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Antimicrobial peptides and their transcriptionajuéation

1 Antimicrobial peptides and their transcriptional

regulation

1.1 Introduction

The demand for novel agents with antimicrobial activity is higkirginumbers of immuno-
suppressed patients constitute risk groups which are particptartg to pathogen infection
(McKee et al., 2000; Ratnam and Goh, 1994). At the same time, moreaadathogenic

microorganisms become resistant to conventional drugs due to inbireicjuired resistance
(Sefton, 2002). Attractive alternatives to chemically-derived agemtstitute the large group
of antimicrobial peptides (AMPs), which combine important aspects asibigh potency and
stringent specificity (Reddy et al., 2004a). Due to their beiaéfcharacteristics, AMPs are
also considered as ‘nature’s antibiotics’ (Wang and Wang, 2004). Teeyw regarded as
basic elements for the generation of novel drugs to treat baerdaungal infections (De

Lucca, 2000; Hancock, 2000).

1.2 Structure and classification

Many different species are known to express AMPs including lectengi, plants, insects,
vertebrates and invertebrates. AMPs are gene-encoded, low-moleceilgint vproteins,
generally consisting of less than 100 amino acids (Ganz, 2005).asteiishing diversity in
structure and chemical nature makes classification a difftask. However, AMPs are
categorised, rather arbitrarily, according to their biochenaicatructural features (Tossi and
Sandri, 2002). Besides anionic peptides, aromatic dipeptides, and mamgndlifieocessed
forms of proteins, the cationic peptides constitute the largest giodMPs. They can be
divided into three subgroups: The linear peptides forming helicaltstes; the cysteine-rich
and open-ended peptides, which contain one or several disulfide bridges; pagtities rich

in specific amino acids.
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1.3 Function

Antimicrobial peptides form the first line of innate host defemcénigher eukaryotes, in
which they are essential factors in repelling pathogenkatiasl|off, 2002). In contrast to the
adaptive immune system - which may take days or weeks untitaessfully responds to
invasive attack - the innate immune system provides a rapid ntearmmbat pathogen
infection right from the start (Clark and Kupper, 2005). A generabdeh describing

fundamental aspects of the innate immune response is illustrated in Fig. I.

a v

v ELICITORS / PAMPs
v \
Vv,

TLRs /PRRs ENVIRONMENT

i ||defence gene(s) | —— RNARBIVIVION N

. NUCLEUS .~

Figure I. Model outlining fundamental aspects in the innate mmune response.Elicitors or pathogen-
associated molecular patterns (PAMPS) are relebgatie invading pathogen. Defined receptors, sictha
pattern recognition factors (PRRs) in plants or fdl-like receptors (TLRs) in animals, perceiveesk

pathogen-derived signals, subsequently resultirtefance gene transcription.

Distinguishing feature of the innate immunity comprises of pattecognition receptors
(PRRS) in plants or Toll-like receptors (TLRs) in animals, which usealybit a broad range
of specificity. These extracellular receptors are able tog@ze many related molecular
structures referred to as pathogen-associated molecular pdRami®s) (Nurnberger et al.,
2004; Zipfel and Felix, 2005). PAMPs generally show little varianbeyTypically consist
of polysaccharides and polynucleotides exclusively present in thelimgvgpathogen.
Translation of signals finally results in the transcriptiorcivation of defence-related genes
(Fliegmann et al., 2004). Interestingly, no memory of prior exposugecertain pathogen is
required for PRR expression, which explains the rapidness by whicimriate immune

response is able to respond to invasive attack.
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The effective range of AMPs was found to be not exclusivelyicked to the innate immune
system. These peptides were also shown to trigger and to inteéttadhe adaptive immune
response. Administration of defensins with antigens to mice wpassbkown to enhance
cellular as well as humoral cytokine production and immune resp@seeheim et al.,
2003). In metabolic terms, innate host defence is a greatly econugaigs of responding to
pathogen attack, because only a limited amount of energy is invetidtie expression of a
basic defence machinery.

Although prokaryotes and lower eukaryotes are devoid of any kind ofimamesponse, they
are also known to produce peptides with antimicrobial potential (ClagidiPyun, 2005). In
contrast to higher eukaryotes, however, these AMPs serve to da$sighed ecological
niches against nutrient competitodsactococcus lactisfor instance, produces an AMP
referred to as nisin, which belongs to the group of lantibiotics antimicrobial activity
against Gram-positive bacteria (Breukink and de Kruijff, 1999). fNisias shown to
effectively inhibit the growth otisteria monocytogengs nutrient competitor which shares
the same habitat &s lactis (Bhatti et al., 2004).

1.4 Mechanism of action

Although they exhibit a rather wide range of variance, it ipréssive to note that AMPs
seem to operat@a the same fundamental mode of action comprising of the permeadiisat
of microbial membranes (Park and Hahm, 2005; Tossi and Sandri, 2002). Urglerlyi
prerequisite for the membrane perturbing effect is their Issimd, their cationic net charge
and their amphipathic character (De Smet and Contreras, 2005).

A model for linear helical peptides with amphipathic character pesptheat these molecules
interact with membranes, resulting in an increase in membraneegbility. This can be
effected either by the interaction of positively charged peptrd#s anionic lipids in the
target membrane, or by the destabilisation of the membrane ly dipplacement. For
cysteine-rich peptides, such as defensins, a similar mechdrasnibeen suggested which
implies the formation of ion-permeable pores in lipid bilayers (Deca and Walsh, 1999;
Matsuzaki, 1999; Zasloff, 2002). However, membrane permeabilisatjostadescribed does
not sufficiently account for AMP specificity. Thus, it is suggesthat a receptor-mediated
mechanism is involved in membrane permeabilisation (Thevissen &B8¥; Thevissen et
al., 2000). For nisin it was described that it specificallychtta to Lipid Il, a membrane-

bound factor in peptidoglucan synthesis, which was shown to constitute portant

3
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component in nisin-induced pore formation (Breukink and de Kruijff, 1999). In additi

was demonstrated that defensins from insects and plants intettadhe fungal membrane
lipid glucosylceramide (Thevissen et al., 2004).

Other peptides, such as the short, proline-rich drosocin and pyrrhncarre shown to bind
to the bacterial heat shock protein DnaK, which is correlatéd aitimicrobial activity. It

was documented that binding permanently closes the cavity of Dnakeguently inhibiting

chaperone-assisted protein folding (Kragol et al., 2001). Hypothetieelhanisms of action
could involve activation of hydrolases, disturbance of membrane funadmhsiamage to

intracellular targets (Zasloff, 2002).

1.5 Gene regulation of antimicrobial peptides

The high attractiveness of AMPs for medicine or applied biotechypalag be attributed to
their biological origin, high sustainability, broad diversity and ajppgaange of specificity.
In order to perfectly exploit these peptides, detailed knowledgeohses gathered concerning
their tertiary structure, their site of action and the regulation of ANt#®@ing genes.

Many efforts have been undertaken to gain more insight into the tiegutdd AMP-encoding
genes. Whilst expression patterns for genes from mammals sissetplants are rather well-
investigated, comparatively little is known about defence gempeession in bacteria and

fungi.

1.5.1 Plants

Plants produce a whole battery of AMPs and proteins, all intendedtecpthe organism
against pathogen attack. Interestingly, the encounter betwesnapia pathogen can follow
two different ways of progression - the so-called susceptibleherrésistant route of
interaction. During the resistant route of interaction, which &0 akferred to as the
hypersensitive response, the plant aims to literally trapp#iteogen within necrotic plant
tissue and layers of decomposing cells (Greenberg and Yao, 2004uddeptible route of
interaction implies that the infection can initially ensue (laayd Anderson, 2005). In this
case, the plant has to fall back on its repository of defencedetall responses, among

which the expression of AMPs is included.
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Both, biotic and abiotic stresses can trigger a network of individgabling pathways,
which all seem to be extensively interconnected with each othete$t and Van Loon,
2004). Obviously, this cross-talk is very sensible, because it erthblesganism to fine-tune
and to coordinate its defence responses in accordance with the indsticisal applied. In
plants, three major signalling pathways are described: Theylgakcid-dependent pathway,
the ethylene-dependent pathway, and the (methyl) jasmonate-deppeatievdy. These, after
induction by pathogen infection or wounding, eventually result in thestriptional
activation of specific defence-related genes (Fig. Il). Sitlte most comprehensive
understanding of defence gene regulation is presently achiev@dabidopsis thaliana
subsequent information will exemplarily focus on defence gene expressios anganism.

A. thaliana encodes for the plant defensin PDF1.2, which is expressed as a meprote
containing a putative signal peptide. The mature plant defensin domass 92a% sequence
identity to the radish antifungal protein 1 (Rs-AFP1). The PDF1.2-emgapne was found
to be induced by exogenous treatment with either ethylene tryimasmonate but not by
salicylic acid. The opposite was observed for the pathogenesigirptatein 1 (PR-1), which

is a small, cationic AMP if\rabidopsis(Penninckx et al., 1998). Exogenous application of
jasmonic acid or its analogue methyl jasmonate also causesiamdatthe thionin-encoding
genethi2.1 The pathogenesis-related gepes3 andpr-4, encoding a basic chitinase (PR-3)
and hevein-like protein (PR-4), were shown to underlie the samelsignatiuction pattern
as pdfl.2 This implies thatpr-3, pr-4 and pdfl.2 are repressed by the wound-response
inducing transcription factor AtMYC2. While repressing pathogenesated response genes,
AtMYC2 is concomitantly involved in the up-regulation of wound responsesgyench as
thi2.1

Regarding the genetic organisation mffl.2 a so-called GCC-box was identified in the
promoter region of this gene. Deletion or mutation of the GCC-boxtedsul substantially
lower responses to jasmonate, which suggested that the GCG-anxessential prerequisite
for jasmonate-dependent inductionpalf1.2expression (Brown et al., 2003).

The coronatine-insensitive 1 (COI1) geneAsabidopsisencodes an F-box protein. F-box
proteins carry an F-box motif of approx. 50 amino acids in length. Umtenaction with
other proteins, these complexes are then targeted to ubiquitin-etegiateolysis (Kipreos
and Pagano, 2000). COI1 was shown to be involved in the ubiquitin-proteosome patiolway
is required for response to jasmonates (Devoto et al., 2002).
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MPK4 ~
ETHYLENE JASMONATE <« SALICYLIC ACID
NPR1
SCFCO”
ERF1 | AMYC2 [ WRKY70
T T ’ \ Ty

pdfl.2

pr-3 thi2.1 pr-1

pr-4

Figure 1. Model outlining the interaction of key players in Arabidopsisdefence gene inductionArrows

indicate positive interaction, while dashed linegresent negative interaction. For further explanaee text.

Recently, it has been found that COI1 associates with otherrmdteform ubiquitin-ligase
complexes, designated as SCE These complexes constitute an intermediary module
between jasmonate and ethylene signaNilaghe activation of the ethylene response factor 1
(ERF1) (Devoto et al., 2002; Lorenzo et al., 2003). The connection betweét?"Sard
ERF1 constitutes, why concomitant induction of the ethylene and sheofeate response
pathways are required for transcriptional inductiopdffL.2

A further regulator of the pathogen defence response is the K#ase 4 (MPK4). It was
shown to be required for both, the repression of salicylic acid-dependentnesistal for the
activation of jasmonic acid-dependent defence gene expressiondditédication of the
MPK4 substrate 1 (MKS1) is proposed to contribute to MPK4-regulatechakefgene
activation by coupling the kinase to specific WRKY70 transcriptextdrs (Andreasson et
al., 2005). A protein referred to as nonexpressor of PR gene 1 (NRBA)esses the
jasmonate-dependent pathway downstream of MPK4 (Liechti et al., 2008 v was
shown to positively interact with WRKY70 of the salicylic acigpdrdent pathway. Owing
to this highly complex system of interconnected signalling pagswthe plant is able to

choose the right set of genes according to situational demand.
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1.5.2 Insects

The fruit fly Drosophila melanogasteis by far the genetically best characterised insect to
date. Since the majority of defence gene studies are carriednoDt melanogaster
subsequent paragraphs will summarise defence gene regulation in this organism.

In D. melanogastertwo distinct signalling pathways are known to regulate the esipresf
AMPs: While the Toll-pathway is predominantly triggered by fungad Gram-positive
bacterial infection, the immune deficiency (Imd) pathway was shtwbe additionally

induced by Gram-negative bacterial strains (Fig. Ill).

PATHOGENS

GRAM-POSITIVES GRAM-NEGATIVES ‘ FUNGI / YEAST

“a N

Les

Figure lll. Simplified model illustrating the network of defene gene induction inD. melanogaster
Differently illustrated lines represent differentlyggered pathways (i.e. Gram-positive bacteriegrsnegative

bacteria, fungi and yeast). For further explanatiea text.

Microbial recognition acting upstream of the Toll and Imd pathwayachieved, at least
partially, through peptidoglycan recognition proteins (Ramet.et2@D2). These allow the
discrimination between Gram-positive and Gram-negative bacteriagLetlal., 2003).

Toll-pathway induction involves a sequence of events, finally leadinghdéorelease of
transcription factor Dif. In analogy, the Imd pathway resudt€leavage and activation of
transcription factor Relish. Both factors, Dif and Relish, can sulesgiguactivate the
expression of AMP-encoding genes (Royet et al., 2005). Expressiome$ gacoding for
cecropins (CecA) were shown to be activated by Gram-positive eard-Gegative bacteria

as well as by fungi. In analogy, expression of the dipterdci(DptA) encoding gene is
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triggered by the same three groups of organisms, while therdyat (Drs) encoding gene
is transcriptionally activated only upon attack by Gram-positiveteo@a and fungi
(Hedengren-Olcott et al., 2004).

The Rel family of transcription factors include proteins suchitarial Relish. These contain
the Rel homology domain, which is composed of two immunoglobulin-BKearrel
subdomains that grip DNA at the major groove (Kabrun and Enrietto, 19%tednhgly, the
Rel domain is not exclusively responsible for DNA binding. Jia let(2002) could
demonstrate that the Rel domain is also involved in regulated nudleart of transcription
factors. Gene expression of AMPs relies on the translocationl afeéRscription factors into
the nucleus. Upon entry, Dif and Relish can binéBelike motifs in the promoter region of
inducible defence genes to subsequently initiate gene expression.

A further putative promoter element referred to as region 1 (R4)bkean identified in
D. melanogasterSite-directed mutagenesis of the R1 site has yieldednmighed cecropin
Al gene expression in transgenic larvae and flies. It was propuseR1 ankB motifs are
targets for distinct regulatory complexes that act in conterpromote high levels of
antimicrobial peptide gene expression in response to infection (Uvell andding2603).
Although it is generally assumed that the expression of AMPodeng genes in
D. melanogasteis exclusively regulated by the Toll and Imd pathways, itdess stated that
aging, circadian rhythms and mating also seem to influence AkffPegsion. In mated
females, the expression of metchnikowin (Mtk), a proline-rich peptitte amtibacterial and
antifungal properties, was found to be strongly stimulated durindirgtesix hours after
mating. A male seminal peptide referred to as sex-peptidew&shown to be transferred
during copulation, which acts as the major agent eliciting trgotemn of the Mtk-encoding
gene. Both, the Toll and the Imd pathways were shown to be invalve@-induced gene

expression (Peng et al., 2005).

1.5.3 Mammals

To date, a wide variety of peptides with antimicrobial activitys been isolated from
mammals (Braff et al., 2005). Particularly human AMPs ettrauch scientific interest,

which is explained by the enormous demand for new medical saategthe battle against
human infection (Chen et al., 2005).

The induction of defence-related genes in mammals relies oarte [sasic mechanism as in
D. melanogastefFig. 1V). Ten different Toll-like receptors (TLRs) have beédentified in

8



Antimicrobial peptides and their transcriptionajuéation

mammals to date, which all are involved for the detection of difftePAMPs (Janssens and
Beyaert, 2003). The extracellular detection of fungi, for instaiscachieved by dectin-1, a
lectin family receptor fof3-glucans. This receptor mediates cellular responses to thel funga
cell wall componenis-glucan through its interaction with specific TLRs (Gantnerlet
2003).

PATHOGENS

GRAM-POSITIVES GRAM-NEGATIVES BACTERIA
VIRUSES
FUNGI

l

EXTRACELLULAR
l INTRACELLULAR l

Rel-dependent amp transcription

Figure IV. Simplified model illustrating the network of defene gene induction in mammalsinteractions
are indicated by arrows. Toll-like receptors (TLRae located extracellularly, while nucleotide-birgl
oligomerisation domain (Nod) proteins 1 and 2 ateated inside the cytoplasm. For further explamatee

text.

Detection of bacteria can either be achieved extracellularlynembrane-bound TLRs or
intracellularly by nucleotide-binding oligomerisation domain (Nod) pnsteNod1 and Nod?2
recognise distinct motifs of peptidoglycan. While the former play important role in the
sensing of Gram-negative bacteria (Girardin et al., 2003c)attee was shown be implicated
as a general sensor for both Gram-positive and Gram-negative maEsa(@irardin et al.,
2003b).

In the Toll-mediated signalling pathway, binding of PAMPs leadh¢oaictivation of TIR, the
most conserved protein motif within TLRs (Beutler and Rehli, 20023igAal complex is
formed consisting of MyD88, a cytoplasmic adapter protein, IRAKnterleukin-1 receptor-
associated kinase, and tumour necrosis factor receptor-associated G (TRAF6). IL-1
receptor signalling, finally, leads to the activation of thedifRel family of transcription
factors, which are required for transcriptional activation of AMPEeeling genes (Girardin et
al., 2003a; Medzhitov et al., 1997).

9
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1.5.4 Filamentous fungi

Small, cationic and cysteine-rich AMPs from filamentous fumgilude thePenicillium
antifungal protein (PAF) oPenicillium chrysogenunand the antifungal protein (AFP) of
Aspergillus giganteus Considerable information has been accumulated regarding the
transcriptional regulation of the AFP- and the PAF-encodingsyenewever, the molecular
mechanisms are still not elucidated to completion. Since the tyapbrdata is available for

A. giganteusthe main focus will in the following reside on the transcriptioegulation of

the AFP-encoding gene.

The 5’-upstream regions odfp and paf promoters contain several putative regulatory
elements (Table 1), which are assumed to be involved in the tnatnscal regulation of

respective genes.

Table |I. Putative regulatory elements in the 5’-upgeam region of afp (Meyer and Stahl, 2002) andpaf
(Marx, 2004) promoters. Number of regulatory elements identified in regpecpromoter regions is given.

afp paf
TATA-box 1 1
HAP-like complex binding site 2 2
CreA-binding site 1 4
STRE element 5 2
Heat-shock motif 1 -
GATA factor binding site 2 2
PacC binding domain 2 4

These include a TATA-box and two HAP-like complex binding sites stingi of the
consensus sequence 5-CCAAT, which both are involved in the transcripiiegtion of
eukaryotic genes.

A CreA-binding site, with the consensus sequence 5-SYGGRG, apipe#nte promoter
region ofafp once and irmpaf four times. This site represents the binding sequence for the
CreA protein, which is involved in catabolite repression. Waifetranscription was shown

to be independently regulated from carbon catabolite repression (Mer, 2002), the

opposite effect is suggested for thedf gene (Marx, 2004).

10
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The presence of fiveafp) i.e. two paf) STRE-elements with the consensus 5-CCCCT as
well as one a heat-shock motif (5-NTTCNNGANTTCN) exclusivelesent inafp, may
account for stress-related gene expression. Foafthgene, it was in fact demonstrated that
its expression is strongly up-regulated by excess sodium chloriééhanol, under carbon
starvation conditions as well as after heat-shock induction (Méwgdr, 2002). No heat-shock
related gene expression has been observepafqiMarx, 2004). The induction or repression
of afp transcription resulting from co-cultivation &. giganteuswith different fungi was
shown to be strongly substrate-specific (Meyer and Stahl, 2003).

Two GATA factor binding sites with the consensus sequence 5-HGAD&cur in the
promoter regions of either gene. GATA motifs represent sitas dre recognised by the
GATA family of transcription factors (Ko and Engel, 1993). Theseuthelthe transcriptional
activator AreA, which mediates de-repression in the absenaeofonium (Muro-Pastor et
al., 1999). Meyer et al. (2002) could show thft transcription is not subjected to nitrogen
metabolite repression. Thgaf gene, in contrast, is transcriptionally induced by sodium
nitrate, while glutamine was found to repress gene transcription (Matx £095), indicating
an AreA-dependent regulation.

The pacC gene encodes a zinc finger transcription factor, which isaet by proteolytic
processing in response to ambient alkaline pH (Mingot et al., 200BtiVeuimembers of a
signalling cascade involved in ambient alkaline pH sensing ar@ahgenes. Their sole
function is to promote the proteolytic activation of PacC (Denison, 200@) AFP-encoding
gene contains two PacC binding domains with the consensus sequenCEARG. Both
sites were shown to be specifically recognised by the Paat€improf A. nidulans in vitro
(Meyer and Stahl, 2002). However, it was recently reported afpatranscription is not
mediated by transcriptional activation through PacC. It ratipgears that the calcineurin
signalling pathway is implicated in controlling tivevivo activation of theafp promoter by
alkaline pH (Meyer et al., 2005). Calcineurin is a eukaryotic walfgalmodulin-dependent
protein phosphatase, which is involved in the regulation of protein kingsegin
phosphatases, transcription factors, motor proteins and cytoskeletal conspdketivated
calcineurin dephosphorylates and activates the transcriptional f@cedp/Tcnlp, which
enters the nucleus to subsequently activate a set of responsive Ilggnkeinding to
calcineurin-dependent responsive elements (Fernandes et al., 20Q%p) irC3accharomyces
cerevisiaewas shown to be required for survival during several environmentalsese
including high salt concentrations and alkaline pH (Heath et al., 2004)afp promoter

contains five putative Crzl sites (V. Meyer, personal communicatitn)s it can be

11
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speculated that environmental stress may be involved in the tmimsl activation ofafp
expression. In addition, it was found that external phosphate strohghtsnAFP production
on the transcriptional level (Meyer and Stahl, 2002), an effectwh#s not observed for the
paf gene (Marx, 2004).

The here summarised data clearly shows that it is not possiptestulate a universal model
by which the transcriptional regulation of antimicrobial peptidedilamentous fungi is
achieved. No interconnection of different signalling pathways has dleserved to date. In
addition, intra- or extracellular receptors involved in signal reitimg and processing still
await their identification. However, expression studies performidd afp (Meyer et al.,
2002) andpaf (Marx, 2004) indicate that both proteins yield the highest expressiets
during stationary phase, which suggests that they may bestowdithecppry strain with a
selective advantage over nutrient competitors sharing the séditat frat ecological niche as

A. giganteusor P. chrysogenum

1.6 Application of antimicrobial peptides

Expectations regarding an ample application of new antibioticelatssfsuch as agriculture,
food industry and medicine are rising steadily. However, the Wbrealgh of AMP
application in biotechnology still has not been realised yet. This paatyally be due to
problems associated with the large-scale production of AMPshdfarore, the stabilisation
of secondary structure elements to improve receptor-ligand relcrgmay also constitute a
serious obstacle (Tossi, 2005). However, a prime example for thesstidcapplication of
AMPs in biotechnology is nisin, which has been used as a food présefeatover 50 years
now (Reddy et al., 2004b). Only recently, nisin was also shown tdiexdpermicidal
properties, and was subsequently suggested to serve as a safecagraaeptive for future
therapeutic interventions in sexually transmitted infections (Yedery addyR2005).

