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2. Cells possessing multidrug-efflux proteins as a protection mechanism against
unrelated natural toxins have a competitive advantage in the chemical war
betweenmicroorganisms innature.
3. Understanding the physiological function(s) of ABC transporters facilitates to
design strategiestoovercomemultidrugresistance inpractice. This thesis.
4. ABC transporters from filamentous fungi can play a role in secretion of
endogenous antibiotics. This thesis.
5. Different ABC transporters from Aspergillus nidulans can transport the same
compoundbutcanalsohaveadistinct affinity for aspecific substrate. This thesis.
6. Aspergillusnidulansis a suitable model to uncover substrate specificity of ABC
proteins from other filamentous fungi, such as the human pathogensAspergillus
fumigatus andAspergillus flaws. This thesis.
7. The imaB mutant of Aspergillus nidulans carries a mutation in a regulatory
protein. This thesis.
8. Theexcitingpartofbeingamolecularbiologist istore-build the "machineof life"
without amanual of instruction.
Stellingen behorendbijhetproefschrift vanAlanC.Andrade: "ABCtransporters and
multidrugresistance inAspergillusnidulans".
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Outlineofthisthesis
The ATP-binding cassette (ABC) transporters comprise a large and multifunctional
family of proteins. ABC transporters are present from archae-bacteria to man but
became especially known for their involvement in multidrug resistance (MDR) in
tumour cells. MDR is often accompanied by a massive overproduction of ABC
transporters. ABC transporters are also involved in various human diseases such as
cystic fibrosis, adrenoleukodystrophy, the Zellweger syndrome,the Tangier disease and
familial high-density lipoprotein deficiency. Furthermore, they play a role as peptide
transporters in antigen presentation. The majority of the ABC transporters in higher
organisms consists of two transmembrane domains (TMD), each with six predicted
membrane spanning regions, and two nucleotide binding folds (NBF) in a two times
two-domain configuration. The nucleotide binding domain can be either located at the
amino terminus or at the carboxy terminus of the polypeptide, yielding proteins with a
[TMD-NBF]2 or [NBF-TMD]2 configuration. In Chapter 1 an overview of the
remarkable variety of cellular functions that these proteins can perform in all living
cells,ispresented.
The main goal of the studies presented in this thesis was to understand the role
of ABC-transporter proteins in MDR of the filamentous fungus Aspergillus nidulans.
Genetic and biochemical data previously generated in the Laboratory of
Phytopathology, demonstrate that resistance to azole fungicides in laboratory-generated
ima (imazalil-resistant) mutants is based on an increased energy-dependent efflux
mechanism that prevents intracellular accumulation of the fungicide. This observation,
provided the basis for the present work. Similar efflux mechanisms are described for
human cancer cells with a MDR phenotype. MDR in cancer cells is conferred by
overexpression ofthehumanABCtransporter MDR1orP-glycoprotein.Therefore, our
research focused on a search for ABC-transporter homologues in the A. nidulans
genome. These studies resulted inthe characterization of the first two ABC-transporter
genes (atrA and atrB) of the ATP-binding cassette superfamily from a filamentous
fungus (Chapter 2). In addition, we report the characterization of five additional ABCtransporter-encoding (atrC-atrG) genesfrom thisfungus (Chapter 3and 5).Bynow,the
superfamily ofABCtransporters hasmore than athousand members identified. Hence,

itcomprisesthelargestprotein family known todate,and many additionalatrgenesare
expectedtooccurinthegenomeofA. nidulans.
Therole of the identified atr genes inMDRwas studied by expression analysis
after drug treatment and by assessing the sensitivity of genetically-engineered deletion
and overexpression mutants of atr genes (Chapters 2-6). Expression of atr genes was
also analyzed in the imamutants of A. nidulans(Chapter 5). Biochemical experiments
confirmed that altered sensitivity to fungicides observed in the atr deletion and
overexpression mutants can be ascribed to differential accumulation of the compounds
infungal mycelium (Chapters 3,4 and6).
Attention was also focussed on a putative role of atr genes in secretion of
endogenous secondary metabolites. More specifically, we have tested the hypothesis
whetheratrgenesplayaroleinpenicillinproduction (Chapter3).
In Chapter 7, the results obtained in our studies and relevant aspects that may
applytootherfilamentousfungi are discussed.

Chapter1

ABCtransportersandtheirimpacton
pathogenesisanddrugsensitivity

A.C. Andrade, L.-H. Zwiers and M. A. de Waard
Pesticide ChemistryandBioscience- TheFood-Environment Challenge(1999), 221-235.
Editedby G. T. Brooks and T.R.Roberts. Cambridge:Royal Society of Chemistry.

Chapter 1

SUMMARY
This review presents an outline of the multifunctional properties of ABC
transporters in different biological systems. A well-known function of these
transport proteins is protection of organisms against toxic compounds. This also
applies to plant pathogens. We propose that ABC transporters can play an
important role in plant pathogenesis and fungicide sensitivity and thus can be
regarded as potential target sites for the discovery of new biologically active
compounds.
INTRODUCTION
Transport is one of the most important and fascinating aspects of life and an essential
requirement in all organisms. Unicellular organisms need to maintain their homeostatic
balance with constant uptake and allocation of nutrients and the secretion of toxic
(waste) products. They must also be able to sense changes in their biotic and abiotic
environment. In addition, multicellular organisms need to transport metabolites and
information to and from organs. Multicellular organisms even possess specialized
organs (tissues) for transport functions, e.g., the blood and nervous system in animals
andthevasculartissueinplants.
The main barrier for any transport event is the plasma membrane. Compounds
can passively cross this barrier by diffusion. Transport by diffusion is possible only
down a concentration gradient and is limited to solutes able topartition in hydrophobic
membranes. Therefore, transport of most compounds over membranes is mediated by
membrane bound proteins with specialized transport functions. With the unraveling of
the genomes from different organisms the importance of membrane transporters
becomes obvious. For instance, the complete genomic sequence of the gram-positive
bacterium Bacillus subtilis possesses 2379 protein encoding ORFs with a known
function. Of these proteins, 381 are likely to be involved in transport (Kunst et al.,
1997). This means that about 16%of the genes of this organism codes for membrane
transporters.Severaltypesofmembranetransporter systemscanbe distinguished.

Ion Channels
Ion channels are membrane complexes mediating the movement of ions across plasma
membranes as well as membranes of cell organelles. These channels form a pore
allowing the passive flux of ions down its electrochemical gradient. The opening of
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these channels is generally gated. This means that the opening is regulated by changes
inmembranepotential,membrane stretching orbinding ofaligand. Ionchannelsplaya
roleindiversefunctions suchasosmoregulation, cellgrowth,development, andnutrient
uptake(Garrill etal, 1993).

Facilitators
In contrast to ion channels, facilitators or carriers bind molecules to be transported and
undergo a reversible change in conformation during transport. Based on the energy
source driving the transport, facilitators can be classified in primary and secondary
activetransport systems.
PrimaryActive TransportSystems.Transporters belongingtothis system couple
transport to ATP hydrolysis. This provides the energy to transport solutes against an
electrochemical gradient. Besides proton translocating ATPases two other families of
ATP utilizing transporters are described. The P-type ATPases that make up a large
superfamily of ATP-driven pumps involved in the transmembrane transport of charged
substrates andtheATPbindingcassette (ABC)transporters (Andre, 1995).
Secondary Active Transport Systems. Transporters belonging to this system
derive the energy needed for transport from an electrochemical gradient over the
membrane. Facilitated diffusion, the transport of solutes down its own electrochemical
gradient, is generally mediated by uniporters. When transport of solutes takes place
against an electrochemical gradient, the energy to drive this process is supplied by the
symport or antiport of H+ or other ions down their electrochemical gradient. A well
characterized group is the major facilitator (MF) superfamily of transporters. Members
ofthis superfamily function asH^-substrate antiporters that usetheproton motive force
todrivetransport (Flingetal, 1991).
This review describes ABC transporters and presents an overview of their
structural diversity and multifunctional character in a variety of biological systems.
EmphasiswillbeonABCtransporters of(filamentous) fungi.

ABC TRANSPORTERS
Significance
ABC transporters are members of a large superfamily of transporters. Generally, they
are located inplasma membranes and intracellular membranes and include both influx
and efflux systems. ABC transporters are present from archae-bacteria to man but
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became especially known for their involvement in multidrug resistance (MDR) in
tumour cells (Higgins, 1992). The phenomenon of MDR is accompanied by a massive
overproduction ofABCtransporters (Beck, 1991).BesidesMDR,theyare alsoinvolved
in various diseases such as cystic fibrosis, diabetes, adrenoleukodystrophy and the
Zellweger syndrome. Furthermore, they play a role as peptide transporters in antigen
presentation and in chloroquine resistance in the malarial parasite Plasmodium
falciparum (Footeetal, 1989;LombardPlatetetal, 1996;Neefjes etal, 1993).

AbundanceofABCTransporters
ABC transporter encoding genes arepresent in genomes of species representing all three
domains of life e.g. archae, eubacteria and eukaryotae. In several of these classes of
organisms, ABC transporters constitute the largest family ofproteins (Table 1).Analysis
of transport proteins in seven complete genomes of prokaryotic organisms shows that
ABC-transporter and MF superfamilies account for an almost invariant fraction (0.38 to
0.53) ofall transport systemsper organism. The relative proportion of the two classes of
transportersvariesoveratenfold range,dependingtheorganism(Paulsenetal.,1998).
In eukaryotes the number of ABC transporters reported in literature is steadily
increasing. In Saccharomyces cerevisiae, to date the only eukaryotic organism with the
complete genome sequenced, 29 ABC-transporter proteins have been identified. In
ongoing genome sequencing projects on other eukaryotic species, sequences homologous
toABCtransportershavebeendetectedaswell.

Molecular Architecture
ABC-transporter proteins are characterized bythe presence of several highly conserved
amino acid sequences in their ABC domain. Two of these motifs, the Walker A [G(X)4-G-K-(T)-(X)6-I/V] and Walker B [R/K-(X)3-G-(X)3-L-(hydrophobic)4-D], are
found in any ABC transporter and in many other proteins which bind and hydrolyze
nucleotides (Ames et al, 1990; Ames et al, 1989;Bishop et al, 1989;Walker et al,
1982). The Walker motifs are separated by 120-170 amino acids including a motif
characteristic for ABC transporters. This so-called ABC signature, [L-S-G-G-(X)3-Rhydrophobic-X-hydrophobic-A] is highly conserved among ABC transporters only
(Croop, 1993). The presence of multiple membrane spanning regions is also
characteristicforABCtransporters.
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Table1.NumberofABCtransportersinspeciesrepresentingdifferent domainsoflife

Domain

Category

Species

ABC
transportersa

Ref.

Archae

Euryarchaeotae

Archaeoglobus
julgidus

2,178,400

40

(Klenketal., 1997)

Eubacteria

Firmicutes

Bacillussubtilis

4,214,807

77

(Kunstetal., 1997)

Eubacteria

Proteobacteria

Escherichia
coli

4,639,221

79

(Blattneretal, 1997)

Eukaryotae

Fungi

Saccharomyces
cerevisiae

12,069,313

29

(Decottigniesand
Goffeau, 1997)

Genome
size(nt)

a

The figures donot give the number of transport systems, since these canbe assembled from
differentpolypeptides.
All members of the ABC-transporter superfamily have a modular architecture.
The majority of the ABC transporters in higher organisms consists of two
transmembrane domains (TMD), each with six predicted membrane spanning regions,
andtwointracellular locatednucleotide binding folds (NBF)inatwotimes two-domain
configuration. The nucleotide-binding domain can be either located at the amino
terminus or atthe carboxy terminusofthepolypeptide, yieldingproteins with a [TMDNBF]2 or [NBF-TMD]2 configuration. The best characterized examples of ABC
transporters with the [NBF-TMDeh and [TMD6-NBF]2 configuration are the yeast
multidrug transporter Pdr5p and the human multidrug transporter P-glycoprotein (P-gp
or MDR1), respectively (Balzi etah, 1994; Endicott and Ling, 1989;Gottesman et ah,
1995;JulianoandLing, 1976).
The domains can be formed as separate polypeptides or as a single polypeptide
with oneor more domains fused. Separatepolypeptides subsequently aggregate to form
functional transporters. In eukaryotic organisms the polypeptides are generally
composed of at least two domains but usually contain all four domains (Blight and
Holland, 1990). The so-called "half-sized" transporters with a [TMD-NBF] or [NBFTMD]configuration arelikelytofunction asdimers(ShaniandValle, 1996).
Multidrug resistance associated proteins (MRP) form a subfamily of ABC
transporters with a TMD4-[TMD6-NBF]2 topology. The main difference with other
ABC transporters resides in the presence of an additional transmembrane spanning
region attheprotein amino terminus.Anadditional difference isthepresence oftheso-
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called R-region located between the two homologous halves. The R-region is involved
inregulation oftheprotein.MRPsactasglutathione-S-conjugate carriers andhavebeen
identified in a broad variety of organisms. The best-described example is the human
MRPinvolved inbroad-spectrum drugresistance (Broeksetal, 1996;Coleetal, 1992;
Cmetal, 1996).

Substrates
Substrates of ABC transporters range from 107 kDa proteins (e.g.haemolysin) to ions
(e.g. CI")(Anderson et al, 1991;Blight and Holland, 1990). Most of the mammalian
MDR proteins are (by definition) able to transport a wide variety of compounds
although substrate specific transporters also occur. For instance, the human ABCtransporter P-gp (MDR1) has 93known substrates from various chemical classes either
of natural or synthetic origin. The main denominator is their high hydrophobicity
(Gottesman and Pastan, 1993). Recently, a screening of the structures of these 93
substrates for potential spatial relationships between structural elements responsible for
interaction with P-gp revealed that the presence of two or three electron donor groups
with a spatial separation of 2.5 or 4.6 A could be correlated with interaction with P-gp
(Seelig, 1998).
Eukaryotic organisms also contain ABC transporters with a specific substrate
range.For example, Ste6p from S.cerevisiaeinvolved in secretion ofthe mating-factor
pheromone and TAP1 and TAP2 involved in human antigen presentation (Kuchler et
al., 1989;Shepherd etal.,1993).Bacterial ABCtransporters involved indrug resistance
have a very specific substrate specificity and are known as specific drug resistance
transporters (SDR).Onlyonebacterial ABCtransporter involved inMDR,LmrAp from
Lactococcuslactis,hasbeen detected (Bolhuisetal.,1996b;VanVeenetah, 1998).
Although ABC transporters are generally described as transporters some can
also act as channels and regulators of channels. The cystic fibrosis transmembrane
conductance regulator (CFTR) is an ABC transporter with channel function. The
associated chloride channel is time and voltage independent and requires ATP
hydrolysis for opening (Bearetal., 1992;Riordanetal., 1989). ThehumanP-gp seems
to control an associated ATP-dependent volume regulated chloride channel activity
(Hardyetal, 1995;Valverdeetal, 1996).
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P-GLYCOPROTEIN
The human P-gp (MDR1) is probably the best characterized ABC transporter involved
in multidrug resistance. Detailed structure-function relationship studies have been
performed and its structure hasbeen determined to2.5-nm resolution (Rosenberg et ah,
1997). P-gp was first described in hamster cell lines in which the MDR phenomenon
was correlated with the overexpression of a 170 kDaprotein (Juliano and Ling, 1976).
In human, two P-gp homologues, MDR1 and MDR3, have been identified. MDR1 is
involved in broad-spectrum drug resistance and MDR3 in the translocation of
phosphatidylcholine (Van Helvoort et ah, 1996). The overexpression of MDR1 in
resistant cells with a low and high degree of resistance is dueto elevated mRNA levels
causedbyregulatorymutations andgeneamplification, respectively (Gudkov,1991).
Catalytic Sites
Biochemical evidence and amino acid sequence information suggest that P-gp has
ATPase activity. Membrane bound orpurified P-gp preparations show a basal ATPase
activity which can be stimulated by several drugs (al-Shawi and Senior, 1993). Both
nucleotide binding folds bind and hydrolyze ATP (al-Shawi et ah, 1994). Synthetic
half-sized P-gp molecules also display basal ATPase activity. However, interaction
between both halves seems necessary for stimulation of ATPase activity by drugs (Loo
and Clarke, 1994). This is also demonstrated by mutating either of the two-nucleotide
binding domains. Inactivation of NBFi results in a block of ATP hydrolysis inNBF2
and abolishes the drug extrusion capacity of the cells, and vice versa(Loo and Clarke,
1995a). Interaction between nucleotide binding sites was also demonstrated by
vanadate-trapping experiments. This inhibitor of ATPase activity traps ADP in a
catalytic site andtrapping ofADP atonly onesite is sufficient toblock ATPase activity
oftheentireprotein(Urbatsch etah, 1995a, 1995b).
These results have leadto amodel for the catalysis mediated by P-gp in which
both catalytic sites alternately undergo ATP hydrolysis. ATP binding at one site
promotesATPhydrolysis attheother. This induces aconformational changepreventing
thehydrolysis ofthenew-bound ATP.Thisnew conformation hasahigh energetic state
and relaxation of this conformation leads tothe release ofADP and Pj,and transport of
asubstrate(Senior etal.,1995).
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SubstrateBinding andTransport
Photoaffinity labeling and mutant analyses indicate that both membrane-bound halves
of ABC transporters are involved in substrate binding. The substrate binding sites are
located atthecytoplasmic siteofthemembrane,especially intransmembrane loops4,5,
6, 10, 11and 12(Greenberger, 1993; LooandClarke, 1995b;Safa etal, 1990;Zhanget
al, 1995).
The way ABC transporters expel their substrates is not completely understood.
ABCtransportersprobably act as "hydrophobic membrane cleaners"bydetecting drugs
which partition in membranes because of their hydrophobic nature. Thepossibility that
transport outofthecytosol alsocontributestotheefflux cannotbeexcluded (Bolhuiset
al, 1996a, 1996b; Gottesman and Pastan, 1988).The result of both transport processes
is reduced accumulation of toxic compounds at their intracellular target site. The
recently determined structure of P-gp revealed a large central pore forming a chamber
within the membrane (Rosenberg et al, 1997). Whether this pore is involved in the
transport process or whether the transport occurs through conformational changes upon
ATP-binding andhydrolysisremainsunclear.

PHYSIOLOGICAL FUNCTIONS
Prokaryotes
BacterialABCtransporters canbe functionally grouped intwomajor distinct subfamilies.
The superfamily of importers is responsible for transport of nutritional substrates. These
transporters are also called periplasmic permeases and have a multisubunit component
system with a similar structural organization (Doige and Ames, 1993).The presence of a
periplasmic binding protein and the synthesis of the import system subunits (NBF and
TMD) as separate polypeptides are distinctive features to the eukaryotic ABC proteins.
The histidine permease from Salmonella typhimurium is a well characterized member of
this subfamily. Itiscomposed ofthehistidine-binding protein (HisJp)asthereceptor, and
themembrane-bound complexformed bytwo copiesofHisPp(NBF)plustheHisQp and
HisMp(TMD)(Kerppolaetal, 1991).
The subfamily ofABCexporters isinvolved in secretion ofproteins,peptidesand
non-proteinaceus compounds (Fath and Kolter, 1993). In general, a basic functional
structure forABCexporters iscomposed of dimericmolecules(Wandersman, 1998).The
ATP-binding motif of this subfamily shows a higher degree of similarity with the
eukaryoticABCproteinsascomparedtotheabovementionedABCimporters.Inaddition,
10
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some ABC exporters have their NBF and TMD domains synthesized as a single
polypeptide.Ingram-negativebacteria,additionalexportproteinsarerequiredfortransport
to the extracellular medium. For instance, HlyDp and TolCp which are involved in the
secretion of haemolysin inE. coli(Wandersman and Delepelaire, 1990).Other examples
of prokaryotic ABC transporters are the export system of proteases A, B and C in the
phytopathogenic bacterium Erwinia chrysanthemi (Letoffe et al, 1990), the secretion
machinery of peptide antibiotics (bacteriocins) from Lactococcus lactis(Stoddard et al,
1992), and the |3-l,2-glucans oligomers export systems of the plant pathogen
Agrobacterium tumefaciens(ChvAp)(Cangelosietal, 1989),andthesymbiontRhizobium
meliloti(NdvAp) (Stanfield et al, 1988). p-l,2-glucans oligomers are involved in the
attachment ofthebacteriatoplant cells.Therefore, ChvApcanberegarded asavirulence
andNdvApasanodulation factor.

