart, 2005). AccordingBl,AST analysis using the typical
conserved AAA-motif, as input query was carried aghinst theA. fumigatusgenome to
retrieve eleven annotated gene loci encoding patatiembers of this family (table 2.8).
Interestingly, two of these ATPases were inducedhim transcriptional profiling studies,
accordingly they were designatedaA (Afu7g06680) andcdaB (Afu7g05750) forCpcA-
dependent AAA+ATPases. For further investigations and charactaisaéhe up-regulation

of these both genes upon 3AT treatment in a Cpg#endent manner had to be validated.
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Table 2.8.AAA ATPases ofA. fumigatus

Afulg02060 Afu2g12920 Afu4g11180 | Afu7g06680
Afulg02410 Afu4g04800 Afu6g12560 Afu8g04270
Afulg09210 Afu4g10730 | Afu7g05750

The genes induced under amino acid starvation tiondiand by voriconazole-treatment are writtehaid.

2.4.5cdaA and cdaB appear to be regulated by the transcriptional actrator CpcA

To check the induction of both AAA-ATPases in degemcy of CpcA under starvation
conditions, Northern hybridisation experiments weegried out. Therefore, the wild-type
isolated D141 and in parallel tiepcAdeletion strain AfSO1 were cultivated in liquiditcue

in the absence or presence of 3AT. As internaldstah transcript levels of the CpcA-
independent genaroC were used (fig. 2.2A). The wild-type displayectreased signal
intensities for both AAA-ATPases in comparison he sample without 3AT, and no signal
could be detected for thicpcAstrain in the presence of this antimetabolite.eXoludethat
this was a phenomenon depending specifically on,3aither controls were performed, but
in contrast to the previous ones MSX (L-Methionéeumine) was used as inducer of the
CPC. This drug inhibits the glutamine synthetaseedsult in glutamine starvation. With
respect to CpcA-dependent regulation of transamptino difference to the 3AT-treated
samples were observed fodaA ThecdaB gene, however, showed under this condition not
only a prominent signal in the wild-type but alsahe mutant (fig. 2.2B). These data indicate
that expression of both genes is affected by amrid starvation conditions in a positive
manner; however, only for thedaAencoded AAA+ ATPase a CpcA-dependency gene
regulation could be validated.

For both gene products the AAA motif was foundheg €-terminus, and each encoding gene
consists of two exons separated by one introndthtian the promoter regions of these genes
within 1000 basepairs (bp) were analysed for tyipopeA binding sites (5'-TGACTCA-3’;
5-TGACTgA-3’; 5-TGACTgA-3’; 5’-TGAgTgA-3’; Tian et al, 2007) to support whether
they are putative targets of CpcA. For both geme® conserved binding site could be
detected. However, only in thelaA promoter region a recognition site of the candnita
TGACTCA-3’ sequence was identified, whereas indtl@Bupstream region a site of the less
typical CpcA binding region 5-TGAgTgA-3’ was four(flg. 2.3). This result hints towards a
direct regulation of thedaAgene by the transcriptional activator CpcA aness Istringent
one for thecdaB gene. Furthermore, we were interested in the leelliunction of both

ATPases irA. fumigatusthus, both genes were deleted in additional exjysarts.
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A) wt AcpcA B) wt AcpcA

aroC aroC

cdaA
cdaA

cdaB cdaB

aa (3AT) - + - + aa (MSX) - + - +

Figure 2.2.Northern hybridisations of the two AAA-ATPasedaAandcdaBunder amino acid starvation

A) Induction of bothcda genes under starvation induced by 3AT in wikl-type strain D141. No signal was
detected ircpcAdeletion strain with and without starvation aslvesl in thewild-type under non-starvation. B)
Transcription ofcdaAandcdaBwas also increased under amino acid starvationcied by MSX but not under
sated conditions; in contrast¢daA cdaBappeared also up-regulated in figpcAmutant starved for the amino
acid glutamine. Accordingly, only for treslaAencoded gene a CpcA-dependent regulation of trigien was
evident. Steady-state levels of #i®C gene were used as internal standard in the Northridisations.

daA I
¢ _ ||

5’-TGACTCA-3> <4 1.90 kb >

daB A =
e _leerel__

5 TGAgTgA-3’

1.57 kb >

Figure 2.3.cdaAandcdaBuwith their putative CpcA binding sites

The figure displays an overview of the two gendaAandcdaBwith their promoter regiorcdaAhas a size of
1.90 kb and contains within 1kb of its promoterioegthe cantoning sequence 5-TGACTCA-3’ as putat
CpcA binding regioncdaBis with 1.57 kb a bit smaller and contains nothigh conserved binding region in its
promoter. The 5-TGAgTgA-3’ sequence is also a putarecognition site for thepcAgene product but has a
less affinity to this protein than 5’-TGACTCA-3".
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2.4.6 Deletion ofcdaA and cdaB results in increased sensitivity towards Calcofluo
White

To generate dlcdaAdeletion strain, a recyclable knock out cassegtedbed by Krappmann
et al (2005) conferring hygromycin resistance was uskd. delete thecdaB gene, a
comparable construct was used containing a phleionrgsistance (fig. 2.4). Both deletion
cassettes were homologously integrated in the DAi#d-type isolate. Moreover, a double
knock-out of both genes was made in the D141 backgl (see Materials and Methods).

cdaA k.o. construct

loxP Sfil
| e /|
Sfil loxP
cdcB k.o. construct
loxP Sfil
) o /| -
Sfil loxP

homologous integration in awt-strain
Sl Sfil

marker

Figure 2.4.Construction otdaA cdaBand thecdaA/Bdeletion strains

For constructing the deletion cassettes we useggaomycin resistance for thedaA and a phleomycin
resistance for thedaB gene.Via Sfil restriction sites the 5’ and the 3’ flanking rexgs of these genes were
connected to the marker cassetiéa. homologous integration the genes were deletedc&anter selection on
FUDR the construct contained a thymidin kinase tanchake the whole system recyclable there werelowB
sites at the flanking regions of the deletion carcdt To create the double deletiamdéA/B thecdaAknock-out
strain was used.

For the identification of correct deletants, camtiks from the transformants’ pool were tested
by Southern hybridisation. To check for t@aAdeletion, a probe binding to the 5’ region of

the gene was used. Genomic DNA isolated from cltnassformants was digested with the
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enzymesNcd and Pvul, for comparisonwild-type DNA was used. One transformant
displaying the expected signals at 4.4 Nrdl) and 5.7 kb Rvul) was used for further
experiments (fig. 2.5A). To check for deletion bétothercdagene, a probe binding to the 5’
region ofcdaBwas constructed and used in the Southern hybtioiisa Here, the enzymes
SpH andSsp were used for restriction. Signals indicating toerect deletion situation should
be at 2.5 kb $pH) and 6.1 kb $sp) (fig. 2.5B). For the double deletion, tiedaAisolate
was used and transformed with thedaBreplacement cassette. For final validation Sauthe
hybridisation was made with the same probes angneez as for the two single knock-outs,
and isolates resulting in the correct bands weed @isr further investigation (fig. 2.5C).

A) cdaA k.o. B) cdaB k.o.

7 kb

3 kb

<4—— 57kb(Pwll) —» <+— 2.
4—— 4.4 kb Ncol) —» <4—— 6.1kb(Ssp) —»
e M T

———— e~
p

probe robe
—_ ) w1
probe probe
<4— 73kb Neol) —» 4— 3.8kb (Sphl) —»
<4+— 72kbPwll) —» 4— 48kb(Sspl) —»
C) cdaA/B k.o.
AcdaA
. tciatr S ez m—
e probe
5 <4—— 77kb(Clal) —»
ok <—— 6.1kb (Sspl) —»
3 kb wit _
probe

<—— 2.7kb (Clal) —»
<4—— 48kb(Ssph) —»

Figure 2.5.Validation ofcdadeletions strains by Southern hybridisation

A) Genomic DNA of putativedaAknock out clone was digested witltd andPvul resulting in the expected
signals at 7.3 and 7.2 kb by using a probe bindirtipe 5 region ofcdaA As control the wildtype was used. B)
DNA from putativedcdaB strains were digested witpH and Ssp resulting in bands with a size of 2.5 and 6.1
kb for right clones. The prepared probe binds atihregion ofcdaB C) Double knock out was made ic@aA
deletion background. Clones were tested by digesifogenomic DNA withClal and Ssp. Correct deletions
lead to signals at 7.7 and 6.1 kb.
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The integrated resistance cassettes in the dedeibains were recycled by transforming a
plasmid expressing the Cre recombinase (Krappnedral, 2005) into the deletion strains.
For counterselection purposes, putative clones plated on FUDR-containing medium (see
Materials and Methods), and Southern experiments executed for validation. To check for
recycling of the marker from thdcdaA deletion strain genomic DNA was digested with
Ncd, and correct clones should show a signal at b.Zkr recyclingdcdaBin the single and
double deletion strains genomic DNA was digesteth \8Bsp to get a signal at 3.3 kb for
correct clones. Moreover, isolates carrying theetilmhs of cdaA and cdaB without the
corresponding resistance cassette for additionperaxents were attempted, but only the
phleomycin resistance cassette could be recycigd6A-C).

In additional experiments a set of deletants wstetkfor growth on different kinds of media.
As control and for comparison theld-type progenitor as well as thgpcA deletion strain
were used. On minimal medium no obvious growth phgre was evident (fig. 2.7A). Under
amino acid-limiting conditions using MSX-containingedia bothdcda deletion strains grew
as well as thavild-type whereas thelcpcAdisplayed reduced growth (fig. 2.7B). In contrast
to this, all knock out strains displayed sensiyivd Calcofluor White (CW), an inducer of cell
wall and septa stress: on medium containing 0.Inth@W, cda deletion strains and the
AcpcA mutant show reduced growth in comparison to thil-type isolate (fig. 2.7C).
Interestingly, thedcdaA mutant carrying the hygromycin resistance cassktiglayed a less
stringent phenotype in comparison to tuaA::loxP strain. Accordingly, it can be suggested
that the presence of this particular resistancesettes contributes to a certain extent to
resistance towards cell wall stress induced by @laler White. This phenomenon was not
detectable for the phleomycin resistance in #doelaB deletion strain or in thedcdaA,
cdaB::loxP mutant. Based on these results the two AAA-ATPasesn to be involved in cell

wall stress resistance.
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A) B)

6 kb
3 kb

6 kb

3 kb

- - N
<4— 4.4kb (Necol) —P <4—— 6.1kb (Sspl) —»
probe probe
loxP loxP
cdaA::loxP . cdaB::loxP .
probe probe
<4—— 52kb (Neol) ——p <—— 33kb Sspl) —p
&)
AcdaA;
AcdaB
- -
= N
.
AcdaA/B loxP
Ty s
probe probe
<4—— 6.1kb(Sspl) —» «4— 3.3 kb (Sspl) —»

Figure 2.6.Southern hybridisation of the recycled marker systincdaA cdaBandcdaA cdaB

A) The Southern hybridisation displays@aAdeletion clone loosing its resistence cassetar afhinsformation
with a plasmid containing a Cre recombinase. Digastas done witiNcd resulting in signals at 5.2 kb for the
right clones. As control we used tbdaAdeletion strain with the resistance cassette. igefion withSsp of
differentAcdaBclones after recycling the resistance cassettaeCoclones should have the signal at 3.3 kb. As
control thedcdaBstrain containing the dominant marker was useddljthern hybridisation afdaA/Bdeletion
strains with and without thedaB marker cassette. Digestion wiisp leading to a 3.3 kb signal for the clone

without marker.
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AcpcA wit

AcdaB AcdaA

AcdaA/B

AcpcA wt

cdaB::loxP
cdaA::loxP

AcdaA/B
cdaA::loxP

Figure 2.7.Growth test otdadeletion strains on different media

A) cda deletions strains with and without marker, theantl thedcpcA plated on MM All strains showed a
normal growth on this medium. B) Under amino adahsation by using MSX a phenotype was only visitoie
the AcpcAstrain. TheAcda mutants grew as well as thdld-type C) On CW containing medium all mutants
showed a growth defect in contrast to thiddtype Strains having still the hygromycine resistanessette
showed an attenuated phenotype.