In crop protection, the great advantage of disease resistanagisgais that AMPs can
substantially reduce the chemical input into the environment. Applicafighis alternative
approach may contribute to a sustainable and environmentally-safe ofoagriculture.
Numerous publications broach the issue of novel plant engineering methodoldgiet)eah
aiming at the receipt of fruitful transgenic plants. Exampledud® the macadamia
antimicrobial peptide 1 (MIAMP1), which was successfully expiéssdaransgenic lines of

Brassica napusghttp://www.regional.org.au/au/gcirc/4/508.htrithe heterologous expression

of the afp gene fromA. giganteudn transgenic wheat (Oldach et al., 2001) and rice plants

12
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(Coca et al., 2004) resulted in increased resistance to fungal pashdgkewise, the external
application of AFP to rice protoplasts (Vila et al., 2001) and tomeedlmgs (Theis et al.,
2005) was also shown to efficiently prevent fungal infections. Spaliyfiin Europe, the
reservation against the use of transgenic crops is eminent. Howexexternal application
of AMPs is expected to be well accepted by consumers. Althtlug) use of conventional
crop-protecting agents is in general denounced as harmful, the biolakggrahtive of AMP
application in agriculture has still not succeeded yet - degm@tadvantages that AMPs have
to offer: These highly potent peptides originate from biological cesuand are therefore
associated with comparatively cheap costs of production. Theirspeerum of therapeutic
potential also suggests that AMPs provide powerful tools in themtesdtof cancer (Tanaka
et al., 2001), viral (Chernysh et al., 2002) or parasitic infectionidV and Salzet, 2002). In
fact, several biotechnological companies report about efforts irgibgnAMPs to an
applicable stage. However, despite the euphoric prognoses about thatagdsan practical
applications, only polymyxin B and gramicidin S have reached the stafinical use so far
(Bradshaw, 2003).

1.7 What more is to come?

Although the demand for new antibiotics is rising continuously, AMHshave not found
their way into the broad sectors of biotechnology. Rather sunglys since the vast amounts
of different antimicrobial molecules seem to be highly competitalternatives to
conventional antibiotics. Prerequisite for the putative application of idesptwith
antimicrobial potential is, however, the analysis of their modectbn: The determination of
host-ranges as well as the identification of specific AMRetis is absolutely required.
Furthermore, factors such as optimisation of production cost, ypegainst eukaryotic cell
types and development of allergic reactions against these meptde to be also considered
(Bradshaw, 2003).

Numerous AMPs have been expressed in transgenic plants, but only sdahemohave
proven successful in protecting the plant against pathogen attamkevr, in silico
modelling is a comparatively new method that provides sophisticatsibjlities to optimise
AMP characteristics. The application of this method promisegtbeomic production and
successful expression of novel drugs customised to the individual demarawhsafmers
(Monk and Harding, 2005).

13
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1.8 Concluding remarks

Information regarding signalling pathways leading to transonpt regulation of AMP-
encoding genes is substantial. Different pathogens, wounding and/or dhuibes are
perceived by organisms through different receptors, ultimagelgihg to the transcriptional
activation of different defence-related or AMP-encoding genes. cbheelation between
environmental stimulus and defence gene expression may be diverseiefodPs are a
potent means of providing their host with a selectional advantagé eibieer the protection
against pathogen invasion or the defence of an ecological nichestagatative nutrient
competitors.

Interesting to note is that the innate immune response in insedtsnammals bear some
striking similarities. Here, the Toll pathway gives risetie Rel-dependent transcription of
defence-related genes. It arises the assumption that both inmespense pathways must
have evolved from one ancestral system. Due to their simildfrity, possible to initially
perform research on signal transduction and defence genetiaativethe insect model. This
harbours the advantage of short generation times and provides a foreamgant analyses.
Subsequently, the mammalian system can be screened for tiséertadility of data. In
contrast, transcription of AMP-encoding genes in filamentous fungi desermty not seem
to follow a general pattern. However, maximum expression levelheohfp gene from
A. giganteusand thepaf gene fronP. chrysogenurs observed during the stationary phase of
cultivation, suggesting an ecological advantage for the producing organtle competition
for nutrients. In insects and plants, different signalling pathwaggightly interconnected to
yield in the transcriptional activation of specific genes. Obviouslig cross-talk is very
sensible and enables the organism to fine-tune and coordinate its edeésponses in
accordance to individual demand.

In conclusion, we still seem distant from understanding the whole eaityplby which
organisms are capable of reacting towards life-endangetiragisns. In order to bring AMPs
a step further towards their application in medicine or biotechnplogypy more efforts have
to be undertaken to scrutinise the molecular aspects involved incdefene transcription.
Numerous AMPs may provide valuable templates for the design of roghkly effective
antibiotics, thus it is considered worthwhile to invest the highest efforts intatiadysis.
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2 Subject description

Antimicrobial peptides (AMPs) are ubiquitously produced throughout thenbmic
kingdoms. Although AMPs vary considerably in terms of structure anchcamcid
composition, they commonly adopt a compact structure, show high thembditystand
exhibit strong antimicrobial activity. The majority of AMPs haween isolated from insects
and plants, however, filamentous ascomycetes are also known to explesscrete proteins
of this group. One of them is the antifungal protein (AFP)Aspergillus giganteusirst
described by Olson and Goerner (1965).

2.1 The antifungal protein of Aspergillus giganteus

A. giganteudelongs to the group of imperfect filamentous fungi and is charsedeby its
ability to generate long conidiophores. It is furthermore known tetetwo basic proteins,
the ribosome-inactivating protetsarcin and the AFP (Olson and Goerner, 1965). atfpe
gene encodes a preproprotein with 94 amino acids in length. Whileabegpence (aa 1 -
26) is considered to act as a secretion signal, the prosequan2é {a43) is thought of to
serve as a precursor for an inactive form of AFP, which upoetsatinto the surrounding
environment is hydrolytically cleaved off (Wnendt et al., 1994). fla¢ure AFP consists of
51 amino acids, resulting in a molecular weight of 5.8 kDa. Due teethgvely high content
in lysines (12 residues), AFP exhibits a pl of 8.8 at neutral phkdia et al., 1990). AFP
adopts a small and compdgbarrel composed of five highly twisted antiparalke$trands
(Campos-Olivas et al., 1995), a structure which was demonstrated reo @dtaacteristic
features of oligonucleotide/oligosaccharide binding (OB)-fold protdihis configuration is
suggested to be implicated in the antifungal activity of AFRGesit was demonstrated to
promote DNA binding and condensatiam vitro (Martinez Del Pozo et al.,, 2002). Four
intramolecular disulfide bridges (Fig. V) result in the tightifiny of AFP, which is reflected
by a remarkable resistance to heat and protease degradatiomd€ha et al., 1995).
Incubation of AFP at 80 °C for one hour was shown to not result ineddarotein activities
(Theis et al., 2005).
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Figure V. Amino acid sequence of AFP and localisain of intramolecular disulfide bridges. Boxed
sequences represdhtsheet structures, cysteine residues are markbdldface, disulfide bridges are indicated

as lines (Campos-Olivas et al., 1995).

Campos-Olivas et al. (1995) reported that AFP contains two surfposed protein
domains, the cationic site and the hydrophobic stretch as illustiatddgure VI. In

combination, they account for the amphipathic character of AFP.

K9 KLd

Figure VI. Structural conformation of the A. giganteusAFP. Depicted in blue is the cationic site, illustrated
in pink is the hydrophobic stretch. N marks the reovierminal end of AFPR-sheet structures are shown as
arrows. The image was illustrated using the Cn3Dstftware on the basis of the AFP structure phbtisby

Campos-Olivas et al. (1995).

Amphipathicity is one of several features contributing to thechthent and the insertion of
AMPs into membrane bilayers (Park and Hahm, 2005). AFP was shown toeinduc
aggregation of acidic phospholipid vesicles vitro, leading to the assumption that the
cationic site and the hydrophobic stretch may constitute a phospholigithdpi site
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(Lacadena et al., 1995). Theis et al. (2003) demonstrated that AFRsnalasma membrane
permeabilisation in AFP-sensitive fungi - an effect that waisobserved in AFP-resistant
strains. Previously, AMPs were suggested to opefiata two-step mechanism: Firstly, the
binding to specific membrane-localised receptors; secondly, teptogdnduced insertion of
AMPs into microbial membranes, which may subsequently result in fmreation
(Thevissen et al., 1997). However, for AFP no such receptors have been identified to date.
AFP was demonstrated to exclusively inhibit the growth of sevi@ashentous fungi, in
particular strains belonging to the gen&wsariumandAspergillus(Table Il and Table A,
Appendix). No effect was observed when yeast or bacteria wereatedt in the presence of
AFP (Theis et al., 2003). Furthermore, application of AFP to maramakll types neither
induced cytotoxic reactions nor activated the immune response (8»appt al., 2006),

underlining its excellent potential for the targeted control of fungal pathogens.

Table Il. AFP susceptibility of selected human- anglant pathogenic microorganisms (Theis et al., 2@).

Abbreviations: MIC = minimal inhibitory concentrati; NE = no effect.

AFP susceptibility

Organism Characteristics
MIC (ug/ml)

Fusarium oxysporum plant pathogen 1
Aspergillus nidulans human pathogen 200
Aspergillus fumigatus human pathogen 10
Aspergillus oryzae plant pathogen 1
Candida albicans human pathogen NE
Escherichia coli human pathogen NE

Transmission electronic microscopy analyses revealed that ebBces membrane
alterations exclusively in AFP-sensitive fungi. In addition, itswaeported that AFP
predominantly localises to the cell wall-attached ‘outer lagged accumulates within defined
areas of the cell wall in AFP-sensitive fungi (Theiglet2005). These results suggest that the
cell wall may harbour putative AFP targets. However, no saigfets have been identified as
yet.

Due to its positive characteristics, AFP seems suitableuford application in biotechnology
and other sectors. Fields that could benefit from the antifungaitacif AFP is the food

industry, agriculture or medicine. Indeed, it was previously shown pipditation of AFP to
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rice plants (Vila et al., 2001) and tomato seedlings (Theat,e2005) successfully prevented
infection withMagnaporthe griseandFusarium oxysporunrespectively. The heterologous
expression of thafp gene in transgenic wheat (Oldach et al., 2001) and rice plants éCoca
al., 2004) also proved successful in inhibiting pathogen infection, indicatingatharge
potential market could be awaiting AFP commercialisation. Althobghptblic opinion is in
general against the use of transgenic plants, it may be wolthedmsidering whether the
extrinsic application of AFP, e.g. as solution, ointment or powder, magdised in the

foreseeable future.
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2.2 Aim of the thesis

This thesis is aimed at elucidating the mode of action of ABf A. giganteusAFP is a
naturally-derived molecule that combines various excellent deaistccs, making it an
attractive candidate for applications in the medical or biotechraalbfield. However, prior
to the putative application of AFP as an antifungal agent, the matecuwde of action of
AFP has to be uncovered. With this prerequisite in hand, it may b#lposs furthermore
optimise the potency and the specificity of AFP to individual demdndsis work, factors

that may influence AFP susceptibility shall be considered:

1. Which domains / amino acids may be involved in the mode of action of AFP?
Lysines and tyrosines may constitute residues, which may be ias$enAFP-induced
growth inhibition (Campos-Olivas et al., 1995). Since afp deletion strain of
A. giganteusis available to date and heterologous AFP expressidesamerichia coli
strains (BL21(DE3) LysE and Rosetta-gami) have failed (Meyer, 20&8)mically
modified AFP versions will be generated. These shall consish ddcatylated and a
nitrated AFP derivative, affected in cationic net charge andht¥ophobic protein
domain, respectively. Furthermore, cysteine bridges in AFP willdiseupted to
investigate whether alterations in protein configuration may infleehe potency of AFP.
A shortened AFP version, consisting of amino acids 1 to 33 and lackingctonal

hydrophobic stretch, will also be analysed regarding its antifungal activity

2. May chitin be involved in determining AFP susceptibility?

Fungal cell walls differ from yeast and bacterial cellllsv@onsiderably in that they
contain relatively large amounts of chitin. Thus, it seems possialechitin and/or chitin
biosynthesis may represent putative AFP targets. In order to gawof for this
hypothesisjn vitro chitin binding assays will be carried out in which binding afesitof
AFP and chemically modified AFP versions are going to be detednConduction oiin
situ chitin synthase assays shall demonstrate whether chitin sigmiBeinfluenced by
AFP activity. Analyses of cell wall mutants of yeast atahiientous fungi are assumed to
contribute to the understanding of how AFP exerts it growth inhibitbegtan a species-

specific manner.
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3. May sphingolipids be involved in determining AFP susceptibility?
Fungal plasma membranes characteristically contain sphirgml{plaum et al., 1998),
which are absent in bacteria. Although sphingolipids also occur in atsanimals,
they exhibit structural differences among each other (WarreauttéHeinz, 2003). Thus, it
can be speculated that fungal sphingolipids may constitute speaifgtituents required
for developing AFP-sensitive phenotypes. In order to gain support foispeculation,
susceptibility studies of different bacterial protoplasts Wwél carried out. Furthermore,
glucosylceramide levels in sensitive fungi will be depletedhdfe subsequently exhibit
reduced susceptibilities, it would be an indication that sphingolipidsgliecosyl-
ceramides may represent AFP targets. Analyses of grddtlamentous fungi affected in
membrane lipid composition will provide additional information regarditig

involvement of distinct lipid classes in AFP susceptibility.

4. Are nucleic acids involved in the mode of action of AFP?
In order to demonstrate whetharvitro binding of AFP to DNA is of specific character,
mobility shift assays will be carried out in which the bindaffinity of native and heat-
inactivated AFP to nucleic acids will be analysed. Chemicatigifred AFP versions will
also be included in this study. In case that binding affinities d? &danalysed samples
do not differ significantly, it would be an indication that AFP-nucktid interactions are
of unspecific nature. This, in turn, would suggest that nucleic ac&at (directly)

involved in AFP-induced growth restriction.

5. How stable is AFP in gastrointestinal environments and can puthéilds of AFP
application be expanded?
Although it exhibits many characteristics that would speak in favou a putative
application in the food industry, it is so far unknown whether AFP adilse degraded
upon human ingestion. Conduction of vitro biodegradability assays will provide
valuable information whether AFP is degraded in acid or lblatisns that aim at
simulating the gastrointestinal environment of man. Susceptibdggays with acid- or
bile-treated AFP will be carried out in succession to analysether AFP retains its
antifungal potential. Screening of major wood decaying fungiindicate whether AFP

offers potential to also be used as a putative antifungal agent in the building industry.
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3 Material and Methods

3.1 Material

3.1.1 Equipment

Autoclave

Centrifuge

Clean bench
Electrophoresis chamber

Fluorescence reader
Fraction collector

Gel drying film

Gel filtration column
Incubator

Liquid scintillation counter

Orbital shaker
Photographic equipment

Pipetting equipment
Power supply

Spectrophotometer

Transilluminator
Ultrafiltration chamber
Ultrafiltration membrane
Vacuum equipment
Water bath

3.1.2 Enzymes and chemicals

Bile salts

D-PDMP

Generuler

Glucanex

Herring sperm DNA
Polypeptide SDS-PAGE standards
Potato dextrose agar
UDP-(U-C)-GIcNAc
Repelling dichlordimethylsilan
SAFP

Sephadex G-50

Soluble starch
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1651; Fedegari, Italia
Sorvall RC-5B; DuPont, Bad Homburg
uvub 1200 Uniflow
Wide Mini Sub Cell
Mini Protean (16 x 14 x 0,15 cm); Bio-Rad, Miinchen
Cytofluor 2300; Milliporeh®albach
2110; Bio-Rad, Miinchen
Promega, Mannheim
(16 x 700 mm); Amershanogciences, Freiburg
Certomat IS; Sartorius, Gottingen
Wallac 1409 DSA; Rar EImer Wallac
GmbH, Freiburg
Duomax 1030; Heidolph InstrumeStdiwabach
Camedia Digital Camer0Q0 Zoom;
Olympus, Hamburg
Image Station 440 cf, Kodak, Stuttgart
Olympus, OM-2 with 50 mm objective; Dunco, Berlin;
INTAS
P10, P20, P100, P1000; Abirmadgenfeld
PowerPack Basic; Bio-Rad, Miinchen
Phero-Stab 500; Biotec Fischer, Reiskirchen
Uvikon 860; Kontron Instrurseieufahrn
MikroTek DS; Kontron Instruments, Neufahrn
INTAS; Géttingen
Model 8050; MilliporecBwalbach
YM1 (44.5 mm); Milliper Schwalbach
Rotary Slide pump; Heraeusadan
Grant LTD; Thermomix 1460 Braun, Melsungen
"thermed" 5001; GFL, Burgwedel

Oxoid, Basingstoke, UK
Matreya, PA, USA
Promega, Mannheim
Novozymes, Bagsvaerd, Denmark
Promega, Mannheim
Bio-Rad, Miinchen
Difco / BD, Heidelberg
Amersham, Buchler
Carl Roth, Karlbeu
SynPep, California, USA
Millipore, Schwalbach
Difco / BD, Heidelberg
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SYTOX-Green Molecular Probes, Oregon, USA
tRNA Roche, Basel, Switzerland

All chemicals not listed above were obtained fronerbk, Sigma or Boehringer Mannheim and wer
analytical grade or better quality.

3.1.3 Strains and cultivars

Alternaria alternata0203

Aspergillus fumigatu5/0809
Aspergillus giganteu$5/0902
Aspergillus niduland5/1701
Aspergillus niger15/1801

Aspergillus nigerA395

Aspergillus nigern493 (DC)
Aspergillus nigetA365 (mcC)
Aspergillus oryzaé1560

Aspergillus oryza€M100 chsB:pyrG)
Aspergillus oryza€M101 CcsmA:pyrG)
Aspergillus penicilloide45/1301
Aureobasidium pullulang112
Bacillus subtilisL170

Institut flr Garungsgewerbe, Berlin
Institut fir Garungsgewerbe, Berlin
Institut fir Garungsgewerbe, Berlin
Institut fir Garungsgewerbe, Berlin
Institut fir Garungsgewerbe, Berlin
Jernejc, K., National Institute of ChemyjstSlovenia
Jernejc, K., National Institute of Chistry, Slovenia
Jernejc, K., National Institute ofeDhistry, Slovenia
Nielsen, J., Technical University of Denmark, Denkna
Nielsen, J., Technical University of Denmark,nbeark
Nielsen, J., Technical University of Denmark,nbeark
Institut flr Garungsgewerbe, Berlin
Institut fir Garungsgewerbe, Berlin
Hoischen, C., Hans-Kndll-Institute for NatUProducts
Research, Jena
Institut fir Garungsgewerbe, Berlin
Institut fir Garungsgewerbe, Berlin
Institut fir Garungsgewerbe, Berlin
Institut flr Garungsgewerbe, Berlin
Institut flr Garungsgewerbe, Berlin
Institut flr Garungsgewerbe, Berlin
Hoischen, C., Hans-Knéll-Institute for NatuPaoducts
Research, Jena
Hoischen, C., Hans-Kndll-Institute for Natural Puots
Research, Jena
Institut fir Garungsgewerbe, Berlin
Roncero, I., University of Cordoba, Spain
Roncero, I., University of Cordoba, Spain
Institut fur Garungsgewerbe, Berlin
Institut fir Garungsgewerbe, Berlin
Institut fir Garungsgewerbe, Berlin
Institut flr Garungsgewerbe, Berlin
Hoischen, C., Hans-Kndll-Institute for Natural Puots
Research, Jena

Ceratocystis moniliformig5/0101
Chaetomium globosu6/0102
Cladosporium cladosporioide®3/0101
Cladosporium herbaruri5/1001
Cladosporium macrocarpu28/0101
Coniphora putean&0/0101
Escherichia coliK12

Escherichia colLWF*

Fusarium oxysporur89/1201
Fusarium oxysporum287 (wild-type)
Fusarium oxysporumdchsV
Fusarium solanB9/1001

Penicillium brevicompacturg402
Penicillium chrysogenurATCC10002
Penicillium chrysogenur®176 MM
Proteus mirabilisLVI

Saccharomyces cerevisiad G5
Saccharomyces cerevisiad G5
Saccharomyces cerevisia& G6
Saccharomyces cerevisiadlP1
Saccharomyces cerevisiasST1
Saccharomyces cerevisiad G26
Saccharomyces cerevisiBEK1
Saccharomyces cerevisiB&EM4
Saccharomyces cerevisiB¥ 4741
Saccharomyces cerevisi@&02
Saccharomyces cerevisi@#S1
Saccharomyces cerevisi@d#S3
Saccharomyces cerevisi@#S4
Saccharomyces cerevisi@#S5
Saccharomyces cerevisi@#S6
Saccharomyces cerevisi@S7
Saccharomyces cerevisi@t. A4
Saccharomyces cerevisi@iNB1