Eukaryotes
Yeasts. Withtheunraveling ofthecomplete genome sequence ofS.cerevisiae 29
ABC proteins were identified by sequence homology (Decottignies and Goffeau, 1997).
Only ten of these proteins have a known physiological function. The 29 encoded ABC
polypeptide sequences could be divided in six subfamilies. The majority of the proteins
have the tetra-domain modular architecture comprising nine proteins with the [NBFTMD]2 and seven with the reverse [TMD-NBF]2 topology. Furthermore, "half-sized"
[TMD-NBF] proteins, which likely function as dimers, were detected. For instance, the
peroxisomal ABC transporters Pxalp and Pxa2p form heterodimers and are involved in
long-chain fatty acid transport and P-oxidation (Shani and Valle, 1996). The yeast ABC
proteins with aknown physiological function, different from arole inMDR, are listed in
Table2.TheMDRproteins ofS. cerevisiae arediscussedbellow, inthesectionmultidrug
resistance.
Inthefission yeastSchizosaccharomycespombeandthehumanpathogen Candida
albicans, ABC proteins have also functionally been described. All of them have an
orthologue in the genome of S. cerevisae(Balan et al., 1997; Christensen et al., 1997;
Ortizetal, 1992;Ortizetal, 1995;Raymondetal, 1998).
Filamentous Fungi. Members of the ABC-transporter superfamily have been
described for atleastsevenfungal species(Table3).The saprophyteAspergillus nidulans,
thehuman-pathogensAspergillusflams andAspergillusfumigatusandtheplantpathogens

11
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Magnaporthe grisea (rice blast), Botryotinia fuckeliana (grey mould), Mycosphaerella
graminicola(wheatleafblotch)andPenicilliumdigitatum (citrusgreenmould)(DelSorbo
etal., 1997;Nakaunee?a/, 1998;Schoonbeek, 1998;Tobinef a/., 1997; Zwiers,1998).
Table 2. ABC transporters from Saccharomyces cerevisiae with an identified
physiological function
Gene

GenBank
number

Size
(aa)

TMD

Topology

Knockout

Function

Ref.

STE6

Z28209

1290

12

[TMD+
NBF] 2

Viable

a-pheromone
export

(Kuchlerefa/.,
1989)

ATMl

Z49212

690

5

TMD+
NBF

Restricted
growth

Mitochondrial
DNA maintenance

(Leighton, 1995)

PXAl

L38491

870

5

TMD+
NBF

Viable

VLCFAbetaoxidation

(Hettemaet al.,
1996)

PXA2

X74151

853

6

TMD+
NBF

Viable

Interaction with
PXAl

(Hettema et al,
1996)

GCN20

D50617

752

0

[NBF]2

Viable

Interactions with
tRNA and GCN2

(Vazquez de
Aldana et al.,
1995)

YEF3

U20865

1044

3

[NBF]2

No growth

Aminoacyl-tRNA
binding to
ribosomes

(Sandbaken etal.,
1990)

In addition, many other members are expected to be revealed in ongoing fungal
genome sequencing projects. We screened available expressed sequence tags (EST) databasesofA. nidulansandN.crassaforpotentialhomologuesofABCtransporterswiththe
conserved motifs listed inTable 3(Nelson etal.,1997;Roe etal.,1998).Thesearchwas
performed with the BLAST program of sequence alignment and yielded seven
homologoussequencesfrom A. nidulans andtwofromN.crassa(Table4)(Altschuletal.,
1997).ESTclonesidenticaltoatrCandatrD, twopreviouslycharacterized genesfrom A.
nidulans,werealsodetected(Andradeetal., 1998).
Thephysiological relevance ofABCtransporters in filamentous fungi is probably
high (De Waard, 1997).For instance, a number of them may be involved in secretion of
secondary metabolites, which in the case of fungitoxic compounds, can act as a selfprotection mechanism. Similarly, ABC transporters mayprovide protection against toxic
metabolites produced by other microorganisms present in particular ecosystems. Plant
pathogenic fungi have to cope with a variety of plant defense compounds and they may
possess ABC transporters that function in protection against the toxic action of such
compoundsaswell.Thesehypothesesaresupportedbytheobservationthatawidevariety
12
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of natural compounds such as isoflavonoids, plant alkaloids and antibiotics can act as
substrates of ABC transporters (Gottesman and Pastan, 1993;Seelig, 1998). In addition,
specific ABC transporters of filamentous fungi may function in secretion of a mating
factor as shown for several yeast species. Therefore, ABC transporters can mediate
processes important for survival of fungi innature andhence,may function as significant
parametersinthepopulationdynamicsoftheseorganisms.
Table 3. Multiple alignment of conserved sequences from reported ABC-transporter
proteinsfrom filamentous fungi
Species

Gene

GenBank
number

Domain
N terminal
WalkerA

ABC signature

Walker B

A.nidulans

atrA

Z689M

LGRPGTGCSTFL

VSGGERKEVSIAE

AAWDNSSRGLD

A. nidulans

atrB

Z68905

LGRPGSGCTTLL

VSGGERKRVSIIE

FCWDNSTRGLD

B.fiickeliana

Pgpl

Z68906

LGRPGSGCSTFL

VSGGERKRVSIAE

VSWDNSTRGLD

M.grisea

abcl

AF032443

LGPPGSGCSTFL

VSGGERKRVTIAE

QCWDNSTRGLD

A.fiimigatus

mdrl

U62934

VGPSGSGKSTW

LSGGQKQRIAIAR

LLLDEATSALD

A. flaws

mdrl

U62932

VGPSGSGKSTII

LSGGQKQRIAIAR

LLLDEATSALD

* ** *

***

* *

*

**

C terminal
Walker A

ABC signature

Walker B

A. nidulans

atrA

Z68904

MGVSGAGKTTLL

LNVEQRKLLTIGV

A. nidulans

atrB

Z68905

MGSSGAGKTTLL

LSVEQRKRVTIGV

IFLDEPTSGLD

LSVEQRKRVTIGV

LFLDEATSGLD

LFLDEPTSGLD

B.fiickeliana

Pgpl

Z68906

MGASGAGKTTLL

M.grisea

abcl

AF032443

MGVSGAGKTTLL

LNVEQRKRLTIGV

LFVDEPTSGLD

A.fiimigatus

mdrl

U62934

VGPSGCGKSTTI

LSGGQKQRVAIAR

LLLDEATSALD

A.flavus

mdrl

U62932

VGASGSGKSTTI

LSGGQKQRIAIAR

LLLDEATSALD

VGPSGGGKSTIA

LSGGQKQRIAIAR

LILDEATSALD

A.fiimigatus

mdr2

U62936

* ** ** *

*

*

*

** ** **

Asterisksindicateidenticalaminoacidresidues.
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Table 4. Partial sequences of putative ABC transporters detected in the Expressed
Sequence Tags (EST) databasesfromAspergillus nidulans (A.n.) andNeurospora crassa
(N.c.)
Species

EST clone

GenBank
number

A.n.

h8h04aljl

A.n.

WalkerA

ABC signature

WalkerB

S. cerevisae
homologue

BLAST
score"

AA785885

NVEQRKRLTIGV

LFLDEPTSGLD

PdrlOp

e47

c9e04al.fl

AA783966

SGGQKQRLCIAR

LLLDEATSSLD

Mdllp

e"

A.n.

o8f05al.fl

AA787659

LLLDESTSALD

Ycflp

ew

A.n.

e7d04aljl

AA784517

GENGSGKTTLM

YeBBp

e30

A.n.

m7a02al.rl

AA786886

GRNGAGKSTLM

YPL226w

e23

A.n.

e4a06alxl

AA784449

GLNGOGKSTLI

YPL226w

e"0'

A.n.

k5a05al.fl

AA786673

SFLDEPTNTVD

YeOBp

e*

N.c.

NCM8C11T7

AA901957

SQGQRQLVGLGR

VIMDEATASID

YLL015w

e20

N.c.

NCC3E5T7

AA901865

SDGQKSRIVEAL

LLLDEPTNGLD

YER03&

c"

a

BasedonhomologyofthefullESTclone.
Highereukaryotes. Basically,themajority oftheABCtransporterscharacterizedin

higher eukaryotes have an orthologue in the S. cerevisae genome or at least a very close
homologue with similar substrate specificity. However, due to evolutionary speciation,
physiological needs may be different and account for differences in ABC-transporter
proteins. This is well illustrated by the high number of MRP-like transporters already
characterized in the genome of Arabidopsisthaliana(Tommasini et ah, 1997). These
transporters share with Ycflp, the closest yeast homologue, glutathione-S-conjugate
transport activity. In addition, plant MRP proteins have the property to transport
chlorophyll catabolites (Lu et al., 1998; Tommasini et al., 1998). Other physiological
functions ofABCtransportersinhighereukaryoteshavebeendescribedaswell(Anderson
etal., 1991;Broeksetal.,1996;Luciani andChimini, 1996;Paulusmaetal.,1996;Ruetz
andGros,1994;VanHelvoortetal., 1996).

MULTIDRUG RESISTANCE
The use of cytotoxic compounds such as drugs in clinical medicine and disease control
agents in agriculture is an essential component of human life. However, the widespread
and sometimes excessiveuseofthesecompoundshasresultedinahighselectionpressure
resultingindrugresistantpopulations.Thisphenomenon isofmajor concerntosociety.
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In general, the major mechanisms underling resistance in prokaryotes and
eukaryotescanbeclassified asfollows: (a)enzymatic inactivationordegradationofdrugs,
(b) alterations of the drug target-site and, (c) decreased drug-accumulation caused by
energy-dependent drug efflux. Morethan onemechanism may operate in concert andthe
sumofdifferent alterationsrepresentsthefinalresistantphenotype.
In several casestheresistance mechanism not onlyconferred decreased sensitivity
to a specific drug (and analogues) used during the selection process, but also to several
structurally and functionally unrelated compounds. This phenomenon, termed multidrug
resistance (MDR)hasbeendescribedtooperateinabroadrangeoforganisms.Itrelatesto
decreased accumulation ofdrugs via energy-dependent drug efflux systems. The majority
ofthetransportproteinsinvolved indrug-extrusion asdeterminantsofMDRbelongeither
totheABCtransporterortheMF superfamilies.

ABCTransporters andMDRinProkaryotesandLowerEukaryotes
In prokaryotes most of the characterized efflux-systems involved in MDR utilize the
proton motive force as energy source for transport and act via a drug/Fi* antiport
mechanism. The first example of a prokaryotic ABC transporter involved in MDR isthe
LmrApprotein from Lactococcus lactis (VanVeen etal, 1996).The gene encodes a590
aa membrane protein with the TMDg-NBFtopology. Theprotein probably functions asa
homodimer. Functional studies performed inE. coliindicate that its substrate specificity
comprises a wide range of hydrophobic cationic compounds, very similar to the pattern
displayed by the human MDR1. Surprisingly, when expressed in human lung fibroblast
cells, LmrAp was targeted to the plasma membrane and also conferred typical multidrug
resistance, confirming the evolutionary relation of these two proteins (Van Veen et al.,
1998).
Genes encoding ABC transporters in parasitic protozoa have been isolated and
analyzedfromPlasmodium, Leishmania, andEntamoeba spp.,andvariation in the copynumber and/or levels of expression have been implicated in drug resistance (Ullman,
1995).
From S.cerevisiae, at least four members ofthe ABC transporter superfamily are
involved in MDR: Pdr5p, Snq2p,Ycflp and Yorlp (Balzi etal, 1994;Cui et al, 1996;
Decottignies et al, 1995; Li et al, 1997). Pdr5p and Snq2p have the [NBF-TMD]2
topology and preferential substrate specificity for aromatic cationic compounds, whereas
Ycflp and Yorlp have the [TMD-NBF]2 orientation and substrate specificity for anionic
15
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compounds.Despiteitsinvertedtopology and low sequence similarity,Pdr5p seemstobe
theyeastfunctional homologueofthehumanMDR1, if substrate specificity is considered
(Kolaczkowski et al, 1996). The presence of several other ABC proteins from S.
cerevisiaewithhighhomologytotheonesinvolved inMDRandwithcommonregulatory
mechanisms suggests that other ABC transporters may be involved in MDR of S.
cerevisiae as well (Balzi and Goffeau, 1995). In yeast species such as S.pombe and C.
albicansmultidrug-efflux systemsbased onoverproduction ofABCtransportershavealso
been identified. Examples are Cdrlp and Cdr2p from C.albicansand Pmdlp and Bfrlp
fromS.pombe(Nagaoetal, 1995;Nishietal.,1992;Sanglardetal, 1996,1997).

MDRinFilamentousFungi
MDR in filamentous fungi has been reported for laboratory generated mutants of A.
nidulans selected for resistance to azole fungicides. In genetically defined mutants,
resistance to azoles is based on an energy-dependent efflux mechanism, which results in
decreased accumulation of the compounds in fungal mycelium (De Waard, 1995). This
mechanism also operates in other species such as P. italicum,B.fuckeliana,Nectria
haematococca andprobablyM. graminicola (DeWaard, 1995;Joseph-horneetal.,1996).
Inourlaboratory,ABCtransporter encodinggenesbom A. nidulans, B.fuckelianaandM.
graminicola, have been isolated and are currently functionally characterized (Andrade et
al, 1998;Del Sorbo et al, 1997; Schoonbeek, 1998; Zwiers, 1998). The isolated genes
display a high degree of homology with Pdr5p and Pmdlp, yeast ABC transporters
involved in MDR. AtrBp from A. nidulans complements a Pdr5p null mutant of S.
cerevisiae, suggestingindeedaroleinfungicide sensitivityandresistance.
Veryrecently, the involvement ofanABC transporter (Pmrlp) in azole resistance
has been established for field isolates of the phytopathogenic fungus P. digitatum,the
causal agent of citrus green mold (Nakaune etal, 1998).Another example is AfuMdrlp
from the human pathogen A. fumigatus which confers decreased sensitivity to the
antifungal compoundcilofiinginwhenoverexpressedinyeast(Tobinetal, 1997).

EVOLUTIONARYASPECTSOFABCTRANSPORTERS
The ubiquitous occurrence ofABCtransporters throughout the living world indicates the
ancient character of this superfamily of proteins. They are believed to date back in
evolutionary time for more than 3 billion years (Saier et al, 1998). Thus, the
understanding of evolutionary relationships among these transporters might be helpful in
16

ABC transporters,pathogenesis and drug sensitivity

elucidatingtheoriginsofmultidrugefflux systems,theirphysiological functions, andmore
important,thenatureoftheirsubstrate specificity.
Recently,twoparadigms ontheevolutionofbacterial multidrugtransporters have
been proposed. The first one describes that the transporters have evolved toprotect cells
fromstructurallydiverseenvironmentaltoxins.Thesecondonestatesthatthe transporters
initially functioned in transport of specific physiological compounds (or a group of
structurally related natural compounds) with the ability to expel drugs being only a
fortuitous sideeffect (Neyfakh, 1997).Experimental evidence hasbeenproposed for both
hypotheses, but it is unlikely that transport proteins have evolved numerous distinct
binding sites for structurally dissimilar molecules andtherefore, aphysiological substrate
is likely to exist (Poole, 1997). Furthermore, the presence of accessory factors as
determinants of substrate specificity, such as the periplasmic binding proteins of the
prokaryoticuptake systemsortheeukaryoticglutathione-S-conjugate exportpumps,could
explain,inpart,theaccommodationofstructurallyunrelatedcompoundsbyABCproteins.
Comparisonofmultidrugtransportsystemsfrom sixcompletegenomesofbacteria
(three pathogenic and three non-pathogenic), indicates that, with one exception
{Methanococcus jannaschii), the number of multidrug-efflux pumps is approximately
proportional tothetotalnumber of encoded transport systems aswell asthetotal genome
size.Therefore, the similar numbers of chromosomally encoded multidrug efflux systems
inpathogens andnonpathogens suggest that these transporters have not arisen recently in
pathogenic isolates in response to antimicrobial chemotherapy (Saier et al, 1998).
However, during speciation, novel ABC-transporter proteins with modified substrate
specificity mighthaveevolved,asaresult offusions, intragenicsplicings,duplicationsand
deletions, in order to accomplish the different needs of organisms occurring in distinct
environments. This can be illustrated by the occurrence of bacterial ABC transporters as
separate subunits(e.g.,NBFandTMD)andbytheinvertedtopologyofdomainsobserved
ineukaryotic proteins. Inaddition, neitherhomologousproteins nor acharacteristic motif
oftheso-calledclusterIofyeastABCtransportershave,asyet,beenfound inprokaryotes
(DecottigniesandGoffeau, 1997).
The considerations mentioned above and the experimental data available suggest
that a MDR phenotype is not primarily caused by the appearance of a novel transport
protein with amodified substrate profile but rather by an increased expression level of a
pre-existent transport system as aresult ofalterations inregulation of suchproteins (PDR
inyeast)orgeneamplification (MDRinmammalian).
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PERSPECTIVES
Since the early 1980's the significance of ABC transporters for drug sensitivity and
resistancehasbeenrecognized inthemedical field. Asimilar interestintheroleofABC
transporters inagriculture only started recently. Now, there is a growing awareness that
ABC transporters can be involved in mechanisms of natural insensitivity and acquired
resistance in a wide range of organisms. In this review, we provide evidence that this
alsoholdstrue for (pathogenic)filamentousfungi.
Inthetreatment of MDR-cancer cells, inhibitors of ABC-transporter activity are
used as synergists of drugs to reduce the MDR phenotype. If MDR would be the main
mechanism of resistance to azoles, similar inhibitors could be useful in mixtures with
these fungicides to increase control of azole resistant populations of (plant) pathogenic
fungi. If ABC transporters also play a role in protection against plant defense
compounds and/or secretion of pathogenicity factors, inhibition of ABC transporter
activity would result in enhanced host resistance and/or reduced virulence of the
pathogen. Both processes would reduce disease development. As described for S.
cerevisiaeand S.pombe specific ABC transporters canbe responsible for the transport
of a mating factors (Christensen et ah, 1997; McGrath and Varshavsky, 1989).
Inhibition of the activity of such specific ABC transporters would prevent mating,
reducethegeneticvariationandretardtheepidemiologyofplantpathogenic fungi.
InS.cerevisiae andC. albicans,ABCtransporters with an [NBF]2 configuration
have been described. These so-called cluster IV ABC transporters interact with tRNA
and act aselongation factors. ABCproteins ofthiscluster are interesting target sites for
antifungal compounds as they seem to be absent from mammals (Decottignies and
Goffeau, 1997;Vazquez deAldanaetal, 1995).
Although evidence isaccumulating that fungal ABC transporters are involved in
pathogenesis and (fungicide) resistance, more research is needed to assess the full
significance of ABC transporters in these phenomena. Knock-out mutants and mutants
overexpressing ABC transporters will help gaining insight in the physiological
functions of ABC-transporters. Knock-out mutants lacking the natural insensitivity
provided by ABC transporters can also be used as tools to screen for compounds with
intrinsicfungitoxic activity.
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SUMMARY
Two single-copy genes, designated atrA and atrB (ATP-binding cassette transporter A
and B), were cloned from the filamentous fungus Aspergillus nidulans and sequenced.
Based on the presence of conserved motifs and on hydropathy analysis, the products
encoded by atrA and atrB can be regarded as novel members of the ATP-binding
cassette (ABC) superfamily of membrane transporters. Both products share the same
topology as the ABC transporters Pdr5p and Snq2p from Saccharomycescerevisiaeand
Cdrlp from Candida albicans, which are involved in multidrug resistance of these
yeasts. Significant homology also occurs between the ATP-binding cassettes of AtrAp
and AtrBp, and those of mammalian ABC transporters (P-glycoproteins). The
transcription of atrA and, in particular, atrB in mycelium of A. nidulans is strongly
enhanced by treatment with several drugs, including antibiotics, azole fungicides and
plantdefense toxins.Theenhanced transcription isdetectablewithin afew minutes after
drug treatment and coincides with the beginning of energy-dependent drug efflux
activity, reported previously in the fungus for azole fungicides. Transcription of the atr
genes has been studied in a wild type and in a series of isogenic strains carrying the
imaA and/or imaB mutations, which confer multidrug resistance to various toxic
compounds such as the azole fungicide imazalil. atrB is constitutively transcribed at a
low level in the wild type and in strains carrying imaA or imaB. Imazalil treatment
enhances transcription of atrBto asimilar extent in all strains tested. atrA, unlike atrB,
displays a relatively high level of constitutive expression in mutants carrying imaB.
Imazalil enhances transcription of atrA more strongly in imaBmutants, suggesting that
the imaBlocus regulates atrA. Functional analysis demonstrated that cDNA of atrBcan
complement thedrughypersensitivity associatedwithPDR5deficiency inS.cerevisiae.