2.4.7 Calcofluor White has no inductive effect onhie Cross-PathwayControl

According to the fact that CpcA regulates two AAA#Rases under amino acid starvation
and that deletions of these genes lead to an isedeaensitivity to Calcofluor White, the
guestion of CW as CPC-inducing agent was followidgerefore, the wild-type and tizéepcA
deletion strain were inoculated in minimal mediwafter 18 h. Afterwards the mycelia were
shifted to medium with 0,002 mg/ml Calcofluor Whéted incubated for additional 4 h. From
these cultures samples for RNA extraction were rtakéorthern experiments revealed that
transcription of thecpcA gene is slightly induced in theild-type under stress conditions
compared to the untreated sample (fig. 2.8A). Rldmgles extracted from cultures induced
with a higher concentration of CW (0,004 mg/ml) eveybridised with a probe binding to the
ornithine carbamoyle transferase-encoding gargB, which is regulated by CpcA and
therefore an established indicator for the CPQustaip-regulation oargB gene transcription
was not evident (fig. 2.8B), indicating that theo€3-Pathway Control is not induced by cell

wall stress conditions.
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A) B)

aroC ] aroC

cpcA argB

CW 0,002 mg/ml - + - + CW 0,004 mg/ml - + - +

Figure 2.8.Northern hybridisations of thepcAand theargB under Calcofluor White conditions
A) Under cell wall stress by using 0.002mg/ml Céloor White (CW) is the transcriptional level apcA
slightly induced in comparison to non-stress caodg. No signal was visible in thdcpcA strain with and
without stress. B) Induction with Calcofluor Whit€W) (0.004mg/ml does not induce tlaegB gene, an
indicator for the induction of the CPC, in the wiligbe. No induction was also visible in tbpcAdeletion strain.
In both Northern experiments the CpcA indepen@eoC gene was used for internal standard.
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2.5 Discussion

The Cross-Pathway Control system of filamentougifus an adaptive system that enables
the organism to react on different kinds of envin@mtal stress. Interestingly, this system is
required for full virulence ofA. fumigatus(Krappmannet al, 2004). Therefore, the main
focus in these studies was to analyse the CPCctiptame executed by CpcA in the absence
and presence of amino acid starvation conditiom&s& two profiles were compared with a
data set generated from théicpcA deletion strain under starvation and non-starmatio
conditions with respect to amino acids. Resultirayf both transcriptional experiments 523
genes were assigned that appeared to be reguhkatibe franscriptional regulator CpcA. The
majority of them (377) were up-regulated in themnscription and only 146 displayed
repression of expression. As expected, many amiioh l@osynthesis genes were strongly
induced in this study. Especially genes involvedhia arginine biosynthesis pathway like the
argJ and the ornithine carbamoylase-encodangB gene were highly induced under amino
acid starvation. These results are comparableda#tta ofN. crassaandS. cerevisiagin
which also a high proportion of genes involved mirzgo acid biosynthetic pathways were de-
repressed under amino acid starvation conditioraa(fdjanet al, 2001; Tianet al, 2007).
These genes demonstrate the direct response GRB2GC to the internal stress signal. The
ribosomal machinery is required to enable a highdlation of the amino acid biosynthesis
genes. Therefore it is not surprising that thregegewhich are required for the ribosoms were
also up-regulated in our data. The induction ofegeencoding ribosomal componentsSof
cerevisisaewas also shown by Natarajah al. (2001). Investigation of the whole data set
reveals that a lot of different metabolic pathway® induced under these starvation
conditions. From yeast amdl. nidulansit is known that other starvation conditions swash
glucose deprivation or purine limitation also hawveeffect on the CPC/GC regulation (Rolfes
and Hinnebusch, 1993; Yareg al, 2000). Deduced from the strong diversity of metab
pathways that are under control of the transcmati@ctivator CpcA it becomes clear that the
CPC is a global regulator system in fungi like fumigatus We found genes involved in
sulfur and carbon metabolism as well as in purifesymthesis. Also genes of the main
catabolic pathways like glycolysis or fatty acidlisation were detected that show an
induction under amino acid starvation. These resalhd observations leading to the
conviction that this stress response system réa@son-specific manner thus a lot of genes
are activated which are not directly required tgagge the stress conditions. Nevertheless,
this system enables the fungus to react on mafgreift kinds of stress signals that until now

cannot be estimated. The high number of CpcA targetke studies on the CPC a
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challenging task. More than 5% of all existing gene A. fumigatusare targets of this
regulatory system and its transcriptional regulafar explanation for this high number of
induced genes can be that CpcA has also the ataildigtivate other transcriptional regulators
(25) leading to a signalling cascade of inducedegehus the CPC consists not only of
direct targets of CpcA but comprises also a comalie proportion of indirectly regulated
factors.

As mentioned above many different genes are induecetkr amino acid starvation. In this
study it was possible to find not only genes ineadln typical metabolism pathways but also
in other cellular functions. For instance, a laggeup of genes encoding transporters and
permeases are also increased in their expressiber wtarvation conditions. Some of them
are involved in nutrient uptake from the environmétermeases for amino acids, purines and
uracil as well as an oligopeptide transporter wetend. It is known fronC. albicansandS.
cerevisisaghat oligopeptide transporters are required f&mgup small peptides from the
environment (Hauseet al, 2001; Reuss and Morschhauser, 2006). Interegtiago many
transporters that are not involved in nutritionapgly were activated under starvation. Most
of these transporters belong to the ABC, MSF andSM#ulti drug transporter families.
Although the function of all these transporters guoidhps are not clear, it can be suggested
that many of them are involved in a sort of stresslrug response (Andrad al, 2000ga;
Andradeet al, 2000b; Del Sorbo et al., 2000; Nakaugteal, 2002; Tobinet al, 1997).
Accordingly, the fungus gains the ability to pumgxit molecules coming from the
environment out of the cell, by which the organiaamieves a higher possibility to survive.
Consequently, the CPC is not only a system thableaahe fungus to live and grow under
limited nutrient conditions but also to react amdiinalise toxic molecules.

Furthermore, in the data set genes encoding enzwtiegprotein degradation function were
detected, which may be involved in intracellularntwer of proteins. One of these is an
ubiquitin-conjugating enzyme. For this kind of miois it is known that they are required to
tag proteins for subsequent degradation (Muratadi Bansey, 2003). Additionally, some
proteins of protease activity were detected, widelgrade structures and macromolecules
outside the fungus in the near environment to tasuteely available resources which then
can be assimilated by special transport systenesafseve) (Schaat al, 2007).

The number of CpcA-dependent repressed genesnisicigt lower than the one of induced
ones. This is not surprising since CpcA is a trepsonal activator. Accordingly, the major
effect of repression comes from other transcripfextors regulated by CpcA. Most of the

repressed targets in the data set are not invatvetetabolism required to grow under limited

52



Chapter 2

conditions: no amino acid biosynthesis genes ang one gene involved in nitrogen
metabolism could be found. Interestingly, threengporters required for the iron uptake
system were found to be repressed. This implies ttiea Cross-Pathway Control represses
iron uptake and that the involvement of the traipsicnal activator CpcA does not result in
positive regulation of the iron transport systenmhich is essential for virulence oA.
fumigatus(Schrettlet al, 2004). It also seems to be true for heat tolexragenes were found
to be repressed under amino acid starvation tlagt @lrole in a kind of heat stress response.
Additional repressed stress factors appeareddw &ktent in the transcriptome profiles.

The main focus in this study was set on the deteabf positively regulated stress genes,
which may be required for virulence of the fungathmgen. Twelve putative stress genes
could be deduced from the data sets. Their postiinletions differ from detoxification of
reactive oxidative species (ROS) to drug resistalmcaddition, two AAA-ATPases with yet
unknown function were found. These proteins carcaftliverse pathways and mechanisms
and are often required in cellular stress resp@ageways (Hanson and Whiteheart, 2005).
By further investigation it was corroborated thattbhgenes are targets of CpcA under amino
acid starvation conditions induced by 3AT and thath genes contain a putative CpcA
binding site in their promoter region. This leadghe suggestion that they are direct targets
of the transcriptional activator. Further on, bgdnes were deleted and also a double knock-
out mutant could be generated with the aim to assgy cellular function to the
corresponding gene products. Growth tests ofctteedeletion strains displayed a reduced
growth on Calcofluor White-containing medium, whiaiduces cell wall stress for the
fungus. In order to confirm the observed phenotypesther experiments including
reconstituted strains have to be carried out. itrast to this observation, no phenotype could
be detected with respect to amino acid starvatorihfese deletion strains. Also induction of
the CPC system under cell wall stress induced by t3Atment failed. Interestingly, slight
induction of the CpcA enconding gene was detectetbuthis kind of stress condition. From
these preliminary data it may be deduced thatctftd gene can be induced independently
from the Cross-Pathway Control. This is supportgdtlioe transcriptional profile of.
fumigatusunder antifungal drug conditions using voriconazak published by da Silva
Ferreiraet al (2006), wherecpcA expression was also induced but typical genesrfioino
acid biosynthesis were not regulated.

In summary it can be stated that the CPC is a ladgulatory system that affect more than
500 genes in order to give the fungus the abitityeiact on many different kinds of stress and

starvation. Moreover, expression of the transaigl activator CpcA, an integral part of this
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regulatory system can be induced independently fionimo acid starvation conditions, which
are the prime stress conditions to trigger the &Rathway Control in fungi.
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Chapter 3

Basal Expression of theAspergillus fumigatus Transcriptional

Activator CpcA is Sufficient to Support Pulmonary Aspergillosis

3.1 Abstract

Aspergillosis is a disease determined by variowsofa that influence fungal growth and
fitness. A conserved signal transduction cascadenly environmental stress to amino acid
homeostasis is the Cross-Pathway Control (CPCgy#hat actvia phosphorylation of the
translation initiation factor elF2 by a sensor lsedo elevate expression of a transcription
factor. Ingestion oAspergillus fumigatusonidia by macrophages does not trigger this stres
response, suggesting that their phagosomal michmemaent is not deficient in amino acids.
The cpcC gene encodes the CPC eifFXinase, and deletion mutants show increased
sensitivity towards amino acid starvation. CpcGpecifically required for the CPC response
but has limited influence on the amount of phospladed elF2i. Strains deleted for thapcC
locus are not impaired in virulence in a murine elodf pulmonary aspergillosis.
Accordingly, basal expression of the Cross-Path@amtrol transcriptional activator appears

sufficient to support aspergillosis in this diseasmdel.
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3.2 Introduction

Besides bacteria, fungal species represent thenddumggest group of pathogens that are able
to infect humans (Woolhouse, 2006), and thereforie bf future interest to elucidate the
mechanisms of disease caused by fungal pathogermitihly. Pathogenicity often is a multi-
factorial trait composed of a variety of factorsttltontribute to the virulence of a fungal
organism (Casadevall, 2006). Characteristics o$ tbo-called virulome determine the
outcome of a pathogen-host encounter in strict midgecy of the host’s immune status, as it
has comprehensively been depicted by the damagenss framework (Casadevall and
Pirofski, 2003).

Within this concept, fungi of the genédspergillusrepresent a distinct category as they can
harm an infected individual by eliciting a strorglergic immune response, or when the
major defence lines of innate immunity are impairespecially the latter scenario may result
in severe and fatal forms of so-called aspergslosihich are characterised by invasive and
disseminated progressions. The predominant spetiescause aspergillosis is the
deuteromycetéspergillus fumigatusbut also other aspergilli have been reportedesent
studies to cause this disease (Brakhage, 2005;hvdals Groll, 2001). In generaspergillus
inhabits organic substrates in decaying matteisdd a saprobic lifestyle, and based on the
hypothesis that selective environmental pressurendoa facultative pathogenic fungus
(Casadevallet al, 2003), this ecological niche is likely to havieaped the virulence of
A. fumigatus Accordingly, thermophyly, stress resistance, amdritional versatility are
crucial for Aspergillus pathogenicity as they support survival and propagain an
alternative ecological niche, the human host.