EUROSCAREF strain collection
EUROSCAREF strain collection
EUROSCAREF strain collection
EUROSCAREF strain collection
EUROSCAREF strain collection
EUROSCAREF strain collection
EUROSCAREF strain collection
EUROSCAREF strain collection
EUROSCAREF strain collection
EUROSCAREF strain collection
EUROSCAREF strain collection
EUROSCAREF strain collection
EUROSCAREF strain collection
EUROSCAREF strain collection
EUROSCAREF strain collection
EUROSCAREF strain collection
EUROSCAREF strain collection
EUROSCAREF strain collection
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Saccharomyces cerevisi@&RZ1
Saccharomyces cerevisi@VP1
Saccharomyces cerevisi@aVvp2
Saccharomyces cerevisi@¥' K3
Saccharomyces cerevisigd&P1
Saccharomyces cerevisiggE2
Saccharomyces cerevisig®E1
Saccharomyces cerevisia&|1l
Saccharomyces cerevisigtO1
Saccharomyces cerevisiadP24
Saccharomyces cerevisi&®PT1
Saccharomyces cerevisi&dB1
Saccharomyces cerevisia&S1
Saccharomyces cerevisia&S2
Saccharomyces cerevisia®S1
Saccharomyces cerevisia®T1
Saccharomyces cerevisi@AS1
Saccharomyces cerevisi@&SY1
Saccharomyces cerevisi&SY?2
Saccharomyces cerevisigtJP1
Saccharomyces cerevisibiXT8
Saccharomyces cerevisileM1
Saccharomyces cerevisiféP51
Saccharomyces cerevisidiD2
Saccharomyces cerevisidsKK1
Saccharomyces cerevisib#KK?2
Saccharomyces cerevisis#NN9
Saccharomyces cerevisisdNN10
Saccharomyces cerevisisNN11
Saccharomyces cerevisis#PK1
Saccharomyces cerevisisdSN5
Saccharomyces cerevisidiJQ1
Saccharomyces cerevisi@PI1
Saccharomyces cerevisiB®R16
Saccharomyces cerevisig¢lO5
Saccharomyces cerevisiB&R1
Saccharomyces cerevisieC1
Saccharomyces cerevisi: M1
Saccharomyces cerevisiz®OM1
Saccharomyces cerevisiR®OM?2
Saccharomyces cerevisi8&AC6
Saccharomyces cerevisi8&€S7
Saccharomyces cerevisi&&H5
Saccharomyces cerevisi&&K1
Saccharomyces cerevisi&&iE4
Saccharomyces cerevisi&i1l
Saccharomyces cerevisi&VI3
Saccharomyces cerevisi&dV14
Saccharomyces cerevisid®R1
Saccharomyces cerevisia&S1
Saccharomyces cerevisig®S34
Saccharomyces cerevisis¢H|2
Saccharomyces cerevisis¢SC1
Saccharomyces cerevisi#¢SC2
Saccharomyces cerevisis#¢SC3
Saccharomyces cerevisi#¢SC4
Saccharomyces cerevisiy&EH2

EUROSCAREF strain collection
EUROSCAREF strain collection
EUROSCAREF strain collection
EUROSCAREF strain collection
EUROSCAREF strain collection
EUROSCAREF strain collection
EUROSCAREF strain collection
EUROSCAREF strain collection
EUROSCAREF strain collection
EUROSCAREF strain collection
EUROSCAREF strain collection
EUROSCAREF strain collection
EUROSCAREF strain collection
EUROSCAREF strain collection
EUROSCAREF strain collection
EUROSCAREF strain collection
EUROSCAREF strain collection
EUROSCAREF strain collection
EUROSCAREF strain collection
EUROSCAREF strain collection
EUROSCAREF strain collection
EUROSCAREF strain collection
EUROSCAREF strain collection
EUROSCAREF strain collection
EUROSCAREF strain collection
EUROSCAREF strain collection
EUROSCAREF strain collection
EUROSCAREF strain collection
EUROSCAREF strain collection
EUROSCAREF strain collection
EUROSCAREF strain collection
EUROSCAREF strain collection
EUROSCAREF strain collection
EUROSCAREF strain collection
EUROSCAREF strain collection
EUROSCAREF strain collection
EUROSCAREF strain collection
EUROSCAREF strain collection
EUROSCAREF strain collection
EUROSCAREF strain collection
EUROSCAREF strain collection
EUROSCAREF strain collection
EUROSCAREF strain collection
EUROSCAREF strain collection
EUROSCAREF strain collection
EUROSCAREF strain collection
EUROSCAREF strain collection
EUROSCAREF strain collection
EUROSCAREF strain collection
EUROSCAREF strain collection
EUROSCAREF strain collection
EUROSCAREF strain collection
EUROSCAREF strain collection
EUROSCAREF strain collection
EUROSCAREF strain collection
EUROSCAREF strain collection
EUROSCAREF strain collection

Stachybotrys chartaru®7/0101 Institut fir Garungsgewerbe, Berlin
Trichoderma viride Institut fir Garungsgewerbe, Berlin
Wallemia sebi Institut fir Garungsgewerbe, Berlin
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3.1.4 Media, buffers and solutions

Bile salt solution
Coomassie staining solution

Coomassie destaining solution
Drying solution

Gel filtration buffer

Elution buffer

Olson medium

PBS
SDS-PAGE sample buffer (2x)
SDS-PAGE anode buffer (5x)

SDS-PAGE cathode buffer (5x)
Simulated gastric juice

TAE (5x)

TE buffer
YPG medium

1.5 % bile salts in PBS (1)
0.2 % Coomassie dmillblue R250 (w/v), 30 % methanol,
10 % acetic acid
45 % methanol, Hretic acid
10 % glycerol (w/v), 30 % metioh
0.05 M sodium-acetate, 811NaCl
1.5 M NaCl in TE (pH 7.0)
1 % beef extract, 2 % peptone, 2 [Mbtostarch, 0.5 %
NacCl
8 g NaCl, 0.2 g KCl, 1.44 g NdPQ,, 0.24 g KHPQ,, ad
H.0 to 1 litre, adjusted to pH 7.2 with HCI
2 ml 0.5 M Tris-HCH(p.8), 2.4 ml glycerol, 1 ml 10 %
SDS, 3 miE-mercaptoethanol, 0.1 ml 0.5 % Coomassie
G250 (w/v), ad HO to 10 ml
121 g Tris, agDHo 1 litre, adjusted to pH 8.9 with HCI
60.55 g Tris, 89tfiagine, 1 g SDS, ad 4@ to 1 litre
8.3 g proteose peptorteg3ylucose, 2.05 g NaCl, 0.6 g
KH,PGQ,, 0.11 g CaGl 0.37 g KCI, 0.05 g bile, 0.1 g
lysozyme, and 13.3 mg pepsin agCHo 1 litre, adjusted to
pH 2.5 with 1N HCI
242 g Tris, 57.1 ml acetic acid, 100 ml 0.5 M EDTEA
H,0 to 1 litre, adjusted to pH 8.0 with HCI
10 mM Tris, 1 mM EDTA, adjusted to pH 7.0 with HCI
0.3 % yeast extract, 1 % peptone, 2Ufoge, adjusted to
pH 4.5 or pH 6.0 with HCI or NaOH, respectively

3.2 Cultivation conditions of bacteria and fungi

Filamentous fungi were grown in YPG liquid mediupt(4.5), except foA. giganteuswhich was cultivated in
Olson medium (see 3.1.4). Yeast strains were griownPG liquid medium (pH 6.0) unless otherwise estiat
Bacterial L-forms ofProteus mirabilisLVI and Escherichia coliLWF" were cultivated in brain heart infusion
(BHI) broth (Sigma), the L-form oBacillus subtilisL170 was cultivated in BHI medium supplementedhwit
yeast extract (30 %) and sucrose (60 Eb)coli K12 was grown in BHI. Cultivation temperature ohfi was
28 °C, bacteria were grown at 37 °C. If not otheenstated, standard cultivations were carriedau48 h.
Fungal spore suspension was obtained by cultivaifostrains in petri dishes containing potato deser agar
until sporulation commenced. Conidia were takenusihg 4 to 6 ml of 0.05 % Triton-X-100 (w/v) pelafe.
Spore titers were determined microscopically usifihoma chamber. Spore suspensions were storetCafo4

a maximum of one week.

3.3 Protein purification

3.3.1 Preparation of the cation exchange solution

The cation exchange solution was prepared accotdirtge protocol by Theis et al. (2003). In brig§ g of
carboxymethylcellulose CM 23 (Boehringer Mannheweye dissolved in 2 litres of 0.5 M NaOH. After #tn

of incubation at room temperature, the celluloses waashed with KD to neutral pH. Subsequently, the
adsorbent was resuspended in 2 litres 0.5 M HCliaodbated therein for 45 min at room temperatilitee
cellulose was washed to neutral pH withCH Finally, it was dissolved in 2 litres elutionffar, washed with

2 litres HO and resuspended in 2 litres TE buffer (pH 7.@)e& were discarded by replacement with fresh TE
buffer (pH 7.0) and the concentration adjustedG@#h. The cation exchanger was stored at 4 °Qifoto three

months.
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3.3.2 Silanisation of the gel filtration column

The gel filtration column was washed twice with btoduene (Sigma) and subsequently filled completeith

5 % repelling dichlordimethylsilan (Carl Roth) dibged in toluene. After 2 h of incubation under @ot at
room temperature, the column was washed with & e6ta00 ml HO, dried and stored at 4 °C until packaging
with the gel filtration matrix (see 3.3.3).

3.3.3 Preparation of the gel filtration matrix

For the gel filtration matrix, 20 g of Sephadex Gfhe grade was dissolved in 500 ml gel filtratlounffer (see
3.1.4) and incubated at 4 °C overnight. Subseque#fil0 ml of buffer were discarded. A vacuum wapligg
for approximately 1 h in order to remove bound,CThe solution was adjusted to a volume of 200 nd a
carefully poured into the silanised gel filtratimolumn (see 3.3.2) to avoid air bubbles. The colunas
equilibrated using gel filtration buffer. A flowteof approximately 0.5 ml/min was adjusted.

3.3.4 Purification of AFP

The isolation of AFP from the culture supernatahtAo giganteuswas carried out according to the protocol
described by Theis et al. (2003). In summatygiganteusvas cultivated at 28 °C, 120 rpm, in 2 | Erlennreye
flasks containing 500 ml Olsen medium each. Af@h9the flasks were shifted to a temperature cfG7or 17

to 20 h. Basic proteins were isolated from theweltsupernatant by cation exchange chromatogrdggrythis
purpose, the culture supernatant was adjusted t@.pHseparated into three equal volumes of ap@08. ml
and then mixed with a final concentration of 5agtion exchange solution. After 1 h of incubatior2& °C and
120 rpm, the cation exchange matrix was washed 2nviines TE buffer (pH 7.0). Cationic proteins Inoluto the
negatively charged matrix were eluted by washinthvei total of 100 ml elution buffer. Subsequentlye
volume of the eluted protein solution was redueced t 4 ml by ultrafiltration (see 3.3.5). The miot solution
was fractionated twice by Sephadex G-50 gel fitrathromatography (see 3.3.6).

3.3.5 Ultrafiltration

In order to increase protein concentration, theina of protein-containing buffer was reduced byafiltration.
Filtration was carried out in a 50 ml ultrafiltrati chamber (Millipore) at a pressure of 4.5 batrdfiltration
was stopped when the protein solution had beencestito a volume of 3 - 5 ml. Cut-off value of tht1Y
membrane applied was 10000 Da. The membrane wdsups® 20 times and stored in 10 % ethanol at.4 °C

3.3.6 Gel filtration chromatography and protein fra  ctionation

Prior to application of protein samples, the prepagel filtration column (see 3.3.2 and 3.3.3) eagsilibrated
for 30 min using gel filtration buffer (see 3.1.43el filtration buffer was also used for chromatggry.
Chromatography was carried out at 4 °C. After ajgion of the sample to the matrix, the fractioflezdor was
started. Fractions were separated in 5 min interv@lbsequently, the protein content of each tractias
determined spectrophotometrically at an absorbaf@30 nm. All AFP-containing fractions were pooladd
ultrafiltrated to reduce the volume to 3 - 5 ml.|@kration chromatography was repeated as deediitAFP
fractions were pooled and ultrafiltrated to finatlduce the sample volume to 1 - 2 ml. After stefiltration
using a 0.2 um syringe filter, the AFP concentraticas determined by SDS-PAGE analysis (see 3.3h8.
AFP solution was stored at 4 °C for up to one year.
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3.3.7 Protein determination by SDS-PAGE

The analysis of proteins was carried out on 15 %-$BA gels (Mini Protean, Bio-Rad) according to ffrés-
Tricine buffer system (Schagger and von Jagow, 1987 protein samples were diluted 1:1 in fregilgpared
SDS-PAGE sample buffer (see 3.1.4) and incubatdd@t°C for 5 min. The electrophoresis was runCit ¥
for 70 min. Gels were incubated in Coomassie sigirsolution (see 3.1.4) at room temperature andlegen
agitation on an orbital shaker (Duomax 1030, Heitldinstruments) overnight. In order to remove ungjme
staining, the gel was subsequently incubated inn@msie destaining solution (see 3.1.4) at room ¢eatpre
and gentle agitation on an orbital shaker for 3D -min. Conservation of gels was achieved by inttaban
drying solution (see 3.1.4) for 1 h at room temp@e Protein concentrations were determined bggusie
Polypeptide SDS-PAGE standard (Bio-Rad) with knmencentration.

3.4 Chemical modification of AFP

3.4.1 Acetylation of lysines

Acetylation of lysines and proof of modification svearried out according to the protocols by Knd@f@00). In
brief, AFP was diluted in modification buffer (0.05 Na;gHPO/KH,PQy; I= 0.5 NaCl, pH 8.0). Over a period of
30 min, a total of 36 pl acetic anhydride was adide#9 ml solution containing 7.25 mg AFP. At aagivpH,
acetic anhydride specifically targets th@mino group of lysine, leading to the masking ofirro groups by
carbonyl groups. Subsequently, the solution washated at room temperature for 1 h. At all timés, 2olution
was constantly stirred and kept at pH 7.7 usingN).NaOH. Finally, the protein was dialysed agaiAEP
standard buffer (0.05 M Na-acetate; 0.1 M NaCl) apdntified by SDS-PAGE analysis (see 3.3.7). The
acetylated version of AFP was termed acAFP. Sulesety the extent of protein modification was detered
using an indirect method in which trinitrobenzendgpbonate (TNBS) interacts with free amino groupgs o
proteins. Amino groups that have been blocked duehtemical modification are excluded from the rieect
The absorption of trinitrophenylated reaction pretduvas measured at a wavelength of 340 nm. Orageer
four of 12 lysines are modified in acAFP. LysinesAFP are similarly well exposed, therefore thegrshequal
chances of becoming chemically modified by the daghg reaction. A targeted analysis for diredtgalising
the position of acetylated residues is not possiBieof of protein stability was shown by subjegtacAFP to
SDS-PAGE analyses before and after completion sfequtibility studies.

3.4.2 Nitration of tyrosines

The nitration of tyrosines was carried out accaydio Walker (2002). AFP was incubated with 105 mM
tetranitromethane (TNM) dissolved in acetonitrilENM specifically targets tyrosines and results het
reduction from K, 10 for tyrosine to K, 7 for 3-nitrotyrosine. After an incubation periofl2 h, the reaction
was quenched usin@mercaptoethanol. After 15 min at room temperati®BS was added to the sample.
Finally, the protein was dialysed against AFP stadduffer and quantified by SDS-PAGE analysis &&e7).
The nitrated AFP version was termed nAFP. Subsdtyy¢he extent of protein modification was detemed by
measuring the absorption of the reaction producifrdtyrosine, at a wavelength of 428 nm. Tyrosiesidues
residing inside the hydrophobic stretch are expdsedirds the surrounding area, thus are considerdzk
particularly prone to chemical modification. On eage, three of six tyrosines are chemically modifie nAFP.
Proof of protein stability was shown by subjectiy=P to SDS-PAGE analyses before and after conopietf
susceptibility studies.

3.4.3 Disruption of disulfide bridges

The disruption of cysteine bridges in AFP was eahidut according to the protocol by Walker (20@HP was
incubated in modification buffer (0.2 M Tris-acetapH 8.0; 6 M guanidindCl; 10 mM dithiothreitol) at 37 °C
for 2 h. 2-nitro-5-thiocyanobenzoate (NTCB) was edido a 10-fold excess over sulfhydryl groups iat@n

and buffer. After additional incubation at 37 °CG &9 min, the protein was cleaved by adjustingkio90 using
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NaOH. The cleavage generates a peptide blocketd at-ierminus as the cysteinyl residue is convettedn
iminothiazolidinyl residue, thereby preventing tleformation of disulfide bridges. Incubation at 32 for a
total of 16 h was succeeded by the dialysis of ghatein against AFP standard buffer. The proteirs wa
subsequently quantified by SDS-PAGE analysis (s8&/8 The AFP version with disrupted disulfidedges
was termed cysAFP. It is assumed that the foldfntysAFP is similar to that of AFP, however, makely to a
less compact extent than the native protein. Tketrlphoretic mobility of cysAFP was compared tat tof
AFP by applying both of them to a native proteith @&alker, 2002). Since cysAFP exhibited a sigifity
slower mobility than AFP, it was concluded that teyse bridges in the chemically modified proteire ar
disrupted. Proof of protein stability was showndubjecting cysAFP to SDS-PAGE analyses before #ied a
completion of susceptibility studies.

3.4.4 C-terminal truncation of AFP

The C-terminal truncated AFP version was synthdsise SynPep (Dublin, CA, USA). The short version of
AFP consists of amino acids 1 to 33 and was ters#deP. One of the naturally occurring disulfide iged,
spanning between cysteines residue 7 to 33, wagdied into SAFP with the aim to provide a meangrofein
stabilisation. Remaining cysteines were substitlitgdserines at positions 14, 26, and 28. It is meslthat
sAFP adopts a similar conformation as AFP, stailigy the included disulfide bridge. Proof of piotstability
was shown by subjecting sSAFP to SDS-PAGE analystsd and after completion of susceptibility stsdie

3.5 In situ chitin synthase activity assay

A modified protocol described by Choi and Cabib94Pwas applied to prepare spheroplasts from getedh
conidia of filamentous fungi. In brief, 1.4 ml M. EDTA and 24 p3-mercaptoethanol were added to each gram
of mycelium. The volume was adjusted to 3.5 ml ggistilled water and the sample subsequently iatadat
30 °C for 30 min, slightly shaking. Subsequentlycalium was washed using 5 ml 0.8 M sorbitol. Mywel
was then resuspended in 6.7 ml solution A (0.5¢itrlte-buffer, pH 6.3; 67l 0.1 M EDTA; 0.8 M sorbitol).
To solution A, 10 - 40 mg/ml Glucanex were addedubation at 30 °C for 30 min under constant shakias
succeeded by centrifugation and resuspension ¢ gel30 ml chilled 0.05 M Tris/HCI (pH 7.5). Fugh
incubation on ice for 5 min was followed by centgétion and resuspension of spheroplasts in 1 salydsuffer
(0.05 M Tris/HCI, pH 7.5; 33 % glycerol). Analysi$ spheroplasts was carried out by microscopy. Iijinthe
optical density of spheroplasts was determinedvedzelength of 600 nm. The chitin synthase assaycaaied
out after the slightly modified protocol describley Crotti et al. (2001). Reaction mixtures contagn32 mM
Tris/HCI pH 7.5; 4.3 mM magnesium acetate; 1.1 nidine diphospho-N-acetyl-D-[J*C] glucosamine’(C-
GIcNACc); 2 ul trypsin (5 mg/ml); 20 pl spheroplasisa total volume of 50 pl. Mixtures were inculzhtg 30 °C
for 90 min. 2 pl of soybean trypsin inhibitor sadut at a concentration 1.5 times that of the tnypssilution was
applied in order to activate zymogenic chitin sysds. After addition of 10 % trichloroacetic acndl diltration,
the insoluble chitin formed was assayed by meaguradioactivity using a liquid scintillation counteThe
chitin synthase assay was performed in the presandein the absence of 1 pg/ml AFP. The relativigirch
synthase activity was determined by relating thescéiz enzyme activity (pmol incorporated'C-
GIcNAc/optical density of spheroplasts) to the rizgacontrol. Measurements were carried out initgtes.

3.6 In vivo assays

3.6.1 Susceptibility study

Filamentous fungi were cultivated in YPG medium (#13), yeasts were cultivated in YPG medium (pH,6.0
and bacterial L-forms were grown in BHI brotR. (mirabilis LVI, E. coli LWF") or BHI broth supplemented
with yeast extract and sucro€®. (ubtilisL170). E. coli K12 was grown in BHI. 1 x Toconidia or cells were
added to 150 pl of culture medium containing AFRliffierent concentrations ranging from 0 - 400 plg/m
Analyses were carried out in microtiter plate fotn¥#sfter 48 h of incubation, the minimal AFP contation
that prevented growth of a given test organism weatermined and declared as the minimal inhibitory
concentration (MIC). Growth evaluation was eitharried out visually i.e. by microscopy or by meéasgrthe
optical density at a wavelength of 600 nm. Meas@r@swere carried out in triplicates.
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3.6.2 SYTOX-Green uptake assay

The SYTOX-Green uptake assay was carried out aimwptd the method described by Theis et al. (2003)
microtiter plate format. In brief, 1 x 1@onidia were cultivated in 150 pl YPG medium fér-240 h at 28 °C.
AFP or chemically modified AFP derivatives and SYX-Green were added to final concentrations of
100 pg/ml and 0.2 pM, respectively. Fluorescence queaantified immediately after application. Measoeats
were carried out over a time course of 210 min guanCytoFluor 2350 fluorescence measurement system
(Millipore) at an excitation wavelength of 480 nmdaan emission wavelength of 530 nm. Fluoresceat#s
were corrected by subtracting the fluorescenceevafusamples incubated in the absence of AFP anicladly
modified AFP derivatives. Measurements were camigdn triplicates.

3.6.3 D-PDMP assay

Assays were carried out in microtiter plate formsing 1 x 18 conidia, which were inoculated in 150 pl YPG
liquid medium each. AFP was added to samples irceamnations ranging between 0 - 400 pg/ml as well a
35 pM D-threo-1-phenyl-2-decanoylamino-3-morpholino-1-m@opl O-PDMP). In controls,D-PDMP was
replaced by sterile distilled water. Cultivationere carried out at 28 °C for 48 h. Subsequentlgwin was
assessed by measuring the optical density at alevaytd of 600 nm. Measurements were carried out in
triplicates.

3.7 In vitro assays

3.7.1 Mobility shift assay

For mobility shift assays, 5 ug herring sperm DNRkgmega) or 7 g yeast tRNA (Roche) were incubaiéd

0 - 30ug AFP either at room temperature or at 950tG60 min. Samples were loaded on TAE agarose gel
(0.7 %). After electrophoretic separation at 25 ¥emight, gels were stained using ethidium broméahel
analysed by a transilluminator.

3.7.2 In vitro chitin binding assay

The regeneration of chitin (Sigma) was achievedheyprocedure described by Koo et al. (2002). lefpt g of

chitin was dissolved in 10 ml phosphoric acid (8h #ter stirring for 24 h at 4 °C, aggregates bftm were

thoroughly grinded. The chitin material was subsedly washed by filtration using distilled water.héh the
flow-through had obtained a neutral pH, the pregparhitin was finally dissolved in TE buffer (pH 7.0
Subsequently, the binding capacity of 100 ul regetee chitin was determined to consist of 10 ug AHRRuS,

aliquots of 100 ul regenerated chitin were incutbatéth 10 pg protein to be analysed. The chitinriratas

successively treated with TE washing buffer (pH ad TE elution buffer (pH 7.0), of which the &ttontains
1.5 M NacCl. All solutions applied to the matrix haolumes of 100 pl. After centrifugation, these eveaken off
thoroughly and retained at — 20 °C until subjectior8DS-PAGE analyses (see 3.3.7). The proteinecomtf

individual samples was determined using the Kodakde Station 440 cf. Proteins identified in sampied

were isolated before the application of washingdrufvere termed ‘non-bound protein fractions’. Rmag that
were identified in samples after the applicationetition buffer were defined as ‘bound protein fi@as’.