INTRODUCTION
Resistance to multiple chemically unrelated drugs is a general phenomenon described inboth
prokaryotes (Lewis, 1994)and eukaryotes (Higgins, 1992).Thisphenomenon isreferred toas
multidrugresistance (MDR).MDR canbe causedbyincreased ATP-dependent efflux oftoxic
compounds from the cytoplasm and plasma membrane, mediated by membrane-bound ATPdependent transporters of the ABC (ATP-Binding Cassette) superfamily (reviews by Balzi
and Goffeau, 1995; Gottesman and Pastan, 1993; Juranka et al., 1989; Schinkel and Borst,
1991; Ullman, 1995). Increased transcription of the mammalian gene MDR1, usually
accompanied by gene amplification, is generally observed in tumour cell lines displaying
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MDR to antitumour drugs. Yeast genes encoding another subfamily of ABC transporters,
such asPDR5(Balzietal, 1994;Bissinger and Kuchler, 1994;Hirataetal, 1994)andSNQ2
(Servos et al, 1993), can also confer a multidrug resistance phenotype when introduced into
cells in multiple copies on plasmids (Haase et al, 1992; Leppert et al., 1990), or upon point
mutation of the regulatory loci PDR1 and PDR3 (Balzi and Goffeau, 1994, 1995). Yeast
proteins Snq2p and Pdr5p display a domain topology different from the mammalian protein.
They also share sequencepeculiarities in the nucleotide-binding domain, such as degenerated
nucleotide-binding motifs (Balzi et al, 1994). Despite these structural differences, the yeast
Pdr5p and Snq2p share with the mammalian MDR1 protein many biochemical features and
functions of drug transport coupled to hydrolysis ofnucleotide triphosphates (Decottignieset
al, 1994, 1995).
Thetopology of the mammalian MDR1 gene product, also known as P-glycoprotein (Juliano
and Ling, 1976) is characterized by two membrane-anchored hydrophobic moieties with six
transmembrane stretches, alternating with two intracellular ATP-binding hydrophilic
moieties. The hydrophilic domains comprise a conserved ABC region, including the ATPbindingmotifs known asWalkerAandWalker B(Walker etal., 1982)and another conserved
motif,theso-calledABCsignature,precedingtheWalkerBmotif.
Mammalian P-glycoproteins are in general encoded by small gene families with two
or three representatives in human and rodents, respectively, designated as MDR genes
(Gottesman and Pastan, 1993). Although P-glycoproteins are best known for their role in
MDR, some of them also function in secretion of non-toxic products (Smit etal., 1993; Van
Kalken et al., 1993). This is also the case for the P-glycoprotein homologue Ste6p from
Saccharomycescerevisiae.This transporter mediates the secretion of the lipopeptide mating
pheromone a and itsdeletion causes sterility (Kuchler etal., 1989;McGrath and Varshavsky,
1989).
In addition to P-glycoproteins, another mammalian ABC transporter, the Multidrug
Resistance-associated Protein (MRP),isalso related toMDR (Cole etal., 1992).In yeast, the
ABC genes YOR1 and YCF1, conferring resistance to oligomycin, cadmium, and diamid,
respectively (Katzmann et al, 1995; Szczypka et al, 1994), most closely resemble MRP
subfamily members in structure and function. Ycflp, like MRP1, participates in the
glutathione-dependent detoxification pathway by transporting glutathione S-conjugates (Liet
al, 1996).
Analysis of the complete yeast genome revealed the existence of 29 genes encoding
ABC proteins displaying various combinations and dispositions of two to four hydrophobic
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and hydrophilic domains (A. Decottignies and A. Goffeau, in preparation). On the basis of
structural features such as domain composition and sequence homologies, it is possible to
distinguish uptofivedifferent subclasses ofABCproteins (S.Michaelis and C. Berkower, in
press;A.Decottignies andA.Goffeau, inpreparation).
The phenomenon of MDR described for mammals and yeasts, also occurs in
saprophytic and pathogenic filamentous fungi (De Waard et al., 1996). Mutants of several
fungal species selected for resistance to azole fungicides, which exert their toxic action by
inhibition of the activity of sterol 14oc-demethylase, displayed pleiotropic effects to many
other, chemically unrelated compounds. Genetic determinants displaying pleiotropic effects
have been identified and mapped (Van Tuyl, 1977). In A. nidulans,resistance to the azole
fungicide imazalilcanbedeterminedbymutations inatleast eightdifferent genes(VanTuyl,
1977). The mutations imaA (mapped on linkage group VII) and imaB (mapped on linkage
group V)result inaltered levels ofresistance toothernon-related toxicants, suchas acriflavin
and neomycin. The mechanism of drug resistance in these mutants depends on decreased
accumulation caused by energy-dependent efflux of the azole fungicides from mycelium (De
Waard and Van Nistelrooy, 1980), as described for drugs from multidrug-resistant tumour
cells.Asyet,noneoftheseimalocihavebeenisolated.
The present paper reports the isolation, molecular cloning and functional analysis of
two genes, atrA and atrB (ATP-binding cassette transporter A and B), encoding ABC
transporters inthefilamentousfungus A. nidulans.These are,toourknowledge,thefirstABC
superfamily members to be isolated that are probably involved in determining MDR in
filamentousfungi. The two genes are differentially expressed in wild type and isogenic ima
mutants after treatment with cycloheximide, the phytoalexin pisatin (a plant defense product
of pea) and azole fungicides. The function of both genes has been analyzed by
complementation of a PDR5 null mutant of S. cerevisiae and characterization of the
phenotype of the transformants. On the basis of these observations, we hypothesize that
resistance in the imamutants ofA. nidulansmay relate to activity of ABC transporters. This
conclusion is of major interest for the understanding and management of resistance to azole
antimycotics in mammalian pathogens such as A.fumigatus, the causal agent of systemic
aspergillosis (Tobinetal.,1996).Sincethistypeofdiseasehassteadilyincreased overthelast
ten years, especially in immunodepressed patients, this topic is of major concern. A
comparable critical situation has been described for agriculture, where azole fungicides are
widelyusedtocontrolharmful plantpathogens inmajor agricultural crops (DeWaard, 1994).
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RESULTS
Phenotypecharacterization ofmultidrug resistant mutants
The pleiotropic drug resistance spectra of several isogenic imamutants of A. nidulanswere
studied by determining their sensitivity to several unrelated chemicals in radial growth tests
(Table 1).Theresults of our tests largely confirm those obtained by Van Tuyl (1977). imaA
(strain 130) and imaB(strain 146) mutations confer similar levels of resistance to the azole
and related fungicides imazalil, fenarimol and triadimenol, and their effects are additive
(strain R264). imaA also confers resistance to neomycin and tomatine. imaB determines
hypersensitivity to acriflavin and neomycin, and resistance to pisatin. The low degree of
hypersensitivity to cycloheximide conferred by imaBdescribed by Van Tuyl (1977), was not
observed here, ima A and imaB do not alter significantly the level of resistance to other
compounds tested (chlorpromazine, 4-nitroquinoline-JV-oxide, oligomycin, triflupromazine,
andvalinomycin).

Table 1. Pleiotropic effects of isogenic imazalil-resistant mutant strains of Aspergillus
nidulansinradial growthtests

Acriflavin

EC50(Jigml"1)a
003 (wild-type)
646 ± 8

Fenarimolb

3.8±0.2

Imazalilb

0.08±0.004

Neomycin

1120 ±20

Pisatin

23.1 ±1.2

Tomatine

68.2±3.3

Triadimenolb

13.5±0.6

Compound

130 (imaA)
607±22
(0.91)
8.2±0.5
(2.2)
0.45 ± 0.02
(5.6)
2360±30
(2.1)
29.5 ±2.2
(1.3)
146 ± 4
(2.1)
96.6 ±2.3
(7.2)

146 (imaB)
89 ± 4
(0.14)
25.5 ±0.9
(6.7)
0.86±0.02
(10.7)
288 ± 7
(0.2)
108 ± 6
(4.7)
54.5± 3.4
(0.8)
101 ± 3
(7.5)

264(imaA + imaB)
137 ± 4
(0.21)
27.3 ±1.3
(7.2)
2.20± 0.02
(27.5)
652± 14
(0.6)
98.9 ±6.1
(4.3)
89.3±4.1
(1.3)
226 ± 6
(16.7)

a

The EC50 values are given as means with standard deviations of three replicates. The resistance
factor(EC50mutant:EC50wildtype)isgiveninparentheses.
b
Azolefungicides andrelatedcompoundsthatinhibitsterolbiosynthesis.
Isolation andsequence analysisoftheatrAandatrBgenes
In order to isolate genes from A. nidulansconferring multiple drug resistance, we screened a
non-amplified genomic library ofA. nidulanswith aprobe derived from theregion coding for
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the conserved ABC cassette of the PDR5 gene ofS.cerevisiae.Two non-overlapping clones
were isolated and designated as anl and an2. Southern blot analysis revealed that both clones
contained a hybridizing fragment, which could be detected in A. nidulans genomic DNA
restricted with the same enzyme or combinations of enzymes (Fig. 1).The clones contained
insertsofabout 15.5(anl) and9.5 kb(an2),respectively (Fig.2).

kb

1 2 3 4 5 6

9.4_
6.5_
4.3_
2.3_
2.0-

0.5_

T
*

?,

Figure1.Southernblotanalysis
SouthernblotanalysisofphageclonesselectedfromagenomiclibraryofA. nidulansbyhybridization
withaPDR5 probefromS.cerevisiae. Lanes 1 and4:cloneanl restricted withBamHl andBamEI +
Sail, respectively; lanes 2and 5: clone an2 restricted with BamHl and BamHl +Sail, respectively;
lanes 3and 6:genomic DNAfrom A. nidulans strain 003restricted withBamHl andBamHl + Sail.
Theprobeusedwasa1.52kbBgUlfragment spanningtheN-terminalATP-bindingcassetteofPDR5.
A 6.8 kb fragment of anl, containing the region that hybridized with the PDR5 probe, was
subcloned and entirely sequenced, starting 190 bp before the most upstream Pstl site (Fig.
2A). The sequence revealed the presence of an open reading frame (ORF) of 4398 bp,
interrupted by four introns, ranging in size from 57 to 66 bp (Fig. 2B). The positions of
intronswere confirmed bysequencing ofacDNA.Inthe 5'flanking region several features of
a promoter sequence were found. In particular, an adenine is present at position -3,a 9/10
conserved Kozak consensus (CCACC ATG GG) as found around the putative translation
start. A TATA-like consensus (TATTAT) (Chen and Struhl, 1988), identical to that of the
amdS gene of A. nidulans, is present at position -76. In addition, two 5/6 identical CAAT
consensus sequences at positions -162 and -122, a heat shock element (HSE) consensus at
position -706and several other HSE-like(5/6 conserved) consensus sequences were found. In
the 3' flanking region, two sequences 5/6 identical (+4653 AATACA and +5622 AATAGA)
to the polyadenylation signal AATAAA (Proudfoot and Brownlee, 1976)were found 15and
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383 nucleotides downstream of the stop codon. The sequence is available in the EMBL
databaseunderthe accession numberZ68904.
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Figure2.PhysicalmapofisolatedA,clones
Physicalmapoftheinserts ofphageanl (A)andan2(C)containingthe ORFsofatrA (B)and atrB
(D),respectively.Restrictionsitesareabbreviatedasfollows:B,BamHl; P,Pstl; S,Sail; St,Sstl; Sm,
Smal; Ev,EcoKV; Bg,BglR; Hp,Hpal; Sp,Sphl; H,HindHl. Openboxes in Aand C represent X
phage arms. ID (A) and D15 (C) represent the restriction fragments used as gene-specific probes.
Putativetranslationandstopcodonsareindicated
The ORF of anl encodes a protein of 1466 amino acids, with a calculated molecular
weight of 162.6 kDa and an estimated isoeletric point of 6.45. The predicted structure of the
protein is typical of an ABC superfamily member. Hydropathy analysis (Kyte and Doolittle,
1982; results not shown) revealed that each half of the protein consists of a N-terminal
hydrophylic domain followed by a hydrophobic one. In the latter region several stretches of
hydrophobic amino acids are present, thus suggesting the occurrence of transmembrane
domains. The encoded protein has potential sites for N-glycosylation, phosphorylation, and
myristylation.
An ATP-binding cassette is present in both halves of the protein. The cassette in the
hydrophilic moiety of the N-terminal half consists of a degenerated Walker A motif
(GRPGTGCS), a well-conserved ABC signature (VSGGERKRVSIA), and a degenerated
Walker B motif (FAAWD). An ATP-binding cassette, with typical Walker A and B motifs
but with a highly degenerated ABC signature is also present in the C-terminal hydrophylic
moiety. The amino acid sequence of the protein is very similar to those of other members of
the ABC superfamily. Thebest alignments were obtained with Pdr5p (45%identity and64%
similarity) and Snq2p (41%identity and 61% similarity) from S. cerevisiaeand Cdrlp of C.
albicans(45%identity and 65%similarity). The regions with the highest level of homology
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are centered on the ABC cassettes. Inview ofthe similarity ofthe protein encoded by the
ORFpresent onthe6.8kb fragment ofanl tootherABCtransporters,the genepresent onthe
6.8 kbfragment ofanl wasdesignatedatrAandtheencodedproteinAtrAp.

N-TERMINAL DOMAIN

WalkerA

A. nidulans AtrAp

GELLLVLGRPGTGCSTFLKAV

VSGGERKRVSIAEMALAMTPFAAWDNSSRGLD

A. nidulans AtrBp

GEMLLVLGRPGSGCTTLLKML

VSGGERKRVS11ECLGTRASVFCWDNSTRGLD

C. albicans Cdrlp

GELTWLGRPGAGCSTLLKTI

VSGGERKRVSIAEASLSGANIQCWDNATRGLD

S. cerevisiae Snq2p

GEMILVLGRPGAGCSSFLKVT

VSGGERKRVSIAEALAAKGSIYCWDNATRGLD

S. cerevisiae Pdr5p

GELLWLGRPGSGCTTLLKSI

VSGGERKRVSIAEVSICGSKFQCWDNATRGLD

S. cerevisiae Ste6p

GQFTFIVGKSGSGKSTLSNLL

LSGGQQQRVAIARAFIRDTPILFLDEAVSALD

S. cerevisiae Ycflp

GNLTCIVGKVGSGKTALLSCM

LSGGQKARLSLARAVYARADTYLLDDPLAAVD

H. sapiens MDR1

GQTVALVGNSGCGKSTTVQLM

LSGGQKQRIAIARALVRNPKILLLDEATSALD

H. sapiens CFTR

GQLLAVAGSTGAGKTSLLMMI

LSGGQRARISLARAVYKDADLYLLDSPFGYLD

C-TERMINAL DOMAIN

WalkerA

ABC signature

ABC signature

WalkerB

WalkerB

A. nidulans AtrAp

GTLTALMGVSGAGKTTLLDVL

LNVEQRKLLTIGVELPPSPKLLLFLDEPTSGLD

A. nidulans AtrBp

GMLGALMGSSGAGKTTLLDVL

LSVEQRKRVTIGVELVSKPSILIFLDEPTSGLD

C. albicans Cdrlp

GQITALMGASGAGKTTLLNCL

LNVEQRKRLTIGVELVAKPKLLLFLDEPTSGLD

S. cerevisiae Snq2p

GTMTALMGESGAGKTTLLNTL

LNVEQRKKLSIGVELVAKPDLLLFLDEPTSGLD

S. cerevisiae Pdr5p

GTLTALMGASGAGKTTLLDCL

LNVEQRKRLTIGVELTAKPKLLVFLDEPTSGLD

S. cerevisiae Ste6p

GQTLGIIGESGTGKSTLVLLL

LSGGQAQRLCIARALLRKS-KILILDECTSALD

S. cerevisiae Ycflp

NEKVGIVGRTGAGKSSLTLAL

LSVGQRQLLCLARAMLVPS-KILVLDEATAAVD

S. cerevisiae Adplp

GQILAIMGGSGAGKTTLLDIL

ISGGEKRRVSIACELVTSP-LVLFLDEPTSGLD

H. sapiens MDR1

GQTLALVGSSGCGKSTWQLL

LSGGQKQRIAIARALVRQP-HILLLDEATSALD

H. sapiens CFTR

GQRVGLLGRTGSGKSTLLSAF

LSHGHKQLMCLARSVLSKA-KILLLDEPSAHLD

Figure3.Clustalalignmentofconservedmotifs
Alignment of theWalkerAandBmotifs andtheABCsignaturefromtheATP-binding cassettesof
AtrAp and AtrBp with other members ofthe ABC transporter superfamily. Asterisks (*)indicate
identicalresidues,dots(.)conservedsubstitutions
A 5.4 kb fragment ofan2, containing the region hybridizing with thePDR5-denved
probe,was subcloned and entirely sequenced. Itcontains an ORF of 4278 bp interrupted by
three introns ranging in size from 45 to 53bp. Thepositions of these introns were confirmed
by sequencing ofcDNA.Inthe 5'flanking region adenine ispresent atposition -3 anda9/10
conserved Kozak motif (CCACCATG TC) spans theputative translation start. A TATA
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consensus (TATATA) at position -91 and five heat-shock-like elements (5/6) identical are
also present. In the 3' flanking region a typical polyadenylation signal is observed (+4614
AATAAA) 180 nucleotides downstream of the putative translation stop codon. The sequence
is available in the EMBL database under accession number Z68905.
The ORF encodes a protein of 1426 amino acid residues with a predicted molecular
weight of 158.9 kDa and a predicted isoeletric point of 7.04. The encoded protein contains
putative N-glycosylation, phosphorylation and myristylation sites. The hydropathy profile of
the encoded protein is similar to that of AtrAp (results not shown). Both hydrophilic regions
contain motifs closely resembling an ABC cassette. Both cassettes display similar degeneracy
relative to the Walker motifs as observed in AtrAp. The protein shows homology to Pdr5p
(36% identity and 58 % similarity), Snq2p (38%identity and 60% similarity) and Cdrlp (38%
identity and 60% similarity). In view of the similarity of the protein with other ABC
transporters, the gene present in the 5.4 kb fragment of an2 was termed atrB and the encoded
protein AtrBp.
Percentages of similarity and identity for AtrAp and AtrBp are 58 and 38,
respectively. An alignment of the ATP-binding cassettes of AtrAp and AtrBp with other
members of the ABC superfamily is presented in Figure 3.