In eukaryotes, resistance against environmentakstconditions is conferred in part by a
well-conserved signal transduction cascade that @ctthe level of protein synthesis. In this
integrated stress response network, diverse conditof stress are perceived by various
kinases that phosphorylate thiesubunit of an initiation factor for translationF2 (Harding

et al, 2003; Welet al, 2006). This in turn lowers cellular rates ofigkation initiation except
for distinct mMRNAs that code for regulatory molexsl like transcription factors.
Consequently, expression of such a terminal effeidoincreased to generate a cellular
counter-reaction to the triggering stress conditldigher eukaryotes express up to four types
of elFZn kinases, each responding to distinct signals, @dgern the model ascomycete
Saccharomyces cerevisi@aaly one such sensor kinase, Gen2p, has beenfiddrniWek et

al., 1995). The primary signal Gen2p responds tariga acid starvation, and the regulatory

network constituted by this elBiZkinase and its effector Gen4dp has been coinedes=1@l
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Control (GC) of amino acid biosynthesis. In filartears fungi, asNeurospora crassar
Aspergillusspp., the homologous system is called Cross-Patltweatrol (CPC) (Carsiotis
and Jones, 1974; Carsiotet al, 1974; Hoffmannet al, 2001; Wankeet al, 1997). In
general, binding of accumulated uncharged tRNA mdés, that mirror amino acid
starvation, to the GC/CPC sensor kinase Gcn2ptsesulactivation of an intrinsic protein
kinase activity to phosphorylate thee subunit of the trimeric elF2 complex at a highly
conserved serine residue (Ser-51). As a resulhslation of a transcriptional activator,
Gcen4p/CpcA, is elevated and generates a globallaelfesponse. Characterisation of the
corresponding transcriptional effector M fumigatus the cpcA gene product, has led to
several conclusions: first, CpcA is a functionathotogue of yeast Gcn4p; second, it is
strictly required for the CPC response upon amicid atarvation conditions; third, mutants
of A. fumigatusdeleted for the coding sequence are attenuatedulence, as monitored in
an animal model for pulmonary aspergillosis usiegitropenic mice, but show no obvious
growth phenotypén vitro (Krappmanret al, 2004).

As regulation of CpcA expression W. fumigatusis likely to be affected by an upstream
elF2o kinase and may be accordingly complex, the preoie of this transcriptional
activator as a virulence determinant remains tcsppecified. To address this issue and to
answer the question whether a de-repressed CPE€nsystrequired for aspergillosis, we
aimed at theA. fumigatusCPC elF2 kinase CpcC. Mutant strains lacking ttyecC gene
product were generated and characterised with cegpamino acid starvation conditions, the

CPC response, and virulence.
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3.3 Materials and Methods

3.3.1 Strains, media, and growth conditions

Bacterial strains werdescherichia coliDH5a [F, F80dlacZM15, A(lacZY AargF)U169,
recAl, endAl hsdR17(rx-, mk+), SUPE44 A", thil, gyrA96 relAl] (Woodcocket al, 1989)
for general cloning procedures and KS272, [BlacX74 galE, galK, thil, rpsL,
AphoAPvul)] carrying the pKOBEG plasmid for recombineeri(@haveroche et al., 2000).
E. coli strains were propagated in LB or LBLS (1% bacyptione, 0.5% yeast extract, 1% or
0.5% NaCl, pH 7.5) medium. Fungal strains usedis $tudy are listed in table 3.1. Growth
of A.fumigatus strains was carried out at 37°C on minimal medipnepared and
supplemented according to (Kafer, 1977). Antibsticoncentrations were 100 pg/ml for

ampicillin, 25 pg/mfor chloramphenicol, and 20 pg/ml for phleomycin.

3.3.2 Transformation procedures

Protocols forE. coliwere either for calcium/manganese-treated celds@Haret al, 1991) or
for electroporation (Doweet al, 1988) with a BDRAD GenePulser at 2.5 kV in 0.2 cm
cuvettesA. fumigatusvas transformed by polyethylene glycol-mediatesidn of protoplasts
as described (Punt and van den Hondel, 1992).

3.3.3 Manipulation of nucleic acids and plasmid castructions

Standard protocols of recombinant DNA technologyeaearried out (Sambroak al, 1989).
Pfu proofreading polymerase was generally usedlynperase chain reactions (Saékial,
1986) and essential cloning steps were verifieddyuencing on ansA Prism 310 capillary
sequencer. Fungal genomic DNA was prepared acaptdiiolaret al. (Kolar et al, 1988),
and Southern analyses were carried out esserdgisltiescribed (Southern, 1975). Total RNA
samples were isolated employing the TRIzol reagéntvITROGEN followed by Northern
hybridisation according to the protocols cited byn and Mackey (Brown and Mackey,
1997). Random primed labelling was performed wligh S'RATAGENE PrRIME-IT" I kit in the
presence ofd->?P]-dATP (Feinberg and Vogelstein, 1983). Autoradipiies were produced
by exposing the washed membranes ¢mkk X-OMAT films.

Plasmids used and constructed during the couri@sstudy are listed and briefly described
in table 1, together with essential oligonucledtigemployed to construct them. pME3286
served as reference for thpcCsequence and contains a genomic Dral/Nael fragoienéd

in the EcoRV site of the general cloning plasmid pGEM5(+). danstruct a deletion cassette
for the cpcC locus, a suitable template was constructed asvistl a 3.1 kbFsp/Spé
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fragment comprising thepcC 5’ region was inserted into pGEM5(#ia EcoR//Spd,
followed by insertion of a 3Pstl fragment (5.1 kb) into th&ph1103I site. The resulting
plasmid pME3287 was digested widd and Notl, and the resulting backbone was co-
transformed with a PCR amplicon from pME2891 witimers Sv117/118 into thE. coli
recipient KS272 replicating pKOBEG (Chaverod@teal, 2000). The resulting construct from
this recombineering step is pME3288, which servedeplacement cassette for thecC
coding sequence. For N-terminal tagging of ¢beAcoding region, thgfp2-5sequence was
amplified with primer pair CS41/CS42 to become itest afterSal/Xhd digestion into the
Sal site of pME2563, yielding pME3289. From this ctnst, a 9 kb fragment was released
via BssHI to reconstitute thepcAlocus in deletion strain AfSO1.

For determination of the actugbcCcoding sequence, reverse transcription from ago@diT)
primer (MBI FERMENTAS) was carried out on total RNA that had been igolafrom
vegetative D141 cultures, pairs of oligonucleotid®s319 — Sv336) were used to amplify
suitable stretches spanning predicted intronicoregifrom this template, and the resulting

cDNA amplicons were directly sequenced.

3.3.4 Biochemical methods and Western blots

Crude extracts were prepared by grinding washedshodk-frozen mycelia to a fine powder
and extracting soluble proteins with buffer (100 nikistHCI, 200 mM NaCl, 20% glyceraol,
5 mM EDTA, pH 8) at 4°C in the presence of the @ase inhibitor
phenylmethylsulfonylflouride. Protein contents wedegermined by the procedure of Bradford
(Bradford, 1976). Enzymatic activities of ornithinearbamoyltransferase (OTCase,
E.C. 2.1.33) activities were determined accordmdTian et al, 1994). Western analysis of
elF20 phosphorylation was carried out essentially agrilesd earlier (Grundmanat al.,
2001) with a polyclonal anti-ell2antibody (provided by Alan Hinnebusch; (Romaeial,
1998) and a phosphorylation-specific polyclonal i-aiff2a[P antibody (BOSOURCE
International, Camarillo, CA, USA). Cross-reactiomgere visualised using the ECL
technology (MERSHAM PHARMACIA Biotech).

3.3.5 Virulence tests in a murine model of pulmonaraspergillosis

Outbred male mice (strain CD1, 20-28 g, CharleseRivBreeders) were used for animal
experiments. Immunosuppression was executed witlrolegrtisone acetate (112 mg/kg
subcutaneous) and cyclophosphamide (150 mg/kgpeertitaneal) following the protocol of

Smith et al. (1994), bacterial infections were prevented byirgldetracycline (1 g/l) and
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ciproxin (64 mg/l) to the drinking water. Inoculd up to 2x10 conidiospores in 40 pl of
saline were prepared by harvesting spores fromysatthslants of solid medium followed by
filtration through miracloth and washing with saifAufauvre-Brownet al, 1998; Tanget

al., 1993). Mice were anaesthetized by inhalation alibtmane and infected by intranasal
instillation. The weights of infected and contralirmals were monitored for up to 10 days
twice daily and mice developing severe pulmonahyedls, characterized by respiratory
distress, hunched posture and poor mobility, or 208ight loss were culled. Lungs of these
animals were homogenized in saline and aliquot®wpread on standard medium to check

for fungal growth.

3.3.6 Cell preparations

Cells for confrontation assays were essentiallypared as described by Gunzer and co-
workers (Behnseet al, 2007): murine alveolar macrophages were obtalnedashing the
trachea and lungs of BALB/c mice with PBS througl22G plastic catheter to obtain
bronchoalveolar lavage fluid. After erythrocyteigyshe cells were resuspended in complete
medium supplemented with glutamine, penicillin, asteptomycin and kept on ice until
further use; J774 cells were cultured in BioWhigag X-Vivo 15 medium.

3.3.7 Fluorescence and light microscopy

Conidia and mycelia were examined with a Zeiss &b microscope by either differential
interference contrast microscopy (DIC) or fluoresme microscopy using a GFP filter set
(AHF Analysentechnik AG, Tubingen, Germany). Phoapips were taken using a Xillix
Microimager digital camera and the Improvision Opbrsoftware PRovVISION, Coventry,
UK).

Table 3.1.Strains, plasmids and oligonucleotides used mghidy

Name Description or sequence

Strains

D141 Aspergillus fumigatuwild-typestrain (syn. NRRL 6585), clinical isolate
AfS01 strain D141 carrying deletion oicAcoding sequence: PhletSX®
AfS26 strain D141 carrying deletion oficCcoding sequence: PhlemMSX®
AfS27 AfS26 with excised marker module: PRledSX®

AfS55 reconstituted AfS01 expressigfp-taggedcpcAallele: Phle§ MSX'
Plasmids

pBluescript Il KS| general cloning plasmidla, multiple cloning site]

Table 3.1 continued.

Name Description or sequence

PGEM5(+) general cloning plasmitilf, multiple cloning site]
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pPTRII autonomously replicating Aspergillus plasipttA, AMAL bla]

pKOBEG pSC101 derivative expressing | phagggbaoperon from pBAD promoter
pMCB17 GFP genepfr-4::alcA::gfp2-9 in pUC19

pPME2563 cpcAallele carrying silently mutateSlal site in coding sequence

pME2891 loxP-phled/tk blaster [oxPPgpdA::ble/HSV1 tk::trpEloxP]

pME2892 Cre expression module in pPTRI hid. niaD::cre ptrA, AMA]]

pME3286 genomicpcClocus as 6.1 kbral/Nad fragment in pPGEM5(+EcoR/
pME3287 template for construction gcCdeletion cassette by recombinatorial cloning
pME3288 cpcC::loxP-phledtk-loxP replacement cassette for complete deletion
pME3289 construct forpcADreconstitution byfp::cpcAallele

Oligonucleotides

Svll7y

5'-AGA CCT ACT GAATCT GGG TTC AGACTT TCT ARCCG CCC A GCC CCG CTC AGC TG/

Sv118 5'ACT TCA ATA CAA ATA GAA CAT AAC ATG GTACTT CGT CACTCG TTG ATC CTG CAT AGC
Sv319 5-ATCTTT GTC ACT CGC GTCTCA CG-3

Sv320 5-TCT GCACGC TGATTG GCA GCAGC-Z3

Sv321 5-TGATTT ATG AAC TCG CCG TGT CG-3

Sv322 5-ACG CTC CCC ACG ATG TCC AGG-Z

Sv323 5-ATT GGT TTC AAG ATATCT AGG-3

Sv324 5-ATC AAAGTCTTG GTT GTATCG-3'

Sv325 5-ACACACCTTTGATTG CTCGCAC-3

Sv326 5-TCT GGT TTC AGATCG CGG TGG-3

Sv327 5-TGATGC AAG CCT ATC TCA AGG-3’

Sv328 5-ACT GCC TTT TCC GAG TAG TGG-3’

Sv329 5-TTG GAACTACTT ACT ATG TCG -3

Sv330 5-TTCTGG GCT CGC TGC CAT GG-3

Sv331 5-TCA CTA GAG AAAACATTC GC-3

Sv332 5-ATG TGT TTG AGA GCA GCT CGC-3

Sv333 5-AAT GTG TTT TTG ACA CTA AGC-3’

Sv334 5-TTCTGT TCG TCT TCT TGC TCC-3

Sv335 5-ACC TAC GGC AGT CAA GAT TGC-3

Sv336 5-TACTTC GTC ACT CGT TGATCC-3'

Cs41 5'- TAT AGT CGA CCA GTA AAG GAG AAG AACTT -3
CS42 5'- TAT ACT CGAGTATTT GTATAG TTC ATC CAT 3
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3.4 Results

3.4.1 Phagocytosis by macrophages does not trigg€pcA expression in Aspergillus
fumigatus

To gain information on any requirement of balanaadno acid homeostasis in pathogenicity
of Aspergillus fumigatuswe were interested whether phagocytosis of canigi immune
effector cells would elicit a Cross-Pathway Contresponse. For that purpose, a suitable
reporter strain, AfS55, was constructed that exgges functionagfp::cpcAallele from the
native gene locus. Induction of the CPC signal ddaiction cascade ultimately results in
increased levels of this transcriptional activatmg inin vitro control experiments a clear
nuclear fluorescence was evident in this strainnwhiarved for amino acids (fig. 3.1A).
When confronted with cells of the J774 macrophagjkline, freshly harvested conidia from
strain AfS55 were readily ingested and lysed inghagolysosomal compartment. However,
no lucid CpcA expression could be detected withiase spores during the intracellular
killing (fig. 3.1B). However, when phagocytosis wasnitored in the presence of amino acid
starvation, as induced by the histidine analoguamio-1,2,4-triazole (3AT), nuclear
fluorescence was evident, thus demonstrating alafi the assay. Moreover, when murine
alveolar macrophages were used in the confrontagigperiment, no fluorescence and
therefore no expression of the CPC transcriptiactiVator could be monitored.