Measurements were carried out in triplicates.
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3.7.3 Biodegradability of AFP

AFP was applied to simulated gastric juice (see43dr bile salt solution composed of 1.5 % bilkssdissolved
in PBS (pH 7.2) to a final concentration of 500 mig/Samples were incubated in 1.5 ml reaction tu#ie37 °C
and 120 rpm. After O h, 3 h, 6h and 24 h, aliqwe¢se taken to be analysed by SDS-PAGE (see 3Bt@)ein
gels were assessed using the Kodak Image Statlbnf44
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4 Results

4.1 Generation of chemically modified AFP versions

Amphipathicity is a general feature of antimicrobial peptidesich in combination with
amino acid composition, cationic net charge and size allow thematthaand to insert into
membrane bilayers (Park and Hahm, 2005). In agreement with thiseas&ructural features
of AFP, among which the cationic site and the hydrophobic stretcbuat for the
amphipathic character of the protein, assumed to be involved ineséliked membrane
permeabilisation. The precise involvement of tyrosines located itisedieydrophobic region
and cationic net charge of AFP was to be investigated here in more detail.

Initial attempts concerned with the heterologous expression anficaiion of AFP from
E. coli have failed (Meyer, 2003). Therefore, chemically modified AFdPsions were
produced. While the nitrated AFP (nAFP) derivative exhibits a non-tumadtihydrophobic
stretch, the acetylated AFP (acAFP) version carries a reddiiet charge due to the masking
of lysines by carbonyl groups. A short version of AFP (SAFP) wathssised (aa 1 to 33),
which is devoid of the hydrophobic stretch. It furthermore missesitgg®st positions 45
and 50 usually located inside the hydrophobic stretch. Finally, aatieavof AFP was
created, which exhibits disrupted disulfide bridges (cysAFP). Propfaitin stability was
shown by subjecting AFP, acAFP, nAFP, cysAFP and sAFP to SDS-R&GIses before

and after completion of susceptibility assays.

4.1.1 Determination of minimal inhibitory concentra tions

The growth inhibitory effect of chemically modified AFP versionas to be assessed.
Susceptibility studies were carried out using® T@nidia of selected fungal test strains
exhibiting resistancePenicillium chrysogenun moderate sensitivityAspergillus nidulans
Fusarium solaniand high sensitivityA. fumigatusA. niger, Fusarium oxysporujrntowards
AFP. These were incubated in the presence of rising protein cornigergrasually ranging
between 0 to 400 pg/ml. The MIC was defined as the concentratiorh wstlted in
complete growth inhibition. Table 1 summarises the MICs determine&HBr(for reference)

and for chemically modified AFP versions, respectively.
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Table 1. Minimal inhibitory concentration (MIC) determined f or AFP and chemically modified AFP
versions. Fungal test strains were cultivated with risinqi@entrations of AFP or chemically modified AFP
derivatives. Experiments were carried out in tdgles. Abbreviations: acAFP = acetylated AFP; nAFP
nitrated AFP; cysAFP = AFP exhibiting disruptedutfisie bridges; sAFP = short AFP; NE = no effect.

MIC [pg/ml]
Penicillium Aspergillus Fusarium Aspergillus Aspergillus Fusarium
chrysogenum nidulans solani fumigatus niger oxysporum

ATCC 10002 IfGB 15/1701 IfGB 39/1001 IfGB 15/0809 IfGB 15/1801 IfGB 39/1201

AFP NE 200 120 10 1 1
acAFP NE > 200 > 200 150 120 120
nAFP NE > 400 > 400 40 20 20
cysAFP NE 1 1 > 400 10 1
SAFP NE > 400 > 400 > 400 > 400 50

In general, the growth inhibitory effect of chemically modified ARErsions was
significantly reduced compared to AFP. This particularly hel@ tior acAFP, nAFP and
SAFP, of which the first exhibits a reduced basic net chargehandtter two are devoid of a
functional hydrophobic protein domain. Interesting to note is that acA¥kbited
dramatically increased MICs f&k. nigerandF. oxysporum(120-fold increase compared to
AFP), indicating that the cationic net charge of AFP is ess$efatiaprovoking growth
inhibition. The growth inhibitory effect was less pronounced when thee dangi were
cultivated in the presence of nAFP (20-fold increase in MIC), indigdhat the hydrophobic
protein domain is also required for growth inhibition, however, does moh $e play an
equally significant role as the cationic protein charge. Simisgults were observed for
A. fumigatuswhere cultivation in the presence of acAFP resulted in a 15-faldase, while
incubation with nAFP caused a 4-fold increase in MIC. In summbeget data suggest that
the amphipathic character is important for observing AFP-induced growth inhibition.

The MICs of acAFP foA. nidulansandF. solanicould only roughly be estimated (> 200
png/ml) since the protein stock concentration was too low to tasteatrations above 200
pg/ml. In respect to SAFH;. oxysporumwas the only test strain which was restricted in
growth (MIC 50 pug/ml), again indicating that deficiency ifuactional hydrophobic protein
region reduces the antifungal potency of AFP significantly. Rerbbrkahe growth
inhibitory effect of cysAFP was shown to be extremely vaealblor A. niger a 10-fold
increase in MIC was observed. More dramatically, a 40-fold inen@agrotein concentration
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was not sufficient to restrict growth @& fumigatus In contrast, no alteration in MIC was
observed forF. oxysporumwhile A. nidulansandF. solaniwere shown to be significantly
more susceptible to cysAFP than to AFP. This observation pointsdewes possibility that
different fungi may contain different AFP targets. Altermally, cysAFP may be assumed
more flexible than AFP due to disrupted disulfide bridges. This couldt rigs enhanced
interactions with putative AFP targets in some fungi, accountingtier dramatically
increased sensitivities &. nidulansandF. solani Neither of the analysed proteins resulted
in growth restriction of. chrysogenumdemonstrating that chemical modifications of AFP

have no influence on the susceptibility of this fungus.

4.1.2 Determination of membrane permeabilising pote  ntials

With the aim to determine the membrane permeabilising potentieherhically modified
AFP versions, assays were conducted which make use of the fluordgersty TOX-Green.
SYTOX-Green is an organic compound that fluoresces upon interactiomugleic acids -
however, SYTOX-Green can only penetrate into cells with impagledma membranes
(Thevissen et al., 1999). In the past, SYTOX-Green uptake assays beed prvaluable tool
for determining membrane permeabilisation in filamentous fungi. Thembrane
permeabilising potential of plant defensins froNeurospora crassawas successfully
demonstrated by this assay (Thevissen et al., 1999). Likewise,imfdlEPed membrane
permeabilisation was shown by the application of this techniqueg Eheail., 2003). Therein
obtained data suggested that the degree of AFP activity candatiydcorrelated with the
extent of fluorescence measured. Subsequentfycdfidia of each selected test strain were
grown in 150 pl YPG liquid medium (pH 4.5). After 20 A. (higen or 40 h E. oxysporum
IfGB 39/1201,F. solanj P. chrysogenupA. nidulan$ at 28 °C, 0.2 mM SYTOX-Green and
100 pg/ml AFP or chemically modified AFP versions were added to the samEpéaplarily
illustrated in Figure 1 are the results obtainedFRooxysporum ldentical permeabilisation

patterns were obtained fér niger(data not shown).
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Figure 1. SYTOX-Green uptake assays conducted to analyse pfaa membrane permeabilisation in

F. oxysporumIfGB 39/1201.Incubation offF. oxysporumwas carried out in the presence of 0.2 pM SYTOX-
Green and 100 pg/ml AFP or chemically modified AFPsions over a period of 210 min. Fluorescencaesl
were corrected with the baseline fluorescence, ivhias determined by incubatifrg oxysporunin the absence
of AFP. Triplicate measurements were carried outepresentative experiment is shown. AbbreviatiaegFP

= acetylated AFP; nAFP = nitrated AFP; cysAFP = A&hibiting disrupted disulfide bridges; sAFP = gho
AFP.

Clearly, the most distinct membrane permeabilisation was evokedFP. A markedly
reduced membrane permeabilising effect was observed for cysARRe wmembrane
permeabilising potentials of acAFP and nAFP were even more ticathyaaffected. No
membrane permeabilising effect was observed for SAFP. As texperither of the analysed
proteins provoked membrane permeabilisatioR.ishrysogenunfdata not shown).

Intrigued by the highly variable results obtained in suscepjital#says ofA. nidulansand
F. solani (see 4.1.1), more information was to be gathered concerning the membra
permeabilising effect of cysAFP on respective strains. Integhgt no significant
discrepancies between membrane permeabilising potentials ofaA&RysAFP could be
observed (Fig. 2), suggesting that membrane permeabilisationddesaot provoke growth
restriction. In consequence, it may be speculated that diffemegi tontain different i.e.

more than one AFP target(s).
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Figure 2. SYTOX-Green uptake assay conducted to analyse plasmmembrane permeabilisation in
F. solani and A. nidulans After addition of 0.2 uM SYTOX-Green and 100 pg/A#P or cysAFP to fungal
test strains, fluorescence was measured for ud@nzin. Correction of fluorescence values was adteby
subtracting the baseline fluorescence (sampledated in the absence of AFP or cysAFP). Experimeete
carried out in triplicates, a representative experit is shown. Abbreviations: acAFP = acetylated®® ARAFP =
nitrated AFP; cysAFP = AFP exhibiting disrupteduffisie bridges; sAFP = short AFP; FsoF=solani Anid =

A. nidulans

4.2 In vitro chitin binding of AFP

Previously published data demonstrated that AFP can be purifiedhityp affinity
chromatography (Liu et al., 2002). In order to show that AFP does bufdtio specifically,
and to analyse whether the basic net charge, the cationic ahd/drydrophobic protein
domains are involved in this processyitro chitin binding assays were carried out with AFP
and chemically modified AFP versions. Proteins were applied to cotumns and eluates
subjected to SDS-PAGE analyses. While proteins removed during ngasheps were
considered as non-bound AFP fractions, proteins isolated during elutionwstiepsegarded
as bound AFP fractions. As Figure 3 reflects, chitin binding &#miof AFP, nAFP, sAFP
and cysAFP were nearly identical (91 to 100 %), indicating thathtlaeophobic protein

domain and correct protein folding is dispensable for efficient chitin binding.
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Figure 3. Binding affinity of AFP and chemically modified AFP versions to chitin. Native and chemically
modified derivatives of AFP were incubated withtchi Subsequently, AFP fractions were determined thd
bind to chitin (dark grey) and that did not bindctutin (light grey). Experiments were carried autriplicates,
a representative experiment is shown. AbbreviatianAFP = acetylated AFP; nAFP = nitrated AFP; dyBA=
AFP exhibiting disrupted disulfide bridges; sAFRhort AFP.

A significant deviation in chitin binding affinity was observed foA&P. Here, only 61 % of
the protein applied did in fact adhere to chitin, proposing that thenzanhet charge of AFP
may contribute to efficient chitin adherence. However, the resithiath binding affinity of
acAFP also suggested the presence of further protein domains, mbiHacilitate the
attachment of AFP to chitin. Therefore, the amino acid sequen&8ERfvas compared with
several chitin binding proteins. Commonly, these proteins contain atdistrigin-binding
domain (CBD) that mediates adsorption to the substrate. Anakygesled that AFP shares
considerable homology with the AKWWTQ-motif (Fig. 4), a region thatell conserved in
bacterial chitin binding domains (Miyamoto et al., 2002). Sequence stiagaof 90 % are
obtained when comparing AFP with the AKWWTQ-motif of either AgClnom Aeromonas
punctata or Cbpl fromAltermonassp. (T-Coffee). No such sequence homologies were
observed when AFP was aligned with CBDs from plants, inseststtebrates or fungi (data

not shown).
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AFP 1 ATYNG----KCYKKDNICKYKAQSGKTAICKCYVKKC 33
ApChiA 772 AWSAGTVYNTNDKVSHKQLVWQAKYWTQGNEPSRTADQWKLV 813
EndoI 39 EWQSDTIYTGGDOVQYNGSAYQANYWTQNNDPEQFS—--YAVV 78
Cbpl 435 AWNSTTTYVAGDRVTHQORVYEAKWWTQGEEPGA-SDVWKAT 475
Chia 778 TWDRSTVYVGGDRVIHNSNVFEAKWWTQGEEPGT-ADVWKAYV 818
ChicC 29 OWQOSQOVYTGGDAVTYQSAKYTAKWWTQNQONPAQONSNTYDVW 70
ChiD 35 EWSQOSSAYNGGAQVOKSQOQAFEAKWWTQADPVTHSGQWDDW 75
SmChiB 455 AYVPGTTYAQGALVSYQGYVWQTKWGY ITSAPGSDSA-WLKV 495

Figure 4. Amino acid sequence alignment of AFP with bacteriathitin binding proteins. Abbreviations:
ApChiA = Aermononas punctatehitinase A; Endol =Vibrio furnissii chitodextrinase; Cbpl = chitin-binding
protein of Alteromonassp. strain O-7; ChiA = chitinase A éfiteromonassp. strain O-7; ChiC = chitinase C of
Alteromonassp. strain O-7; ChiD = chitinase-like enzyme fraifteromonassp. strain O-7; SmChiB Serratia
marcescenshitinase B. Residues that are identical to ARPidicated in boldface. Boxed sequences indicated
the conserved AKWWTQ-motif of bacterial chitin bind proteins.

It is possible to speculate that chitin binding is evoked by the pat&@BD. Since sAFP
contains the complete sequence assumed to consist of the CBD, aicotaynt for efficient
chitin binding as observed for AFP. Structurally, the putative CBBFR is localised on a
linear stretch of amino acids in direct opposition to the hydrophobieiprdomain (Fig. 5).
These data demonstrate that AFP binds efficiently to chitingltlygoroviding initial support
for the involvement of chitin in the mode of action of AFP. Further atba was provided
by the revelation of a putative CBD, which may facilitate bindoigAFP to chitin. In

summary, these results encourage the assumption that chitin antdfobidsynthesis could

be involved in the mode of action of AFP.

36



Results

Figure 5. The putative chitin binding domain (CBD) of AFP. The putative CBD is represented by green
shading. Indicated in blue is the cationic site, lilydrophobic stretch is represented in pink stgadihe amino-
terminal end of AFP is indicated by Risheet structures are shown as arrows. The imagdllwstrated using
the Cn3D 4.1 software on the basis of the AFP siragreviously published by Campos-Olivas et E996).

4.3 Putative AFP targets associated with fungal cel | walls

Previous results indicated that AFP binds efficiently to chitinsipbsmediated by a putative
CBD. In order to obtain further proof for the involvement of chitin andfotin biosynthesis
in the mode of action of AFP, chitin synthase mutants of filamentscgng/cetes were

subjected to susceptibility analyses.

4.3.1 AFP susceptibility of F. oxysporum and A. oryzae chitin synthase

mutants

Filamentous fungi contain distinct classes of chitin synthasassés Ill, V and VI; Roncero,
2002) that are absent in yeast. In order to determine whetheredefian any of these chitin
synthase classes would render fungi less susceptible toward<las® 11l and V mutants of
AFP-sensitive fungiK. oxysporumd287 andA. oryzaeA1560 with MICs of 1 pug/ml) were
chosen to be analysed. These were subjected to susceptibility $8e#ie%6.1). As Figure 6
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illustrates, the class V mutardhS\j of F. oxysporun{Madrid et al., 2003) was considerably
less affected by AFP than the corresponding wild-type strain (42§f)arently, growth
inhibition in thechsVmutant remained the same (27.31 % at 50 pug/ml AFP and 28.87 % at
100 pg/ml AFP) irrespective of the AFP concentration testech Bveoncentrations of 400
ng/ml AFP, a residual growth was measured that estimated 26 3€dation to the negative
control (data not shown). These data indicate that deletion of cladsiti synthase in

F. oxysporumi287 does indeed result in a significantly reduced AFP susceptibility.

In order to exclude that the obtained results were due to morpholagicaimalities which
were described for thehsV mutant under low osmotic conditions (Madrid et al., 2003),
experiments were repeated in growth medium supplemented withatbifios In analogy to
previous results, the mutant responded with a similarly reducedsAsdéeptibility (data not
shown), suggesting that the reduced AFP susceptibility otchis& mutant is not due to

morphological deficiencies.
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Figure 6. Susceptibility analyses carried out with chitin sythase mutants of F. oxysporum4287 and
A. oryzae A1560. Corresponding wild-type strains were included ie @nalyses for reference. Growth is
expressed in % in relation to the negative confnuit treated with AFP). Experiments were carried iou

triplicates. Abbreviations: Fo E. oxysporumAo =A. oryzae

Analyses were also carried out with chitin synthase mutant8. abryzaeA1560. AFP
susceptibilities of a class IltsB and a class VcémA mutant (Muller et al., 2002) were
analysed and compared with the wild-type sensitivity. Figure 6 skiwatsat 50 pg/ml and
100 pg/ml AFP, thehsBandcsmAmutants were less susceptible than the wild-type strain. In
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comparison to thd-. oxysporum chsVnutant, it was found thathsB and csmA mutants
exhibited a similarly reduced growth inhibition. However, increasiveyAFP concentration
to 400 pg/ml resulted in further growth reduction of thsB mutant to 7.3 % (data not
shown). In summary, these data show that ¢eenA mutant of A. oryzae A1560 is
significantly more susceptible to AFP than teasB mutant or thechsV mutant of
F. oxysporum4287. It can therefore be assumed that class Ill and V chhithages may

constitute putative AFP targets.

4.3.1.1 Susceptibility of F. oxysporum chsV mutant to chemically modified AFP

versions

In order to determine whethdf. oxysporum4287 wild-type andchsV mutant exhibit
deviating susceptibilities towards chemically modified AFP versions FoaxysporumfGB
39/1201, susceptibility studies were carried out with these fuseg 3.6.1). Table 2
summarises the MICs of chemically modified AFP versions forcti®/ mutant and the
corresponding wild-type strain (4287) as well as thosé€ foxysporumifGB 39/1201.

Table 2. Minimal inhibitory concentration (MIC) of chemicall y modified AFP versions determined for
F. oxysporumstrains. F. oxysporum4287 and correspondinchsV mutant as well ag. oxysporumlfGB
39/1201 were cultivated in the presence of AFPhendcally modified AFP versions. Experiments weaeried
out in triplicates. Abbreviations: acAFP = acetgthtAFP; nAFP = nitrated AFP; cysAFP = AFP exhilgtin
disrupted disulfide bridges; sAFP = short AFP; NRc=effect.

AFP acAFP nAFP CysAFP SAFP
F. oxysporumfGB 39/1201 1 120 20 1 50
F. oxysporum#287 1 > 100 50 1 50
F. oxysporunthsV NE > 100 NE NE NE

The here presented results show clearly that wild-typenstrafiF. oxysporum(4287 and
39/1201) respond to chemically modified AFP versions in a comparable malaither of
the AFP versions tested influenced the growth of FheoxysporumchsV mutant. The
corresponding wild-type strain (4287), in contrast, was significantise susceptible towards
AFP than theehsVmutant, exhibiting a MIC of 1 pg/ml. The MICs of nAFP and sAwd?e
50-fold higher than the MIC of AFP. No difference in MIC was obsé between cysAFP
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and AFP (1 pg/ml). The MICs of acAFP for tblesV mutant and=. oxysporun¥287 could
only roughly be estimated (> 100 pug/ml), since the protein stoateatration was too low to
test concentrations above 100 pg/ml. These results indicate th&t theysporumchsV
mutant is as resistant towards chemically modified AFP versionssa®iAFP. In addition, it
was shown thatF. oxysporumwild-type strains (4287 and IfGB 39/1201) exhibit a

comparable susceptibility towards the tested AFP versions.

4.3.2 Determination of AFP-induced plasma membrane permeabilisation

in F. oxysporum and A. oryzae chitin synthase mutants

With the aim to confirm results previously obtained in susceptilslitglies (see 4.3.1), the
membrane permeabilising potential of AFP on chitin synthase muaactscorresponding
wild-type strains ofF. oxysporum4287 andA. oryzaeAl560 was to be analysed. Thus,
SYTOX-Green uptake assays were carried out as previouslylskscfis shown in Figure 7,
the wild-type strain ofF. oxysporumandA. oryzaebecame equally well permeated by AFP.
In contrast, thehsVand thecsmAmutant seemed not to be affected by AFP at all. Compared
to chsVandcsmaA fluorescence ofhsBappeared to be slightly elevated. However, during the
whole course of incubation, no significant increase in fluorescensehserved. These data
indicate that plasma membranes in chitin synthase mutant® fadcome permeabilised by
AFP.

Subsequently, the membrane permeabilising ability of chemicallyfieddFP versions was

to be analysed by subjecting the chitin synthase mutahkt okysporum4287 to SYTOX-
Green uptake assays. Membrane permeabilisation was shown tontieald®o patterns
observed inF. oxysporumlfGB 39/1201. In agreement with previous studies aimed at
determining the susceptibility of. oxysporumchsV towards chemically modified AFP
versions, none of these derivatives was shown to be capable of indiasntgapgmembrane

permeabilisation in thehsVmutant (data not shown).
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Figure 7. SYTOX-Green uptake assays carried out with chitin gnthase mutants off. oxysporum4287 and

A. oryzaeA1560 to analyse plasma membrane permeabilisatioR. oxysporumd287 and correspondiraipsV
mutant as well ad. oryzaeA1560 and corresponding mutactssBandcsmAwere incubated in the presence of
0.2 uM SYTOX-Green and 100 pg/ml AFP over a penb@10 min. Fluorescence values were corrected with
the baseline fluorescence, which was determinethdybating fungi in the absence of AFP. Experimemtse
carried out in triplicates. A representative expent is shownAbbreviations: acAFP = acetylated AFP; nAFP
= nitrated AFP; cysAFP = AFP exhibiting disruptedulfide bridges; sAFP = short AFP.

4.3.3 Determination of in situ chitin synthase activities in the presence of
AFP

The chitin synthase mutants analysed in this work were shown ponggo AFP with
reduced sensitivities. However, only tRe oxysporumchsV mutant exhibits less cell wall
chitin (60 %), which suggests that chitin itself does not decideusxely about AFP
susceptibility. In order to analyse whether AFP targets chitmhases, AFP-resistant and
AFP-sensitive fungi were examinedimsitu chitin synthase activity assays. These consisted
of incubating fungal spheroplasts in the presencé®fIcNAc and AFP (see 3.5). From the
amount of incorporated radioactivity was concluded whether chitin synthasvities are
induced or inhibited by AFP activity. Table 3 shows very cledrdy thitin synthase activity

in wild-type strains ofF. oxysporum4287 andA. oryzaewere significantly reduced in the

presence of AFP by approx. 40 %.
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Table 3. Relative chitin synthase activities in the presencef AFP. A. niger F. oxysporum4287 and
correspondinghsVmutant,A. oryzaeA1560 as well a®. chrysogenurwere incubated with'C-GIcNAc in the
presence or in the absence of AFP. The relativiinckynthase activity was determined by relating $pecific
enzyme activity to the negative control (incubatafrfungi in the absence of AFP). Standard devietd the
means is given in parenthesis. Abbreviations: Nib=effect. The respective minimal inhibitory contations

(MICs) of AFP are given for reference. Experimenese carried out in triplicates.