Figure4.Northern blot analysis
Northern analysis of atrA (A) and atrB (B) using total RNA from untreated germlings of A. nidulans
(lanes 1-5) andfrom germlings treated for 60minwith 10u,gml"1imazalil (lanes6-10). Lanes 1 and 6:
wild-type (strain 003), lanes 2 and 7: imaA mutant (strain 130), lanes 3 and 8: imaB mutant (strain
146),lanes4 and 9: imaA+imaBmutant (strain R264), lanes 5and 10:wild-type strainWG-096 used
for construction of the genomic library. Equal loading of lanes with total RNA was checked by
subsequent probing of the same blots with a 1.5 kb EcoBJ+SaKfragmentderived from the actin gene
of Cladosporium fulvum.
atrA and atrB copy number and expression in wild-type and multidrug resistant mutants
The copy-number of atrA and atrB in the genomes of wild-type, and multidrug-resistant ima
mutants of A. nidulans was studied by Southern blot analysis, using a 0.81 kb BamHI-SstI
fragment (ID) and a 0.62 kb BamHI-SstI fragment (D15) (bold in Fig. 2A and 2C) as gene-
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specific probes, respectively. Genomic DNA, digested with various restriction enzymes or
combinations of enzymes, consistently revealed the presence of only one hybridizing
fragment in all strains tested. There was no difference in hybridization intensity between
strain 003 and the ima mutants. These results indicate that atrA and atrB are single-copy
genes,which arenotamplified inmultidrug-resistant strains.
Transcription of atrA and atrB was investigated in wild-type and drug-resistant
mutants ofA. nidulans(Fig.4).Northern analysis revealed thepresence ofapoly(A)+RNAof
about 4.7 kb hybridizing with the atrA gene-specific probe and a slightly smaller poly(A)+
RNA hybridizing with the atrB gene-specific probe. Both atrA and atrB are constitutively
transcribed atlowlevels inthewild-type strain003.
Mutants carrying the imaB mutation have a higher level of expression of atrA than
bothwild-type and mutant 130,carryingthe imaAmutation (Fig.4A). Incontrast, the levelof
atrBtranscript issimilar inall strains analyzed (Fig.4B).
Table 2. Ability of compounds to enhance transcription of atrA and atrB as determined by
Northern analysis of total RNA extracted from 12-h-old germlings of A. nidulans strain 003
after treatment for 1 hour
Compound^
Control
Acriflavin (3gami"1)
Cycloheximide(200 ugml"1)
Fenarimol (30 ugml"1)
Imazalil (0.3 ugml"1)
4-nitroquinolineoxide (1ugml"1)
Pisatin(15 agm!"1)
Sulfomethuron methyl (30 ugml"1)
Tomatine (3ugml"1)

atrA

±
+

q^-g

++
+
+

++

-: basalleveloftranscripts;
±,+,++: weak,moderateandstrongincreaseintranscriptlevels,respectively
Induction ofatrAandatrBtranscription bydrugs
Imazalil enhanced transcription levels of atrA in the wild-type strain 003. The effect of
cycloheximide was only weak, but the antibiotic strongly increased transcription levels of
atrB. Transcription levels of atrB were also enhanced by fenarimol and, more strongly, by
pisatin (Table 2).An example of transcription enhancement ofatrAand atrBin strain 003by
imazalil is given in Figure 4. Results in this figure also indicate that the fungicide most
strongly enhanced transcription levels of atrA in strains 146 and R264, which carry imaB.
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Imazalil also enhanced transcription ofatrBbut onlyweak differential effects among isolates
were observed. A time-course experiment with strain R264 (Fig. 5) demonstrated that
transcript levels of atrA significantly increased 10 min after treatment with imazalil, while
increased transcript levels of atrB were already detectable 5 min after treatment with the
fungicide.

1 2

3

4

5

6

7

8
ft

1 7

3

4

5 6

•' 8

B *
Figure5.Northernblotanalysis
Time-course of expression of atrA (A) and atrB(B) in strain R264 (imaA +imaB) of A. nidulans
followingtreatmentof 12-hour-oldgermlingswithimazalil(10ugml"1).Lanes1 to7:0,5, 10,15, 30,
60and 180 minoftreatmentrespectively;lane8:untreatedcontrolafter 180 minofincubation.Equal
loading of laneswith RNAwas checked by subsequent probing the of the same blots with a 1.5 kb
EcoRI+Sallfragment derivedfromtheactingeneofCladosporium fulvum.
Functionalcomplementation byatrA andatrBofyeastPDR5-nu\\mutants
Functional analysis of atrA and atrB was performed by complementation of the PDR5deficient strain JG436 of S. cerevisiae.To this end, full-length cDNA of atrA or atrB was
cloned down-stream of the inducible promoters GAL1and GAL10in pYEura3, respectively,
and transformed into the PDR5 disruptant strain JG436. As controls, the empty vector was
transformed into the parental strain RW2802 containing a functional copy ofPDR5, and into
JG436.
The sensitivity of the transformants to cycloheximide, chloramphenicol and imazalil on a
galactose medium ispresented inTable 3.TheMICvalue of cycloheximide for transformants
of strain JG436 (thePDifi-disrupted strain) containing atrB and strain RW2802 (contains an
intact copy of PDR5)is 0.3 u\gml"1,which is ten times higher than the MIC value for strain
JG436. The presence of atrB in strain JG436 also increased the MIC values for
chloramphenicol and imazalil by a factor of three. Interestingly, the level of resistance to
sulfomethuron methyl was even higher in transformants containing atrB than in strain
RW2802 containing the wild-type PDR5 gene. In contrast, MIC values of all compounds
tested for transformants of JG436 containing atrA were similar to those of the host strain
JG436. Under conditions in which the GALpromoter-driven expression of atrA and atrB is
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repressed, i.e., in the presence of glucose, the sensitivity levels of atrA- and afr-5-containing
transformants did not differ from the control host strain. Furthermore, Northern analysis
revealed high levels ofatrAand atrBtranscripts ingalactose-induced transformants, while no
atrAnor atrBtranscripts were detected in cells grown on glucose. Taken together, these data
demonstrate a causal relationship between the expression of atrB and the increase in drug
resistance ofanotherwise drug-hypersensitive,P£>/?5-deficient, yeast strain.

DISCUSSION
atrA and atrB are, to our knowledge, the first structural determinants of MDR reported for
filamentous fungi. Theputativeproducts ofbothgenescloselyresemble othermembers ofthe
ABC transporters superfamily. In particular, they share organization with the ABC
transporters determining MDR in S. cerevisiae(Pdr5p and Snq2p) and C. albicans (Cdrlp).
The same type of topology has been found for some "half-sized" transporters such as those
encoded by theDrosophilawhiteand browngenes, involved in thetransport of eye pigments
(Dreesen etal., 1988;O'Hare etal., 1984) and theAdplp permease ofS.cerevisiae(Purnelle
etal., 1991).Inthisrespect, AtrAp andAtrBpdiffer from theP-glycoproteinsencoded bythe
humanMDR1,yeast Ste6pand manyotherP-glycoproteins inwhich thehydrophobic regions
precedethehydrophilicones.

Table3.Effect oftransformation ofa/>Z)J?5-disruptedmutant ofS.cerevisiae(JG436) witha
full-length atrA (JG436 + atrA) or atrB (JG436 + atrB) cDNA on colony formation after 5
days of incubation in the presence of the inhibitors listed. The disrupted mutant JG436
carrying the vector plasmid (JG436 + pYEura3) served as control. RW2802 is the parental
strainofJG436with afunctional copyofPDR5
Compound

Chloramphenicol
Cycloheximide
Imazalil
Sulfomethuron methyl

Minimalinhibitoryconcentration ((xg ml"1)
RW2802+
JG436+
JG436+atrA
pYEura3
pYEura3
100
1000
100
0.03
0.3
0.03
10
30
10
1
1
3

JG436+atrB
300
0.3
30
10

Other interesting common features of the ABC transporters ofA. nidulansand yeasts,
concern the degeneration observed in the ABC cassettes as compared to those present in
mammalian P-glycoproteins. TheWalkerAmotif ofmammalian P-glycoproteins containsthe
conserved GxSGxGK(S,T) sequence. In the Walker A motif of the N-terminal half of both
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Atr proteins, the highly conserved lysine (K) is replaced by a cysteine (C) residue. This has
also been described for Pdr5p and Snq2p ofS.cerevisiaeand Cdrlp of C. albicans(Balziet
al, 1994; Prasad et al, 1995; Servos et al, 1993). Strikingly, substitution of K by other
amino acids severely impairs transport activity of mammalian P-glycoproteins and Ste6p
(Berkower and Michaelis, 1991)but not ATPbinding (Azzaria etal., 1989).Obviously, this
is not necessarily the case for all ABC transporters of filamentous fungi and yeasts. In the
Walker B motif in the N-terminal half of both Atrs, the highly conserved glutamic acid
residue(E)issubstituted byasparagine (N),asalsofound inPdr5p,Snq2p andCdrlp. Similar
features hold for theC-terminalABC signature inwhich the conserved consensus LSGGQ of
mammalian P-glycoproteins is replaced by LNVEQ in AtrAp and by LSVEQ in AtrBp. The
substitution inthismotif oftheconserved serine (S)byN inthe CFTR geneproduct (S549N)
is associated with cystic fibrosis in humans (Cutting et al., 1990). In conclusion, AtrAp and
AtrBp are new members of a new subfamily of ABC transporters which up to now has been
observed onlyinyeasts.
Previous studies (De Waard and Van Nistelrooy, 1979; 1980; 1987) demonstrated
that accumulation oftheazole fungicide fenarimol bythewild-type strain 003ofA. nidulans,
follows a transient pattern with a maximum at 10 min after addition of the fungicide to
mycelium. Similar results have been described for other azole fungicides in Penicillium
italicum (De Waard and Van Nistelrooy, 1984; 1988) and Nectria haematococca
(Kalamarakis et al, 1991). Isogenic mutants of A. nidulans strain 003 carrying imaA and
imaBmutations, displayed arelatively low and constant level of fungicide accumulation over
time.Itwasproposed thatthetransient accumulation ofazolesbythewild-typeA. nidulansis
based on the capacity of azole fungicides to induce an energy-dependent efflux activity
responsible for active extrusion of the compounds, while efflux activity in the mutants was
referred to be constitutive (De Waard and Van Nistelrooy, 1981). The rapid increase in
expression of atrA and, especially, atrBupon treatment with azole fungicides coincides with
induction ofazoleefflux from mycelium inthewild-type strain, suggestingthatbothAtrs can
playarole inextrusion ofthe fungicides.
imaBmutants (146, R264) have a higher basal level of expression of atrA than the
wild-type strain. The mutants also showed the strongest activation of atrA transcription after
treatment with imazalil. This relationship between the presence of imaB and expression of
atrA indicates that the imaB locus regulates atrA expression, perhaps acting as a regulatory
protein with a function similar to the one exerted by Pdrlp on PDR5 in S. cerevisiae. The
Pdrlp regulatory protein isable to influence the expression of several genes, includingPDR5
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(Balzi and Goffeau, 1995).Further studies will aim to establish such a relationship between
imaB and atrA.
The basal level of atrB expression was similar in all strains tested. In all strains,
imazalil strongly activated transcription to about the same extent. Similar results were found
for cycloheximide and pisatin (results not presented). Hence, no correlation was observed
between the presence of imaA or imaB mutations and the expression pattern of atrB.
Therefore, atrB may be subject to stress-induced transcriptional activation as described for
PDR5 in S. cerevisiae (Miyahara et al., 1996), characterized by an even faster inducibility
than atrA.
Compounds that induce the expression of atr genes arenot always involved in the pleiotropic
effects observed for the imaAand imaB mutants.For instance,thebasal level of expressionof
atrA is higher in imaB carrying strains and the enhancement in transcript levels caused by
cycloheximide treatment makes this difference even larger. Nevertheless, no significant
difference incycloheximide resistance isobserved between wild-type and imaBmutants.This
implies that, at least for some compounds, an increase in atrtranscription is not sufficient to
confer drugresistance. Inthe case of cycloheximide, AtrAp synthesis may be inhibited atthe
translational level. Similar results were obtained in S. cerevisiaein which expression of the
multidrugtransporters YDR1 (=PDR5), andSNQ2canalsobe induced by compounds that are
notrelevant tomultidrugresistance (Hirataetal.,1994).
The functional role of atrA and atrB in multidrug resistance has been analyzed by
complementation ofaPDR5-deficient yeast mutant. Transformants containing atrBdisplayed
an increase in resistance to several drugs. Interestingly, the spectrum of resistance conferred
by atrB is different from the one displayed by a yeast strain containing an intact copy of
PDR5. This indicates that AtrBp is functionally different from Pdr5p, implying that ABC
transporters may have partially overlapping substrate specificities (e.g. cycloheximide), as it
was found for Pdr5p and Snq2p. Studies with mammalian P-glycoproteins demonstrated that
drug specificity canbe determined by the amino acid sequence in specific regions. In human
MDR cell lines, two separate nucleotide substitutions in the sixth N-terminal transmembrane
domain completely changed the pattern of resistance (Devine et al., 1992) and even single
amino acid substitution in a mouse mdrgene product can abolish its ability to complement a
yeast STE6null mutant (Raymond etal., 1992).Mutational analysis of atrA and atrBwill be
theobject offuture studies.
Additional insightintotheroleofboth atrsinmultidrugresistance willbeobtained by
studying the drug resistance spectra in A. nidulansdisruption mutants. This approach may
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also be useful in determining the function of atrA, which failed to complement the PDR5
deficiency in yeast, although high levels of atrA transcripts were detected in JG436 cells
transformed with the atrA cDNA (results not shown). It is possible that atrA mRNA is
incorrectlyprocessed and/orsortedinyeast,thusgivinganon-functional product. Disturbance
of directional transport might also be one reason why AtrAp did not complement Pdr5p.
Alternatively, AtrAp could also mediate secretion of endogenous compounds (i.e., secondary
metabolites,pheromones, etc.)or specifically be involved inextrusion ofdrugs different from
those substratesofPdr5p.Thelatterhypothesis issupportedbydatapresented inTable2.
Based on the results described, we hypothesize that the ABC transporters encoded by atrA
and atrB play a role in protecting the saprophytic fungus A. nidulans from natural toxic
compounds. A similar function was proposed for P-glycoproteins of the nematode
Caenorhabditiselegans (Broeks et al, 1995). Support for this hypothesis comes from the
MDR pattern, expression and complementation studies. This hypothesis not only relates to
antibiotics but also to plant defense products such as the phytoalexin pisatin. Hence, it
corroborates the findings that pisatin-induced transcription of atrB and tolerance of N.
haematococca topisatin canbe mediated by an energy-dependent efflux (Denny etal., 1987;
Denny and VanEtten, 1983). If ABC transporters enable plant pathogens to extrude plant
defense products, thereby reducing their accumulation levels in fungal cells, they might
constitute a novel class of pathogenicity factors. This hypothesis is being tested by studying
ABC-transporter-encoding genes in the plant pathogen Botrytis cinereaand the role of such
genes in pathogenicity. One PDR5 homologue of Botrytis cinerea has already been cloned
andcharacterized (Del Sorboand DeWaard, 1996).
Finally, we also propose that atrAand, especially, atrBare ideal models for the study
of resistance to therapeutic drugs and agricultural fungicides in mammalian and plant
pathogens.
EXPERIMENTAL PROCEDURES
Chemicals
Fenarimol, imazalil, triadimenol and sulfomethuron methyl were kindly provided by Dow
Elanco (Greenfield, Ind., USA), Janssen Pharmaceuticals (Beerse, Belgium), Bayer AG
(Leverkusen, Germany), and DuPont De Nemours (Wilmington, Del. USA), respectively.
Pisatinwaspurified from peapods (Fuchs etal., 1981).Allother chemicalswere from Sigma
(St.Louis,Mo.)unlessotherwise indicated.
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Strains,plasmids andtoxicitytests
Strains ofA. nidulansused in this study were the wild-type 003 (biAl; acrAl) and imazalilresistant isogenic mutants carrying imaA(130), imaB (146) or both mutations (R264) (Van
Tuyl, 1977). Sensitivity to toxicants was determined by measuring their EC50 values for
inhibition of radial growth or the minimal inhibitory concentrations (MIC) necessary to
prevent colonyformation (DeWaard and VanNistelrooy, 1979).Compounds tested included
antibiotics (cycloheximide, neomycin, oligomycin, valinomycin), plant defense products
(pisatin and tomatine), azole and related fungicides which inhibit sterol 14odemethylation
(imazalil, fenarimol and triadimenol), a herbicide (sulfomethuron methyl), calmodulin
antagonists (chlorpromazine and triflupromazine), and other xenobiotics (acriflavin and 4nitroquinoline-oxide). A strain was considered resistant or hypersensitive when the EC50
value of aparticular compound was at least two times higher or lower than the EC50value of
the wild-type strain, respectively. The S. cerevisiae PDR5 null mutant JG436 (MATa,
PDR5::Tn5, leu2, met5, ura3-52, makll, KRB1; Meyers et al., 1992) and yeast plasmid
pYEura3werekindlyprovidedbyProfessor A. Goffeau.
Library screening, Southern andNorthern hybridizations
A genomic library of A. nidulans strain WG-096 in EMBL3 was kindly provided by Dr. T.
Goosen (Department of Genetics, Wageningen Agricultural University, Wageningen, The
Netherlands).Positivephagecloneswere selectedusing a 1.52 kbBgRIfragment starting 0.37
kb before the translation start codon and comprising the entire N-terminal ATP-binding
cassette(ABC)ofgenePDR5from S. cerevisiae.
DNA and RNA of A. nidulanswere extracted according to Raeder and Broda (1985)
and Longmann et al. (1987), respectively, from 12-hour-old liquid cultures shaken at 37°C
after inoculation with 107conidia ml"1.Southern andNorthern hybridizations were performed
on HybondN+ and HybondN nylon membranes (Amersham), respectively, according to the
manufacturer's instructions. Blots were washed at 65 °C in 0.1X SSC unless otherwise
indicated. Inheterologous hybridizations,blotswerewashed at 56°Cusing IXSSC.
Other recombinant DNA manipulations
DNAfragments from phagesthatwerepositive after tertiary screeningwerecloned inpGEM3Zf(+) (Promega, Madison, Wis.) or pBluescript IISK vectors (Stratagene, La Jolla, Calif).
E.coliDH5awasused asbacterial host for propagation of constructs. Sequencing was carried
outbythedideoxy-chain-terminationmethod (Sanger etal., 1977),using Taqpolymerase and
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fluorescent dye terminator dideoxynucleotides. Intron-exon junctions were confirmed by
sequencing a cDNA cloned in pGEM-T. Sequences were analyzed with the GCG Package
software (Genetics Computer Group,Madison, Wis.).Multiple alignment wasdone using the
CLUSTALprogram.
First-strand cDNA ofatrAand atrBwas synthesized on poly(A)+ RNA of germlings from A.
nidulans strain 003, using the Superscript TM II kit (Gibco-BRL, Garthersburg, Md.)
accordingtomanufacturer's instructions.PCR amplification ofcDNAwasperformed withthe
Expand High Fidelity kit (Boehringer, Mannhein GmbH, Mannheim, Germany) using a
Techne PHC3 thermocycler (New Brunswick Scientific, Nijmegen, The Netherlands).
Primers used in PCR reactions were provided by Pharmacia Biotech Benelux (Roosendaal,
The Netherlands). Primers for amplification of cDNA were designed across the putative
translation start (5'-GTTCATTCTAGACACCATGGGTGTTCC-3') and stop codon on (5'ATGCTCTAGACATCTCACTTCTTCC-3')oftheatrAgene.Artificial Xbal siteswereincludedto
allow subcloning ofthePCRproduct. Forthe samepurpose,EcoRl siteswere included inthe
primers for amplification of the cDNA of atrB (primer sequences were 5'TTCGAATTCCATGTCTACCCTCACCGTG-3' and 5'-TTCGAATTCGTAAAAGCCTACTCCTCTGC3',respectively).Amplified PCRproductswerecloned inpGEM-T (Promega)andpropagated
inE.coli.
For yeast complementation studies, atrA and atrB cDNAs were cloned into the Xbal
or EcoRl site of the yeast shuttle vector pYEura3, under the control of galactose-inducible
promoters GAL1and GAL10,respectively. The correct orientation of the coding regions was
checked by restriction analysis. Transformation ofS.cerevisiaestrain JG436 was performed
by the electroporation method described by Becker and Guarante (1991). The resistance of
Ura+transformants to a series of compounds was tested on a synthetic medium (Balzi etal.,
1987)containing raffinose and galactose as carbon sources, inoculated with small droplets of
standardized cell suspensions,accordingtoPrasadetal.(1995).
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Chapter 3