To support this observation, immunocompetent mieeewnfected with conidia from
AfS55, and fluids from bronchoalveolar lavages wesscued after four hours containing a
mixture of alveolar macrophages and ingested ak asefree conidia. These samples were
subjected to microscopy to show no fluorescencinénsamples from infection experiments
with untreated AfS55 conidia (fig. 3.1C). Also, floorescence could be detected throughout
when spores from theild-typeisolate D141 were used, but samples from contifelctions
with conidia from a strain expressing the GFP tagstitutively displayed a clear fluorescent
signal (not shown). Accordingly, this demonstratkat the environment encountered by
A. fumigatus during pulmonary infection does not trigger theo$&Pathway Control

response.
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Figure 3.1 The Cross-Pathway Control response An fumigatus conidia is not de-repressed during
confrontation with macrophages or infection of immaompetent mice

Shown are representative images of AhdumigatusCross-Pathway Control reporter strain AfS§8pf:cpcA
propagated iMspergillusminimal medium (AMM, A) or in cell culture mediuand challenged with phagocytic
cells, such as the macrophage cell line J774 oeoddv macrophages (AM, B), or when rescued after
bronchoalveolar lavage (BAL, C). Starvation for @@ino acid histidine to de-repress the CPC systas
induced by adding the false feedback inhibitor 3rentmiazole. Only when starved for histidine, clearclear
fluorescence of AfS55 is evident, whereas phagaiytx vivoor in vivo does not elicit expression of the
GFP::CpcA reporter construct. DIC: difference iféegnce contrast; scale bars represent 10 pum.
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3.4.2 TheAspergillus fumigatus genome encodes a Gen2p-like elBXinase

Eukaryotic elF2& kinases are characterised by their modular streicind contain conserved
sensory, regulatory, and structural domains thabkfla serine/threonine protein kinase
function. In order to identify a Cross-Pathway Qohtsensor kinase of. fumigatus the
genome sequence of the isolate Af293 was screeitadovihologous sequences from other
fungi, with the S. cerevisiaeGen2p sequence serving as a structural prototgh&ST
searches revealed an annotated gene locus (Afub@p&vith a high degree of conservation
and significant similarity with respect to knownnfial GC/CPC sensor kinases (fig. 3.2).
Besides the characteristic catalytic domain foumdsuch kinases, several subdomains are
present in the deduced gene product of this loausstidyl-tRNA synthetase-related region,
which is located C-terminal to the elffkinase domain, that mediates tRNA binding, a
region resembling a degenerated kinase domain, aar@terminal region required for
ribosome association and dimerisation (see beldhg.identifiedA. fumigatusgyene encoded
by this locus was designateppcC which is in agreement with the nomenclature ofCCP
genes identified in the filamentous ascomycétesidulansandN. crassa(Sattleggeret al,
1998; Wankeet al, 1997). To confirm its genomic architecture admted by the automatic
annotation procedure, the complete genorpimClocus was isolated from a suitable genomic
sub-library and cloned in plasmid pME3286, andanaflel the sequence of the coding region
was determined from its transcript by RT-PCR. Tlpe@-encoding sequence is composed of
seven exons interrupted by six intronic stretchetgvben 47 and 63 nucleotides (nt) in length.
The complete coding sequence spans 4779 baseppjréh@t correspond to 1593 codons.
Accordingly, the deduced gene product has a cakulilaolecular weight of almost 180 kDa.
High similarities between domains of CpcC and tbhtother fungal GCN2 kinases are
evident, making the classification of functionaémknts in the deduced primary sequence
possible: Residues 41 to 154 constitute an RWD dagmahich is likely to bind the
GCN1/GCN20 complex. The region from position 3295#l resembles a kinase domain;
however, due to the lack of specific invariant desis required for catalytic activity, this
domain is likely to be that of a degenerate, in&ckinase analogous to tBe cerevisiaand

N. crassa GCN2 YPK domains. Deduced from the sequence alignments rpsblast
searches, the catalytic protein kinase domain alCCresides between amino acids 580 and
937. As it is typical for elR@ kinases, two pairs of subdomains (IV-V and IX-X) the
kinase domain are separated by inserts that ar@blain length and sequence. Adjacent to
the elF2x kinase domain, the conserved HisRS-like domairs.(pd7 to 1443) can be found

that resembles a histidyl-tRNA synthetase and bingsther with the C-terminal portion the
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actual effector molecules, uncharged tRNAs. Moreotlee far C-terminus is required for
dimerisation and proper localisation to the ribosaand therefore well conserved among the

fungal GCNZ2-like kinases.

Figure 3.2 Architecture of thepcCgene fromA. fumigatus

Schematic illustration of thé. fumigatuscpcC gene locus with seven exons (blue boxes) inteszdufaly six
introns; the coding region spans 5.1 kb on the mlsomme. The deduced gene product is schematidaihyrs
underneath: CpcC is a protein of 1579 amino aciibk @ntains several well-conserved elements, saciina
RWD domain, a pseudo-kinase domajPK), the actual elR2 kinase domain (Hardingt al) and the sensor
domain resembling a histidinyl-tRNA synthetase @83 adjacent to it, and the C-terminal part reqlifar
dimerisaton (DD) as well as ribosome associatioB)(RRositions of respective domains are given ay there
deduced from multiple alignments. The degree ofeoration of the elR2 protein kinase domain (left) and the
HisRS sensor domain (right) that binds unchargedARnolecules are shown by multiple primary sequence
alignments including fungal CpcC counterparts frolmurospora crassgN. c. CPC-3) andsaccharomyces
cerevisiae (S. c. Gen2p) with conserved residues shaded ackblvalues indicate identity percentages in
pairwise alignments among the sub-domains.

3.4.3 Deletion ofcpcC in A. fumigatus impairs the Cross-Pathway Control response

To gain information on the cellular function of thigcGencoded gene product, a procedure to
create a deletion mutant was followed. Thus, abletdeletion cassette for gene replacement
by homologous recombination was generated andftnaned into the clinical isolate D141,
which serves awild-typereference strain (fig. 3.3A). Several descendest® sub-cultured

from the pool of primary transformants that coulel isolated on corresponding selective
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media, and comprehensive Southern analyses couwfitme desireddcpcC genotype for
several of them, from which one representative @&)Swas chosen for further processing.
The strain was transformed with an autonomoushiaging plasmid (pME2892) to
transiently express the Cre recombinase leadirexdssion of the resistance marker module
(Krappmannret al, 2005). The resulting strain AfS27 was also aoméid for itscpcC::loxP
genotypevia Southern blot hybridisation to become includedhia following analyses (fig.
3.3B).

A)

Zur Anzeige wird der QuickTime™
Dekompressor , TIFF (LZW)*
B) benotigt.

Figure 3.3 Generation oA. fumigatuspcC strains

Deletion strains of theA. fumigatuswild-type isolate D141 were generated by geneaaghent with a
recyclable resistance cassette. A) Outline of th&d-type cpcCgene locus in strain D141 and after
replacementas present in strain AfS26; additionahg cpcC::loxP locus of descendant AfS27 resulting from
marker excision by transient Cre expression is sholhe black bar indicates the region covered keypitobe
used in Southern analyses. B) Autoradiography fi®outhern blot analyses of straiAs fumigatusD141,
AfS26, and AfS27. The indicated restriction enzymese used to digest genomic DNA samples and kol
fragment sizes are given underneath; fragmentiposifrom marker (M) lanes are shown on the rigiicside.

In a first test the growth behaviour of tiepcC deletion mutant was evaluated in the
presence of amino acid starvation conditions. IRts purpose, strains were inoculated on
minimal medium containing the drug methionine sxiliane (MSX), a glutamine synthetase
inhibitor. As reference strains théld-type progenitor D141 as well as a strain lacking the
CPC transcriptional activator CpcA (AfS01) were oalsoculated (fig. 3.4A). Clear

differences in hyphal extension and sporulationene&rident when amino acid homeostasis
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was perturbed: whereas theld-type strain displayed proper growth, no growth could be
monitored for thedcpcAdeletion strain. Interestingly, the strain ablatedthe elF2 kinase
CpcC exhibited retarded but detectable growth @nattmino acid starvation medium. Given
the fact that D141 and AfSO1 express different lieve the transcription factor CpcA in
response to CPC derepression — zero in AfS®pdA and high level expression in D141
[wild-typd - this observation is in good agreement with greposed model of CpcA
expression (seBiscussio.

To evaluate the CPC response of #iepcC strain in more detail, steady-state levels of
reporter transcripts were determined in Northerot blybridisations (fig. 3.4B). For that
purpose, pre-grown mycelia were split and transtkinto fresh minimal medium with or
without a false feedback inhibitor of histidine $yathesis (3-amino-1,2,4-triazole, 3AT) to
starve strains for this amino acid. Levels of thersmate mutase-encodiagoC transcript
served as internal standard of constitutive expras®s this is an amino acid biosynthetic
gene described not to be subject of CPC regulgmappmannet al, 1999). In contrast,
argB transcript levels increased significantly upon dinset of histidine starvation in tiagld-
typeisolate, and this representative read-out wasnalisahedcpcC deletion mutant strain.
In further hybridisations, transcripts of the gergsA and cpcC were probed to gain
additional information on the transcriptional CR&Sponse of the mutant strain. Upon amino
acid starvation, transcription levels of the kefeetior CpcA are strongly increased, which is
probably based to a certain extent on positive -temtk regulation; in line with this
assumption is the observation that in the mutaatrstacking the CPC sensor kinase this up-
regulation ofcpcAtranscription was reproducibly less pronounceldaaigh still existent. This

Is reminiscent to the situation in the ascomydééeirospora crassavherecpc-1 transcript
levels could be induced by amino acid starvatioraimutant deleted for the orthologous
sensor kinase gempc-3(Sattleggeet al, 1998). Moreover, a slight increase in the trapsc
levels upon 3AT exposure could also be detectedtHercpcC gene, indicating that this
regulatory gene is part of tie fumigatusCPC transcriptome.

The observed growth phenotype of@cC null mutant with respect to amino acid starvation
together with the data from Northern analyses bleawrroborate that we had identified the
CPC sensor kinase and that it is the sole @lkiBase required for the Cross-Pathway Control

responseén vitro.
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2

minimal medium (NH4*)

aa stavation (+ MSX)

B)

cpcC

CcpcA
aa starvation (+ 3AT)

Figure 3.4 Phenotypes of AcpcCmutant strain under amino acid starvation condgio

Strain AfS26 carrying the resistance marker wasl dee phenotypic characterisation, which behavehital

to strain AfS27 ¢pcC::loxH. A) Growth behaviour on minimal medium in the geace of glutamine starvation
induced by MSX. For comparison, the clinical isel&141 {vt] as well as the deletion strain AfSOAcpcA
ablated for the CPC transcriptional activator isveh. B) Assessment of the CPC status by Northeatyaes.
Steady-state transcript levels of the constituiinternal controlaroC and the CPC target geaegB under sated
or histidine starvation conditions (+3AT) clearlerdonstrate the CP(ohenotype of thedcpcC strain.
Moreover, hybridisation signals from correspondprgbes indicate an increase é¢pcC transcription under
amino acid starvation conditions, and that trapsiomal induction ofcpcAexpression depends partially on the
presence of thepcGencoded elF2 kinase.