Aspergillus Fusarium Fusarium Aspergillus Penicillium
niger oxysporum oxysporum oryzae chrysogenum
15/1801 4287 4287chsV A1560 ATCC 10002
Relative chitin 0.28 0.62 1.57 0.60 4.6
synthase activity (+/- 0.00) (+/- 0.02) (+/- 0.01) (+/- 0.02) (+/- 0.00)
MIC AFP [pg/ml] 1 1 > 400 1 NE

Similarly, chitin synthase activity iA. niger was significantly reduced by about 70 %. In
contrast, AFP-resistant fungi such &s oxysporumchsV mutant andP. chrysogenum

exhibited remarkably elevated levels of chitin synthase act{approx. 160 and 460 %,
respectively). These data suggest that chitin synthases sé€ldsand V are indeed targets
of AFP. The increased chitin synthase activity in AFP-resisfangi is suggested to

contribute to the integrity of their cell walls in the presence of AFP.
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4.4 Putative AFP targets associated with fungal pla  sma membranes

Subsequently, it was to be examined whether structures otherdthavalls may be involved
in the mode of action of AFP. Plasma membranes of fungi andrildaate known to differ in
characteristic components, including the fact that prokaryotessfatukigolipids but rather
contain phospholipids (Daum et al., 1998; Dickson and Lester, 1999). Thus, anedyses
conducted which focussed on lipid constituents specifically occutinnéungal plasma

membranes, aiming at the identification of further putative AFP targets.

4.4.1 Bacterial protoplasts remain AFP-resistant

In order to analyse whether bacterial protoplasts remain AgiBtaet, susceptibility studies
were conducted in which cell wall-less L-forms Bécillus subtilis Proteus mirabilisand

E. coli (Gumpert and Hoischen, 1998) were analysed (see 3.2 and 3.6.1). Although these
strains lack a cell wall by mutation, they are easy to handle and stapbgatte in brain heart
infusion (BHI) broth P. mirabilis E. col)) or BHI broth supplemented with yeast extract and
saccharose B subtilig. An approx. 10-fold increase in MIC was observed when
F. oxysporumIfGB 39/1201 orA. niger were cultivated in BHI broth or BHI broth
supplemented with yeast extract and saccharose in the preseAE® dtlata not shown).
Taking the reduced AFP potency into consideration, susceptibility stodidsacterial L-
forms were carried out in BHI broth nonetheless. Pre-culturbaatrial L-forms were used
to inoculate 150 pl of cultivation broth with an @Bmof 0.05. Finally, AFP was added to
samples in concentrations ranging between 0 - 400 pg/ml. Aftebation at 37 °C at 200
rpm for 6 h, growth was evaluated microscopically. No differencegowth were observed
for samples cultivated in the presence or in the absence of A&R (ot shown).
Furthermore, samples of L-forms that were cultivated in tlesgurce of AFP grew equally
well asE. coli K12, a wild-type strain which served as the positive control (uatshown).
From these results can be concluded that bacterial plasma mesmbi@n#ot contain a
putative AFP target. Thus, it is suggested that specific lipid componentsieaigiypgesent in

fungal plasma membranes are involved in determining AFP sensitivity.
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4.4.2 Fungal glucosylceramides may account for AFP sensitivity

The resistance of bacterial protoplasts suggested that plasemabrane components
exclusively found in fungi may determine AFP susceptibility. Sphipgtd constitute
integral components of eukaryotic cell membranes (Dickson and L&8&9). Belonging to
this large class of membrane lipids are the glycosphingoliplis observation that numerous
AFP-sensitive fungi contairglucosylceramidesincited the assumption that these may

constitute putative AFP targets (Table 4).

Table 4. Glycosphingolipids in fungi (Warnecke and ldinz, 2003).The minimal inhibitory concentration

(MIC) of AFP is given for reference. Abbreviatior@lcCer = glucosylceramide; GalCer = galactosylcede;

NE = no effect.
Fungus Glycosphingolipid AFP susceptibility
MIC (pg/ml)
Aspergillus niger GalCer 1
GlcCer
Aspergillus fumigatus GlcCer 10
GalCer
Fusarium solani GlcCer 120
Saccharomyces cerevisiae GalCer NE

Since no suitable mutants were available for analyses, ida@ded to test the hypothesis
that glucosylceramidesnay constitute putative AFP targets by inhibitiglgcosylceramide
synthesis in AFP-sensitive fungi by chemical means. It h&n lmemonstrated that an
analogue of ceramideD-threo-1-phenyl-2-decanoylamino-3-morpholino-1-propand- (
PDMP), inhibits UDP-glucose:N-acylsphingosine glucosyltransée(dsokuchi and Radin,
1987), the enzyme required for glucosylceramide synthesis. Thus,adiopliof D-PDMP is
expected to deplete glucosylceramide levels in fungal plasnmabrages. When fungi
consequently exhibit reduced AFP susceptibilities, it may be wodedl that glucosyl-
ceramides may represent putative AFP targets. In accordamicepreviously described
susceptibility studies, f@&onidia of selected fungal test strains were incubated in 150@| YP
liquid medium (pH 4.5) in the presence of rising AFP concentrationglQ0 {1g/ml) andD-
PDMP (35 pM). After 48 h at 28 °C without agitation, growth was ss&sk using a
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microplate spectrophotometer. In control cultivations,@R@DMP solution was replaced by
distilled water. Figure 8 indicates, that the cultivatioohigerin the presence d-PDMP
resulted in considerably reduced AFP susceptibilities. At 0.5 piFRl, residual growth of
32.0 % in the presence BFPDMP and 18.1 % in the absenceDsPDMP was observed. At
2.5 and 4 pg/ml AFP, cultivation in the presenceDePDMP resulted in 2 % and 1.9 %
growth, respectively. No growth was observed for cultivations irabisence oD-PDMP at
respective AFP concentrations. In conclusion, an approx. two-fold iecieagrowth is
observed for -cultivations in the presence BFPDMP, suggesting that reduced
glucosylceramide levels render fungi more resistant towards AFP.

Identical experiments carried out wigh fumigatusprovided even more pronounced effects.
Here, incubation in the presence DfPDMP rendered the fungus dramatically less AFP-
sensitive than in the controls (Fig. 9). In fact, growthAofumigatusin the presence db-
PDMP seemed to remain on a basic level (approx. 23 %), regmuafléhe AFP concentration
applied. In contrast, cultivation in the absenceDePDMP significantly inhibited fungal
growth at 5 pg/ml and 10 pg/ml AFP to 14.1 % and 2.2 %, respectidel\D-PDMP-
induced AFP degradation was observed during the course of exper{oeatsot shown). In
consequence, the here presented data suggest that glucosylcenaeydeepresent putative
AFP targets.
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Figure 8. Growth of A. niger with AFP in the presence or in the absence ob-threo-1-phenyl-2-
decanoylamino-3-morpholino-1-propanol D-PDMP). A. nigerwas cultivated in the presence of rising AFP
concentrations and 35 uM-PDMP for 48 h at 28 °C in YPG liquid medium. Cuttiions in the absence Bf
PDMP served as reference. Growth is expressedim @#ation to the negative control (not treatedhwAFP).

Experiments were carried out in triplicates.
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Figure 9. Growth of A. fumigatus with AFP in the presence or in the absence db-threo-1-phenyl-2-

decanoylamino-3-morpholino-1-propanol D-PDMP). A. fumigatuswas grown in YPG liquid medium for
48 h at 28°C in the presence of rising AFP conegioins andD-PDMP (35 puM), while cultivations in the
absence oD-PDMP served as reference. Growth is expressed in #élation to the negative control (fungi

cultivated in the absence of AFP). Experiments veareied out in triplicates.
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4.4.3 AFP susceptibility of cCAMP-dependent protein kinase mutants of

A. niger affected in membrane lipid composition

In an approach to further investigate the influence of lipid compositioRFP-susceptibility,
A. niger mutants with alterations in lipid content were subjected to @¥-Green uptake
assays. It was recently shown that disruption or overexpression & geoeding for either
regulatory and/or catalytic subunit of the cAMP-dependent protein kinage @@iKsiderably
influences lipid biosynthesis iA. niger A395 (Jernejc and Bencina, 2003). Table 5 gives an

overview on the here analysed strains with regard to their respective bfild.pr

Table 5. A. niger cAMP-dependent protein kinase (PKA) mutants exhilding altered membrane lipid
composition (Jernejc and Bencina, 2003PKA mutants ofA. nigerA395 used in analyses to determine altered
AFP-susceptibilities. Summarised in this tableratative values (approximated) in relation to enigerA395
(equated = 1). Abbreviation: mcC = multicopy catiglgubunit of PKA; DC = deleted catalytic subumitPKA.

Mutant strain Mutant strain
mcC DC
PKA activity increased or uncontrolled abolished
Total lipids 0.92 1.69
Neutral lipids 0.70 2.00
Phospholipids 0.94 0.61
Glycolipids 3.33 1.13

Concentrations of fOconidia were incubated in sample volumes of 150 pl YPG liquid
medium (pH 4.5). After 20 h (wild-type) or 40 h (mutant strain®8&°C, 0.2 mM SYTOX-
Green and 100 pg/ml AFP were added to each sample in order tonexammbrane
permeabilisation in wild-type and mutant strains. AFP-induced nmaamlgermeabilisation of
A. niger mutant mcC (multicopy catalytic subunit of PKA) did not sigmifitty differ from

the wild-type situation. Both strains became readily permdagedlFP. However, Figure 10
depicts that the plasma membrane of the DC (deleted catsiydimit of PKA) mutant was
not affected by the presence of AFP.
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Figure 10. SYTOX-Green analysis ofA. niger cAMP-dependent protein kinase (PKA) mutants with
altered membrane lipid composition.PKA mutants ofA. nigerA395 were incubated in the presence of 0.2 uM
SYTOX-Green and 100 pg/ml AFP over a period of 24i0. Fluorescence values were corrected with the
baseline fluorescence, which was determined bybiating the fungi in the absence of AFP. Experimevese
carried out in triplicates, a representative experit is shown. Abbreviation: mcC = multicopy catizlsubunit

of PKA; DC = deleted catalytic subunit of PKA.

Susceptibility analyses using 2 pg/ml AFP revealed that henftant is still susceptible
towards AFP, however, to a minor extent than the wild-type or t@ mutant (Fig. 11). In
summary these data suggest that increased levels of nepitilal jpossibly in combination
with an elevated amount of total lipids, may account for the redadtdity of AFP to
permeabilise plasma membranes in the DC mutant. However, BK&eactivity is also
known to be involved in dimorphism (Saudohar et al., 2002), hyphal growth pdRnitno
et al., 1996) and regulation of triacylglycerol levels (Thineslgt2®00), other aspects
underlying PKA signalling may affect AFP susceptibility.
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Figure 11. Growth of A. niger cAMP-dependent protein kinase (PKA) mutants with #ered membrane
lipid composition in the presence of 2 pug/ml AFPGrowth of wild-type A395 and corresponding mutamisC
(multicopy catalytic subunit of PKA) and DC (deléteatalytic subunit of PKA) is expressed in % ilatien to

the negative control, which is the cultivation lire tabsence of AFP. Experiments were carried auipiicates.

4.5 AFP susceptibility of S. cerevisiae mutants

Based on the data described above, it can be hypothesised thabmsuaffecting processes
involved in cell wall or plasma membrane synthesis could rendesistant organism AFP-
sensitive. By means of screening mutants of an AFP-resigiagus for AFP-sensitive
phenotypes, it may be possible to identify distinct genes thadl c@miérmine if an organism
is susceptible towards AFP or not. Ustagcerevisiador this purpose implies the advantages
that its genome is fully sequenced and annotated. Furthermore, ditegbiity of mutant
libraries provides a valuable means for the functional analysisaal different genes. Thus,
a mutant library generated by the EpeanSaccharomycesearevisiaearchive for functional
analysis (EUROSCARF) was screened for yeast strainatefest. Selected mutants were
either affected in cell wall synthesis, cell wall integritell wall integrity signalling or lipid
biosynthesis. A description of yeast mutants analysed in the colthes work is given in
Table B, Appendix.

In susceptibility studies, pre-cultures were used to inoculated 188 @lliquid medium (pH
6.0) with 16 cells. Each sample was cultivated in the absence or in thenpeesf 400 pg/ml
AFP. For reference, the corresponding wild-type strain (BY4741)alsxs included in the

analysis. Cultivations were carried out at 28 °C for 28 h at 120 rpowt@mwas determined
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using a microplate spectrophotometer. Figures 12, 13 and 14 confirtheéhaild-type strain
of S. cerevisiaés resistant towards AFP, while mutants WSC1, SMI1 (Table 4@)S&H5
(Table 14) exhibited moderate AFP sensitivities. Slightly modefdiP sensitivities were
observed in strains MPK1, CRZ1, SWI4 (Table 12), TOR1, CWP2, CH®g(18), CHO2,
INP51, ALG5, DIE2 and GSY1 (Table 14). Mutant strains CHS1 (Tableah8) VPS34
(Table 14) displayed the most pronounced AFP-induced growth restriclitiese data
indicate that deletion of distinct cell wall or plasma membi@sssciated genes may indeed
render a resistant organism susceptible towards AFP. Rathersigly, mutants FKS1,
GAS1 (Table 13) and FPS1 (Table 14) were observed to grow sigriifidaiter in the
presence of AFP, suggesting that AFP may also administer ahgemivaincing effect under

specific circumstances.
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Figure 12. AFP susceptibility of S. cerevisiaemutants affected in cell wall integrity signalling
Concentrations of focells were incubated at 28 °C for 28 h. Growth wagermined spectrophotometrically
and expressed in % in relation to the negativerobritultivation in the absence of AFP). Experingemtere

carried out in triplicates. Mutant characteristies listed in Table B, Appendix.
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Figure 13. AFP susceptibility ofS. cerevisiaenutants affected in cell wall synthesis10® cells were incubated
in YPG liquid medium (pH 6.0) at 28 °C for 28 h.iSequently, growth was determined spectrophotooadtyi
and expressed in % in relation to the negativerobfincubation of yeast in the absence of AFP)p&iments

were carried out in triplicates. For charactersst mutants see Table B, Appendix.
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Figure 14. AFP susceptibility ofS. cerevisiaemutants affected in lipid biosynthesis and/or memiane
composition. Yeast strains were cultivated as described inreidi. Results are expressed in % in relation to
the negative control, which is the cultivation vaith AFP. Experiments were carried out in triplicat®lutants

are described in Table B, Appendix.
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In order to confirm that the amount of cell wall chitin does indeedimitiience AFP
susceptibility 26 S. cerevisiaemutants were selected which exhibit altered chitin levels in
comparison to the wild-type strain (see Table C, Appendix). Mutaitks up to eight-fold
higher chitin levels than the wild-type strain remained AFist@st. Similarly, strains with
reduced chitin levels did not become more resistant towards é&R (ot shown). These

data indicate that the amount of chitin does not seem to determine AFP susgeptibilit

4.6 Putative AFP targets localised inside the cell

AFP is a cationic protein, thus it is imaginable that it couldbdx$o almost any kind of
negatively charged cell component. Martinez Del Pozo et al. (2002) reported theioneyfic
AFP with DNA, demonstrating that AFP binds to DNA and prom@®&B\ condensation.

They suggested that AFP exhibits an OB-fold topology by whichptbtein is capable of
interacting with oligonucleotides. However, it was omitted to proundermation whether

heat-inactivated AFP would behave in a similar fashion. Subsequeminespts were aimed
to identify whether AFP with reduced or abolished biological actshiyws the same binding
affinity to nucleic acids as native AFP.

4.6.1 Binding affinity of AFP to DNA

In order to determine DNA binding affinities of AFP and heat-inattd AFP,in vitro

mobility shift assays were conducted. Theis et al. (2005) reptr&edreatment of AFP at
100 °C for 15 min resulted in approx. 90 % loss of antifungal activitggheement with this
was the finding that incubation of AFP at 95 °C for 1 h resultedsmilar loss of antifungal
activity (data not shown). Samples of 5 pg herring sperm DN G g, 3 pug, 10 pug or
30 pg AFP and subjected to mobility shift assays (see 3.7.1). Kesulfirm previously
published data from Martinez Del Pozo et al. (2002) that AFP bin@\i# (Fig. 15). A

remarkable shift is observed when DNA was incubated with 3 HE. AVith rising AFP

concentrations (10 pg and 30 pg) the shift became more distinetteeflby the observation
that respective samples remained inside the wells. However,cialergsults were obtained
for heat-inactivated samples of AFP, demonstrating that bioldgirective AFP has the

same DNA binding affinity as native AFP samples.
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DNA (5 pg) + AFP ~ DNA (5 pg) + AFP (95°C)

A-DNA DNA

(Pstly (5 pg) [3pgl  [10pg]  [30 pg] [3pg]l  [10pg] [30ng]

11490 bp-
7749 bp-

1159 bp—
339 bp—

Figure 15.Binding affinity of AFP and heat-inactivated AFP to DNA. Incubation of 3, 10 and 30 pg AFP in

the presence of 5 pg herring sperm DNA was eithaiedd out at room temperature or at 95 °C for Hérring

sperm DNA alone was applied for referenBstl-restrictedA-DNA served as size marker. All samples were

electrophoretically separated on a TAE agarosé(jeél%). Experiments were carried out in triplicate

4.6.2 Binding affinity of AFP to RNA

In

order to determine RNA binding affinities of AFP and heat-imatéd AFP,in vitro

mobility shift assays were conducted using 7 pg yeast tRNAOgng, 3 pg, 10 pg or 30 pg

AFP, respectively. In agreement with DNA mobility shifts matrout (see 3.7.1), AFP is also
capable of binding to RNA (Fig. 16).
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IRNA (7 pg) + AFP

e
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Figure 16.Binding affinity of AFP and heat-inactivated AFP totRNA. 3 g, 10 pg and 30 pg AFP incubated
in the presence of 7 pg yeast tRNA at room temperabr at 95 °C for 1 h. tRNA alone was applied for
reference. The Generulserved as size marker. All samples were electragicatly separated on a TAE

agarose gel (0.7 %) and stained with ethidium bdemiExperiments were carried out in triplicates.

With rising concentrations of AFP and heat-inactivated AFP, thisshecame more
pronounced. However, incubation of 30 ug native AFP in the presence of yeast tRKi&dres
in a most dramatic shift, consequently causing the sample tairranside the well. This
effect was not observed for the same concentration of heat-inadtidéiP. Nevertheless, a
shift was here observed anyhow.

In a subsequent approach, mobility shift assays were also cantiedth cysAFP or sAFP.
Since concentrations of cysAFP were too low to permit the amabfsihigher protein
concentrations, the assays were carried out with 3 pg and 10 pgRcys the presence of
7 ng yeast tRNA only. Again, binding activities of untreated and-iheativated proteins
were determined. Figure 17 illustrates a significant sbifuhtreated samples of cysAFP. At
concentrations of 3 pg and 10 ug, the shift was so dramatic thptesaremained inside

wells.
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IRNA (T pg) + cysAFP IRNA (7 pg) + sAFP
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Figure 17.Binding affinity of SAFP, cysAFP and heat-inactivaed cysAFP to tRNA.Incubation of 3 pg, 10
png and 30 pg sAFP with 7 pg yeast tRNA. Incubatiwese carried out at room temperature. Incubatfa® jog
and 10 pg cysAFP was either carried out at roonpé&sature or at 95 °C for 1 h. tRNA alone was appfia
reference. As size marker served the Generuler.s&thples were electrophoretically separated on & TA
agarose gel (0.7 %). Experiments were carried outiplicates. Abbreviations: cysAFP = AFP exhibgi
disrupted disulfide bridges; sAFP = short AFP.

A similar effect was observed for 10 pg heat-inactivatesAEY, in contrast to the same
concentration of untreated protein, which exhibited a comparably moddmételLikewise,
the incubation of 3 pg, 10 pg, and 30 ug sAFP with 7 pg yeast tiedlAted in significant
shifts. The higher the protein concentration applied, the more disiiace the shifts
observed. Since sAFP was shown not to exhibit any antifungal aabivithe whole, heat
inactivating procedures were here omitted. In summary, thetsesdggest that nucleic acids

do not constitute a primary target of AFP.
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4.7 Biotechnological application of AFP

With the perspective of applying AFP as a putative antibigtentin fields such as the food
industry, the question arose whether AFP becomes degraded duringeptssaigh the
gastrointestinal tract of man. The gastrointestinal tract itotest a harsh environment, where
low pH and enzyme cocktails contribute to the degradation of ingkesiddThe here applied
in vitro assays aim to simulate the most significant aspects of human digestion.

4.7.1 Biodegradability of AFP

Simulated gastric juice (Beumer et al., 1992) was used to @rtiiat environment normally
found in the human gastrointestinal tract. It was formulated uswiggse peptone, glucose,
salts, bile, lysozyme and pepsin. AFP was applied to simulatéitgase or buffer solution
(control) to a final concentration of 500 pug/ml. Samples werehated at 37 °C. After O h,
3 h, 6h and 24 h, aliquots were taken to be analysed by SDS-PAGE {s¥e Protein gels
were assessed using the Kodak Image Station 440 cf. Figure 18 summarnisssltbe
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Figure 18. Stability of AFP after incubation in simulated gastic juice. Samples were taken after 0 h, 3 h, 6 h
and 24 h of incubation at 37 °C. AFP intensityxpressed in % in relation to the negative contratybation of

AFP in buffer solution). Experiments were carried im triplicates.

The data suggests that AFP is stably maintained in simulasiicgjuice even after an
incubation period of 24 h at 37 °C. AFP intensities determined at timéspbh, 3 h, 6 h and
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24 h all ranged between 90 % and 92 %. Acid-tolerance of AFP wtagrimore confirmed

by visual inspection of protein gels. No AFP degradation could be observed (data not shown)
In the upper intestinal tract bile is secreted into the go@Gnd Weimer, 1999). In order to
determine bile tolerance of AFP, bile salt solution was forradlabince the concentration of
bile is variable and difficult to predict, 1.5 % bile salts fromgall were dissolved in PBS

(pH 7.2) simulating bile concentrations in the jejunum (Marteaal.etl997). Finally, AFP

was applied to bile salt solution or buffer solution (control) to & fwoacentration of 500
png/ml. Figure 19 demonstrates that AFP incubation in bile saiticolof up to 24 h at 37 °C

does not cause a significant decrease in AFP intensities.
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Figure 19. Stability of AFP after incubation in 1.5 % bile salt solution. Aliquots were taken for analyses after
0 h, 3 h, 6 hand 24 h, incubation was carriedadl87 °C. AFP intensity is expressed in % in relatio the

negative control, which is the incubation of AFPbinffer solution. Experiments were carried outriplicates.