SUMMARY
This paper describes the characterization of atrC and atrD {ABC transporters C
and D), two novel ABC-transporter encoding genes from the filamentous fungus
Aspergillus nidulans, and provides evidence for the involvement of atrD in
multidrug transport and antibiotic production. BLAST analysis of the deduced
amino acid sequences of AtrCp and AtrDp reveals high homology to ABCtransporter proteinsoftheP-glycoproteincluster.AtrDpshowsaparticularly high
degree of identity to the amino acid sequence of AfuMdrlp, a previously
characterized ABC transporter from the human pathogen Aspergillus fumigatus.
Northern blot analysis demonstrates an increase in transcript levels of atrC and
atrD in fungal germlings upon treatment with natural toxic compounds and
xenobiotics. The atrC gene has a high constitutive level of expression relative to
atrD, which suggests its involvement in a metabolic function. Single knock-out
mutants for atrC and atrD were generated by gene replacement using the pyrG
from Aspergillus oryzae as a selectable marker. AatrD mutants display a
hypersensitive phenotype to compounds such as cycloheximide, the cyclosporin
derivative PSC833,nigericin andvalinomycin, indicating thatAtrDpisinvolvedin
protection against cytotoxic compounds. Energy-dependent efflux of the azolerelated fungicide fenarimol is inhibited by substrates of AtrDp (e.g. PSC 833,
nigericin and valinomycin), suggesting that AtrDp plays a role in efflux of this
fungicide. Most interestingly, AatrD mutants display a decrease in penicillin
production measured indirectly as antimicrobial activity against Micrococcus
luteus.Theseresults suggestthatABCtransporters maybeinvolved in secretion of
penicillin from fungalcells.

INTRODUCTION
ATP-BindingCassette(ABC)transportersarehighlyconservedtraffic ATPasesthatoccur
ubiquitously in nature (Higgins, 1992). Some members of this large superfamily of
proteinsfunction intransport ofcytotoxicagentsacrossbiologicalmembranes,resultingin
reduced intracellular accumulation of toxins. Hence, they play a role in protecting cells
against natural toxins. ABC transporters have become especially known for their role in
multidrug resistance (MDR) in human tumour cells. The MDR family of transporters
includes the multidrug resistance P-glycoprotein (P-gp) encoded by the MDR1 gene in
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humans, and the human multidrug resistance-associated protein MRP1 (MRP); both are
plasma membrane proteins which catalyze the ATP-dependent extrusion of anti-tumour
drugs during chemotherapy of cancer cells (Cole et al., 1992; Gottesman and Pastan,
1993). The major drug efflux pumps identified in microorganisms belong to the Major
Facilator(MF)andtheABCtransportersuperfamilies ofproteins(MargerandSaier,1993;
Van Veen and Konings, 1998). Analysis of the complete genome sequence of
Saccharomyces cerevisiae revealed 29 ABC transporter-encoding genes, and
overproduction ofatleast four ofthemresults inMDR(DecottigniesandGoffeau, 1997).
In other yeast species such as Schizosaccharomyces pombe and the human pathogen
Candidaalbicans,MDR based on overproduction of ABC transporters has also been
described.ExamplesareCdrlpandCdr2pfrom C. albicans, andPmdlpandBfrlp fromS.
pombe (Nagao etal, 1995;Nishi etal., 1992;Prasad etal.,1995;Sanglard et ah, 1996,
1997).
MDR in filamentous fungi was first reported for mutants ofAspergillus nidulans
generated in the laboratory and selected for resistance to azole fungicides (Van Tuyl,
1977). Resistance of these mutants to azoles and related fungicides was based on an
energy-dependent efflux mechanism, which results in decreased accumulation ofthedrug
inthecytoplasm (DeWaardandVanNistelrooy, 1979).Theisolationand characterisation
of two ABC-transporter encoding genes (atrA and atrB) from this fungus have been
reported(Del Sorboetal, 1997).Bothgenesencodeproteinsthatdisplayahighdegreeof
homologytoPdr5p,anABCtransporter from S. cerevisiaeinvolvedinMDR (Balzietal.,
1994; Bissinger and Kuchler, 1994; Hirata et al, 1994). In field isolates of the
phytopathogenic fungus Penicillium digitatum, the causal agent of citrus green mold, the
ABCtransporter Pmrlp playsarolein azole resistance (Nakaune etal.,1998).Protection
against a phytoalexin from rice has been postulated as the function of Abclp, an ABC
transporter from the ricepathogen Magnaporthe griseathat is essential for pathogenicity
(Urbanetal.,1999). TheABCtransporter genesAfuMDRl andAfuMDRl, andAflMDRl
have been described for Aspergillusfumigatus and AspergillusJlavus, respectively.
AfuMdrlp maybe involved in drug transport since it confers decreased sensitivity to the
antifungal compoundcilofungin whenoverexpressed inyeast(Tobinetal, 1997).
Endogenous substrates of ABC transporters involved in MDR are largely
unknown,butphospholipids havebeensuggested ascandidates (Decottignies etal.,1998;
Kamp and Haest, 1998; Mahe et al, 1996; Van Helvoort et al, 1996). It has been
suggested that fungal ABC transporters can also be involved in transport of secondary
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(toxic) metabolites (De Waard, 1997).A. nidulans is a well known producer of various
toxic secondary metabolites, such as sterigmatocystin and penicillin. The biosynthetic
pathway for these compounds has been characterized at the molecular level but little is
known about the transport of these compounds and their precursors over biological
membranes(Brakhage, 1998;Brownetal.,1999;Penalvaetal., 1998).
Inthis paper we report on the isolation and functional characterisation of atrCandatrD,
two novel ABCtransporter-encoding genes from the filamentous fungus A. nidulans, and
provide evidence suggesting thatAtrDp isanovel multidrugtransporter proteinthatplays
aroleinantibioticsecretion.

RESULTS
Theprimary amino acidsequencesofAtrCpandAtrDp arehighly homologousto
thoseofMDRproteins
A PCR-based approach using degenerate primers designed from conserved domains of
ABC transporters involved in MDR from a variety of organisms resulted in the
amplification of two DNA fragments from A. nidulans. Cloning and DNA sequence
analysis revealed that the amplified fragments were different and encoded highly
conserved amino acid sequences, characteristic of proteins containing an ATP-binding
cassette(Bairoch, 1992;Walkeretal.,1982).Thefragmentswereusedasprobestoscreen
agenomic libraryofA. nidulans. Foreachprobe,positive lambdacloneswereisolatedand
purified. Southern analysis confirmed the presence of identical hybridizing restriction
fragments in genomic DNA and in the positive lambda clones isolated. Overlapping
subclones from phage inserts were cloned and sequenced. The sequence of a 6120-bp
contigfromone lambda clone revealed the presence of an open reading frame (ORF) of
3852bp,interruptedbyfour introns,ranginginsizefrom 46to 65bp.Thepositions ofthe
introns were confirmed by cDNA sequencing (Fig. 1A). Analysis of the deduced 1284amino acid sequence of the encoded protein, named AtrCp (ABC transporter C),
suggested the presence of 12transmembrane (TM) domains and two nucleotide binding
domains (NBD). These are arranged in two homologous halves in a (TM6-NBD)2
configuration, as predicted by the TMpred software (Hofmann and Stoffel, 1993). The
DNA sequence of the second PCR fragment was not present in atrC.Screening of the
phage library with this fragment resulted in another ABC transporter gene, designated
atrD. Sequence analysis of atrD revealed the presence of an ORF interrupted by two
confirmed introns, encoding a putative protein of 1348 amino acids with the same
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topology as AtrCp (Fig. IB). BLAST analysis of the deduced amino acid sequence of
AtrCp and AtrDp revealed strong homology to ABC transporters, in particular to the Pglycoprotein sub-family (Table 1). Alignmentoftheconserved motifs ofAtrCpandAtrDp
indicates ahigh degree of homology with other ABC transporters (Fig. 2).The degree of
homologybetweenAtrDpandAfuMdrlp isremarkablyhigh,withoverall identityof76%
(Table 1), while the N and C-terminal NBDs are almost identical (Fig. 2). The best
characterized ATP-binding subunit of ABC transporters has been described for the HisP
proteinfrom Salmonellatyphimurium. ResiduesofHisPdepictedinbold(Fig.2)represent
aminoacids that interact withATP (Hung etal.,1998)and arehighly conserved in other
ABCtransporters.
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Figure 1.Physical map ofthe genomic regions encoding alrC(A) and atrD (B)
The open arrows represents the coding region of the atr genes interrupted by introns. The conserved
motifs characteristic of ABC-transporter proteins are shown. The PCR fragments amplified using
degenerate oligonucleotide primers {aspmdrl, aspmdr2 and aspmdr3) are located between the dashed
vertical lines. The boxes labeled GspC and GspD represent the DNA fragments used as gene-specific
probes.Restriction sites are abbreviated as follows: B,BamHl; Bg,Bglll; E,£coRI; H,Hindlll; K, Kpnl;
S,Sail and Sp, Sph\.
Table 1. Pairwise comparison of deduced amino acid sequences of atrC and atrD from Aspergillus
nidulans and other ABC transporters classified inthe P-glycoprotein subfamily.
Protein

Organism

GenBank
number

AtrCp
Blast
score a

AtrCp
AtrDp
AfuMdrlp
AflMdrlp
Pmdlp
CneMdrlp
ChMdrlp
HsMDRl
HvMdr2p
Ste6p
a

A. nidulans
A. nidulans
A. fumigatus
A.flavus
S. pombe
C. neoformans
C. griseus
H. sapiens
H. vulgare
S. cerevisiae

AF071410
AF071411
U62933
U62931
P36619
U62930
P21448
P08183
Y10099
P12866

0
0
0
0
0
0
0
e . IM

e" 84

AtrDp

Identity

Similarity

(%)
-

(%)
-

36
37
35
36
34
33
32
31
24

53
54
52
51
51
51
50
48
43

Blast
score

Identity

Similarity

(%)

(%)

0

36

53

-

-

-

0
0
0
0
0
0
0
e-" 3

76
57
45
42
38
39
34
24

83
71
60
57
55
55
51
43

Results were obtained with the BLASTp program of sequence alignment (Altschuletah, 1997).
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Southern analysis of genomic DNAof A. nidulans digested with different
restriction enzymesusingthegene-specific probes GspC andGspDdemonstrate thatatrC
and atrDare single-copy genes (results not shown).Aschematic representation ofGspC
andGspDispresentedinFig. 1Aand IB,respectively.
N-termina!
An AtrCp
(AF071410)
An AtrC2p* (AF082072
An AtrDp
(AF071411)
Afu Mdrlp
(U62933)
Afl Mdrlp
(U62931)
Sp Pmdp (P36619)
Sc Ste6p
(P12866)
Hs MDR1 (P08183)
LI LmrAp
(U63741)
St HisP (P02915)

A
C
B
D
LVGQSGSGKSTIVQQEPLSGGQKQRVAIARSWSQPKVLLLDEATSALDTTIVIAHKLAT
IVGSSGSGKSTILQQEPLSGGQKQRIAIARSIIRNPPILLLDEATSALD TTIIVA|RLST
LVGPSGSGKSTWSQEPLSGGQKQRIAIARAWSDPKILLLDEATSALD TTIVIA|RLST
LVGPSGSGKSTWSQEPLSGGQKQRIAIARAIVSDPKILLLDEATSALD TTIVIAJJRLST
FVGPSGSGKSTII SQEPLSGGQKQRIAIARAIIKDPKILLLDEATSALD TTIVIAIRLST
LVGASGSGKSTIIQQEPMSGGQKQRIAIARAVISDPKILLLDEATSALDTTIVIAHRLST
IVGKSGSGKSTLSEQRCLSGGQQQRVAIARAFIRDTPILFLDEAVSALD TTIILTHELSQ
LVGNSGCGKSTTVSQEPLSGGQKQRIAIARALVRNPKILLLDEATSALDTTIVIAHRLST
FAGPSGGGKSTIFSQDSISGGQRQRLAIARAFLRNPKILMLDEATASLD TTLVIAHRLST
IIGSSOSGKSTFLNQLRLSGGQQQRVSIARALAMEPDVLLFDEPTSALDTMVWTHEMGF

C-terraina!
An AtrCp
An AtrC2p'
An AtrDp
Afu Mdrlp
Afl Mdrlp
Sp Pmdlp
Sc Ste6p
Hs MDR1
LI LmrAp
St HisP

FVGSSGCGKSTMIQQEPLSGGQRQRIAIARALIRDPKIIiLOEATSALDLTVAVAHRLST
LVGASGCGKTTVITQNPLSGGQRQRIAIARALIRDPELLLFDEATSALDTTISVAHRLTT
LVGPSGCOK<?^TISQEPLSGGQKQRVAIARALLRDPKILLLDEATSALDTTIAVAHRLST
LVGPSGCGK'..H SQEPLSGGQKQRVAIARALLRDPKVLLLDEATSALDTTIAVAHRLST
LVSASKSGKSITISQEP LSGGQKQRIAIARALIRNPKILLLDEATSALD TTIAVAHRLST
EVCiSSnrOKS.TISQEP LSGGQKQRIAIARALIRNPKILLLDEATSALDTTVAIAHRLSS
IIHKSGI'HK^ILVEQKPLSGGQAQRLCIARALLRKSKILILDECTSALDLTMVITHSEQM
LVGS8GCCX.SITVSQEPLSGGQKQRIAIARALVRQPHILLLDEATSALDTCIVIAHRLST
FAOI'SOCXjysrcFSQDSISGGQRQRLAIARAFLRNPKILMLDEATASLDTTLVIAHRLST
IIGSSGSGKSTFLNQLRLSGGQQQRVSIARALAMEPDVLLFDEPTSALD TMVWTHEMGF

Figure 2.Alignment. Amino acid sequence alignment of the conserved NBD motifs of AtrCp and AtrDp
with those of other ABC transport proteins. Sequences were aligned using the CLUSTAL W program
(Thompson et al., 1994). The asterisks indicate identical residues and dots indicate conservative
substitutions. The conserved motifs (A) Walker A, (B) Walker B, (C) ABC signature and (D) the highly
conserved histidine residue asdetected by Decottignies and Goffeau (1997) are highlighted against agray
background. Residues inbold indicates residues that interact with ATP (Hung etal., 1998).

Transcription oiatrC andatrDisenhanced byxenobiotics
Toverify thepossible involvement ofAtrCpandAtrDpindrugtransport,we investigated
the level oftranscription ofthese genes upon treatment ofA. nidulansgermlings with
varioustoxicants.ResultsshowthatthebasallevelofatrCexpressionishigherthanthatof
atrD(Fig. 3). The plant secondary metabolites reserpine and pisatin, the azole fungicide
imazalil and the protein synthesis inhibitor cycloheximide, enhance transcription ofboth
atr genes, while the azole-related fungicide fenarimol specifically enhances transcription
ofatrD(Fig.3).

The sequence ofAnatrC (AF071410) was submitted to the GenBank database (confidential) by June 9,
1998. Later an additional ABC transporter gene from A. nidulans was filed under the same name of atrC,
on August 4, 1998. Part of the sequence of this gene is published without reference to its function
(Angermayret al., 1999).Wepropose torename the latter gene as AnatrC2.
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Figure 3.Northern blot analysis
Northern analysis of atrC (top) and atrD (middle) using total RNA from germlings of Aspergillus
nidulans treated with toxicants for 60 min. Lane 1, control (0.1%DMSO); 2, reserpine (100 ug ml 1 ); 3,
sulfomethuron methyl (30 |ig ml"'); 4, control (0.1%ethanol); 5, imazalil (10 u,g ml"1); 6, fenarimol (20
Hg ml"'); 7, pisatin (15 u.g ml"'); 8, cycloheximide (20 |lg ml"1). A radiolabeled fragment of the actin
encoding gene from A. nidulans wasused asloading control (bottom).