3.4.4 AcpcC null mutant of A. fumigatusis still able to phosphorylate elF2&

As thecpcC gene is assumed to encode a kinase that actsdmnatislation initiation factor
elF2, the degree of phosphorylation was followedrugerepression of the CPC system. For
this purpose, the cross-reaction of specific awlié® raised against tleesubunit of elF2 was
monitored in Western experiments, and a biochermasahy was employed to validate the
CPC status. As expected, phosphorylation of elk&reased from a basal level when an

A. fumigatuswild-type strain was shifted to amino acid starvation coodg using various
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inhibitors of fungal amino acid biosynthesis (fi§.5A). In accordance with this result,
enzymatic activities of thargB-encoded OTCase were elevated (fig. 3.5B). To atprsse,
the elevated elR2P signal was also clearly and reproducibly detdetrom crude extracts
that had been prepared from tHhepcC deletion mutant strain cultivated under identical
conditions. OTCase activities determined from thes&le extracts, however, revealed no
increase and hence confirmed the gdenotype of thelcpcC mutant background. Given the
high specificity of the phospho-el&2antibody, these data suggest that CpcC is nobrihe
elF20 kinase encoded in the fumigatusgenome, however its action is specific and syrictl
required for a proper Cross-Pathway Control respafishis fungus to counteract amino acid

deprivation.

A) Figure 3.5 elF2x phosphorylation is not abolished
in adcpcCbackground

A) Western experiments using crude extracts from
strains D141 Wild-typd and AfS26 UcpcQ starved
for tryptophan (W) by 5-methyltryptophan (5MT) or
histidine  (H) by 3AT are shown, in which
polyclonal antibodies raised against edRere used
as internal standard and a specific one to mottir
amount of elF& phosphorylated on Ser51. B)
Parallel determination ofargB-encoded OTCase
activities support the cpghenotype of thedcpcC
strain to indicate that CpcC-specific phosphoryglati
of elF2n is required for a proper Cross-Pathway
Control response.

B)

3.4.5 Virulence ofA. fumigatus is not affected in adcpcC background

In a previous study we had demonstrated that Hrestriptional activator of tha. fumigatus
CPC system is required for full virulence in a marimodel of pulmonary aspergillosis
(Krappmannet al, 2004): mutant strains deleted for the encodipgA gene appeared
attenuated in infection studies but did not show abvious phenotypén vitro except
sensitivity towards amino acid analogues. To ekteidvhether a derepressed CPC system is
necessary for full virulence, botficpcC strains AfS26 ¢pcC::loxP-phlebitk] and AfS27
[cpcC::loxH were used to infect cohorts of leukopenic miceatthhad been

immunocompromised following a standard protocol ngsi hydrocortisone and
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cyclophosphamide. Health conditions of the animaadse monitored over a time period of up
to ten days to assess weight loss or severe sfgndraonary distress. As reference, again the
clinical isolate and progenitor strain D141 wasdjsehich resulted in killing of twelve mice
of a 13-animal cohort in the experimental time feaffig. 3.6). Both mutant strains, however,
also caused the onset of pulmonary aspergillos@llimmfected animals to result in almost
exceptionless killing of the experimental groupsedian survival times were in the same
range for all three strains tested in this expenigeseries, so no differences with respect to

virulence were evident between thidd-type and thedcpcCmutant background.

Figure 3.6 Virulence ofA. fumigatudcpcCstrains is unaltered in a murine model of pulmgrespergillosis.
Survival plots for groups of leukopenic CD1 micéramasally infected with 2xfOconidia of A. fumigatus
strains D141 Wild-typqg (left panel) ordcpcC deletion mutants (right panel) are shown. Animalseived an
intraperitoneal dose of 150 mg/kg cyclophosphamoid@ays -3, -1, 2, and every third day plus a stayaous
dose of 112.5 mg/kg hydrocortisone acetate on tlafe virulence differences for this set of stramsould be

deduced in this animal model for pulmonary asplkergd.
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3.5 Discussion

Invasive diseases caused by aspergilli are chaisedeby the impact of numerous factors that
influence the outcome of the fungus/host interactibis generally assumed that the natural
habitat selects for traits that contribute to ttfehpgenicity of an opportunistic pathogen.
Accordingly, common cellular and physiological #iirtes represent virulence-determining
factors and add to the fungal virulome. Among thesmimportant fungal determinants,
nutritional versatility as well as stress resistafimave to be considered, as both qualities
influence than vivo growth rate, which is directly correlated to veate (Rhodes, 2006).

The environment encountered Ay fumigatusupon infection represents a specific ecological
niche that is possibly stressful, especially wabpect to nutritional supply, so the pathogenic
potential of this particulafAspergillusspecies implies tha. fumigatuss well equipped and
adapted to utilize the surrounding tissue. To gasnght into the mechanism of aspergillosis,
comprehensive knowledge of factors that suppoeciindn andn vivo growth is required, and
therefore metabolic routes that support fungalisaiin this possibly hostile environment are
of interest. Besides components of primary routegulatory cascades that act on clusters of
metabolic pathways are informative targets in pgmo mutant analyses, and one prominent
signal transduction pathway that relates envirortalestress to fungal physiology is
represented by ellé2kinase signalling. Previous studies have demamestrthat the terminal
effector of this cascade, the CpcA transcriptiawivator, is required for full virulence é.
fumigatusin a murine model of pulmonary aspergillosis (Kmagannet al, 2004). Increased
expression of CpcA, however, does not occur upgestion by macrophages, which act as
primary defence line when spores of this fungahpgén are inhaled down to the alveoli
(Iborahim-Granetet al, 2003). Accordingly, phagocytosis by macrophagppears not to
induce the Cross-Pathway Control systemAinfumigatusconidia. This implies that the
microenvironment of the macrophage phagosome eentaifficient amounts of amino acids
and represents a balanced environment with resmeamino acid homeostasis. This
observation is in line with previous studies monitg the immediate transcriptional re-
programming of Candida albicanscells after phagocytosis by immune effector cells:
ingestion by neutrophils but not macrophages resnlan amino acid starvation response by
inducing biosynthetic genes of the arginine pathwag Gcn4p-dependent manner (Rubin-
Bejeranoet al, 2003). The specific transcriptional respons€ oélbicansafter ingestion by
macrophages is characterised by induction of atam carbon metabolism, enhanced
nutrient acquisition, and repression of the traimtal machinery, but not de-repression of the

General Control system (Loreret al, 2004). This shift ofC. albicans confronted with
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macrophages to a starvation mode that is distioeh fthe conventional GC/CPC response
was recently substantiated by proteome studien@ifelez-Arenagt al, 2007). In view of
that and our macrophage ingestion data withAanfumigatusCpcA reporter strain, an
operative Cross-Pathway Control appears obsolete flungal pathogen in the course of
phagocytosis by macrophages.

In this study we were able to reveal that the @asir signalling sensor, the etiFXinase
CpcC, appears to be redundant for pathogenicit. diimigatus as indicated by unaffected
virulence capacities of corresponding deletion muttrains in an infection model using
leukopenic mice. This kind of model for pulmonargpargillosis was chosen for several
reasons: First, the preceding studies onAabecA mutant had been carried out in the same
model, making virulence characteristics #f fumigatus AcpcA and AcpcC mutants
comparable. Second, we were interested in viruldased on growth characteristics and the
ability to exploit the infected tissue as substratecontrast to this, infection models based on
hydrocortisone treatment solely do not result ipletgon of neutrophils, and there, more
subtle effects resulting from the interaction Af fumigatusstrains with the host’s innate
immune system may be gained, which is out of tlipef this particular study. Given the
complex mechanism of CpcA expression, the negatgellt on full virulence ofdcpcC
deletants indicates that basal but not elevateeldenf this transcription factor are sufficient
but also necessary to support virulenceAofumigatus Transcription from thepcA locus
results in MRNA molecules from which CpcA is tratetl at low levels due to the leakiness
of translational barriers in the 5’ leader regi®he onset of starvation, which is sensed by the
CpcC kinase, relieves the translational block ntedidy these upstream open reading frames
(UORFs) to result in high levels of CpcA. Accordingvhen the function of the sensor kinase
Is impaired, no de-repression of the CPC systenocaar; however, basal levels of CpcA are
steadily expressed due to enduring transcriptiothefencoding gene. The existence of such
basal but un-inducible levels of the transcriptionativator are clearly mirrored by the
attenuated, intermediate MS¥rowth phenotype of AcpcCmutant. The assumption that the
CPC system is not de-repressed during aspergillsssaibstantiated by additional studies:
first, monitoringin vivo levels ofcpcAtranscripts by competitive RT-PCR revealed coristan
levels of gene expression (Zhaeigal, 2005), and second, preliminaryvivo transcriptome
profiles are clearly distinct from the data setttlsagenerated in response to amino acid
starvation (our unpublished results). Conclusively,impact of the CPC signal transduction
pathway onA. fumigatuspathogenesis can be deduced, arguing for the edsgmutritional

stress conditions with respect to amino acid hotascs in the murine lung. However, our
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data do not exclude the presence of a redundanalBigy pathway that might function
through an alternative sensor kinase. As indicatexlir Western experiments monitoring the
elF2o phosphorylation status, additional etFRinase activities are presentAn fumigatus
However, action of CpcC is specific for and styictequired for a proper Cross-Pathway
Control response of this fungus to counteract amanm deprivation. Inspection of the
A. fumigatusgenome sequence indeed confirms the existenceset@nd elF@ kinase, the
ifkB (for initiation factorkinase B) gene product. Our preliminary charactéasaof this gene
and its gene product implies that this kinase ifionally not redundant to CpcC but is,
however, responsible for the residual etFghosphorylation in alcpcC background: an
AifkB mutant strain is not impaired in its CPC respaasa andifkB; AcpcC double deletion
mutant does not display phosphorylation of @R2 Western experiments (data not shown).
Moreover, no clear cellular role could be assigttethe ItkB kinase through our preliminary
phenotypic studies, and we consider it unlikelyt tthas elF2x kinase affects virulence of
A. fumigatusn our murine model of pulmonary aspergillosis.

Assuming that uninduced CpcA levels contribute taulence of A. fumigatusraises the
question, which sub-set of genes is targeted anerdrn their expression by low CpcA
guantities. The existence of such genes could beodstrated ir5. cerevisiag¢Paraviciniet
al., 1989) and it is likely that iA. fumigatusseveral genes of that kind exist. Comprehensive
profiling data on the CpcA-dependent but CPC-ungedutranscriptome and proteome will
assist in defining such a basal targetome of tbiserved transcription factor to gain further
knowledge on the influence of the Cross-pathway tf@bnsystem in pathogenicity of

A. fumigatus
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Chapter 4

The Basal Proteome Directed by théspergillus fumigatus

Transcriptional Regulator CpcA

4.1 Abstract

The opportunistic pathogenic fungud. fumigatus requires for full virulence the
transcriptional regulator CpcA, as a deletion @ tiene leads to reduced virulence. However,
the sensor kinase CpcC is not required for infectnalicating that the basal expression level
of CpcA is sufficient to support pathogenicity.tms study a part of the basal CPCowe
proteomic experiments was analysed by comparingvtlietype D141 isolate with itzlcpcA
deletion derivative under sated conditions. By DI&talysis 22 regulated proteins with more
than a 1.4 fold induction/repression could be idext, with 16 of these being increased in
the wild-type and eight showing a decreased amount comparedeodéletion strain.
Classificationvia annotation made it possible to place them in dbffé groups of function.
Three proteins were identified that may be involiregathogenicity ofA. fumigatuse.g. the
Asp hemolysine. Furthermore proteins needed foabmism, which form the largest group,
and one protein having the function to neutralessctive oxidative species were also found.
With the aim to identify putative CpcA binding stéhe promoter regions of the encoding
genes were investigated. Four typical sequencewikras putative recognition sites of the
transcriptional factor were checked and found ghegenes of the regulated proteins. These
data shed first light on the basal CPCome, whicheisessary but also sufficient to support

pulmonary aspergillosis.
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4 .2 Introduction

The air borne filamentous fungus. fumigatushas been recognised to be one of the most
common organisms to evoke invasive aspergillos@il§@ni and Chandrasekar, 2002). By
producing conidia with a size about 248 in diameter the fungus has the ability to reach
easily the lung aveoli of the host (Latgé, 1998yakhage and Langfelder, 2002). Moreover,
its pronounced thermotolerance with an optimal ghotemperature at 37°C and a survival up
to 55°C makes it possible that fumigatuscan grow very well in mammalians (Chagigal,
2004; Cooney and Emerson, 1964; Maheshwarial, 2000). Like other pathogenic
organisms the fungus needs special abilities teivaiin the host whereas limited nutrients
and the immune defence system are the main bamish must be overwhelmed. Incoming
spores are attacked by macrophages and neutr@shilemary defence response of the host.
These phagocytosing cells induce oxidative strgssiding reactive oxidant intermediates
(ROI) to kill the spores (Philippeet al, 2003). Therefore, defence mechanisms as the
mitogen-activated kinases (MAPKS), which constitateegulation system, that enables the
fungus the adaptation to environmental stress nigetralisation of oxidative molecules are
required. Four different proteins of the MAPKs doeind in A. fumigatuscalled SakA,
MpkA, MpkB and MpkC (Mayet al, 2005). Other enzymes like glutathione transfeyase
needed for inactivation of reactive oxidative spedqiROS) as well. IA. fumigatughere are
three of these enzymes that show a peroxidaseitgctly which the fungus has the
possibility to detoxify of oxidative intermediatéBurnset al, 2005).