Further proof for the bile-tolerance of AFP was provided by theaVisispection of protein
gels. No protein degradation could be observed (data not shown).

In an approach to determine whether simulated AFP has retairfed astifungal activity,
susceptibility studies were conducted using wild-type strai's okysporun(IfGB 39/1201)
and A. niger (IfGB 15/1801). Conidia of fungi were incubated with AFP samples roédai
from 24 h-incubations at 37 °C in simulated gastric juice or 1.5 &oshilt solution. Growth
was assessed after 48 h at 28 °C using a microplate spectrophotommietestingly,
incubation periods of 24 h at 37 °C in gastric juice-simulating mediutmile salt solution
(1.5 %) did not reduce the antifungal activity of AFP. The MIC4 q@fg/ml remained the

same (data not shown), indicating that AFP retains its full antifungaltgctivi
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4.7.2 AFP susceptibility of wood decaying fungi

Many fungi are known to thrive on cellulose-containing materiaddlu©se is abundantly
distributed - not only in nature, but also in the building industry. Funésdtation of wood
or wall paper, for instance, may impose serious problems foriggerand man. Therefore,
AFP was tested against a number of well-established wood-dgdawigi in order to analyse
whether the fields of AFP application may possibly be extended. @islty studies were
carried out using selected fungal strains (Table 6). Strains, asi€h brevicompactum
Alternaria alternate Wallemia sehi Trichoderma viride Cladosporium macrocarpurand
Coniphora puteanavere difficult to cultivate in YPG liquid medium (pH 4.5), thus gtiow
even in the absence of AFP - was rather poor. Hence, the detesmiradt AFP
susceptibilities for these strains was not possible. Howevegimerg strains, such as e.g.
A. penicilloides Chaetomium globosumr Coniphora puteanawere readily inhibited in their
growth by AFP. From the results can be concluded that AFP wrstitite an attractive
antifungal agent, which may also find its application in the buildingstrtg and affiliated
fields.
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Table 6. Selection of major wood decaying fungi analysed iAFP susceptibility studies.Fungi are ranked in
order of succession on cellulose-containing sutestffaom top to bottom). Incubation was carried guthe
absence or in the presence of 400 ug/ml AFP. Exmets were carried out in triplicates. Abbreviasion =

yes; n.d. = not determined i.e. fungi did not giawgtandard cultivation medium.

Strain Remark AFP susceptible
Penicillium brevicompactum prefers cellulose-containing substrates n.d.
Aspergillus penicilloides occurs frequently in museums +
Cladosporium herbarum prefers cellulose-containing substrates +
Cladosporium cladosporioides prefers cellulose-containing substrates +
Alternaria alternata prefers cellulose-containing substrates n.d.
Wallemia sebi prefers cellulose-containing substrates n.d.
Chaetomium globosum indicator for dampness +
Trichoderma viride indicator for dampness n.d.
Stachybotrys chartarum indicator for dampness +
Ceratocystis moniliformis causes ‘Stammbholzblaue’ +
Cladosporium macrocarpum causes ‘Schnittholzblaue’ n.d.
Aureobasidium pullulans causes ‘Anstrichblaue’ +
Coniphora puteana brown rot fungus n.d.
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5 Discussion

Subject of this thesis is the identification of fungal cell Iwahd plasma membrane
components that contribute to the susceptibility of flamentous aseiasytowards AFP.
Obtained data is expected to provide to a more detailed understandthg aofolecular
mechanism by which AFP exerts its growth inhibitory effectsiits indicate that AFP
targets components localised in cell walls and plasma membrbsessitive fungi, possibly
causing cell wall stress and the induction of the cell walbiitie pathway. A model will be

postulated, which attempts to depict the mode of action of AFP.

5.1 AFP shares considerable similarity to chitin-bi nding proteins

In vitro chitin binding studies proved that AFP adheres to chitin very efflgjetitereby
confirming previous results that AFP can be purified using chffinity chromatography
(Liu et al., 2002). Chitin binding analyses performed with chemicatigified AFP versions
singled out acAFP, which had lost ~ 38 % of its binding capacity, suggesting thatithedbas
charge of AFP may be required for efficient chitin binding. Heeve AFP is proposed to
contain a putative chitin binding domain (CBD) that consists of the gdefgence CKYKAQ
(aa 14 to 19), sharing considerable homology with the conserved omiling motif
AKWWTQ of bacterial CBDs. As previously stated, it is unknown whidividual lysine
residues in acAFP have been targeted by the acetylatingpredt is therefore tempting to
speculate that lysine residues at positions 15 and/or 17, both residirgaasumed CBD of
AFP, were chemically modified. The masking of lysines inshde putative domain could
alter the character of the chitin binding motif, possibly resglin reduced chitin binding
affinities. Presuming that the identified sequence in AFP doesitcvast CDB, the reduced
chitin binding affinity of acAFP may be attributed to chemicaflgdified lysine(s) located
within this domain. This, in turn, would indicate that the assumed BB is required for
efficient chitin binding.

Notably, all AFP residues localised within the putative CBD aranged to form a linear
stretch, suggesting that this specific configuration facilittesattachment to chitin chains or
microfibrils rather than to single GICNAc units. A similadyranged chitin binding site was
reported for the AVR4 elicitor fror€ladosporium fulvunfvan den Burg et al., 2004). AVR4
is supposed to effectively shield chitin on the fungal cell wladlreby preventing its cell wall
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from being degraded by plant chitinases. The elicitor was furtirerrdemonstrated to
exclusively interact with (GIcNAg)epeats. Hevein, a lectin-like protein from the rubber tree
Hevea brasilliensiscontains only a small binding pocket, assumed to provide enough contact
to sustain interaction with GIcNAc units alone (van den Burg et al., 2004).

Binding to chitin oligosaccharides may be supported by the findirigAha shares striking
characteristics with oligonucleotide/oligosaccharide binding (@R){froteins (Martinez Del
Pozo et al., 2002). The amino acid sequences of these proteins showificasigsimilarity,
however, OB-fold proteins adopt a common fold comprising of a fivexd#d3-sheet coiled

to form a closedZ-barrel (Murzin, 1993). Characteristically, OB-fold proteins bind to
oligonucleotides, oligosaccharides, proteins, metal ions or catalyistrates (Arcus, 2002).
The bacterial AB toxins were shown to either bind to oligosaccharide moieties of
gangliosides in the cell membrane or to glycosylated proteitiseocell surface (Merritt and

Hol, 1995). Beta-strands 2 and 3 are localised in the centre of teeuteohnd constitute the
fold-related binding face (Arcus, 2002). Despite the fact thatitbag &FP (SAFP) exhibits a
C-terminal truncation and therefore ladkstrands 4 and 5, its composition can still be traced
back to the remaining strands 1 to 3 — assuming that SAFP adoptaribdolding pattern as
AFP. To assist correct folding of SAFP, one native disulfide bridge spanrtingdrecysteine
residues 7 and 33 has been retained. Mispairing is tried to be mewgndisplacing residual
cysteines with serines. According to Figure 20, sAFP hasnezt the fold-related binding
face (3-strands 2 and 3), of which strand 2 and part of loop 2 harbour the putative CBD. Using
chitin binding analyses, it was demonstrated that SAFP binds eguelllyo chitin as native
AFP, indicating that the OB-fold topology of AFP may contribute hirt binding. Chitin
binding may be enforced by the solvent-exposed localisation of thevpu@BD of AFP,
which was described for chitin-binding sites of tachycitin ftb horseshoe craktachypleus
tridentatus and hevein (van den Burg et al., 2004). Although AFP shares no sequence
homology, it exhibits structural identities with chitin-binding protefmmen other organisms,
such as e.g. from crustaceans (Osaki et al., 1999) or plants @teah, 1991). These
similarities include low molecular weight, cationic net charggh mumber ofi3-sheets, high
potency, presence of several disulfide bridges and proteolyticareses{Theis and Stahl,
2004). In summary, these aspects may further support the assumptiéddikha a chitin-

binding protein.
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Figure 20.Localisation of the putative chitin binding domain(CBD) in sAFP. The putative CBD is localised
onf-strand 2 and part of loop 2, and is representegrbgn shading. Beta-sheet structures are shoarnass.
The amino- and carboxy-terminal ends of AFP arécatdd by N and C, respectively. The assumed fgldin
pattern of AFP is depicted, however, there is nooprfor the actual configuration of AFP (for furthe
information see text). The image was illustratethgighe Cn3D 4.1 software based on the AFP stractur

published by Campos-Olivas et al. (1995).

The OB-fold topology was recently suggested to be involved in theuagdf activity of
AFP, comprising of nucleic acid binding to subsequently promote condensaatiocharge
neutralisation of DNA (Martinez Del Pozo et al., 2002). This hypahesicalled into
guestion, however, as the here presented data indicates that iotetsstiveen AFP and
nucleic acids appears to be of unspecific nature: Both, AFP amdnhetvated AFP were
demonstrated to bind equally well to DNA and RNA. A comparable binb@rgviour was
observed for sAFP, which was shown to be dramatically impair&d inological activity.
This is reflected by a reduced or even abolished potency amuabigity to permeabilise
plasma membranes in sensitive fungi. Data supporting the opinion thatgoioidiAFP to
nucleic acids seems to occur in an unspecific manner werebcaett by Theis et al. (2005),
who studied the cellular distribution of AFP in AFP-sensifivanigerhyphae by transmission
electron microscopy. They could show that no nuclear or mitochondc@isation of AFP
was observed wheA. nigerwas incubated with the respective MIC. Only at concentrations

300-fold higher than the MIC, AFP was found to localise inside neccetls of A. niger
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(Theis et al., 2005). An interaction between AFP and nucleic atite would furthermore
not explain the species-specificity by which AFP exertgritsvth inhibitory effect on certain
fungi. In addition, if nucleic acids were the primary targeA&P, bacteria and other AFP-
resistant organisms are assumed to also exhibit AFP-inducethgestrictions. However, at
this point it cannot be ruled out that AFP is able to interact muitieic acids. Although a
direct involvement appears unlikely, the binding to DNA or RNA coultilsive an impact

on the antifungal activity of AFP.

5.2 Putative AFP targets associated with chitin bio  synthesis and

cell wall integrity signalling

Yeast mutants with elevated cell wall chitin content were ritest to be more sensitive
towards the antifungal drug amphotericin B than strains with lotinccontent (Bahmed et
al., 2003). Screening of yeast mutants with significantly elevalth devels indicated,
however, that there is no relationship between cell wall chdgiment and susceptibility to
AFP. Hence, it is proposed that chitin itself must assignoee moncomitant role in AFP
functionality. Interestingly, sAFP still accomplishes the &taent to chitin in spite of its
significantly reduced bioactivity. Thus, chitin binding and perturbatiocetif integrity are
obviously two independent events, suggesting that the adherenc® abAhRitin may enable
the protein to get into and/or be maintained in close proximity to additional AFPstarget
Polyoxins and nikkomycins are the most widely studied agents intgrfavith chitin
biosynthesis. It is assumed that they operate by binding to thgticadae of chitin synthases
(Ruiz-Herrera and San-Blas, 2003). For AFP, a similar mesimanaffecting chitin
biosynthesis could be thinkable. The synthesis and the deposition of ch#ircamplex
network of biochemical and biophysical events, in which membrane-bound shitihases
play a central role (Cohen, 2001). Most fungi contain multiple chyimthases and their
coding genes have been divided into six classes according tost#wience similarity
(Roncero, 2002). Different chitin synthases perform distinct eelliwinctions during fungal
growth und underlie the regulation of gene products that are wtynetvolved in their
temporal regulation and spatial localisation (Selvaggini et al., 200diJe yeast lack chitin
synthase gene classes lll, V and VI, filamentous fungi are higpegndent on them since
they seem to play a significant role in the polarised syntbésisitin (Takeshita et al., 2006).

In order to find out whether a lack of these specific chitin syetltémsses would result in
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reduced AFP susceptibilities, a class V mutari.aixysporun®#287 ¢hs\j and a class V and
class Ill mutant ofA. oryzae(csmAand chsB respectively) were analysed. Susceptibility
studies showed that the chitin synthase mutants tested in thisaneoindeed considerably
less sensitive towards AFP than the corresponding wild-type stRedsiced sensitivities are
also reflected in the inability to permeabilise mutant plagnembranes with the AFP
concentrations tested. In consequence, this suggests that chitirseyitsses Ill and V may
serve as AFP targets, rendering strains which lack regpectiitin synthase classes
moderately sensitive or even AFP-resistant. However, reducedsAséeptibilities of class
[l and class V mutants could also be due to remodelled cek wathed at complementing
for arisen defects. This reorganisation could certainly affectaccessibility of putative AFP
targets, thereby resulting in reduced susceptibilities of mutants.

Takeshita et al. (2006) reported that all filamentous ascomyeatiese genomes have been
made public contain genes encoding class V and VI chitin syntiidse$ormer contain a C-
terminal chitin synthase domain and an N-terminal myosin m&erdomain (MMD), while
the MMDs of class VI chitin synthases are slightly smmdle comparisonA. nidulanschitin
synthases CsmA (class V) and CsmB (class VI) were both stwmvatalise to the hyphal
apex, and were suggested to perform some type of compensatothable essential for
hyphal tip growth. In this context, it may be possible that thel Bdsa susceptibility of the
class V chitin synthase mutants may be ascribed to the pudatiity of class VI chitin
synthases. A similar effect could also hold true for class Il chitirhggets.

Measurement ofn situ chitin synthase activities provided additional indication that AFP
targets chitin biosynthesis. Wild-type strains of AFP-sensifiuggi, such asA. niger,

F. oxysporum#287 andA. oryzaeall exhibit reduced chitin synthase activities in the presence
of AFP. Although not investigated into the least detail, chitin syigheknown to comprise
of a succession of events commencing with the trafficking afiagenic chitin synthase
clusters to the plasma membrana microvesicles termed chitosomes (Bracker et al., 1976;
Ruiz-Herrera et al., 1977). Upon fusion with the plasma membranenseeted chitin
synthase units are proteolytically activated. Newly synsieelschitin chains are subsequently
translocated across the plasma membrane, where they finally cdalésica microfibrils.

Two mechanisms have been proposed to explain the incorporation of mevaltehaterial
into pre-existing structures. One suggests that cell wallnsipa comprises of a continuous
process relying on the dynamic balance between lytic- ardditype activities. Newly
formed building blocks are inserted at growth sites in which bonds iretieatly assembled

cell wall are cleaved. Although this mechanism receives isgrgaupport, proof of concept
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is still missing. The alternative assumption states that wall polymers, which at the
growing points may not be completely solidified by cross-linkdestipart to provide an area
of incorporation for newly synthesised chitin filaments (Cid et #95). Due to the
complexity and the lack of in-depth knowledge about chitin synthesis anditd@p{Sohen,
2001), AFP-induced reduction in chitin synthase activity may be ieeolaby multiple
possibilities. These include that AFP may i) interfere vhhtransport of chitosomes towards
the hyphal tip, ii) hinder the release of chitin synthases fthitosomes, iii) prevent the
proper localisation and anchoring of chitin synthases into the plasmaram@miv) interfere
with the proteolytic activation of zymogenic chitin synthases, mhibit chitin synthase
activity by either adhering to chitin precursor molecules or ttnchhains, vi) block chitin
synthase activity, e.g. by binding to the catalytic site ofrclsgnthases and/or vii) affect the
incorporation of chitin microfibrils into the cell wall, possibly pyeventing cross-linkage
with other cell wall components i.B-glucans.

It has previously been shown that cell wall damage can triggapensatory reactions that
aim to ensure cell wall integrity. Application of antifungal drsgecifically interfering with
chitin or 3-glucan synthesis iA. nigerwere described to lead to the induced expression of
1,3-glucan synthase encoded by digsAgene (Damveld, 2005). I8. cerevisiaedeletion of
the catalytic subunit Fkslp d&1,3-glucan synthase or th&1,3-glucanosyltransferase
Gaslp, involved irf$-1,3-glucan remodelling, result in significantly reduced level8-bf3-
glucan in the wall and in the formation of viable but swollen céhgse mutants were shown
to display an increase in chitin content and in the expression olt¢neative subunit of the
yeastf3-1,3-glucan synthase, Fks2p, proposed to be involved in ensuring cell waglitinfde
Nobel et al., 2000).

Cell wall integrity signalling, also referred to as the emotkinase C (PKC) signalling
pathway, has been described in much detaibfarerevisiadFig. 21). Briefly, it comprises of
a family of membrane-localised sensors (Wscl-4p and Mid2p) couplebetg@uanine
nucleotide exchange factor Rom2p, which modulates activity of th@§&TRholp (Bickle et
al., 1998). Rholp regulates the cell wall synthesising end¥h8-glucan synthaseia its
catalytic subunit Fks1p. Rholp is also required for protein kinase C (Plegiipation, which
in turn mediates signals through a MAP kinase cascade. Aekedator of cell wall integrity
is the MAP kinase Mpklp whose activity is controlled by the upstidaases Mkk1/2p and
Bcklp. These in turn are regulated by Pkclp, which responds to upsig@atiing from
Rholp (Atienza et al., 2000). The Rholp-activated Fkslp is an integrabrar@mprotein
involved in 3-1,3-glucan synthase activity. Activation of Mpklp results in stimutatf
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RIlm1p and Swi4p transcription factors to drive transcription ofveall-related genes (Levin,
2005).

Cell Wall Damage

I
it

T bt 1T widzp Wsel-4pniil

ﬁ ﬁ Plasma Membrane

Rholp | ¢ | Rom2p

Pkelp

Beklp | ™) Mkk1 / Mkk2p

!

Mpklp

Nucleus \i/ \27

Rimlp Swidp
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Expression of Integrity Genes (e.g. FKS1 and FKS2)

Figure 21. Schematic illustration of the fungal cell wall integrity pathway. Basic components are depicted.
Plasma-membrane localised protein sensors (Wsa&hdMid2p) perceive cell wall damage and trangfgmads
throughthe nucleotide exchange factor Rom2p to the GTR&asd p. Rholp regulates the cell wall synthesising
enzymef3-1,3-glucan synthaseia its catalytic subunit Fkslp. Rholp is also reqlifer protein kinase C
(Pkclp) regulation, which in turn mediates sigriateugh a MAP kinase cascade (Bcklp, Mkklp and Nip&l
transcription factors RIm1p and Swi4p. These doseash regulators up-regulate transcription of gémesived

in cell wall biogenesis, such as the two altermatalytic subunits ok-1,3-glucan synthase, Fks1p and Fks2p.

Elevated chitin synthase activities, as observed for AFP-mesistmains such as the
F. oxysporunchsV mutant andP. chrysogenumsuggests that AFP triggers the fungal cell
wall integrity pathway. In agreement with this is the findithgt treatment o5. cerevisiae
with calcofluor white, an inhibitor of chitin assembly, was reportedesult in increased

chitin synthase activities (Roncero et al., 1988). AFP has indesddt®wn to provoke cell
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wall stress and to induce the cell wall integrity pathway ireorter strain ofA. niger

comprising of theagsApromoter fused to a nuclear targeted green fluorescent protein (V.

Meyer, unpublished data). The1,3-glucan synthase gemagsAin A. nigerwas shown to
underlie RIMA transcription and is involved in cell wall remodellingesponse to cell wall
stress (Damveld et al., 2005). Consequently, it is possible to sgethédt AFP-resistant
fungi are capable of counteracting AFP-induced cell wall dgniyy the induced expression
of additional chitin synthase-encoding genes or other cell wall-rajgieeks.

The hypothesis that cell wall integrity signalling may bgolved in counteracting AFP-
induced cell wall stress was corroborated by susceptibilitlyse® ofS. cerevisiagnutants.
However, the observation that these strains generally exhibit omdglerate AFP
susceptibilities indicates that the presence of specific AFdets, e.g. classes Ill and V of
chitin synthase genes, may be required for developing clearB-s&Rsitive phenotypes.
Nevertheless, since deviations of measurements were extremally/in all yeast mutants
tested in this work (in general below 1 %), strains are considaseconspicuous when
displaying at least 5 % growth deviation in comparison to the wd-tstrain. Table 7
summarises mutants &f cerevisia@affected in cell wall integrity i.e. PKC signalling, which
were identified to exhibit deviating AFP susceptibilities in congea to the wild-type strain.
The moderate to slightly moderate AFP susceptibilities oinstdacking Wsclp, Swi4p and
Mpklp indicate that cell wall damage reception and downstreamllsignéo integrity-
associated genes is essential for successfully counter&fiRgnduced cell wall damage,
and stands in agreement with the hypothesis that AFP triggecslttveall integrity pathway
in fungi.
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Table 7. Mutants of S. cerevisiaaffected in protein kinase C (PKC) signalling thatexhibit AFP-induced
growth restriction. Growth reduction in the presence of AFP is exmés® % in relation to the control
(cultivation in the absence of AFP). Mutant phepetymolecular function and biological processesvitich

individual proteins are implicated are given asdarknown (www. yeastgenome.préor further information

see Table B, Appendix.

Protein  Molecular Biological Mutant AFP-induced
function process phenotype growth

reduction (%)

Wsclp  Transmembrane Rholp protein signal Increased resistance to 24.1
receptor. transduction, actin cytoskeleton caspofungin.
organisation and biogenesis, cell
wall organisation and
biogenesis, endocytosis,
establishment of cell polarity.

Part of the PKC signalling

pathway.
Swidp Transcription G4/S transition of mitotic cell Normal chitin levels, 7.9
factor. cycle and transcription. Cell walldecreased resistance to

organisation. Part of the PKC calcofluor white.

signalling pathway.

Mpklp  MAP kinase. Cell wall organisation and Decreased levels of 5.3
biogenesis, protein amino acid chitin, decreased
phosphorylation and signal resistance to calcofluor
transduction. Part of the PKC  white.

signalling pathway.

The analysis of yeast mutants has also shown that straintedfiaccell wall biosynthesis
and/or organisation also exhibit AFP-induced growth reductions (Tablet&)estingly, it is
the CHS1 mutant which exhibits a dramatic growth inhibition (approx. 11 % resiadueh.
Since Chslp is required for repairing the chitin septum aétérseparation (Lesage et al.,
2005), the severe growth restriction could be attributed by an unpibtaictle scar, which
may be particularly prone to AFP-induced cell damage.

68



Discussion

Table 8. Mutants of S. cerevisiaeaffected in cell wall biosynthesis or organisatiorthat exhibit AFP-
induced growth restriction. Growth reduction in the presence of AFP is exméds % in relation to the

cultivation in the absence of AFP. As far as knomnitant phenotype, molecular function and involvaetraf

proteins in biological processes is given (www. stganome.org For further information see Table B,

Appendix.