AatrD strains are hypersensitive toknown substrates ofMDRproteins
In order to functionally characterize atrC and atrD,deletion alleles for each gene were
generated by genereplacement. Themajor part ofthe coding region ofthe atrgenes was
replaced bythe orotidine-5'-phosphatedecarboxylase (pyrG) encoding-gene ofA. oryzae,
using an uridine-auxotrophic mutant (WG488) of A. nidulansas the recipient strain for
transformation. Selection of transformants was based on uridine prototrophy. The use of
the heterologous selectable marker ofA. oryzaeminimizes the chance that the construct
willintegrateatthepyrGlocusofA. nidulans. Aschematicrepresentation ofthedisruption
strategy used is given in Fig. 4A and B. A pre-selection step was performed among 24
transformants peratrgenebydot-blot analysis.Blotscontaining spottedgenomicDNAof
transformants werehybridized withthegene-specific probes GspC and GspDofatrCand
atrD, respectively. Southern analysis of 8 pre-selected transformants per atr gene
confirmed single-copy replacement of both genes. The frequency of single-copy
replacements was 16% for atrC and 8% for atrD. Further Southern analysis of two
independent transformants of atrC(probe CI) and atrD (probe Dl) was performed and
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confirmed replacement ofthewild-type locus(Fig.4C andD).Northernblot analysiswas
carried out with total RNA isolatedfromgermlingstreated with cycloheximide, a strong
inducer ofatrCandatrDtranscription. This treatment did not reveal anytranscripts from
atrCandatrDintheAatrCandAatrDstrains,respectively (Fig.4E).These observations
confirm thatatrCandatrDwerefunctionally deleted.
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Figure 4.Replacement oftheAspergillus nidulans atrC and atrD genes.
A, B. Schematic representation ofthe disruption construct, and wild-type and disrupted locus of atrC (A)
and atrD (B).The open boxes labelled GspC,GspD, CI andDl indicate the restriction fragments used as
probes in Southern and Northern analyses. Southern analysis was performed with the recipient strain
WG488 used for transformation and two independent monospore isolates of the disruptants: DC-2 and
DC-7 for disruptants of atrC and DD-38 and DD-39 for disruptants of atrD. C. Genomic DNA of
WG488, DC-2 and DC-7 was restricted with EcoSl and hybridized with probes CI and GspC. D.
Similarly, a blot containing iscoRI-restricted genomic DNA of strains WG488, DD-38 and DD-39 was
hybridized with the Dl and GspD probes. E. Northern analysis of germlings of A. nidulans treated with
cycloheximide (20 ng ml"1)for 60 min. The lanes were loaded with RNA from the control strains PAO-1
(1) and PAO-2 (2) transformed with the pAO-2 vector containing thepyrG gene of A. oryzae, the AatrC
strains DC-2 (3) and DC-7 (4) and the AatrD strains DD-38 (5) and DD-39 (6). The upper panel shows
the result of a hybridization with the gene-specific probe GspC of atrC and the lower panel shows the
same blot hybridized (after stripping thefirstprobe) with the gene-specific probe GspD of atrD.
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PAO-1

DC-2

DD-38

PAO-2

DC-7

DD-39

Control(MeOH)

Cycloheximide
(25ngml')

PSC833

(25\igmf)

Nigericin
(3 Hgml1)

Valinomycin
(3 HgmlJ)

Figure 5.Toxicity assays
Sensitivity ofAspergilus nidulans strains PAO-1 and PAO-2 (controls), DC-2 and DC-7 (AatrQ and DD38 andDD-39 (AatrD) to four structurally unrelated compounds. Mycelial agar plugs of a confluent plate
(incubated overnight) of each strain were placed upside down on a minimal medium (MM) plate
containing the indicated concentration of the compound. Radial growth was assessed after 3 days
incubation, at37 C.
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Two independent monospore isolatesofAatrC(DC-2 andDC-7) andAatrD (DD38 and DD-39) were characterized. The deletion mutants grow normally and no
differences inradial growth rateswere observed. Aradial growthtoxicitytestwasusedto
evaluate the role of AtrCp and AtrDp proteins in drug transport. Activity of thirty five
compounds (see experimental procedures) was tested. None of them differentially
inhibited growth ofAatrCmonospore isolates and control isolates PAO-1 and PAO-2.In
contrast,AatrDmutantsdisplayed increased sensitivityto cycloheximide (25 ug ml"1),the
cyclosporin derivative PSC 833 (25 ugml"1),nigericin (3 ugml"1), and valinomycin (3
ugml"1)ascomparedtothecontrolisolatestested(Fig.5).
TheroleofAtrDpintheenergy-dependent efflux of[14C]fenarimol
MDR in A. nidulans was first reported for laboratory-generated mutants selected for
resistance to azole fungicides and related compounds (Van Tuyl, 1977). In these
genetically defined MDR mutants, resistance to fenarimol is based on increased energydependent efflux activitythatresults indecreased drugaccumulation inthecytoplasm(De
Waard and Van Nistelrooy, 1979, 1980). This efflux-activity is sensitive to vanadate. In
order to assess the role of AtrDp in this efflux-mechanism, we tested the potency of
identified substrates and transcriptional inducers of atrD to inhibit the efflux of
[14C]fenarimol. Pronounced inhibitory effects were observed for the cyclosporin
derivative PSC 833, nigericin, reserpine and valinomycin (Fig. 6A). Interestingly, the
effect of reserpine is transient while that of nigericin, valinomycin and the cyclosporin
derivative PSC 833 is proportional to the time of exposure to the test compound.
Cycloheximide has no pronounced effect on [14C]fenarimol accumulation, when applied
60 min after addition of the labeled fungicide. However, when applied 60 min prior to
addition ofthe fungicide, inhibition ofefflux activity wasobserved (data not shown).The
parent strain PAO-2 and the deletion mutants of atrC and atrD (DC-7 and DD-39,
respectively)displayasimilartransientaccumulation of[14C]fenarimol(Fig.6B).

AatrDmutantsshowdecreased secretion ofantibiotic activity
To test the hypothesis that ABC transporters can export endogenous secondary
metabolites, antibiotic activity secreted from the disruptants was studied in a bioassay
usingMicrococcus luteusas atest organism. Antibiotic activity ofAatrDstrainsproved
to be significantly lower (33 % reduction) than that of control and AatrC strains (Fig.
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7A and 7C). Inhibition zones in the bioassay disappeared when the agar was
supplemented with the enzyme penicillinase (Fig. 7B), indicating that the antibiotic
activitywasduetotheproduction ofpenicillin orrelatedantibiotics.
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Figure 6.Accumulation of [14C]fenarimolbygermlings ofAspergillus nidulans
A. Effect of cycloheximide (A),PSC 833 (•), nigericin (•), valinomycin (X),quercetin (O), and reserpine
(•) on [14C]fenarimol accumulation by germlings of strain PAO-2. Chemicals (at 100 |Xg ml"1) were
added 60min after addition of [14C]fenarimol (t=0). Controls: methanol (0.1 %,bold line),DMSO (0.1%,
+). B. Comparison ofaccumulation by germlings of strains PAO-2 (bold line),DC-7 (•) and DD-39 (•).
[14C]fenarimol was added to germlings att=0.

DISCUSSION
We have cloned and functionally characterized two novel ABC transporter-encoding
genes, named atrC and atrD, from the filamentous fungus A. nidulans. The encoded
proteinsarehighlyhomologoustopreviouslycharacterizedABC-transporterproteins from
thehumanpathogensA.flavus(AflMdrlp) andA.fumigatus(AfuMdrlp), aswellastothe
leptomycin B resistance protein Pmdlp from S.pombe (Nishi et al, 1992; Tobin et al,
1997).AtrDp is 76%identical to AfuMdrlp. Thenumber andposition of introns inatrD
and AfuMdrlp are conserved. These results suggest a close evolutionary relationship
between these two proteins. AfuMdrlp confers decreased sensitivity to the antifungal
agentcilofungin whenoverexpressedinS. cerevisiae(Tobinetal, 1997).However,AatrD
strains of A. nidulansdisplayed wild-type sensitivity to that compound. Hence, the high
degreeofprimarysequencehomologydoesnotimplyasimilarsubstrate specificity.
The basis of substrate specificity of ABC proteins is largely unknown. ABC
transporters involvedinMDRfromvarious organismscanshareasimilar setofsubstrates
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butcanvarysignificantly inprimarysequence,topologyandsize.Forinstance, the Pdr5p
proteinfromS.cerevisiaeandthehumanMDR1P-glycoproteinsharesubstrate specificity,
despiteadifference intopologyandlowsequencehomology(Kolaczkowskietal, 1996).
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Figure 7. Secreted antibiotic activity
Agar plugs taken from the center of 14-day-old colonies of Aspergillus nldulans, grown on complete
medium (CM) plates at 25 °C, were placed on agar plates seeded with Micrococcus luteus and incubated
overnight at 37 °C.A. Inhibition zones indicating antibacterial activity of control strains PAO-1 and PAO2, AatrC strains DC-2 and DC-7, and AatrD strains DD-38 and DD-39. B.Areplicate of plate A amended
with penicillinase (10units). C. The bars represent the means ofthe area of inhibition (mm2) obtained from
6 replicates. Analysis of variance and comparisons between means were applied as described by Snedecor
and Cochran (1989). Identical letters within the bars indicate no significant difference (P > 0.01) according
to Tukey's test.
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Murine Mdr3p, PfMdrlp and human MRP are all capable of transporting the a factor
pheromone in .?fe6-deficient S. cerevisiae, despite significant amino acid divergence
(Raymond et ah, 1992;Ruetz etah, 1993;Volkman etah, 1995). However, conclusions
on substrate specificity based on heterologous expression systems should be interpreted
with caution, especially with respect to MDR proteins, as it has been shown that
differences inmembrane composition can affect substrate specificity andATPase activity
of those proteins (Doige et ah, 1993; Romsicki and Sharom, 1998; Sharom, 1997).
Nevertheless, the report that the half-sized LmrAp protein from Lactococcus lactis,the
first example of a prokaryotic ABC transporter involved in MDR, can confer a typical
MDR phenotype when expressed inhuman lung fibroblast cells,confirms that functional
homology can be retained over a large evolutionary distance (Van Veen et ah, 1998).
Thus, anunderstanding of evolutionary relationships among ABC transporters mighthelp
to elucidate the origins of multidrug efflux systems, their substrate specificity and their
intrinsicphysiological functions.
Saprophytic soil fungi such as A. nidulansare constantly challenged by natural
toxins. By analogy to the proposed origins of bacterial multidrug transporters, we
hypothesize that selection pressure has triggered the evolution of protection mechanisms
based onoverproduction ofABCtransporters,whichmight originallyhavehad a function
in the transport of specific endogenous compounds {e.g. secondary metabolites) with the
abilitytoexpeldrugsbeingonlyafortuitous sideeffect (Neyfakh, 1997).
The basal level of expression ofatrCis high as compared to that of atrD,which
suggestsanintrinsicmetabolic function ofAtrCp.However,thenormal-growth phenotype
observed forAatrCstrains suggeststhattherole ofatrCisnot essential orcanperhapsbe
provided byotherABC transporters. Increased transcript levelsofboth atrCandatrDare
observed upon treatment of fungal germlings with a variety of compounds such as
cycloheximide (an antibiotic), imazalil (a fungicide), pisatin (a phytoalexin from Pisum
sativum), andreserpine(aplantindolealkaloid).ThismightindicatethatAtrCpandAtrDp
mayhave a function inprotecting the cell against awide range of toxic compounds. The
observation that compounds can simultaneously enhance levels of both atrC and atrD
transcripts suggests that both genes share similar regulatory mechanisms and even
substrates.Thisredundancy could explain, at least inpart, the finding that AatrCmutants
show no hypersensitive phenotype for any of the set of compounds tested. This has also
been demonstrated for single knock-out mutants of S.cerevisiae and C. albicanswhere
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ABC transporters with distinct but overlapping drug specificities occur, making the
assessment of the substrate profile of each protein only possible in multiple knock-out
strains(Hirataetal, 1994;Sanglardetal, 1997).
The hypersensitivity observed in the AatrDmutants to the chemically unrelated
compounds cycloheximide, the cyclosporin derivative PSC 833, nigericin and
valinomycin provides evidence that AtrDp is involved in multidrug transport. These
compounds have also been reported to be ABC-transporter substrates in other organisms
(Ambudkaretal, 1999;Kolaczkowskietal, 1998;Kuchleretal, 1989;Nishietal, 1992;
Seelig, 1998). Increased sensitivity to actinomycin D as observed inpmdV strain of S.
pombewasabsent inAatrD strains.Several factors canaccount for thisobservation. First,
anintrinsicpropertyoftheproteinitselfmayberesponsible.Second,thedifferences inthe
lipidcompositions ofthemembranesmightaffect substrate specificity asdiscussedabove.
Finally,thepresence ofadditional, asyetunknown,ABC-transporter proteins (Andradeet
al, 1999; Angermayr et al, 1999) which share actinomycin D as substrate may
compensate forthedeletion ofatrD.Thelatterhypothesis is supported bythe observation
that many ABC transporter-candidate genes are present in the expressed sequence tag
(EST)databaseofA nidulans(Roeetal, 1998).
Theimmediate increase inaccumulation of[14C]fenarimolobservedupon addition
of reserpine suggests that this compound strongly competes with this fungicide at the
substrate binding site of (a) fenarimol-efflux pump(s). The inhibitory action on
[14C]fenarimol efflux is transient, which might be due to rapid inactivation of reserpine
(e.gsequestration) ortotheelevated levelofdrug-induced efflux pumpactivity.Thelatter
hypothesisissupportedbytheobservationthatreserpine stronglyenhancestranscriptionof
atrCand,inparticular,atrD. Fenarimolalsoenhancestranscription ofatrD. Therefore our
results suggest that AtrDp plays a role in efflux of this fungicide. However, additional
pumps involved inextrusionoffenarimol mightexistas[14C]fenarimolefflux activityand
sensitivity to this compound in AatrD and control strains is similar. The cyclosporin
derivative PSC 833, nigericin and valinomycin also induces accumulation of
[14C]fenarimol, but, incontrast toreserpine,theireffect isnottransientbutproportional to
time of exposure to the drug. This indicates that these compounds interfere in a different
way with fenarimol efflux activity. The cyclosporin derivative PSC 833 is a strong
modulator of mammalian MDR1 and therefore might have the same effect on fungal
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homologs (Atadja et al., 1998). The ionophores nigericin and valinomycin may also act
indirectlyviasecondaryeffects (DeWaardand VanNistelrooy, 1987).
The decreased secretion of antibiotic activity of AatrDmutants suggests a role of
AtrDp in penicillin secretion. This is the first report on the involvement of an ABC
transporter in secretion of fungal antibiotics. In Streptomyces peucetius (Guilfoile and
Hutchinson, 1991) and S. argillaceus (Fernandez etal, 1996),the involvement ofABCtransporter proteins in secretion of endogenous antibiotics (e.g. rubicin and mithramycin,
respectively)hasalsobeendemonstrated.Thedecreaseinsecretedantibioticactivity found
for AatrD strains may be due to the elimination of secretion by AtrDp. However,
alternative explanations are possible. AtrDp could, for instance, be involved in
compartmentalization ofbiosynthetic precursors. InA. nidulans, the enzymes involved in
penicillin biosynthesis are located in three different cellular compartments (Brakhage,
1998). Thus, during the biosynthesis of penicillin several transport steps are required to
bring intermediates of the penicillin biosynthesis pathway together with the enzymes. If
these transport steps involved AtrDp, disruption of the corresponding gene would also
resultindecreasedpenicillinproduction.Furthermore,AtrDpmightalsobepartofasignal
transduction mechanism that regulates some component(s) of the penicillin secretory
machinery, similarly to the function proposed for the Ecs ABC-transporter proteins of
Bacillus subtilis (Leskela et al., 1999). Hence, further studies will be needed to
characterize the physiological function of AtrDp in relation to penicillin biosynthesis. In
addition to penicillin, A. nidulans is known to produce a variety of other secondary
metabolites such as the hazardous carcinogen sterigmatocystin, an aflatoxin precursor.
Aflatoxins aresubstratesofmammalianABCtransporters(Loeetah, 1997).Thepresence
of the consensus binding motif 5'-TCG(Ns)CGA-3' for AflRp, a transcription factor
involved in regulation of several sterigmatocystin-biosynthesis genes (Fernandes et al,
1998),inthepromoterofatrDsuggeststhatsterigmatocystinmightbeanother endogenous
substrateforABCtransportersinA.nidulans.
In summary, our results suggest that secretion of endogenous secondary
metabolites,exogenousnaturaltoxinsandxenobioticsmaybemediatedbycommonABC
transporters. This may imply that strains overexpressing multidrug transporter genes can
show various pleiotropic effects with respect to secretion of secondary metabolites. Such
changes areof interest ifthey increaseproduction ofcommercially important compounds.
However, they maypose a danger if this would also account for detrimental compounds
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suchasvirulence factors ormycotoxins.Forthesereasons,ABCtransporters inAspergilli
needfurther investigation.
EXPERIMENTAL PROCEDURES
Strains,plasmids andmedia
TheA. nidulans strains used in this study are listed in Table 2. All strains were derived
from Glasgow stocks.Standardtechniques formanipulation andgrowthwereasdescribed
by Pontecorvo and colleagues (1953). E. coli DH5oc was used as a host in plasmid
propagation.
Table2. Aspergillus nidulans strainsusedinthisstudy.
Genotype3
biAl; acrAl
biAl;pyrG89; lysB5;fwAl; uaY9
Independent monosporic transformants of WG488 with plasmid pA04-2.
Prototrophic for uridine.
DC-2 and DC-7
WG488 with a single-copy replacement of atrC by the disruption construct of
atrC(DC). Independent monosporic transformants.
DD-38 andDD-39
WG488 with a single-copy replacement of atrD by the disruption construct of
atrD{DO). Independent monosporic transformants.
*For explanation of symbols, see Clutterbuck (1993).
Strain
Wt003
WG488
PAO-1 andPAO-2

Nucleic acidsmanipulations andmolecularbiological techniques
Freshlyharvested conidia obtained from confluent platecultures ofA. nidulans, grown for
4-5daysat37 C,wereusedasinoculum source for liquidculturesatadensityof 10 ml".
Germlings harvested after 14hours of incubation at 37 °C and 200 rpm, were used for
nucleic acid isolation according to Raeder andBroda (1985) and Logemann etal.(1987).
PolyA+mRNAwaspurified from total RNAwiththeoligodex-dT™Qiagen kit (Qiagen,
Chatsworth, CA, USA). cDNA synthesis was performed using the Marathon™ cDNA
amplification kit with the Advantage® cDNA polymerase mix (Clontech, Palo Alto, Ca,
USA). The Random Primers DNA Labelling System (GIBCO BRL™, Breda, The
Netherlands) was used to generate radioactively labeled oligonucleotide probes with [oc32

P]dATP. Southern, Northern and Dot blot hybridizations were performed using

HybondN4^ (DNA) and HybondN (RNA) nylon membranes (Amersham), according to
manufacturer's instructions. Overnight hybridized blots were washed at 65 °Cwith 0.1%
SSC + 0.1%SDS solution. The pGENMZf^ and pGEM-T (Promega, Madison, Wis.)
vectors were used for cloning DNA fragments and PCR products, respectively.
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Sequencingwascarriedoutbythedideoxychain-terminationmethod(Sangeretal, 1977).
PCR reactions were performed using a Perkin-Elmer DNA thermal cycler 480 and
Amplitaq® DNA polymerase (Perkin Elmer, Branchburg, New Jersey, USA), unless
otherwise indicated. Sequences were analyzed using the DNAstar package (DNASTAR,
Inc.).

Isolation ofconserved ABCmotifs byPCR
TheapproachusedwasbasicallythesameasdescribedbyTobinet. al (1997).Degenerate
oligonucleotide primers were designed to amplify regions of the A. nidulans genome
encoding consensus ABC-transporter protein sequences similar to the human MDR1,
AureobasidiumpullulansMdrlp andS.cerevisiae Ste6p.The codon biasused for primer
design was based on the report of Lloyd and Sharp (1991). Primer aspmdr-1 (5'GCYCTCGTYGGICCCTCIGG-3') or aspmdr-3 (5'-GCYCTCGTYGGICCCAGYGG3'), encoding the amino acid sequence ALVGPSG, were used in combination with
aspmdr-2 (5'-GATRCGYTGCTTYTGICCICC-3'), the complementary strand to the one
encodingGGQKQRI.PCRreactionswereperformed atameltingtemperature of94°Cfor
30s,anannealingtemperature of60°Cfor 30s,andanextensiontemperature of72°Cfor
20sand30cycles.Reactionproductswerereamplified bytransferring 2|xloftheoriginal
reactionintoafreshPCRreactionmixandreamplifyingunderthesamePCRconditions.