As mentioned above the ability 8f fumigatusto respond on the defence mechanism of the
host is as important as the competency to getemifrifrom the surroundings. The lung,
which is the primary target of incoming sporesaiplace where substrates and nutrients are
complex and unbalanced. This organ consists maihfyroteins like collagen (Bromley and
Donaldson, 1996; Gt al, 1996; Penalveet al, 1996; Tronchiret al, 1993) so that there is
no abundance of free nitrogen and carbon sourcesgrow under these circumstances
degrading proteins and pathways for starvation timmg are indispensable for the fungus.
Therefore proteases are necessary for the frag@mtof lung components into peptides.
Afterwards up take systems consisting of oligopbptransporters are involved to transport
the nutrients into the fungus as described in eanvorks for C. albicans (Reuss and
Morschhauser, 2006) whereas nitrogen and carboonte@vailable for the organism. Not
only proteases but also pathways to recognisetéineagion conditions in the surrounding and
to activate genes involved in metabolism like amaead biosynthesis are important. One of

these pathways for recognition nutrient limitati@sulting in a regulation of different kinds
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of genes in the fungus is the Cross Pathway CoX@BIC), the homologous system to the
General Control (GC) is.cerevisiae (Hinnebusch, 1984; Hoffmaetnal, 2001; Krappmann
et al, 2004). The CPC consists of a sensor kinase c@lpeC and a transcriptional regulator
CpcA. The cpcA gene is regulated on transcriptional level and tanslational level
(Hoffmann et al, 2001; Krappmanret al, 2004). Under non-starvation conditions where
nutrients are available for the fungus tpcA translational level is repressed to result in a
basal expression level of CpcA. Responsible for ithpression is the high amount of
unphosphorylated initiation factor for translatiet2. This leads to a translation of the two
small uORFs within the promoter region of tcAgene, which are translational regulatory
elements. Under starvation conditions, uncharg@tAtiRare recognised by CpcC leading to a
phosphorylation of elF2 to elEP. As a result the coding sequence of CpcA is latecs
leading to an increased amount of this transcmgaiicactivator (Brauet al, 2004). With
more than 500 target genes CpcA belongs to theablodgulators within the fungus.
Transcriptomic analysis of the CPC/GC under st@wmaiconditions was performed in
different organisms lik&. cerevisiaeN. crassaandA. fumigatugNatarajaret al, 2001; Tian

et al, 2007) and the comparison of these data showthlea¢ are a lot of similarities of the
regulated group of genes. In all organisms aming biosynthesis genes are up-regulated as
well as genes involved in carbon and nitrogen n@isin (Natarajaret al, 2001; Tianet al,
2007). Overall the CPC/GC give the different orgams the ability to react on changing
environmental and nutritional conditions.

Earlier studies indicated a role for CpcA in pathoigity of A. fumigatus Deletion of the
transcriptional regulator decreased the virulenicthis fungus in a murine mouse model in
comparison to thevild-type strain (Krappmanret al, 2004). In contrast to that AcpcC
strain displays no reduction in virulence in immwampromised mice (see Chapter [2).
vitro andin vivo experiments with gfp::cpcA construct displayed no induction of the CPC.
These results lead to the suggestion, that thd bapeession level of CpcA is sufficient for
full virulence and that de-repression of CpcA espien is not required in invasive
aspergillosis (Sassa al, 2008).

In this studyA. fumigatusgenes regulated in dependency of the basal Cppression level
were identified by a proteome approach. The proteqrofiles of awild-typeisolate and its
AcpcAdeletion strain were compared under sated comditio reveal an incomplete section

of the basal CpcA-directed proteomefoffumigatus

83



Chapter 4

4.3Materials and Methods

4.3.1 Media, culture conditions and strains

The wild-type isolate D141 (Staibet al, 1980) and thedcpcA deletion strain AfS01
(Krappmannet al, 2004) were used in these experiments. Inoculatias made in liquid
minimal medium supplemented according to Kafer fJ9As nitrogen source ammonium
was used (10mM final concentration). Each strais imaculated in 400 ml minimal medium
with 2x1@ spores/ml and incubated at 37°C for 18 h. Myceleenharvested by filtration
through miracloth filter (@LBlocHEM) washed twice with sterile water and subsequently

ground in liquid nitrogen.

4.3.2 Protein extraction and determination of conagration

50 mg of ground mycelium was transferred to an Bdpd reaction cup. Extraction was
carried out by using the TCA/aceton precipitatioatimod as described by Darmenetlal
(1986) with some modifications. The 50 mg of myaeli were incubated with 500l
acetone/13.3% wl/v trichloracetacid and 0.09% w/NTDover night. After centrifugation at
14000 rpm for 15 min at 4°C the supernatant wasadited and the pellet was washed with 1
ml ice-cold acetone containing 0.009% w/v DTT. Fammoval the wash solution
centrifugations were done. Afterwards the pelles Wwaed 5 min at RT. 300l lysis buffer [7

M urea, 2 M thiourea, 2% (w/v) CHAPS, 1% (w/v) Zieitgent 3—-10, 0.8% (v/v) IPG buffer
pH 3-11, 20 mM DTT, 20 mM Tris] described by Knieyee et al (2006) with some
modifications was added for resuspension the pahidtthe received solution was incubated
for 1 h at room temperature. The supernatant whscted after centrifugation at 14000 rpm
at 16°C for 30 min. The protein concentration wagtednined according to the protocol of
Bradford (1976). Therefore BIO Rad protein assafD(RAD Lab., Hartfordshire, USAyas
used.

4.3.3 2-D gel electrophoresis

For pre-experiments 2-D gel electrophoresis acogrdo the protocol of Kniemeyeat al
(2006) was performed. In the experiments strip84o€m with a non-linear pH gradient of 3-
11 (Healthcare Biosciences, GE) were used and ratedl over night in 45Q1 rehydration
buffer [7 M urea, 2 M thiourea, 2% (w/v) CHAPS, 1%wittergent, 0.002% (w/v)
bromophenolblue, 0.5% (v/v) IPG buffer, 1.2% (vD@-Streak Reagent (Olssehal 2002)
(GE Healthcare Bio-Sciences)]. For the experim@atug from each sample were used. For

isoelectric focussing the IPGphor Il with a manifateramic tray (GE Healthcare Bio-
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Sciences) was used. The separation in the secamehdion was realised on the Ettan DALT
System (GE Healthcare Bio-Sciences) with lab castim SDS polyacrylamide gels [12.5%
(w/v)] containing Rhinohide as a gel strengthemdolécular Probes, Leiden, NL): 20 mA/gel
for minigels and 30 min 30 W, 4 h 100 W for sixdgttDalt gels. Protein standard Mark 12

was purchased froonVITROGEN (Karlsruhe, Germany).

4.3.4 Visualisation of proteins by Coomassie Bribint Blue staining (CBB)

Spots were visualised by colloidal CBB stainingaading to the protocol of Neuho#t al
(1988). For fixation gels were incubated in fixisglution consisting of 40% (v/v) methanol,
7% (v/v) glacial acetic acid by incubation for twours. Afterwards the gels were washed
twice with ultrafiltrated water for 20 min and stad with staining solution containing 10%
(w/v) methanol, 0.1% (w/v) CBB G-250, 1.6% (v/v)pbesphoric acid and 10% (w/v)
ammonium sulfate over night. Stained gels were rasid by incubation in a solution
containing 0.1 M Tris-base titrated with o-phospbarcid to a pH at 6.5 and incubated for 5
min. Afterwards the gels were washed in 25% (vAgtlmnol for 1 h and stored in the

methanol solution at 4°C.

4.3.5 DIGE experiments, analysis and identificatioof spots

For DIGE experiments five gels were made by usivghbiological replicates. Samples of the
wildtype and the deletion strain were prepared @bog to Kniemeyeret al (2006) with
some modifications as mentioned above. Afterwaedsimples were adjusted at a pH of 8.5
by addition of 100 mM NaOH. For labelling CyDye nmral dyes according to the
manufacturer's protocol (GE Healthcare Bio-Sciehogsre used. 5Qug protein of each
sample were labelled with 300 pm of CyDye. Sampleboth strains were labelled either
with Cy5 or Cy3. A pool of bothwild-type and AcpcA was labelled with Cy2 for internal
standard. Samples were mixed and incubated indgHeah ice for 30 min. The reaction was
stopped by adding ful of 10 mM L-lysine. An equal volume of 4x samplaffer (same
components as for the lysis buffer mentioned abpites 3.2% [vol/vol] ampholytes and 40
mM dithiothreitol) was added. 15@y of each labelled preparations were loaded forfitee
dimension on a ceramic tray by using the IPGphdisdle description above) using 24 cm
stripes with a pH range from 3-11 (GE Healthcare-8ciences). Gels were scanned by a
Typhoon 9410 scanner using a resolution of 100 and analysed with the DeCyder software
(GE Healthcare). Afterwards gels were stained wilomassie as mentioned above. Spots
with a regulation with at least 1.4 fold were cut by manual and digested with trypsine for
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mass spectrometry described by Shevchestkal (1996). Tryptic peptides extracted from
each gel slice were injected onto a reversed-phasel chromatograohic column (Dionex
NAN75-15-03-C18 PM) by using a HPLC system from m#®, Amsterdam, Netherlands.
For mass analysis a LCQ DecaXP mass spectromdterr(ib Electron Corp., San Jose) CA9
equipped with a nanoelectrospray ion source wad.usenotation was done by using the
database of TIGR.
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4 4Results and Discussion

Previous works had demonstrated the involvementhef transcription factor CpcA in
pathogenicity (Krappmanat al, 2004). In addition, data had been presentedngaiti the
suggestion that the basal expression level of Gge=ins to be sufficient for pathogenicity, so
that an induced CPC is not crucial for virulencefoffumigatus To identify the “basal
proteome” generated by this transcriptional activathe proteome oivild-type strain D141

was compared to the one of thepcAdeletion strain AfSO1 under non-starvation coodisi.

4.4.1 Differentially expressed proteins in depende&y of basal CpcA expression

Five independent multiplex DIGE experiments of tadifferent biological replicates were
performed, whereas one of these gels represems ttormal gels resulting in 15 different
kinds of comparable gels for this study. After niéig and quantification of all gels by using
the DeCyder software, 1574 spots could be detetitatl appeared to be induced. For
restriction conditions a cut-off at 1.4 fold or hay was set for the regulated spots. In
addition, only spots that show modulation in atsted2 of the 15 samples were used for
further investigation. Also signals with a t-valagher than 0.05 or without any value were
not considered in our studies. 64 regulated spotaimed after this restrictive procedure, but
41 of them were not picked because their signate va® weak after a Coomassie staining or
the spots could not be clearly localised, so inghé 23 differentially regulated signals were
cut out from the gels for mass spectrometry anal{fsg. 4.1). Analysis of these extracted
putative gene products retrieved 22 different pnstewith one of them being found twice
(spot numbers 1327 and 1329). In this data set sBlfen spots display an increased
expression level in thdcpcAstrain; the remaining 16 spots showed a highesl levthewild-
type strain. All detected and analysed proteins havdigber amount than 1.81 fold (table
4.1). Altogether it can be said that the picked andlysed spots from this data set show only
a modest regulation, however as a result of theicgsn conditions it can be assumed that

these proteins are part of the basal CPC proteome.
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Figure 4.1.Detected spots from the DIGE after staining witro@assie Brilliant Blue.

The figure shows all 23 detected and analysed iptd he arrow shows the corresponding spots ofyeve
number. Up-regulated proteins of théldtype in comparison to thepcA deletion strain have red coloured
numbers and down regulated are displayed by blogbets.