Protein  Molecular Biological Mutant phenotype AFP-induced
function process growth

reduction (%)

Chslp Chitin synthase.  Cell budding and cytokinesis Increased levels of 88.8
(completion of separation). chitin, normal
resistance to calcofluor

white.
Smilp Function Cell wall organisation and Increased levels of 18.2
unknown. biogenesisR-1,3-glucan chitin, decreased
biosynthesis. resistance to calcofluor
white.

Torlp Phosphatidyl- G; phase of mitotic cell cycle, Increased glycogen 12.4

inositol 3-kinase cell wall organisation and accumulation.
and protein biogenesis, regulation of cell
kinase. growth, regulation of

progression through cell cycle.

Chs4p Enzyme Cell wall chitin biosynthesis, Decreased levels of 7.9
activator. cytokinesis and response to chitin, increased
osmotic stress. Activator of sensitivity to
Chs3p. caspofungin.
Cwp2p  Cell wall protein.  Cell wall organisation / Increased sensitivity to 5.1

biogenesis and regulation of pH.Congo red, calcofluor
white and Zymolyase.

Crzlp Transcription Calcium-mediated signalling, - 5.1
factor. regulation of DNA-dependent
transcription. Stress response,

regulates chitin synthesis.
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The moderate to slightly moderate AFP susceptibilitieS. aferevisiastrains lacking Smilp,
Torlp, Cwp2p, Chs4p and Crz1lp may be due to defects in chi®i @glucan biosynthesis
and/or cell wall organisation. The CWP2 mutant has indeed been shewhilbd a strongly

reduced electron-dense layer on the outside of the cell wattaimay that Cwp2p is involved
in stabilising fungal cell wall composition (van der Vaart et 8095). In summary, these
results suggest that the susceptibility of fungi towards AFRE @so be connected to

deficiencies in cell wall composition and/or stability.
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5.3 Sphingolipids may represent putative AFP target s

Biomembranes have several important functions in that they serwvdiffusion barriers,
catalyse selective transport processes and harbour recdporsontribute to recognition
processes. Major lipids of fungal plasma membranes are phospho$ipfdagolipids and
sterols (Daum et al., 1998), while prokaryotic plasma membrareesnainly composed of
phospholipids and lack the latter two components. The finding thaérl@cprotoplasts
remain AFP-resistant indicates that phospholipids do not represeniv@uddP targets.
Further support that fungi-characteristic plasma membrandslipre involved in AFP-
induced growth inhibition was supplied by the revelation that defensins,hwduie
structurally related to AFP, interact with fungal glucosyloedes (Thevissen et al., 2004).
Glucosylceramides represent the simplest member of the daoge of glycosphingolipids.
Although glucosylceramides are common to all eukaryotes, they egp#xific differences.
Fungi synthesise a characteristic consensus glucosylceratnigture which features three
variations, including a galactosyl or a glucosyl head growpad Gs fatty acids and a trans-
desaturation at carbon 3 of the fatty acid. These structures doaustio@nimals or plants
(Warnecke and Heinz, 2003). Based on literature data, it wad tiwdé AFP-susceptible
fungi tend to contain glucosylceramides that exhibit a transwesian at carbon 3 i.&3-
desaturated fatty acids (Table 9). From this observation was subfgcueygested thak3-

desaturated glucosylceramides may be implicated in determining ABR\SYy.
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Table 9. Glucosylceramides in fungi as described byarnecke and Heinz (2003)Boldface indicates that
ceramide backbones of respective glycosylceramiges confirmed to consist of;£or Cg hydroxy fatty acids.
The minimal inhibitory concentration (MIC) of AFPs igiven for reference. Abbreviations: GlcCer =

glucosylceramide; GalCer = galactosylceramide; Nib=ffect; + = yes; - = no.

Fungus Glycosphingolipid A3-desaturated AFP susceptibility
fatty acid MIC (pg/ml)
Aspergillus niger GalCer + 1
GlcCer +
Aspergillus fumigatus GlcCer + 10
GalCer +
Fusarium solani GlcCer + 120
Aspergillus nidulans GlcCer - 200
Candida albicans GlcCer - NE
Saccharomyces cerevisiae GalCer - NE

Indeed, it was shown that depletion of cellular glucosylceramidsslen strains ofA. niger
andA. fumigatusprovoked significantly reduced AFP susceptibilities (see 4.4.2), imdeyr!
the putative involvement of glucosylceramides in AFP activity. heegent with this finding
is the observation that glucosylceramides-ofisecaea pedrosaire targeted by antifungal
antibodies that directly inhibit fungal development (Nimrichterlget29004). In addition, it
was demonstrated that plant defensin-sensitive wild-type stréewbspora crassaontains
mainly A3-desaturated glucosylceramides, while a plant defensin-rasistatant of
N. crassawas shown to lack fatty acid3-desaturation (Park et al., 2005). PossilA$;
desaturated glucosylceramides may be required for AFP-inducsthbdisation and
consequent permeabilisation of plasma membranes. However, prodif misting for this
hypothesis. Alternatively, AFP could also interact with glucea@mides to subsequently
trigger cell wall integrity signalling: Glucosylceramidéslong to the large group of
sphingolipids, which are known to occur in dynamic assemblies gituaside the
exoplasmic leaflet of lipid microenvironments, also referred thpas rafts. Lipid rafts take
part in the process of signal transduction and harbour a given sett@hprthat can change
size and composition in response to intra- or extracellular sti@pécific protein-protein
interactions are favoured by lipid raft structures, resultimghie activation of different
signalling cascades including stress response (Cheng et al., Si0#is and Toomre, 2000).
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Delom et al. (2006) recently reported the connection between sphingolipidseaprasd cell
wall stress. They showed that treatment of fungal cell weills the antifungal compound
calcofluor white resulted in subtle changes in the expression bp Rihd Lsplp, two
sphingolipid long-chain base-responsive inhibitors of protein kinases invoivedll wall
integrity signalling pathways and Rholp.

Interestingly, sphingolipids were furthermore described tabelved in intracellular vesicle
transport (Holthuis et al., 2001) and were shown to be essential festdt@ishment and the
maintenance of cell polarity by controlling the actin skeleton (Ghetral., 2001). It is well
established that fungal hyphae grow by apical extension, whichesnplat materials and
machinery required for plasma membrane and cell wall synthesicarriedvia vesicle-
mediated transport processes to the right place on the cortexafo2002). This includes
that vesicles initially undergo long-range transport along @adriarrays of microtubules.
Having reached the tip region, vesicles form aggregates tetmee&@pitzenkdorper, which
mediate the actin-dependent dispersal of these structures tdinheidestination (Li et al.,
2006). The scaffold protein SepA @& nidulanswas shown to participate in two actin-
mediated processes, namely septum formation and establishmenaragubhyphal growth
(Sharpless and Harris, 2002). Notably, the stable recruitmentpdf t8ehyphal tip stands in
interrelation to sphingolipids (Pearson et al., 2004), being in line Wihobservation that
sphingolipids are required for cell polarity An nidulans(Cheng et al., 2001). Only recently,
the heat-stable antifungal factor (HSAF) of the bacterial biocbragent Lysobacter
enzymogene€3 was reported to dramatically affect polarised growtA.afidulanshyphae
(Li et al., 2006), proposing that antifungal activity of AFP could posgigsult in similar
effects. In agreement with this are recent analyses thatatedthat application of AFP to
A. niger germlings results in polarised growth arrest, causes sgellbf hyphal tips and
provokes apical and subapical branching. These data furthermoretenttiah AFP causes
cell wall stress mainly at the hyphal apex and inhibits hypbiarity maintenance (V. Meyer,
unpublished data).

Susceptibility analyses &. cerevisiadipid mutants indicate that vesicle transport, and hence
cell polarity, may in fact stand in interrelation with AFRiaty (Table 10). Yeast mutants
devoid of Vps34p, Inp51p or Sth5p exhibit AFP susceptibilities ranging frigimto slightly
moderate sensitive. Interestingly, the Sth5p homologue Secl4p was shbemetquired for
vesicle-dependent membrane trafficking of secretory glycopiotieom the late Golgi and
cell viability (Bankaitis et al., 1990; Skinner et al., 1995). Homologefemp51p, termed
Inp52p and Inp53p, were demonstrated to be directly implicated in the tregubd actin
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polymerisation and cell growth in response to stress (Ooms et al.,. 20003, AFP
susceptibilities of Sfhlp or Inp51p mutants are suggested to be dudetdsde vesicle
trafficking i.e. polarity establishment.

Table 10. Mutants of S. cerevisiaeaffected in vesicle transport and cell polarity ekibiting AFP-induced
growth restriction. Growth reduction in the presence of AFP is exmés® % in relation to the control
(cultivation in the absence of AFP). Mutant phepetymolecular function and biological process iniclth

individual proteins are implicated are given as darknown (www. yeastgenome.prérurther information is

given in Table B, Appendix.

Protein  Molecular Biological Mutant phenotype AFP-induced
function process growth

reduction (%)

Vps34p  Phosphatidyl- Inositol lipid-mediated Defective vacuolar 87.4
inositol 3-kinase signalling, phosphoinositide protein sorting.
activity and phosphorylation, protein
protein kinase.  phosphorylation and targeting to
vacuole, vacuolar transport and

vacuole inheritance.

Sfh5p Phosphatidyl- Phospholipid transport. - 21.9
inositol
transporter.

Inp51 Inositol- Cell wall organisation and Abnormal vacuoles. 5.7

polyphosphate 5- biogenesis, endocytosis, inositol
phosphatase. lipid-mediated signalling and
phosphoinositide

dephosphorylation.

The pronounced AFP susceptibility of the VPS34 mutant (~ 12 % sdggdowth) indicates
that interference with sorting and delivery of soluble vacuolar ipoteay indeed have a
significant influence on developing AFP-sensitive phenotypes. DeletioNR834 was
previously reported to result in missorting of vacuolar and perhapsprtiteins (Bulik et al.,
2003). In addition, it was suggested that Vps-containing cytosolic probenplexes may
affect sorting of Chs3p into chitosomes or trafficking of chitosotbgéle plasma membrane
(Shiflett et al., 2004).
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The observation that some yeast mutants exhibited elevatethgemels in the presence of

AFP was rather surprising (Table 11). Why strains defigreiikslp, Fpsl and Gaslp grow
significantly better (~ 291, 153 and 130 % growth, respectively) irptesence of AFP is
presently not known. Common characteristics of Fks1lp and Gaslp mutants is that both exhibit
slow growth, contain increased levels of chitin and are affeateeli wall organisation and

biogenesis.

Table 11. Mutants of S. cerevisiaeexhibiting elevated growth levels in the presencef AFP. Growth in the
presence of AFP is expressed in % in relation ® dbntrol (cultivation in the absence of AFP). Mta
phenotype, molecular function and biological predeswhich individual proteins are implicated aieeq as far

as known (www. yeastgenome.pr§ee Table B (Appendix) for further information.

Protein  Molecular Biological Mutant phenotype AFP-induced
function process growth
increase (%)

Fkslp Beta-1,3-glucan Cell wall organisation and Increased levels of 291.7
synthase activity. biogenesisB-1,3-glucan chitin, decreased
biosynthesis and endocytosis. resistance to calcofluor
white, increased
sensitivity to
caspofungin. Slow
growth. Affected in cell
wall organisation,

biogenesis and vesicle

trafficking.

Fpslp Glycerol Conjugation with cellular fusion, Normal chitin levels, 153.8
transporter glycerol transport. decreased resistance to
activity and calcofluor white.
transporter
activity.

Gaslp Beta-1,3- Cell wall organisation and Increased levels of 130.1

glucanosyltrans- biogenesis and 3-1,3-glucan chitin, decreased

ferase activity. synthesis. resistance to calcofluor
white, exhibits cell wall
defects. Slow growth.
Affected in cell wall
organisation and

biogenesis.
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Interestingly, the FKS1 mutant is known to be affected incleedrafficking, which is
proposed to be involved in Chs3p recycling from the plasma membrahé&dsomes (Ortiz
and Novick, 2006). Although speculative, it may be assumed that chitin synthases miay rem
inside the plasma membrane of FKS1 mutants throughout the ckd| bging immediately
able to counteract AFP-induced cell wall damage. Since Gaslp matandescribed to be
affected in cell wall organisation and biogenesis as well asm@htous growth, it may be
hypothesised that this strain may also be affected in vesgiicking at some point,
resulting in a similar phenotype as the FKS1 mutant. However, no @@mméetween FPS1
deletion and vesicle transport has been reported to date.

Plasma membrane composition does, nevertheless, influence AFP &iiggepds the
analyses with cAMP-dependent protein kinase (PKA) mutant&. afiger indicates. PKA
consists of a catalytic and a regulatory subunit. In the absér?eVIP, the catalytic subunit
combines with the regulatory subunit to form the inactive PKA holaaezfWalsh et al.,
1968). PKA and cAMP regulation are involved in many different pathway&) as hyphal
growth polarity (Bruno et al., 1996), dimorphism (Saudohar et al., 2002) oplpigsd
biosynthesis (Kinney et al., 1990). Deletion of PKA activity was rilesd to result in a 1.6-
times elevated level in total lipids with two-times moreautn& lipids and a decrease in
phospholipids (DC mutant strain). In consequence, the lipid profile @@eutant consists
of nearly 90 % neutral lipids and 10 % phospholipids and glycolipids (Jeandj®&encina,
2003). Thus, it may be concluded that the moderately sensitive phenotype € mutant
can be ascribed to the high proportion of neutral lipids, which seainamatically reduce
AFP-induced plasma membrane permeabilisation. Moreover, the lackf&Etvity in the
DC mutant may possibly be also be connected to a reduction in dhemasyide levels,
which were shown to be involved in developing AFP-sensitive phenotype4.{s2e Thus,
a rather challenging hypothesis would be to assume thatGheuant lackg\3-desaturated
glucosylceramides, which were above postulated to play a rolégnmdeing AFP-sensitive

phenotypes. However, proof is still missing to support this theory.
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5.4 Working model proposed for the mode of actiono  f AFP

The here and previously accumulated data (Theis et al., 2005; Theis et al., 2@@®¢ snithat
AFP susceptibility seems to be exclusively determined byvealll and plasma membrane
constituents occurring in AFP-sensitive filamentous fungi. In thguesgce of events,
extracellular AFP is postulated to bind to fungal cell waltici{Fig. 22), possibly by binding
to chitinvia the putative chitin binding domain. Chitin binding itself was demorestrit not
affect fungal growth, thus it is proposed that chitin binding mablen&FP to get into and/or
remain in close proximity to additional AFP targets. These magist of chitin synthases of
the classes lll and V as well as of glucosylceramides. #&@®ment of resistant fungi was
shown to result in increased levels of chitin synthase activitychwsuggests that AFP
induces the cell wall integrity pathway (PKC signalling patigwin fungi. Stress-induced
recruitment of chitin synthases from chitosomes to the cell sunfi@ay result in elevated
synthesis of chitin.

In addition, increased glucan synthesis may also serve to counteract famdhieed cell wall
damage. Although speculative, it is proposed that AFP-resistant fiacgi distinct
glucosylceramide variants (i.A3-desaturated glucosylceramide) inside lipid rafts. This
situation could make them insensitive towards AFP-provoked plasma nrembra
destabilisation and consequent permeabilisation (see B), and mayntprsve-induced
disruption of hyphal polarity axes. In contrast, application of AFRetesitive fungi was
shown to result in reduced levels of chitin synthase activity. Aé¢fR,is supposed to interact
with specific glucosylceramides (e fy3-desaturated glucosylceramide) present in lipid raft
structures of these strains. This interaction may then rasulplasma membrane
destabilisation and subsequent permeabilisation (see A) as welisraption of hyphal
polarity axes. The assumed interference of AFP with vesielgiated transport processes,
including the delivery of class Il and V chitin synthases todlasma membrane (e.g. by
hindrance of chitin synthase release from chitosomes, chitosonspdra and/or prevention
of proper localisation and anchoring of chitin synthases into plasenabranes), may render
AFP-sensitive fungi incapable of complementing AFP-provoked cell walagam
Alternatively, AFP may also affect the proteolytic activatadreymogenic chitin synthases,
may block chitin synthase activity, could interfere with the incorporatiahitih microfibrils
into cell walls and/or may inhibit chitin synthase activity lsfering to chitin precursors or
to chitin microfibrils. In consequence, growth is assumed to stallfargl will eventually
die.
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A) B)

AFP-induced stress AFP-induced stress
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AFP-sensitive (e.g A. niger) AFP-resistant (e.g P. chrysogenum)

Figure 22. Postulated mechanism of action of AFP isensitive and resistant fungi AFP initially binds to
cell wall chitin. A) In sensitive fungi, AFP may eh interact with lipid rafts containind3-deasturated
glycosphingolipids, which could result in plasma migane destabilisation and subsequent membrane
permeabilisation. AFP-induced stress triggers pmoteinase C (PKC) signalling, which leads to the
transcriptional activation of the-1,3-glucan synthase geagsA(ags+). Intra- and/or extracellulary localised
AFP may prevent PKC-signalling-induced chitin biothesis €hs-), possibly by directly and/or indirectly (e.g.
involving chitosomes) targeting class Ill and V tohisynthases (for detailed explanation see telt).
consequence, PKC signalling cannot (sufficientlgurtteract for AFP-induced cell damage. Finally,vgio
stalls and the fungus will eventually die. B) In Rdesistant fungi, lipid rafts are assumed to la&k
desasturated glycosphingolipids. Here, AFP is sstggeto be incapable of destabilising plasma mengdxa
thus no plasma membrane permeabilisation takes phdeP triggers PKC signalling, which results icrieased
chitin synthase activities (chs +), counteractimy fAFP-induced cell damage. WhethagsA is also
transcriptionally activated is to date unknovaiggA?). Abbreviations: CW = cell wall; PM = plasma nisane;
CHS = chitin synthase; GlcCAB = A3-deasturated glycosphingolipids.
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5.5 Biotechnological application of AFP

AFP exhibits a restricted range of activity, inhibiting exclulyitbe growth of filamentous
fungi mainly belonging to the genefespergillusand Fusarium The fact that bacteria and
yeast are not affected by AFP (Lacadena et al., 1995; Theis, 8@K&s this polypeptide
particularly attractive for putative applications in the food industrgp control or medicine.
In addition, it was demonstrated that AFP has no detrimental ®fiaatnammalian cell types
(Szappanos et al., 2006), which further underlines its excellenttiabtas a safe antifungal
agent. With the aim to expand the potential applicability of AFP todflding industry, AFP
susceptibilities of major wood decaying fungi were investigatedact, it was shown that
several important strainsA( penicilloides Cladosporium herbarumC. cladosporioides
Chaetomium globosum Stachybotrys chartarum Ceratocystis moniliformis and
Aureobasidium pullulansall implicated in the destruction of cellulose-containing nater
exhibited AFP-induced growth restrictions. These results indibatte AFP may indeed be
suitable to prevent fungal infections occurring in the building industnywell as with fields
associated therewith.

In analyses aimed at identifying biodegradability, AFP wasaestnated to neither become
degraded in media simulating stomach nor small intestine environmentn. At the same
time, it was shown that the potency of AFP is also not affecgedrddonged acid or bile
treatments. This is certainly advantageous if it comes &binge endemic mycoses, such as
gastrointestinal aspergilloma in humans (Prescott et al., 1994)e\¢ondue to the fact that
the biodegradability assay applied here simulates human gastioiateenvironmentsn
vitro, it cannot be excluded that AFP at one point becomes degraded \Wghtigestive
system nonetheless. And even if AFP should leave the digessitesrspf man unaffected, it
is very likely to be degraded afterwards, e.g. inside aetivaludge during wastewater
treatment. In summary, these data indicate that AFP is a $imgrand safe candidate to be

used as antifungal agent in multiple fields of biotechnology and industry.
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Outlook

5.5 Outlook

The results in this thesis strongly indicate that one major taKfet is represented by chitin
synthesis. In particular class Ill and V chitin synthasesmséo play significant roles in
determining AFP susceptibility; however, the mechanism by whidh idkerferes with chitin
synthase activity has remained speculative. Further in-depth amalyiiehave to be
performed to elucidate the interaction of AFP with chitin synthases in cetad.

Site-directed mutagenesis of the putative CBD is assumeddal n@hether this specific site
is indeed required for efficient binding to chitin.