Genomiclibrary
A wild-type genomic library constructed in A.EMBL3was used (Del Sorbo etal, 1997).
Positivelambdacloneswerescreenedandpurified byatleastthreerounds.
Disruption constructs
The construct for disruption of atrC was made in three steps. First, a subclone (pC7)
containing a 1.9kbPstl fragment cloned in the Pstl site of pGEM-SZf^' was restricted
withBamHlandBglll.The3.9kbDNAfragment wasusedtoclonea3.8kbBamHlinsert
from pA04-2 restricted with BamHl (De Ruiter Jacobs et al, 1989) and named pC704.
Second,anothersubclone(pC23)wasrestrictedwithBamHlanda 1.2kbBamHl fragment
was excised and ligated in the BamHl site of pC704, giving rise to a 9.0 kb construct,
codedpAOC.Thefinal transformation construct, a 5.4kbSphlDNAfragment (DC),was
obtained by restriction of pAOC with Sphl. The strategy for making the disruption
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construct ofatrDwas similar. The first step consisted of cloning a 2.8kb DNA fragment
obtained from restriction of pA04-2 with BamHl and BgM into the BamHl site of
subclone D30, which contained a 0.4kb EcoKI and BamHl insert. This construct was
named pD30O4.Inthe second step,a2.0 kbBglRfragment obtained from subclone D26
restricted with BgM was cloned in the BamHl site of pD30O4, resulting in a 8.4 kb
construct coded pAOD. Thefinaltransformation construct of 5.2 kbwas obtained bythe
restrictionofpAODwithXholandEcdSl.

Preparation ofprotoplasts and transformation
Mycelial protoplasts were prepared as described by Wernars et. al. (1985) with minor
modifications. Liquid minimal medium supplemented with 2g l"1casaminoacids, 0.5 g
l"1 yeast extract and auxotrophic markers was inoculated with 106 conidia ml"1 and
incubated overnight at 37 °C and 300 rpm in a orbital incubator for 16 hours. The
germlings were harvested through Mira-Cloth, washed twice with sterile water and
twice with STC buffer ( 1.0 M sorbitol, lOmM Tris-Cl pH 7.5, 50 mM CaCl2) and
squeezedbetweenpapertowelstoremoveexcess ofliquid.Protoplasts werereleased by
incubation of one gram of mycelium at 30 °C and 100 rpm, resuspended in 20 ml of
filter-sterilized iso-osmotic S0.8MC medium containing lytic enzymes (5 mg ml"1
Novozym 234, 0.8 M KC1,50mM CaCl2,20 mMMESpH 5.8) for about 2hours.The
protoplast solution was filtered over glass-wool, diluted (1:1) with STC buffer and
incubated on ice for 10 min. Then, protoplasts were collected by centrifugation (10
min, 0 °C, 3000 rpm) and washed twice with STC buffer. Transformation was
performed as described by Van Heemst et al. (1997) using purified DNA (3.5 ug) of
transformation constructs DCandDDdissolved insterilewater (15 JJ,1).

Toxicity assays
Sensitivity of A. nidulans strains to toxicants was determined in a radial growth test on
MM plates (De Waard and Van Nistelrooy, 1979).Benomyl and sulfomethuron methyl
were kindly provided by DuPont De Nemours (Wilmington, USA), bitertanol by Bayer
AG (Leverkusen, Germany), cilofungin by Eli Lilly and Co. (Indianapolis, USA), the
cyclosporin derivative PSC 833 by Novartis (Basel, Switzerland), fenarimol by Dow
Elanco (Greenfield, USA) and imazalil nitrate by Janssen Pharmaceuticals (Beerse,
Belgium). Pisatin was purified from pea pods (Fuchs et al, 1981). All other chemicals
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tested were purchased from Sigma Chemical Co. (Zwijndrecht, TheNetherlands). Final
concentrationsoftestchemicalsinagarwere:actinomycinD(100(Xgml"1),benomyl(1ug
ml"1), bergenin (100 ug ml"1), bitertanol (10 ug ml"1), cycloheximide (25 ug ml"1),
cyclosporin derivative PSC 833 (25 ug ml"1), chlorpromazine (25 ug ml"1),
chloramphenicol (100ugml"1),eugenol(2.5ulml"1),fenarimol (3ugml"1),genistein(100
Ugml"1),gramicidinD(10[Xg ml"1),imazalil (0.03Ugml"1),kresoxim methyl(0.3ugml"
l

), nigericin (3 |0.g ml"1), nystatin (10 Ug ml"1), 4-iutroquinoline-./V-oxide (1 Ug ml"1),

oligomycin (0.25 ug ml"1),pisatin (20 ug ml"1),quinidine (200 (j.gml"1),resveratrol (200
Ugml"1),rhodamine 6G (5 ug ml"1),triflupromazine (10 ug ml"1),tomatine (10 ugml"1),
valinomycin (3 Ugml"). These compounds were added from concentrated solutions in
methanol.Amphotericin B(25 ugml"1),brefeldin A(5 ugml"1),camptothecin (25ugml"
!

), cilofungin (0.1Ugml"1),psoralen(200Ugml"1),quercetin(200Ugml"1), sulfomethuron

methyl(100ugml"1)were addedfromconcentrated solutionsinDMSO.Acriflavin (1 ug
ml"1),ethidiumbromide (1ugml"1)andneomycin sulphate (600 ug ml"1)were dissolved
in sterilewater. Thefinal concentration ofthe solvents in alltreatments never exceeded
1%.
Accumulation of |'4C]fenarimoI
Experimentswereperformed with standard suspensions of germlings ofA. nidulans atan
initial external concentration of 30 uM [14C]fenarimol (De Waard and Van Nistelrooy,
1980).
Bioassays
A. nidulans strains were point-inoculated on agar plates containing complete medium
(CM) and incubated for 14 days at 25 °C. The strain of M. luteus (DSM-348) was
purchased from DSMZ (Braunschweig, Germany). Overnight bacterial cultures were
grownonLab-Lemco Broth(Oxoid) at30°Cand200rpm.Inbioassays,portions (50ml)
of freshly prepared sterile Lab-Lemco Agar (Oxoid) were cooled-down (45 °C), mixed
withovernightbacterial culture (1ml)andtransferred to 145mm (diameter)plates.Then,
agarplugsfromthecenter of 14-day-old colonies ofA. nidulans strains tobe tested were
placedequidistantlyontopofthebacterial platesand incubated at30°C.Inhibitionzones
weremeasuredafter 24hoursofincubation.
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Chapter 4

SUMMARY
This paper reports the functional characterization of AtrBp, an ABC transporter
from Aspergillus nidulans. AtrBp is a multidrug transporter and has affinity to
substrates belonging to all major classes of agricultural fungicides and some
natural toxic compounds. The substrate profile of AtrBp was determined by
assessing the sensitivity of deletion and overexpression mutants of atrB to several
toxicants. All mutants showed normal growth as compared to control isolates.
AatrB mutants displayed increased sensitivity to anilinopyrimidine, benzimidazole,
phenylpyrrole, phenylpyridylamine, strobilurin, and some azole fungicides.
Increased sensitivity to the natural toxic compounds camptothecin (alkaloid), the
phytoalexin resveratrol (stilbene) and the mutagen 4-nitroquinoline-/V-oxide was
also found. Overexpression mutants were less sensitive to a wide range of
chemicals. In addition to the compounds mentioned above, decreased sensitivity to
a broader range of azoles, dicarboximides, quintozene, acriflavine and rhodamine
6G was observed. Decreased sensitivity in overexpression mutants negatively
correlated with levels ofatrBexpression. Interestingly, the overexpression mutants
displayed increased sensitivity to dithiocarbamates fungicides, chlorothalonil and
the iron activated antibiotic phleomycin. Accumulation of the azole fungicide
[14C]fenarimoI by the overexpression mutants was lower as compared to the
parental isolate, demonstrating that AtrBp acts by preventing intracellular
accumulation of the toxicant. Various metabolic inhibitors increased accumulation
levels of [14C]fenarimol in the overexpression mutants to wild-type levels,
indicating that reduced accumulation of the fungicide in these mutants is due to
increased energy-dependent efflux asaresult ofhigherpumpcapacity ofAtrBp.
INTRODUCTION
Theuseof fungicides in cropproduction continues tobe essential for effective control of
plant diseases andassuranceofhigh cropyields.Recently,newclasses of fungicides have
been developed in order to meet the public demand of environmentally safer products.
These modern fungicides include the classes of anilinopyrimidines, phenoxyquinolines,
phenylpyrroles and strobilurins (Knight et ah, 1997), which are highly selective sitespecific inhibitors of the metabolism of target organisms. A disadvantage of fungicides
with a specific mode of action isthehigh risk ofresistance development (Jespers andDe
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Waard, 1993).This has been the case for the first generation of modern fungicides (e.g.
benzimidazoles,phenylamides,dicarboximides, and sterol biosynthesis inhibitors), whose
activity was significantly reduced bythe development of resistance in target populations.
Insomecases,resistancedevelopednotonlytoaspecific fungicide but alsoto structurally
and functionally unrelated compounds.Thisphenomenon, knownas multidrug resistance
(MDR), has been reported to operate in a broad range of organisms and is of major
concern in clinical medicine. Therefore, understanding the mechanisms of multidrug
resistancedevelopment isimportantforsocietyingeneral.
A common mechanism of MDR is the overexpression of energy-dependent
multidrug efflux pumps, also known as multidrug transporter proteins orP-glycoproteins
(P-gp). Overexpression of such proteins in cancer cells results in MDR to
chemotherapeutic drugs andotherhydrophobicpharmacological agents(Ambudkar et al,
1999). P-glycoproteins belong to the ubiquitous superfamily of ATP-Binding Cassette
(ABC)transporters. Besidesmultidrug transporters,the family includesproteins involved
in transmembrane transport of various substances such as ions, amino acids, peptides,
sugars, vitamins, steroid hormones, bile acids and phospholipids (Higgins, 1992, 1994;
VanHelvoortetal, 1996).
In filamentous fungi, MDRwas first reported for laboratory-generated mutants of
Aspergillusnidulansselected for resistance to azole fungicides, also described as sterol
biosynthesisinhibitors (VanTuyl, 1977).Resistancetoazolesinisogenicmutantsisbased
on an energy-dependent efflux mechanism which results in decreased accumulation of
compoundsinfungal mycelium,similarlytothephenomenon observedincancercells(De
Waardand VanNistelrooy, 1979, 1980).Thismechanismalsooperatesinplantpathogens
such as Penicilium italicum, Botrytis cinerea, Nectria haematococca,and probably
Mycosphaeaerella graminicola (De Waard et al., 1996; Joseph-Horne et al., 1996). To
date, at least five ABC transporters highly homologous to multidrug-efflux pumps from
other organisms havebeen described for A. nidulans (Andrade etal.,1999;Angermayret
al, 1999; Del Sorboetal, 1997).
Thispaperdescribesthefunctional characterization ofatrB,apreviously described
gene of A. nidulans(Del Sorbo etal, 1997). AtrBp displays a high degree of sequence
homology to BcatrBp from B. cinerea, Mgatr5p from M. graminicola, Pmrlp from
Penicillium digitatum, and Abclp from Magnaporthegrisea (Goodall et al, 1999;
Nakaune et al, 1998; Schoonbeek et al, 1999; Urban et al, 1999). A high degree of
homology also existswithABCproteins classified insub-cluster1.1fromSaccharomyces
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cerevisiae(Decottignies and Goffeau, 1997), Bfrlp from Schizosaccharomyces pombe
(Nagaoetal.,1995),andtheCdrlp and Cdr2pproteinsfromCandida albicans (Prasadet
ah, 1995;Sanglard etal, 1996, 1997).Most of theseproteins havebeen characterized as
multidrug-efflux pumps.Previously,wehavereportedthatheterologousoverexpression of
atrBinS.cerevisiaerestores wild-type sensitivity to cycloheximide, tentatively indicating
that AtrBp is also a multidrug-efflux protein. Here, we describe in detail the substrate
specificity ofthemultidrugtransporterAtrBp byphenotype characterization ofknock-out
and overexpression mutants of A. nidulanswith respect to fungicide sensitivity. AatrB
strainsdisplayincreased sensitivityto severalclassesoffungicides and somenaturaltoxic
compounds.atrBoverexpression mutantsarelesssensitivetoawiderange ofcompounds.
Interestingly, these overexpression mutants display at the same time increased sensitivity
to some conventional fungicides and phleomycin, an iron-activated antibiotic. These
results clearly indicate thatAtrBp isamultidrug transporter involved inprotection against
naturaltoxinsandxenobioticsandmightplayaroleinironmetabolism.

RESULTS
Generation of AatrBmutants
To characterize the substrate specificity of AtrBp and its role in MDR, we have
generated deletion mutants by replacing themajor partofthecodingregion ofatrB with
theorotidine-5'-phosphate decarboxylase(pyrG) encoding-geneofA. oryzae. Theuridineauxotrophic strain WG488 of A. nidulans was used as the recipient strain for
transformation and selection of transformants was based on uridine prototrophy. The use
oftheheterologous selectable marker ofA. oryzaeminimizes the chance of integration of
the construct at the pyrG locus of A. nidulans. The schematic representation of the
disruption strategyusedisgiveninFig. 1(a).Southernblotanalysisconfirmed replacement
ofthewild-typealleleofatrBinallmutantstested (Fig. lb).The replacement oftheatrB
locus was confirmed bythe expected shift in size of the restriction fragments when the
blots were hybridized with probe Bl (left panel).When the same blots were hybridized
withprobeB2,asmallerhybridizing fragment ascomparedtothewild-type locus(Lane
1, right panel) was expected to occur (Lanes 2-9). However, in some of the mutants
(Lanes2,3and6)arestriction fragment ofthesame sizeasthewild-type locus(Lane 1)
was stillpresent and indicated that these mutants areheterokaryons. For further analysis
twoindependentmutantsDB5(Fig. lb;lane4)andDB21(Fig. lb;lane9)wereselected.
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Figure 1.Generation of deletion mutants oftheAspergillus nidulansatrBgene
(a) Schematic representation ofthe wild-type atrB locus, disruption construct, and knock-out
locus ofatrB. Horizontal lines labeled Bl andB2indicate therestriction fragments used as
probesinSouthern analysis, (b) Southernblot analysis wasperformed withgenomic DNA from
the recipient strain WG488 used fortransformation (Lane 1)and eight putative AatrB isolates
(Lanes 2-9).Genomic DNAof WG488, and DB isolates was restricted with Bglll and
hybridized with probes Bl andB2 (left andright panels, respectively), (c) Northern blot
analysis ofRNA isolated from germlings treated with cycloheximide (20 |Xgml"1) for60 min.
The lanes represent the control strains PAO-1 (Lane 1)and PAO-2 (Lane 2)transformed with
the pAO-2 vector containing thepyrG gene ofA. oryzae and the AatrB strains DB5 (Lane3)
and DB21 (Lane 4).Theupper panel shows the result ofa hybridization with the gene-specific
probe D15 ofatrB (Del Sorbo etai, 1997). The middle panel show the same blot hybridized
withthe gene-specific probe GspDofatrDandthebottom panel with actin asloadingcontrols.
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Northern blot analysis was carried out with total RNA isolated from germlings
treatedwithcycloheximide,astronginducerofatrBtranscript levels.Thistreatment did
not reveal any signal of mRNA from atrB in the AatrB mutants, whereas transcript
levels oiatrD werethe same in all strains tested (Fig. lc). These observations confirm
thatatrBwasfunctionally deleted.
Generation ofoverexpression mutantsofatrB
Generation of mutants with increased copy number of atrB was achieved by
transformation ofstrainWG488withconstruct pOB,which contains a genomic copyof
atrB comprising the coding region plus the 5' and 3'untranslated regions (UTR). This
construct was cloned inthe pPL6 vector (Oakley etah, 1987),which containsXhspyrG
from A. nidulans. A schematic representation of the transformation construct coded
pOB is presented in Fig. 2(a). After selection of transformants based on uridine
prototrophy, sensitivity to camptothecin was tested. This compound was selected
because AatrBmutants displayed a strong increase in sensitivity to this compound as
compared to control isolates (Fig. 2c, left panel). Therefore, increase in the copy
number of atrB should lead to decreased sensitivity to camptothecin. Using this
screening procedure, we isolated mutants with different levels of resistance to
camptothecin, as compared to the control isolates (data not shown).Wepostulated that
this differential degree of resistance could be due to different copy number of atrB.To
investigate this assumption, mutants displaying different levels (low, intermediate and
high) of resistance to camptothecin were selected for further characterization (OB7,
OB16 and OB35, respectively). Southern blot analysis confirmed an increase in atrB
copynumber inall strainstested (datanot shown) andNorthern blot analysis confirmed
that sensitivity to camptothecin in the different overexpression mutants was negatively
correlated with levels ofatrBtranscription (Fig.2band rightpanel of2c).
Phenotype characterization
TwoindependentmonosporestrainsofAatrB,DB5andDB21wereselected forphenotype
characterizationwithrespecttosensitivitytofungicides andothertoxicants.StrainsPAO-1
and PAO-2,transformed with a construct containing thepyrG from A. oryzaeonly, were
used ascontrols.Thedeletion mutants grew normally andnodifferences inradial growth
rateswereobserved.AradialgrowthtoxicitytestwasusedtoevaluatetheroleofAtrBpin
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drag sensitivity. The activity of 50 compounds (see Experimental procedures) was tested.
AatrB mutants displayed increased sensitivity to the fungicides azoxystrobin,
camptothecin, carbendazim, cyprodinil, fenpiclonil, fludioxonil, fluazinam, ketoconazole,
kresoxim-methyl, 4-nitroquinoline oxide, prochloraz, propiconazole, resveratrol,
thiabendazole, trifloxystrobin, when compared to the control isolates tested (Fig. 3a,
Tables 1 and 2). AatrB mutants did not display increased sensitivity to cycloheximide,
although we have shown previously that atrB was able to confer decreased sensitivity to
this compound when overexpressed inyeast cells (Del Sorbo etal, 1997).
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Figure2.Generation ofoverexpression mutants oftheAspergillus nidulansatrBgene
(a) Schematic representation ofthe pOB construct used for transformation. Restriction sites are
indicated in italics, (b) Northern blot analysis of RNA isolated from untreated germlings of A.
nidulans after different exposure times of blots. The lanes contain RNA samples obtained from
the control strains PPL6-1 (Lane 1)and PPL6-2 (Lane 2) and the atrB overexpression mutants
OB7 (Lane 3), OB16 (Lane 4), OB18 (Lane 5), OB30 (Lane 6), OB35 (Lane 7) and OB44
(Lane 8).Bottom panel: loading control (ethidiumbromide stainedblot). (c)Altered sensitivity
to camptothecin displayed by atrBdeletion (DB-5 and DB-21)and overexpression (OB-7,OB16andOB-35)mutants ascomparedto control strains(PAO and PPL6-1, respectively).
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Sensitivity ofthe overexpression mutants OB7,OB16and OB35tothe sameset
of compounds described above was also determined. Strain PPL6-1 transformed with
the pPL6 construct was used as control strain. The overexpression mutants displayed
decreased sensitivity to awide range of compounds (Tables 1and 2). Furthermore, the
degree of decreased sensitivity to these compounds was positively correlated with the
level ofatrBexpression (Fig. 3b,Tables 1and 2).Most interestingly, we also observed
that the overexpression mutants displayed increased sensitivity to compounds such as
chlorothalonil, ferbam, thiram, and phleomycin. The increased sensitivity was
negativelycorrelated withthelevelofatrBexpression (Fig.3c,Tables 1 and2).
AtrBpcausesenergy-dependentefflux of[14C]fenarimol
In genetically defined MDR mutants of A. nidulans,resistance to the azole fungicide
fenarimol is based on increased energy-dependent efflux activity which results in
decreased cytoplasmic drug accumulation (De Waard and Van Nistelrooy, 1979, 1980).
We could not find any significant difference in [14C]fenarimol accumulation between the
controlPAOandtheAatrB strains(Fig.4a).However, initial [14C]fenarimolaccumulation
inatrBoverexpressionmutantswaslowerthanincontrolPPL6-1strain(Fig.4b).Inradial
growthtests,mutantsoverexpressingatrBhaddecreasedsensitivityto fenarimol.
We also confirmed that the efflux mechanism operating in the overexpression
mutant OB35, as inthe control strain PPL6-1, was energy-dependent. This conclusion is
based on results of experiments in which the effect of respiratory inhibitors (oligomycin
and CCCP) and an inhibitor of membrane ATPases (ortAo-vanadate) on accumulation of
[14C]fenarimol wastested. Addition ofthese compounds instantly increased accumulation
of [14C]fenarimol (Fig. 4c). This effect is ascribed to inhibition of energy-dependent
[14C]fenarimol efflux activity as reported previously (De Waard and Van Nistelrooy,
1980).Inthesameway,wehave checkedthepotencyoftwosubstrates (kresoxim-methyl
and iprodione) of AtrBp, to competitively inhibit the efflux of [14C]fenarimol. These
compounds also stimulate the accumulation of [14C]fenarimol. The inhibitory activity of
iprodioneseemstobetransientintime(Fig. 4d).
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Table 1. Sensitivity of deletion (DB5 and DB21) and overexpression mutants (OB7,
OB16 and OB35) of atrB in Aspergillus nidulans to fungicides and antimycotics in
radial growth tests.
Fungicides and
antimycotics
Azoles
Fenarimol
Imazalil
Itraconazole
Ketoconazole
Miconazole
Prochloraz
Propiconazole
Anilinopyrimidines
Cyprodinil
Pyrimethanil
Aromatic hydrocarbons
Na-o-phenylphenate
Quintozene
Benzimidazoles
Carbendazim
Thiabendazole
Dicarboximides
Iprodione
Vinclozolin
Dithiocarbamates
Ferbam
Thiram
Phenylpyrroles
Fenpiclonil
Fludioxonil
Phenylpyridylamines
Fluazinam
Strobilurins
Azoxystrobin
Kresoxim-methyl
Trifloxystrobin
Polyene antibiotics
Amphotericin B
Nystatin
Miscellaneous
Cilofungin
Chlorothalonil