Table 4.1.Detected and identified proteins

Detected protein Pos. Av. Ratio*
Afud4g12450 pH domain protein 61 1.81
Afu5g01440 allergen putative 1329 1.70
Afu5g06240 alcohol dehydrogenase 750 1.65
Afu3g11710 saccharopine dehydrogenase, putative 60pb 1.60
Afu7g05660 elongation factor EF-3, putative 202 1.60
Afu2g03140 peptide methionine sulfoxide reductase 2611 1.56
Afulg09930 glycerol dehydrogenase Gceyl 931 1.53
Afu6g02280 allergen Asp F3 1267 1.53
Afu8g05320 mitochondrial F1 ATPase subunit alpha 246 1.51
Afu3g00590 Aegerolysin family protein, identical Agp hemolysin 1379 1.50
Afu6g10260 aldehyde reductase (AKR1) 1157 1.48
Afu6g11620 formyltetrahydrofolate deformylase 1002 1.41
Afu4g06910 outer mitochondrial membrane proteirirpor 1015 1.45
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Table 4.1 continued.

Detected protein Pos. Av. Ratio*
Afu2g03010 cytochrome ¢ subunit 1206 1.44
Afulg16840 TCTP domain protein 1153 -1.41
Afu8g03930 Hsp70 chaperone (HscA) 270 -1.42
Afu6g06450 proteasome component Pre4 1119 -1.44
Afulg05080 ribosomal protein PO 763 -1.45
Afu6g06750 14-3-3 family protein, similar to 14-3{%otein important for 828 150
polarized growth

Afu3g00730 conserved hypothetical protein 1045 -1.60
Afu5g08830 HEX1 1079 -1.71
Afu3g07430 peptidyl-prolyl cis-trans isomerase 1358 -1.72

*multiplication factor for regulation

4.4.2 Groups of function of the basal proteome dicted by CpcA

The complete set of identified proteins was clasdifand divided into different groups of
function. Analysis of the 14 proteins that are w@ggulated in thewild-type leads to a
preliminary categorisation in seven different ciss¢table 4.2). Most gene products of these
analysed proteins belong to metabolic pathways. éxample the alcohol dehydrogenase
(Afu6g102690), an enzyme involved in fermentatithat was 1.65 fold increased in théd-
type situation. Other proteins were identified, one wlbicus tag Afulg09930 encoding a
glycerol dehydrogenase that showed an up-regulabiori.53 fold in the D141 strain.
Adjacent to the glycerol metabolism this proteieras to be also involved in stress response
induced by salt concentrations. An aldehyde redec{®fu6910260) that had a 1.48 fold
increased expression level was also detectableeimata as well as a formyltetrahydrofolate
deformylase (Afu6g11620), which is likely requiread synthesis of purine ribonucleotides.
Surprisingly, just one enzyme that is involved mi@o acid biosynthesis was found; this
putive saccharopine dehydrogenase with the locgs A3g11710 catalyses the final
synthesis step for lysine.

The second largest group containing three proteom the up-regulated data set belongs to
the aerobic respiration system comprising the prstevith the locus tags Afu2g03010,
Afu4g06910 and Afu8g05320. All three can be foundhe mitochondrial membranes. The
mitochondrial F1 ATPase subunit alpha is neededAfoP synthesis coupled with proton
transport and therefore has just an indirect canmedo the aerobic respiration system. The
other two candidates, an outer mitochondrial memdnarotein porin and the cytochrome c

subunit Vb, are directly involved in the respiratisystem. Furthermore, proteins were found
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that might play a role in pathogenicity Af fumigatus One of them is the allergen Asp3 for
which it is known that it is a factor related taulence. The other one is a putative allergen,
for which the function in connection with virulenisenot really clear. For both gene products
it is known that they are needed in the regulatiboell redox homeostasis. The third one is
the Asp-hemolysin. In earlier studies it was shdtet hemolysin supports the infection by
A. fumigatusn a mouse model and that antibodies againsfdbter can decrease infection in
an animal model. Nevertheless, it is not a mainleice factor but it may support other
proteins involved in pathogenicity (Malicet al, 2007). The Asp-hemolysin displays an up-
regulation of 1.5 fold in comparison to tilepcA deletion strain, leading to the suggestion
that CpcA is necessary for expression of this mateder non-starvation conditions.

Another important protein that was found with aor@ased level of 1.56 fold paticipates to
the reaction on oxidative stress. The corresponitiogs Afu2g03140 designates a gene that
encodes a putative peptide methionine sulfoxideicde, which may be involved in the
reaction on oxidative stress. ExperimentsSincerevisaéhad pointed out that methionine
sulfoxide reductases have the ability to reversthimee oxidation (MetO) caused by reactive
oxidative species (ROS) (Moskovigt al, 2000; Moskovitzet al, 2002). A dysfunction of
these proteins leads to an accumulation of carbproteins and results in a higher aging in
yeast cells (Oien and Moskovitz, 2007).

The last two proteins, which were identified in @tudies, are a putative elongation factor
(Afu7g05660) that is needed for translation and H pomain-containing protein
(Afu4g12450), which may act as a kind of chaperomemay be important to react on
changing pH conditions.

From the eight analysed spots displaying a downitatign in thewild-type five of them
were classified and assigned to functional categoftable 4.2). Three are hypothetical
proteins or proteins with unknown function so tlaatdisposition in a special functional
category was not possible. In addition the heatlsipootein Hsp70 chaperone (HscA) having
the locus tag Afu8g03930 was identified. From yets known that the homologue Ssb2p
interacts with the Hsp70 family member Ssz1p amdJtiomain protein Zuolp. These three
chaperones form a functional triad required fomngtation. Deletion of one of these
components leads to different dysfunctions and iedaiced growth irs. cerevisiagConzet

al., 2007; Gautschet al, 2002; Hundleyet al, 2002). Other chaperones were not found in
our studies. Proteins involved in protein metalml@nd anabolism were also found in this
proteomic experiments: the proteasome componert, Rresubunit of the 20S proteasome

concerned in the ubiquitin dependent protein cdistnodisplays down-regulation in thld-
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type Moreover, a peptidyl-prolyl cis-trans isomeraseatagively involved in protein
metabolism was identified. Only one spot was idmati as a protein involved in signal
transduction and which belongs to the 14-3-3 familliese are dimeric, acidic proteins
having an average size of 30 kDa that are highlgseoved and can be found in all
investigated eukaryotes. The number of these prowiffers from organism to organism and
can range from one up to thirteen isoforms withime corganism. InS. cerevisiaeand
S. pombefor example only two members of 14-3-3 family aresctibed, whereas IA.
thalianathirteen of these proteins exist (van HeusdenZtednsma, 2006). In contrast to this
the pathogenic yea&l. albicanscontains only one of these proteins (Cognetital, 2002).
Their function is very manifold so that the 14-FBteins play a role in many different
mechanisms and pathways resulting in many diffeirgeraction partners. The involvement
in DNA repair, which was shown by Foad al (1994), is only one example. @ albicans
the single isoform of 14-3-3 proteins is importémt filamentous growth and therefore for
pathogenicity. Without the corresponding gene aasive growth seems to be impossible for
this organism (Cognetiet al, 2002; Hurtado and Rachubinski, 2002). As a restiithis

complexity the research and analysis of this famsilyery challenging.

Table 4.2.Classification of the different proteins foundtire DIGE experiments

Classification Av. Ratio
metabolism

Afu6g10260 aldehyde reductase (AKR1) 1.48
Afu3g11710 saccharopine dehydrogenase, putative 1.60
Afulg09930 glycerol dehydrogenase Gceyl 1.53
Afu5g06240 alcohol dehydrogenase 1.65
Afu6g11620 formyltetrahydrofolate deformylase 1.41
aerobic respiration

Afu2g03010 cytochrome ¢ subunit 1.44
Afu4g06910 outer mitochondrial membrane proteinrpor 1.45
Afu8g05320 mitochondrial F1 ATPase subunit alpha 1.51
oxidative stress

Afu2g03140 peptide methionine sulfoxide reductase 1.56
pH regulation

Afu4g12450 PH domain protein 1.81
pathogenesis

Afu3g00590 Aegerolysin family protein, identical Agp hemolysin 1.50
Afu5g01440 allergen putative 1.70
Afu6g02280 allergen Asp F3 1.57
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Table 4.2 continued.

Classification Av. Ratio
translation

Afu7g05660 elongation factor EF-3, putative 1.60
heat shock proteins

Afu8g03930 Hsp70 chaperone (HscA) -1.42
translation

Afulg05080 ribosomal protein PO -1.45
signal transduction

Afu6g06750 14-3-3 family protein, similar to 14-3sBotein important for polarized growth; -1.50
protein degradation and metabolism

Afu3g07430 peptidyl-prolyl cis-trans isomerase -1.72
Afu6g06450 proteasome component Pre4 -1.44
unknown function

Afu3g00730 conserved hypothetical protein -1.60
Afulg16840 TCTP domain protein -1.41
Afu5g08830 HEX1 -1.71

In summary in this particular study a variety offetient proteins were found, which do not
belong to one special functional group. In a neégp st should be validated whether these
proteins are direct targets of CpcA. For this psgan analysis of the 5’ upstream region was

made for each of the 22 detected genes with theaneveal putative CpcA binding sites.

4.4.3 Presence of putative CpcA binding sites
CpcA belongs to the leucine zipper (bZIP) familytadnscriptional activators and has the
ability to bind to specific recognition sites callésCREs or CPRESGEgneral Control or
CrossPathway ControRecognitionElements). The basic region of these proteins ctmefs
a paira helices required for binding to the target DNA ifdachulzet al, 1988; Struhl,
1989). For Gendp irs. cerevisiaat was shown that there is a high affinity to tenonical
sequence 5-TGACTCA-3' leading to strong bindingttihesults in a direct regulation of the
corresponding gene (Arndt and Fink, 1986; Hinnebu$684; Natarajaet al, 2001; Thireos
et al, 1984). This sequence as the recognition sitearfd@ is highly conserved and can be
found in other organisms like filamentous fungi Annidulansthis recognition sequence was
detected and identified as a binding site for Cpitve, homologue of Gen4dp (Hoffmare al,
2001). It was possible to find this sequence ingramoter region of thepcAgene. Studies
in other filamentous fungi lik&l. crassafor which also this recognition sequence was foun
in the 5 upstream region of th@CN4corresponding genepc-1, had shown that this
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sequence enables an autoregulation of the tratiscigb regulator (Palulet al, 1988). Later,
the same was shown fé. nidulans(Hoffmannet al, 2001) leading to the suggestion that
this autoregulation is also the caseAnfumigatusbecause there is the same recognition
sequence in thepcA promoter. Further detailed studiesNi crassaandS. cerevisiaéhad
displayed that small variations in the canonicalding site also support interaction with the
transcriptional activator CPC-1/Gecn4p. Given thghhisimilarity between CpcA and its
homologues in the other organisms it is not suirpyly that these short sequences are also
detectable inA. fumigatus where they represent putative binding targetsttiercpcA gene
product. In this study the promoter regions withB00 basepairs of genes corresponding to
the proteins detected in the proteomic analysievesralysed for presence of the canonical
sequence 5-TGACTCA-3’ and three further putativeding sites (fig. 4.2). Although the
affinity of the transcriptional activator to thedegee diverging recognition elements is not as
high as to the original one, previous works showmat the possibility of binding is still
increased in contrast to other sequences (&ia, 2007).

G 1000 bp el
e T I

5-TGACTCA-3’
5-TGAg TCA-3
5-TGACTQA -3’
5 - TGAgTQA -3’

Figure 4.2.Putative CpcA binding sites

Investigation of the promoter region within 1000sépairs for putative CpcA binding sites of the gsadl
proteins. Four target sequences were checked.ifsh®me is the canonical sequence with the higafistity to
CpcA.

Investigation of the promoter regions of the geressilting from the corresponding proteins
of the proteomic data set yielded to the result éight genes have one of the four checked
sequences within their promoter region (table 478)e of them are up-regulated proteins in
the data set and three are down-regulated. Onlyobriee five up-regulated genes which
encodes the putative allergen with the locus tag5401440 contains the high affinity
binding site 5’-TGACTCA-3’, all others have the despecific binding sequences in their
promoter regions. In three upstream regions thd&AgTgA-3’' sequence was found
containing two mismatches from C to G at the foumtll sixth positions. The gene with the
locus tag Afu3g11710 encoding the saccharopinedtelggnase is the only protein having in
its promoter the sequence 5-TGAQTCA-3’ as putathi@ding region for CpcA. The
sequence 5’-TGACTgA-3 does not appear in any ekéhgenes. In all three down-regulated
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genes the typical CpcA binding region is missingewmas the sequence 5-TGAgTCA-3’ and
once 5-TGACTgA-3' was detected twice. Promoterioag with two or more regulation

elements could not be found.