It was demonstrated that glucosylceramides may constituteveufdtP targets. Analyses of
filamentous fungi deficient in the synthesisA@-desaturated glucosylceramides may provide
valuable information regarding the involvement of these sphingolipids inndeteg AFP-
susceptibility. In addition, it should be clarified whether the atgon of AFP with distinct
sphingolipids can result in the inhibition of vesicle transport and polarity establishme
The screening 0b. cerevisiagnutants affected in cell wall or lipid composition has given an
insight into the molecular complexity by which fungi may respondatde’ AFP. However, it
would be advisable to screen the complete EUROSCARF gene banlkygaahithe
identification of additional mutants that exhibit AFP-sensitivithis may contribute to a
more wholistic understanding of how fungi cope with AFP-induced cetliage. Gene
complementation in yeast mutants exhibiting significantly deviagragth effects in the
presence of AFP will ensure that the observed effects are thue deletion of specific genes.
In order to analyse whether homologues of conspicuous genes alsb inesaltered
phenotypes in filamentous ascomycetes, respective genes shouldreepmased and/or

deleted accordingly.
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Summary

6 Summary

The antifungal protein (AFP) of\spergillus giganteuss a small, amphipathic and basic
polypeptide with antifungal activity against many important plamd human pathogenic
fungi. Interestingly, it exerts no effects on yeast, bactermanmalian cell types, making it
an attractive agent to combat fungal infection. However, in orderrg BfP to application,
its molecular mode of action has to be elucidated first. In theseoafr this work, it was
shown that AFP binds readily to chiimvitro. The identification of a putative chitin binding
domain supports the finding that AFP is a chitin-binding protein. Sigmifi¢ reduced
susceptibilities of class Ill and class V chitin synthaseamtstof AFP-sensitive fungi suggest
that these may represent putative AFP targetsinisitu chitin synthase assays it was
demonstrated that AFP-sensitive strains respond to AFP witldwcee chitin synthase
activity, while chitin synthesis in AFP-resistant straingnisreased. From these results is
concluded that AFP targets chitin biosynthesis and may trigger tigalfoell wall integrity
pathway. Further putative AFP targets may be representedibysglceramides, as depletion
of these rendered AFP-sensitive strains significantly less susediotidrds AFP. A model is

proposed in which present knowledge about the mode of action of AFP is summarised.
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Summary

6 Zusammenfassung

Das Antifungalprotein (AFP) auispergillus giganteusst ein kleines, amphipathisches und
basische Polypeptid, das antifungale Wirkung gegen eine Vielzahlaarzgri- und human-
pathogenen Pilzen aufweist. Interessanterweise bt es keine Effi¢idefen, Bakterien oder
Saugetierzellen aus, was es zu einem attraktiven WirkstoffBekdmpfung von Pilz-
infektionen macht. Bevor das AFP jedoch zur Anwendung gebracht werden kass, m
zunachst sein Wirkmechanismus aufgeklart werden. Im Rahmen digseit Wwurde inin
vitro Experimenten gezeigt, dass das AFP an Chitin bindet. Die ifldemting einer
mutmalfilichen Chitinbindedoméne unterstiitzt die Vermutung, dass dasrAERitnbinde-
protein ist. Deutlich reduzierte Suszeptibilitaten von Klassant Klasse V Chitinsynthase-
mutanten von AFP-sensitiven Pilzen deuten darauf hin, dass diese ¢imepuddP Target
darstellen. Die Durchfihrung vom situ Chitinsynthase-Assays hat gezeigt, dass AFP-
sensitive Stamme mit einer reduzierten Chitinsynthaseaktatf@AFP reagieren, wéhrend
die Chitinsynthese in AFP-resistenten Stdmmen erhoht vorliegaud® kann geschlossen
werden, dass das AFP die Chitinbiosynthese beeinflusst und mogkiberden pilzlichen
Zellwandintegritats-Signalweg auslost. Ein weiteres putatidéd® Target stellen die
Glucosylceramide dar, da bei deren Reduktion eine deutlich vermintlEReSensitivitat
vorliegt. Ein Modell wird postuliert, in dem das gegenwartige séfisbeztglich der AFP

Wirkweise zusammengefasst ist.
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Appendix

Appendix

Table A: AFP susceptibility of different fungi and bacteria. Abbreviations: MIC = minimal inhibitory

concentration; NE = no effect; > 408 no complete growth inhibition was detected ataemtrations of 400

pa/ml.
Organism MIC Reference Remark
(Hg/ml)
Fungi:
Aspergillus awamoriATCC 22342 2 Theis et al., 2003
A. clavatusATCC 1007 NE Theis et al., 2003
A. flavusJB Collections 1147 NE Lacadena et al., 1995
A. flavusJB Collections 1057 NE Lacadena et al., 1995
A. fumigatusl 5/0809 10 Theis, 2003
A. giganteusfGB 15/0903 >400  Theis et al., 2003
A. giganteusiDH 18894 >400  Theis et al., 2003
A. giganteusMDH 18894 NE Lacadena et al., 1995
A. nidulansDSM 969 200 Theis et al., 2003
A. nidulansG191 200 Theis et al., 2003
A. nigerA365 (mcC) 2.5 This work Mutant derived
from A. niger
A395.
A. nigerA395 1 This work
A. nigerA493 (DC) 3 This work Mutant derived
from A. niger
A395.
A. nigerATCC 9029 1 Theis et al., 2003
A. nigerlfGB 15/1803 1 Theis et al., 2003
A. nigerlJFM A483 NE Lacadena et al., 1995
A. nigerNRRL 372 1 Theis et al., 2003
A. oryzaeA1560 1 This work
A. oryzaeATCC 11488 NE Theis et al., 2003
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Table A: Continued.

Organism MIC Reference Remark
(Hg/ml)

A. oryzaeC100 ¢hsB > 400 This work Mutant derived
from A. oryzae
A1560.

A. oryzaeC101 €smA > 400 This work Mutant derived
from A. oryzae
A1560.

A. penicilloidedfGB 15/1301 <400 This work

Aureobasidium pullulan§GB 0112 <400 This work

Candida albicans NE S. Hagen, unpublished data  AFP resistant in
yeast and
filamentous state.

C. albicansCYC 1146 NE Lacadena et al., 1995

Ceratocystis moniliformifGB <400 This work

15/0101

Chaetomium globosulfGB 26/0102 <400 This work

Cladosporium cladosporioiddfGB <400 This work

28/0101

C. herbarumfGB 0203 <400 This work

Colletotrichum gloeosporioides 1 S. Hagen, unpublished data

Fusarium aquaeductuuffGB 39/0101 > 400 Theis et al., 2003

F. bubigenunifGB 39/0301 10 Theis et al., 2003

F. cerealisDSM 8704 1 S. Hagen, unpublished data

F. culmorumifGB 39/0403 > 400 Theis et al., 2003

F. equisetifGB 39/0701 1 Theis et al., 2003

F. lactisIfGB 39/0701 1 Theis et al., 2003

F. lini IfGB 39/0801 8 Theis et al., 2003

F. moniliformelfGB 39/1402 0.1 Theis et al., 2003

F. oxysporun#287 1 This work
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Table A: Continued.

Organism MIC Reference Remark
(ug/mi)

F. oxysporunthsV NE This work Mutant dervived
from F. oxysporum
4287.

F. oxysporumfGB 29/1201 1 Theis et al., 2003

F. oxysporunstrains Fot 1a, Fot 1b, 7-25 Lacadena et al., 1995

Folr2, Fosrl 13, Fol 39-87

F. poaelfGB 39/0901 180 Theis et al., 2003

F. proliferatumIfGB 39/1501 1 Theis et al., 2003

F. sambucinunDSM 62396 1 S. Hagen, unpublished data

Fusariumsp. strain IfGB 39/1101 1 Theis et al., 2003

F. solanilfGB 39/1001 120 Theis et al., 2003

F. sporotrichoidesdfGB 39/1601 0.1 Theis et al., 2003

F. vasinfectunifGB 39/1301 10 Theis et al., 2003

Penicillium chrysogenurATCC 10002 NE Theis et al., 2003

P. chrysogenunmJFM A487 NE Lacadena et al., 1995

P. chrysogenur®ECT 2306 NE Lacadena et al., 1995

P. frequentansJFM A569 NE Lacadena et al., 1995

P. purpurogenumiJFM A575 10 Lacadena et al., 1995

Pichia membranaefacier@YC 1057 NE Lacadena et al., 1995

P. pastorisGS115 <400 S. Hagen, unpublished data

Rhodotorula mucilaginos@€YC 1024 NE Lacadena et al., 1995

Saccharomyces cerevisi@&/'C 1058 NE Lacadena et al., 1995

S. cerevisiadAH22 NE Theis et al., 2003

S. cerevisiadLG5 <400 This work

S. cerevisia€€HO2 <400 This work

S. cerevisia®IE2 <400 This work

S. cerevisia&sSY1 <400 This work
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Table A: Continued.

Organism MIC Reference Remark
(ng/ml)

S. exiguu€YC1057 NE Lacadena et al., 1995

Stachybotrys chartarudiGB 87/0101 <400 This work

Trichoderma harzianurJFM A217 127 Lacadena et al., 1995

T. koningiilJGM A219 6 Lacadena et al., 1995

Ustilago maydid-B1 <400 S. Hagen, unpublished data

U. maydisFB2 <400 S. Hagen, unpublished data

Bacteria:

Bacillus megateriumATCC 10778 NE Theis et al., 2003

B. subtilis NE Lacadena et al., 1995

B. subtilisATCC 6051 NE Theis et al., 2003

B. subtilisL170 NE This work Exhibits no cell
wall.

Escherichia coli NE Lacadena et al., 1995

E. coliATCC 11775 NE Theis et al., 2003

E. coliK12 NE This work

E. coliLWF" NE This work Exhibits no cell
wall.

Micrococcus luteus NE Lacadena et al., 1995

Proteus mirabilis NE This work Exhibits no cell
wall.

Pseudomonas aeruginosa NE Lacadena et al., 1995

P. fluorescenc&GB 0301 NE Theis et al., 2003(Theis et

al., 2003)

Salmonella enteriditis NE Lacadena et al., 1995

Serratia marcescens NE Lacadena et al., 1995

Staphylococcus aureus NE Lacadena et al., 1995
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Table B: Summary of S. cerevisiaeanutants tested in AFP susceptibility screening exg@iments. Mutants are

listed in alphabetical order. Description of mutaistgiven (www. yeastgenome.prg

Mutation

Description

ALG5

UDP-glucose:dolichyl-phosphate glucosyltransferasglved in asparagine-linked
glycosylation in the endoplasmic reticulum.

ALG6

Glucosyltransferase, involved in transfer of oligosharides from dolichyl pyrophosphate to
asparagine residues of proteins duiiitinked protein glycosylation; mutations in human
orthologue are associated with disease.

ATG26

UDP-glucose:sterol glucosyltransferase, consermagirae involved in synthesis of sterol
glucoside membrane lipids, involved in autophagy.

BCK1

Mitogen-activated protein (MAP) kinase kinase kimasting in the protein kinase C
signalling pathway, which controls cell integritypon activation by Pkclp phosphorylates
downstream kinases Mkk1p and Mkk2p.

CHO2

Phosphatidylethanolamine methyltransferase (PEN&tgIses the first step in the conversion
of phosphatidylethanolamine to phosphatidylchotineing the methylation pathway of
phosphatidylcholine biosynthesis.

CHS1

Chitin synthase I, requires activation from zymdgdarm in order to catalyse the transfer of
N-acetylglucosamine to chitin; required for repairthe chitin septum during cytokinesis;
transcription activated by mating factor.

CHS3

Chitin synthase lll, catalyses the transfeNedicetylglucosamine to chitin; required for
synthesis of the majority of cell wall chitin, tbhitin ring during bud emergence and spore
wall chitosan.

CHS4

Activator of Chs3p, recruits Chs3p to the bud néekinteraction with Bni4p; has similarity
to Shclp, which activates Chs3p during sporulation.

CHS5

Protein of unknown function, involved in chitin lsignthesis by regulating Chs3p
localisation, also involved in cell fusion duringatimg.

CHS6

Protein of unknown function, involved in chitin Binthesis by regulating Chs3p
localisation.

CHS7

Protein of unknown function, involved in chitin Binthesis by regulating Chs3p export from
ER.

CRZ1

Transcription factor that activates transcriptidrgenes involved in stress response; nuclear
localisation is positively regulated by calcineunrediated dephosphorylation.

CwP1

Cell wall mannoprotein, linked to a beta-1,3- aethbl,6-glucan heteropolymer through a
phosphodiester bond; involved in cell wall orgatiza

CwWp2

Covalently linked cell wall mannoprotein, major stituent of the cell wall; plays a role in
stabilising the cell wall; involved in low pH retsice; precursor is GPl-anchored.

DIE2

Dolichyl-phosphoglucose-dependent glucosyltransteia the ER, functions in the dolichol
pathway that synthesises the dolichol-linked olegaharide precursor fdi-linked protein
glycosylation, has a role in regulation of ITR1 dN@®1.

EKI1

Ethanolamine kinase, primarily responsible for ginagidylethanolamine synthesis via the
CDP-ethanolamine pathway; also exhibits choline&@activity.

EPT1

sn-1,2-diacylglycerol ethanolamine- and cholinepihatranferase.

FKS1

Catalytic subunit of 1,3-beta-D-glucan synthasacfionally redundant with alternate
catalytic subunit Gsc2p; binds to regulatory subBhiolp; involved in cell wall synthesis
and maintenance; localises to sites of cell walladelling.

FKS2

Catalytic subunit of 1,3-beta-glucan synthase,diradarity to an alternate catalytic subunit,
Fkslp (Gsclp); Rholp encodes the regulatory subomilved in cell wall synthesis and
maintenance.

FPS1

Plasma membrane glycerol channel, member of therjinsic protein (MIP) family of
channel proteins; involved in efflux of glyceroldam uptake of the trivalent metalloids
arsenite and antimonite.

FRT1

Tail-anchored endoplasmic reticulum membrane pmdteit is a substrate of the phosphatase
calcineurin, interacts with homolog Frt2p, promate# growth in conditions of high Na
alkaline pH and cell wall stress.
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Table B: Continued.

Mutation

Description

GAS1

Beta-1.3-glucanosyltransferase, required for call assembly; localises to the cell surface
via a glycosylphosphatidylinositol anchor.

GSY1

Glycogen synthase with similarity to Gsy2p, the enbighly expressed yeast homolog;
expression induced by glucose limitation, nitrog&arvation, environmental stress and entry
into stationary phase.

GSY2

Glycogen synthase, similar to Gsylp; expressiondad by glucose limitation, nitrogen
starvation, heat shock and stationary phase; actiegulated by cAMP-dependent, Snflp and
Pho85p kinases as well as by the Gaclp-Glc7p plhtegd

INP51

Phosphatidylinositol 4,5-bisphosphate 5-phosphatseptojanin-like protein with an N-
terminal Sacl domain, plays a role in phosphatidgitol 4,5-bisphosphate homeostasis and
in endocytosis; null mutation confers cold-tolergrawth.

MID2

O-glycosylated plasma membrane protein that actssensor for cell wall integrity
signalling and activates the pathway; interact® \®ibmz2p, a guanine nucleotide exchange
factor for Rholp and with cell integrity pathwayf®in Zeolp.

MKK1

Mitogen-activated kinase kinase involved in protdimase C signalling pathway that controls
cell integrity; upon activation by Bcklp phosphatgs downstream target, Slt2p;
functionally redundant with Mkk2p.

MKK2

Mitogen-activated kinase kinase involved in protdimase C signalling pathway that controls
cell integrity; upon activation by Bcklp phosphatgs downstream target, Slt2p;
functionally redundant with Mkk1p.

MPK1

Serine/threonine MAP kinase involved in regulating maintenance of cell wall integrity
and progression through the cell cycle; regulatethe PKC1-mediated signalling pathway

MUQ1

Choline phosphate cytidylyltransferase, catalyhessecond step of
phosphatidylethanolamine biosynthesis; involvethenmaintenance of plasma membrane;
similar to mammalian CTP: phosphorcholine cytidythgnsferases.

PDR16

Phosphatidylinositol transfer protein (PITP) cofied by the multiple drug resistance
regulator Pdrlp, localises to lipid particles arnidrosomes, controls levels of various lipids,
may regulate lipid synthesis, homologous to Pdrl17p.

PLC1

Phosphoinositide-specific phospholipase C, hydesyshosphatidylinositol 4,5-biphosphate
(PIP2) to generate inositol 1,4,5-triphosphate Yi&81 1,2-diacylglycerol (DAG); involved in
kinetochore function and pseudohyphal differentiati

RLM1

MADS-box transcription factor, component of thetpein kinase C-mediated MAP kinase
pathway involved in the maintenance of cell intggmhosphorylated and activated by the
MAP-kinase Slt2p.

ROM1

GDP/GTP exchange protein (GEP) for Rholp; mutataressynthetically lethal with
mutations in rom2, which also encodes a GEP.

ROM2

GDP/GTP exchange protein (GEP) for Rholp and RhoRpations are synthetically lethal
with mutations in rom1, which also encodes a GEP.

SCS7

Sphingolipid alpha-hydroxylase, functions in thptel-hydroxylation of sphingolipid-
associated very long chain fatty acids, has bothotyome b5-like and
hydroxylase/desaturase domains.

SFH5

Putative phosphatidylinositol transfer protein (P)Texhibits phosphatidylinositol- but not
phosphatidylcholine-transfer activity, mainly loisald to cytosol and microsomes, similar to
Secl4p; may be PITP regulator rather than actuaP Pl

SFK1

Plasma membrane protein that may act togetherawitipstream of Stt4p to generate normal
levels of the essential phospholipid PI4P, at Ipastially mediates proper localisation of
Stt4p to the plasma membrane.

SMI1

Protein involved in the regulation of cell wall $kiasis; proposed to be involved in
coordinating cell cycle progression with cell wialiegrity.

SWi4

DNA binding component of the SBF complex (Swidp-Gwi a transcriptional activator that
in concert with MBF (Mbp1-Swi6p) regulates late decific transcription of targets
including cyclins and genes required for DNA sysiheand repair.
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Table B: Continued.

Mutation

Description

TOR1

PIK-related protein kinase and rapamycin targeiusit of TORC1, a complex that controls
growth in response to nutrients by regulating tiatien, transcription, ribosome biogenesis,
nutrient transport and autophagy; involved in misios

VPS34

Phosphatidylinositol 3-kinase responsible for tetlsesis of phosphatidylinositol 3-
phosphate; forms membrane-associated signal tratisdwomplex with Vps15p to regulate
protein sorting; similar to p110 subunit of mamraalPl 3-kinase.

WSC1

Sensor-transducer of the stress-activated PKC1-Migkdse pathway involved in
maintenance of cell wall integrity; involved in amgsation of the actin cytoskeleton;
secretory pathway Wsclp is required for the awésecretion response.

WSC2

Partially redundant sensor-transducer of the seieigated PKC1-MPK1 signalling pathway
involved in maintenance of cell wall integrity aretovery from heat shock; secretory
pathway Wsc2p is required for the arrest of semneteésponse.

WSC3

Partially redundant sensor-transducer of the seieisated PKC1-MPK1 signalling pathway
involved in maintenance of cell wall integrity; mived in the response to heat shock and
other stressors; regulates 1,3-beta-glucan systhesi

WSC4

ER membrane protein involved in the translocatibsaduble secretory proteins and insertion
of membrane proteins into the ER membrane; maytase a role in the stress response but
has only partial functional overlap with WSC1-3.

YEH2

Steryl ester hydrolase, catalyses steryl esterdhysis at the plasma membrane; involved in
sterol metabolism.
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Table C: Summary of S. cerevisiaemutants with altered chitin contents tested in AFPsusceptibility

screening experimentsMutants are ranked according to chitin contentsdiption of individual mutants is

given (www. yeastgenome.grgChitin levels are expressed as mmoles GIcNAcmegrdry weight (Lesage et

al., 2005). The wild-type (BY4741) is included feference.

Mutation

Description Chitin level

MNN9

Subunit of Golgi mannosyltransferase complex asgaining Anp1p, 130.9
Mnn10p, Mnn11p, and Hoclp that mediates elongatfahe

polysaccharide mannan backbone; forms a separatpler with Vanlp

that is also involved in backbone elongation.

ANP1

Subunit of the alpha-1.6 mannosyltransferase complpe Il membrane  113.3
protein; has a role in retention of glycosyltranaées in the Golgi; involved
in osmotic sensitivity and resistance to aminopitrenyl propanediol.

MNN10

Subunit of a Golgi mannosyltransferase complex etsgaining Anp1lp, 97.3
Mnn9p, Mnn11lp, and Hoclp that mediates elongatfdhepolysaccharide
mannan backbone; membrane protein of the mannasgferase family.

SHE4

Protein containing a UCS (UNC-45/CRO1/SHE4) domhings to myosin 63.1
motor domains to regulate myosin function; involeendocytosis,
polarization of the actin cytoskeleton, and asynmim@RNA localisation.

SAC6

Fimbrin, actin-bundling protein; cooperates witlp$g 58.5
(calponin/transgelin) in the organisation and mexance of the actin
cytoskeleton.

GUP1

Plasma membrane protein with a possible role itopreymport of 54.2
glycerol; member of the MBOAT family of putative mérane-bound®-
acyltransferases.

BEM4

Protein involved in establishment of cell pola@tyd bud emergence; 52.7
interacts with the Rholp small GTP-binding protaid with the Rho-type
GTPase Cdc42p; involved in maintenance of progentere length.

ILM1

Protein of unknown function; may be involved in ogihondrial DNA 52.7
maintenance; required for slowed DNA synthesis-gadifilamentous
growth.

MNN11

Subunit of a Golgi mannosyltransferase complex ahsd contains Anplp, 47.0
Mnn9p, Mnn10p, and Hoclp, and mediates elongatidheopolysaccharide
mannan backbone; has homology to Mnn10p.

CYK3

SH3-domain protein located in the mother-bud netktae cytokinetic 43.7
actin ring; mutant phenotype and genetic interastisuggest a role in
cytokinesis.

CLA4

Cdc42p activated signal transducing kinase of th Bp21-activated 31.5
kinase) family, involved in septin ring assemblylaytokinesis; directly
phosphorylates septins Cdc3p and Cdc10p; othet g€ family

members are Ste20p and Skm1p.

FAB1

1-phosphatidylinositol-3-phosphate 5-kinase; vaauolembrane kinase  23.4
that generates phosphatidylinositol (3,5)P2, wigdnvolved in vacuolar
sorting and homeostasis.

WHI2

Protein required, with binding partner Psrlp, fdl &ctivation of the 21.0
general stress response, possibly through Msn2podeporylation;

regulates growth during the diauxic shift; negatiegulator of G1 cyclin
expression.
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Appendix

Table C: Continued.

Mutation

Description Chitin level

PHOS5

Repressible acid phosphatase (1 of 3) that alsdatesdextracellular 20.0
nucleotide-derived phosphate hydrolysis; secrepatiiway derived cell

surface glycoprotein; induced by phosphate staymaind coordinately
regulated by PHO4 and PHO?2.

EDE1

Key endocytic protein involved in a network of irgetions with other 19.5
endocytic proteins, binds membranes in a ubiquigpendent manner, may
also bind ubiquitinated membrane-associated pratein

TUS1

Guanine nucleotide exchange factor (GEF) that fanstto modulate 19.5
Rholp activity as part of the cell integrity sigimad pathway; multicopy
suppressor of tor2 mutation and ypk1 ypk2 doubl¢atian; potential

Cdc28p substrate.

PKR1

Protein of unknown function; overproduction confegsistance t®ichia 18.2
farinosakiller toxin.

OPI3

Phospholipid methyltransferase (methylene-fatty-ptywspholipid 174
synthase), catalyzes the last two steps in phosiytettoline biosynthesis.

AST1

Peripheral membrane protein that interacts withplaema membrane 16.6
ATPase Pmalp and has a role in its targeting tpldsma membrane,
possibly by influencing its incorporation into kiprafts.

wild-type

- 15.8

CNB1

Calcineurin B; the regulatory subunit of calcineyii Ca*/calmodulin- 15.4
regulated protein phosphatase which regulates Qa $press-response
transcription factor), the other calcineurin subbimencoded by CNAL

and/or CMP1.

SWI3

Subunit of the SWI/SNF chromatin remodelling compl&hich regulates  15.2
transcription by remodelling chromosomes; requfoedranscription of
many genes, including ADH1, ADH2, GAL1, HO, INO1da8UC2.

MSN5

Karyopherin involved in nuclear import and expastipwn to be responsible15.1
for nuclear import of replication protein A and fexport of several proteins
including Swi6p, Farlp, and Pho4p; cargo dissamigitivolves binding to
RanGTP.

EMP24

Integral membrane component of endoplasmic retiatdierived COPII- 14.8
coated vesicles, which function in ER to Golgi spaort.

ELO1

Elongase I, medium-chain acyl elongase, catalyadsoxy-terminal 14.6
elongation of unsaturated C12-C16 fatty acyl-CoAE€16-C18 fatty acids.

HXT8

Protein of unknown function with similarity to hesetransporter family 13.8
members, expression is induced by low levels ofage and repressed by
high levels of glucose.

DEP1

Transcriptional modulator involved in regulationstfuctural phospholipid 12.6
biosynthesis genes and metabolically unrelatedgersewell as
maintenance of telomeres, mating efficiency andwdption.
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