Table 4.3.Proteins of the proteomic experiments containipgiiative CpcA binding site

Gene CPRE

Afu3g11710 saccharopine dehydrogenase, putative 5-TGAGTCA-3
Afu6g11620 formyltetrahydrofolate deformylase 5-TGAGTGA-3
Afu3g00590 Aegerolysin family protein, identical Agp hemolysin 5-TGAGTGA-3
Afu5g01440 allergen putative 5-TGACTCA-3’
Afu7g05660 elongation factor EF-3, putative 5-TGAGTGA-3
Afu8g03930 Hsp70 chaperone (HscA) 5-TGACTGA-3
Afu3g00730 conserved hypothetical protein 5-TGAGTCA-3
Afulg16840 TCTP domain protein 5-TGAGTCA-3’

Finally, a comparison of transcriptomic data mamtbfor the transcriptional activator CpcA
under amino acid starvation conditions (see Chapjewith the proteomic data set was
carried out to detect proteins, which are also leggd on transcriptional level under
starvation conditions. Only two proteins could hlmurfd, which were regulated in both
experiments: the aldehyde reductase (AKR1) andpthative saccharopine dehydrogenase,
both involved in metabolism.

To summarize these results it can be stated thateips involved in different cellular
functions depend in their expression level unden-starvation conditions on the CPC
activator CpcA. However, their significance for lpagenicity ofA. fumigatusespecially with
respect to the necessity of the Cross-Pathway Glananscriptional activator CpcA, remains
to be demonstrated. A prime candidate for furtlesearch is the Asp hemolysin-encoding
gene. For this, a significant dependency of expras®n CpcA is evident and the
corresponding promoter region comprises a conserviggh affinity binding site for this
activator. Accordingly, absence of CpcA resultsaduced levels of Asp hemolysin due to the
fact that no binding and activation at the promatethe encoding gene occurs. Yet, further

confirmatory studies will have to be carried oubnder to substantiate this.
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Chapter 5

Conclusions & Outlook

5.1 Conclusions & Outlook

Pathogenic organisms like the filamentous fugi fumigatus require pathways and
mechanisms for adaptation within the host. A batteterstanding of these regulatory systems
make easier to find new targets for antifungal dragd pharmaceutica. One of these systems
is the Cross-Pathway Control (CPC), which is thenblogous to the well-studied General
Control of amino acid biosynthesis (GC) (Destgal, 2004;Hannig and Hinnebusch, 1988;
Hanniget al, 1990; Hinnebusch, 2005). In its core, this glofegjulatory system contains a
sensor kinase (CpcC) and a transcriptional regul@pcA) (Hoffmannet al, 2001), for
which it was demonstrated that it is required fdf ¥irulence ofA. fumigatugKrappmannret

al., 2004). Therefore, the main focus of this work was on the CPC with its components
CpcC and CpcA. For sure a better understandinggi®frégulatory mechanism enables a more
detail insight of a pathogenic filamentous fungesutting in increasing knowledge that can

give hints for new therapies against this pathogen.

5.1.1 The CPC is a global network required for manyifferent stress responses

In the first part of this work it was the aim todi out what kind of genes are under the
regulation of the transcriptional regulator CpcAdaso are parts of the CPC regulatory
network. Microarray hybridisation experiments weegried out as experimental approach to
get a comprehensive overview. 523 putative Cpcéetizrwith a regulated mRNA level of at
least 1.5 fold were detected, with 377 genes beprgegulated in this data set and only 146
being repressed under the applied conditions (faerview see fig. 5.2). By the finding that
several transcriptional regulators are induced ustigvation it becomes clear that the Cross-
Pathway Control is a global regulatory system gctin additional factors and regulators to
produce a fast and strong response to incomingr@mwiental signals. It could also be
confirmed that the CPC is involved in the regulatad different metabolism pathways as it
has been shown for other fungi like yeastNorcrassa(Natarajanet al, 2001; Tianet al,
2007). In addition to many amino acid biosynthegaes also a high number of transporters
and permeases are up-regulated in our data sete 8bthem are not required for metabolism

but involved in pumping toxic molecules out of fa@gus. This illustrated the requirement of
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the system for detoxification of different drugs dhyannelling thenvia transport mechanisms
out of the organism and not only to react on stasmecondition like amino acid limitation or
glucose and purine starvation (Rolfes and Hinndbud®93; Yanget al, 2000). The
detection of putative stress response genes inddiveneutralisation of oxidative reactive
species and others, which confer the fungus a higgsistance to different kind of drugs e.g.
itraconazole corroborates the suggestion that 4€ €ontrol is an important stress response
system acting widely on the cellular level. Adduadly, two genes encoding proteins of the
AAA-ATPases family ¢daAandcdaB could be identified on which our further experimse
were based. The family of the AAA-ATPaseSTPasesassociated with various cellular
activities) can be found in all kingdoms and showdiversity of functions in every organism.
The core of the AAA proteins is an ATP- binding dom which contains about 200 to 250
amino acids. In earlier studies it was possibldotalise the different parts of the AAA
proteins by crystal structure analysis and to detdigomers of AAA ATPases, which
normally occurs in hexamers (Hanson and Whiteh2805). In general the proteins have six
different domains, which give them the typical cwerisation. Most of these proteins
undergo a conformation and or bind ATP for hydrati@an resulting in physical works. But
the exactly mechanism of changing the conformaiostill not completely understand. The
functions of these proteins range from reactionsndureplicationvia protein folding and
degradation to processes in which chaperones apdvad. But till now the function of many
AAA-ATPases is still unclear and more effort wile mneeded to get a better and more
understandable overview of this group of proteil¥avey et al, 2002; Hanson and
Whiteheart, 2005; Wangt al, 2004). Analysing genomic databases of differeganisms
showed that most of the eukaryotes contain 50-8tnimees of this family.Arabidopsis
thalianais an exception with a number of circa 140 AAA-ABRs. Resulting from this the
interest was to find out how many of these protairesexist inA. fumigatusvia blasting the
AAA-motif sequence against the genome of this fumgoy which only eleven putative
proteins were retrieved.

After validationvia Northern hybridisation that CpcA regulates botla genes their cellular
function was investigated by phenotypic characiins of deletion mutant strains. From this,
a putative involvement in resistance to conditiensking cell wall stress was deduced. In
addition, induction of CpcA by Calcofluor White #tenent but not activation of the whole
CPC system was evident. Therefore, it can be stegéisat CpcA as the CPC transcriptional
regulator can also be induced independently fromm tfobal systemvia different stress

signals. Another hint for this suspicion is giveyn domparison of the amino acid starvation
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data set with the transcriptional profile Af fumigatusunder antifungal stress induced by
voriconazole (da Silva Ferreiet al, 2006). After 4 h incubation with voriconazole tiiata
set show an increased transcriptional level of CpsAwell as the twadaencoded AAA-
ATPases but not of typical amino acid biosynthegises likeargB, which would indicate an
induction of the CPC. Interestingly, no inductiminthe other nine AAA-ATPases in either of
these data sets was evident. Therefore, it casdered that these two AAA-ATPases (CdaA
and CdaB) are the only genes of this family regadby CpcA. It will be interesting for
further studies to analyse the functions of theségns in more detail. In addition, analysis of
other putative stress genes from the amino acivagian data would be very interesting,

especially in relation to drug response and readbaxidative stress.

5.1.2 The CPC is not triggered during the beginningf infection

Previous works had supported a role of CpcAAinfumigatuspathogenicity (Krappmanat
al., 2004). Based on this finding it was the aim o$ tlwork to gain more information on this
transcriptional activator during infection. gfp::cpcAreporter strain was constructed to carry
out in vitro confrontations with macrophages isolated from keés and mice. Interactions
between these immune defence cells and conidda fifmigatusdid not result in induction of
CpcA expression, and additionalvivo experiments supported this observation. Accorgingl
these experiments demonstrate that during thedesod of infection the CPC system is not
triggered, leading to the suggestion that starmationditions for e.g. amino acid or glucose
limitation do not exist in the murine lung or resgeely in macrophage phagosomes (as
overview see fig. 5.1). This result is supported dgrlier studies in which proteomic
experiments of the human pathogenic y&astlbicansshow an increased level of Gendp
during ingestion by neutrophils but not by macrapgsa(Fernandez-Arenas al, 2007).
Furthermore, the sensor kinasefoffumigatusequired for the regulation of CpcA expression
was characterised in detail. The function and tleelranism of this protein were described in
earlier works forS. cerevisiaeN. crassaandA. nidulans(Carsiotiset al, 1974; Davis, 2000;
Hinnebusch, 1984, 2005; Hoffmaehal, 2001; Piotrowska, 1980; Sachs, 1996). It found ou
that the deletions of CpcC leads to an intermedjatevth phenotype in comparison to the
wild-type and thecpcA deletion strain on medium inducing amino acid\ston and that
CpcC is needed for induction of the CPCAInfumigatusinterestingly, a CpcC deletion strain
is still able to phosphorylate the etF3ubunit under amino acid starvation. The conclusio
on this is that there might be another kinase \hth ability to phosphorylate the initiation

factor. However, it could be demonstrated that tegdual phosphorylation has no effect on
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CPC induction by increased CpcA translation. IrtHer experiments the influence of CpcC
on fungal pathogenicity was assessed in a murinelemoThe results made clearly
demonstrated that CpcC, in contrast to CpcA, israquired for pathogenicity. Concluding
from this and from the described microscopy expents it can be suggested that the basal
level of CpcA is sufficient for full virulence. Thefore it will be of interest to identify genes
that depend in their transcription on the basaresgion level of CpcA in order to get a better

understanding for the infection mechanisms of plaighogenic fungus.

e starvation

W
X‘k

nitrogen limitation \
]\ purine starvation
aa abundance voriconazole
calcofluor white

Figure 5.1 Different factors that influence the transcript activator CpcA

The scheme displays all influences, which have motless an influence on CpcA. Red-circled facttage an
inductive effect on the transcriptional activatardaon the CPC. In contrast to that are the greereci
influences that only induce CpcA but have no effactthe CPC. Big arrows present in the figure grap-
regulation of CpcA. Factors and influences tharees the induction (blue circled) or have no affecCpcA
(grey circled) are also shown in this figure.

5.1.3 The basal level of CpcA regulates genes inved in pathogenicity

Based on the experiments showing that in cont@€dcA CpcC has no influence to the

virulence ofA. fumigatusg(Krappmannet al, 2005; Sasset al, 2008) it was suggested that

the basal expression level of transcriptional attiv appears to be sufficient. In order to get a
first overview on genes depending in their expmssin the presence of CpcA under non-
starvation conditions, a proteomic approach wasoviedd. 22 different spots could be

detected and assigned to 22 proteins (fig. 5.2girThunctional categorisation displayed a

strong diversity; nevertheless, it was possiblértd three putative candidates that are likely

to be involved in pathogenicity. We also discovepratein whose function is required for
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detoxification of oxidative reactive species. Thessults are perhaps a hint for an explanation
of the A. fumigatusvirulence in dependency of CpcA. In additional k®we investigate the
promoter regions of all 22 detected genes to fun@gpve CpcA binding sites.

ribosomal proteins

ribosomal proteins heavy metal binding proteins

transporter and permeases respiration cell wall and cell growth factors
tRNA modification/synthesis aa biosynthesis
genes with unknown fubction

acetyl/-methyl transferases
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pH regulation
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acetyl/-methyl transferases protein degradation o _
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stress response factors

primary metabolism secondary metabolism

repressed by CpcA: induced by CpcA
|
|
I
!
!
|
I
I
!
protein degradation metabolism E
|
cell wall factors i o _
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Lbasal” level

unknown function
translation
heat shock oxidative stress response
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signal transduction
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Figure 5.2.Groups of function that are regulated under stameadind non-starvation conditions in dependency
of CpcA

The figure shows all main groups that are regulaie@pcA directly and indirectly. Red marked groaps here
the induced ones and blue the repressed genedowbe section in this figure represents the geregsilated
under non starvation conditions hereas the uppergb@ws the targets of CpcA under amino acid atiou
conditions.

Although some of these genes have binding sequémrcehe transcriptional regulator,
surprisingly just two of the regulated proteins @resent in the transcriptome data set on
CpcA-regulated genes (see Chapter 1), and thesed&wnction in metabolic routes but not
in virulence. It can also be concluded from thessuits that this kind of basal regulation of
CpcA-dependent genes is not as significant as ustvation conditions and that small
differences in the amounts of some proteins araeired to support pathogenicity of this
fungus. To find out to what extent CpcA regulateese genes, further experiments like
promoter analysis should be performed. In additdeletion of target genes of CpcA under
non-starvation condition may be a possibility toli@ss the role of CpcA in pathogenicity.
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