EC50Pao*
(mgl 1 )

EC50Ppl6*
Qsot
1
AatrB -(mgl" )

Qsot
OB7

OB16

OB35

2.32
0.04
0.05
0.12
0.36
0.08
1.23

0.97
0.92
0.94
0.71 J
1.03
0.72}
0.63 }

2.89
0.05
0.05
0.07
0.33
0.06
1.45

1.46
1.00
0.91
1.08
1.42
1.41}
1.00

1.81
1.19
0.98
1.27
1.74
>10}
1.34}

2.34}
1.66}
1.00
1.93}
3.51 }
>100}
2.28}

0.03
0.18

0.45 X
0.92

0.02
0.20

1.60}
1.00

3.14}
1.26

4.16}
1.50}

12.41
7.42

1.02
0.94

12.67
6.73

0.95
1.00

0.95
1.50

0.91
6.33}

0.22
1.99

0.86J
0.93

0.23
1.78

1.23}
1.15}

1.77}
1.51 }

1.88}
2.21 }

2.93
4.92

0.95
0.96

2.64
5.78

1.00
1.00

1.24
1.28}

1.79}
1.67}

31.21
25.41

0.93
1.00

29.17
28.78

1.00
0.93

0.96
0.88

0.74}
0.55}

0.15
0.10

0.87 X
0.49 X

0.15
0.10

1.50
1.67}

1.85}
3.74}

5.62}
6.00}

0.20

0.33J

0.13

1.00

1.37}

1.72}

0.04
0.05
0.002

0.49}
0.73}
0.59}

0.02
0.04
0.002

1.60}
1.42}
1.00

2.07}
2.48}
3.55}

7.13}
7.42}
5.57}

58.0
13.1

0.86
0.76

52.8
17.6

0.86
1.00

0.87
0.84

0.79
0.58}

0.02
1.68

1.02
1.35

0.02
1.46

0.92
1.07

1.07
0.86

1.09
0.12}

*Control strains
t Degree ofsensitivity expressed asEC50mutant/EC5ocontrol strain.
} Meanvalues ofcolony sizeofcontrol strainsandmutants growing onagar amended with
fungicides around EC50concentrations (seeexp.procedures) are statistically different according
toTukey'stest (PO.05).
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DISCUSSION
Wehave shown that deletion and overexpression mutants of atrBinA. nidulansdisplay
differential sensitivityto structurally unrelated compounds.These results indicate thatthe
ABC transporter AtrBp is a multidrug transporter and accepts these compounds as
substrates. We propose that the reduced intracellular accumulation of [14C]fenarimol in
overexpressionmutantsofatrBandthedecreased sensitivitytofenarimol canbeexplained
byincreasedefflux activityofthe fungicide.
Table 2. Sensitivity of deletion (DB5 and DB21) and overexpression mutants (OB7,
OB16 and OB35) of atrB in Aspergillus nidulans to natural toxic products and
miscellaneous compounds inradial growthtests.
Compounds

Antibiotics
Cycloheximide
Phleomycin
Ionophores
Nigericin
Miscellaneous
Acriflavine
4-NQO
Rhodamine 6G
CCCP
Plantcompounds
Camptothecin
Eugenol
Resveratrol

EC50Pao*
(mgl"1)

Q50t

63.8
31.1

1.07
1.04

3.3

EC50Ppl6*
-(mgl- 1 )

Qsot
OB7

OB16

OB35

71.9
28.3

0.91
0.71

1.00
0.56 X

0.91
0.35}

1.01

3.2

1.01

1.02

1.01

1.95
1.65
4.74
0.40

0.80
0.69
0.90
0.76

1.43
1.50
4.35
0.32

1.16
0.97
1.06
1.12

2.78}
1.60 j
1.20
1.23

6.07}
1.67}
2.24}
1.24}

65.3
140
-§

0.24 }
0.80

66.7
170
-§

-§
0.92
-§

-§
0.95
-§

-§
1.00
-§

AatrB

<lt

*Controlstrains
t DegreeofsensitivityexpressedasEC50mutant/EC50controlstrain.
}Meanvaluesofcolonysizeofcontrolstrainsandmutantsgrowingonagaramendedwith
fungicides aroundEC50concentrations(seemethods)arestatisticallydifferent accordingto
Tukey'stest(P<0.05).
§EC50 valuesforthemutantsareabovesolubilitylevelofthecompoundandcouldnotbe
accuratelydetermined.
Deletion strains of atrB displayed increased sensitivity to different classes of
agricultural fungicides: cyprodinil (anilinopyrimidine), ketoconazole, prochloraz and
propiconazole (azoles), carbendazim (benzimidazole), fenpiclonil and fludioxonil
(phenylpyrroles), fluazinam (phenylpyridilamine) and azoxystrobin, kresoxim-methyl
and trifloxystrobin (strobilurins). Increased sensitivity was also observed for other
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compounds such as 4-nitroquinoline-A^-oxide (mutagen), camptothecin (plant alkaloid),
and the phytoalexin resveratrol (stilbene). These results indicate that these compounds
aresubstratesofAtrBp.
AnalogoustoABCtransporters of yeast (Kolaczkowski etal., 1998;Sanglard et
al, 1996;Sanglard etal, 1997),ABC transporters ofA. nidulans may have distinct but
overlapping substrate specificities. This makes it difficult to assess the substrate profile
of an ABC protein using single knock-out mutants. To overcome this problem, the
sensitivity of overexpression mutants to toxicants was also determined. This approach
led to the characterization of additional substrates, such as fenarimol, imazalil and
miconazole (azoles), pyrimethanil (anilinopyrimidine), iprodione and vinchlozolin
(dicarboximides), quintozene (aromatic fungicides), acriflavine and rhodamine 6G. In
all cases,an inverse correlation between levels ofatrBexpression inthe overexpression
mutants and sensitivitytotoxicantswas established. These resultsprovide evidencethat
AtrBppump activity isresponsible for the decreased sensitivity totoxicants. Theresults
also imply that the use of overexpression mutants avoids or minimizes the problem of
redundancy of ABC transporters in characterization of the substrate specificity of
AtrBp.Phenotype characterization ofmultiple deletion mutants isanother approach that
can be used to minimize the problem of redundancy. This approach was used to
characterize the drug-resistance profile of the major ABC transporters of the PDR
network from S. cerevisae (Kolaczkowski et al, 1998). The sensitivity of isogenic S.
cerevisaestrains deletedinPDR5,SNQ2,or YOR1,andmultipleknock-outs in different
combinations was tested to 349 toxic compounds. Several fungicides, similar to the
onesused inour study,appeared tobeABC-transporter substrates inthat organism.
The transient accumulation of [14C]fenarimol in the AatrBmutants and control
strains is similar. In contrast, the overexpression mutants have a lower initial level of
[ C]fenarimol accumulation. These results indicate that AtrBp can act as a fenarimol
efflux pump. However, results also suggest that A. nidulanshas (an) additional efflux
pump(s) accepting fenarimol assubstrate.InAatrBmutants,suchadditional efflux pumps
maycompensate for the absence ofAtrBp, resulting in similar patterns of [14C]fenarimol
accumulation. Such compensating efflux pumps are still unknown but it might be one of
the many ABC-transporter-candidate genes present in the expressed sequence tag (EST)
databaseofA. nidulans (Roeetal., 1998).
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Restoration of wild-type levels of [ C]fenarimol accumulation in the
overexpression mutant OB35 after addition of the respiratory inhibitors (CCCP and
oligomycin) and aninhibitor ofmembrane ATPases (ort/jo-vanadate), demonstrates that
the [' CJfenarimol efflux is energy-dependent. This maybe dueto a direct effect ofthe
inhibitor on the AtrB protein (vanadate), an effect on ATP synthesis in mitochondria
(CCCP, oligomycin), and indirectly via dissipation of the proton-motive force (CCCP).
Furthermore, identified substrates in the toxicity assays such as kresoxim-methyl and
iprodione, also stimulate accumulation of [ C]fenarimol, suggesting that these
compounds arecompetitive inhibitors of [14C]fenarimolefflux. Interestingly, a different
pattern of inhibition for the two compounds was observed. First, the iprodione
concentration (300 u.M)required to increase [14C]fenarimolaccumulation wasten times
higher than the oneused for fenarimol (30 \\M). Kresoxim-methyl showed this effect at
equimolar concentrations (30 \\M). This suggests that AtrBp has a higher affinity for
kresoxim-methyl than for iprodione. Altered sensitivity to iprodione was only detected
in the overexpression mutants whilst altered sensitivity to kresoxim-methyl was
detected inboth deletion and overexpression mutants ofatrB.These results also suggest
thatAtrBphasarelativehigh-affinity to kresoxim-methyl.
Similarly to the yeast ABC-transporter proteins of sub-cluster 1.1(Decottignies
and Goffeau, 1997),AtrBp has the (NBF-TMD)2 configuration. The majority of ABC
transporters involved in MDR from yeast, such as Pdr5p, Snq2p and Pdrl2p are
grouped in this sub-cluster. Genes encoding proteins with very high homology to AtrBp
have been described for at least two important plant pathogens, B. cinerea and M.
graminicola (Goodall etal, 1999; Schoonbeek etal, 1999).A BLAST analysis with the
AtrBp sequence reveals that BcatrBp from B. cinereais its closest homologue with an
overall identity of 70%.Most interestingly, thepredicted transmembrane domains ofboth
proteins are also highly conserved. This suggest that BcatrBp from B. cinereamay have
similarsubstratesasAtrBpfromA. nidulans.
Wild-type sensitivity to cycloheximide was restored to the PZ)^?5-deficient
strain, upon transformation with the cDNA of atrB in ahigh-copy-number vector (Del
Sorbo etal, 1997).Inthepresent work, neither AatrBnor overexpression mutants of A.
nidulans displayed altered sensitivity to cycloheximide as compared to the control
strains.Ithasbeen demonstrated for thehuman MDR1protein that lipid composition of
membranes can affect its substrate specificity and ATPase activity (Doige et al., 1993;
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Romsicki and

Sharom, 1998; Sharom, 1997). Hence, differences in membrane

composition of yeast as compared toA. nidulans could explain these results.
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Fig.4.Accumulation of [ C]fenarimol bygermlings ofAspergillusnidulans
Accumulation of [14C]fenarimol (30 uM) by control strains PAO (bold line) and AatrB mutants
(x). (b) Accumulation of [14C]fenarimol by control strain PPL6-1 ( O ) and the atrB
overexpression mutants OB7 (+), OB16 (X) and OB35 (•). (c) Effect of CCCP (a, • ) ,
oligomycin (A,• ) and sodium ortho-vanadate («•, •) on [14C]fenarimol accumulation by control
strain PPL6-1 (open symbols) and the atrB overexpression mutant OB35 (filled symbols).
CCCP (30 uM), oligomycin (30 uM) and sodium ortho-vanadate (30 mM) added 60 min after
addition of [14C]fenarimol (t=0). Controls: methanol (0.1 %; O, • ) . (d) Effect of kresoximmethyl (A,A) and iprodione (a,• ) on [14C]fenarimol accumulation by germlings of the control
strain PPL6-1 (open symbols) and the atrB overexpression mutant OB35 (filled symbols).
Kresoxim-methyl (30 uM) and iprodione (300 uM) added 60 min after addition of
[14C]fenarimol (t=0).Controls:methanol(0.1%; o,«).
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Most interestingly, the overexpression mutants of atrB displayed increased
sensitivity to dithiocarbamates fungicides, chlorothalonil and the iron-activated
antibiotic phleomycin. The increase in sensitivity of the overexpression mutants
negatively correlated with the levels of atrB expression in the different mutants. We
hypothesize that the explanation for the increased sensitivity displayed by the
overexpression mutants couldrelatetoironmetabolism, asthetoxicityofphleomycin is
directly correlated with intracellular iron contents (Haas et al., 1999). Therefore, it
mightbethatatrBisalsoinvolved inironuptakeorsecretion of siderophores.
A better understanding of the role of AtrBp in sensitivity and resistance to
toxicants may elucidate additional functions of AtrBp. This is of general relevance,
since it might help to design strategies to overcome MDR in practice. This is already
exemplified by our observation that dithiocarbamate fungicides and other compounds
showed increased activity against overexpression mutants of atrB, with an MDR
phenotype.
EXPERIMENTAL PROCEDURES
Strains,plasmids,andmedia
The A. nidulansstrains and plasmids used in this study are listed in Table 3.All strains
werederivedfrom Glasgow stocks.Standardtechniquesformanipulation andgrowthwere
as described by Pontecorvo et al. (1953). E. coliDH5ot was used as a host in plasmid
propagation.

Nucleicacidmanipulations andmolecularbiologicaltechniques
Freshlyharvested conidiaobtained from confluent plateculturesofA. nidulans, grown for
4-5 days at 37 °C, were used as inoculum source for liquid cultures at a density of 107
conidia ml"1. Germlings harvested after 14 hours of incubation at 37 °C were used for
nucleic acid isolation according to Raeder & Broda (1985) and Logemann et al.(1987).
The Random Primers DNA Labelling System (GIBCO BRL™) was used to generate
radioactively labeled oligonucleotide probes with [oc-32P]dATP. Southern, Northern and
dot blot hybridizations were performed using HybondNT (DNA) and HybondN (RNA)
nylon membranes (Amersham), according to manufacturer's instructions. Overnight
hybridized blotswerewashed at65°Cwith 0.1% SSC+0.1% SDSsolution. ThepGEM3Zf(+) and pGEM-T (Promega) vectors were used for cloning DNA fragments and PCR
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products, respectively. Sequencing was carried out by the dideoxy chain-termination
method (Sanger et al., 1977). PCR reactions were performed using a Perkin-Elmer DNA
thermal cycler 480 and Expand™ High Fidelity PCR kit (Boehringer Mannheim GmbH).
Sequences were analyzed using the DNAstar package (DNASTAR).

Table 3. Aspergillus nidulans strains and plasmids used in this study.
a. Strains
WG488
PAO-1andPAO-2
DB5andDB21
PPL6-1
OB7,OB16 and
OB35
b. Plasmids
PGEM-3Zi<+)
pGEM-T
pD15
pSF5
pGspD
pA04-2
pPL6
pTB
pAOB
pOB

Genotype*
MAl;pyrG89; lysB5;fwAl; uaY9
Independent monosporictransformants ofWG488withplasmid pA042.Prototrophic for uridine.
WG488 with a single-copy replacement of atrB by the disruption
construct DB.Independent monosporic transformants.
Monosporic transformants of WG488 with plasmid pPL6. Prototrophic
for uridine.
Independent monosporic transformants of WG488 with plasmid pOB.
Prototrophic for uridine.
Reference or source
Relevant characteristicsf
E.colicloningvector
Promega
E.colicloningvector
Promega
Subclone containing atrB gene-specific
DdSorbo etal., 1997
probe
gamma-actin of A. nidulans cloned in
Fidel etal, 1988
pUC19
Subclone containing atrD gene-specific
Andrade etal.,inpress
probe
pyrG of A. oryzaecloned inpUC19
De Ruiter-Jacobs et al,
1989
pyrG ofA. nidulanscloned inpUC19
Oakley etal, 1987
atrBcloned inpGEM-T
This study
pyrG of A. oryzae cloned in BamHl site of
This study
pTB
atrBcloned inEcoRl siteofpPL6
This study

*For explanation of symbols, seeClutterbuck (1993).
t Seemethods for detailedinformation oncloningprocedures.
Disruption constructs
Primers for amplification of the atrB locus were designed in the 5' and 3' UTR
(untranslated regions). Artificial EcoRl sites were included in the primers to allow further
subcloning

of

the

PCR

product.

Primer

sequences

were

5'-

CGTGAATTCCTGGATGGTTCAGCTTA-3' and 5'-TAAGAATTCTTCAAGTTCGTCGAAGACG3'. A 5.2 kb amplified PCR product using the lambda clone an2 (Del Sorbo et al., 1997) as
template DNA, was cloned in pGEM-T and coded pTB. This clone was checked by
restriction analysis and sequencing. Furthermore, the 8.0 kbpTB clone was restricted with
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BamHland a5.15kb DNA fragment wasusedtoclonethepyrGfromA. oryzae as a 3.8
kbBamHlinsertfrompA04-2restrictedwithBamHl(DeRuiter-Jacobsetal.,1989).This
construct was coded pAOB. The final transformation construct, a 5.95 kb EcoKIDNA
fragment(DB), was obtained by restriction of pAOB with EcoRI.For generation of the
control strains, the pA04-2 clone was used for transformation (De Ruiter-Jacobs et al,
1989).

Overexpression constructs
The overexpression construct was made by restriction of pTB with EcoKIand a 5.2 kb
DNA fragment containing the whole atrB locus was cloned in the EcoKI site of pPL6
(Oakley et al, 1987). The resulting 9.4 kb vector, coded pOB, was used for
transformation. Thecontrol strains(PPL6)were obtainedbytransformation withthepPL6
vector.

Preparation ofprotoplastsand transformation
Mycelial protoplasts were prepared as described by (Wernars et al, 1985) with minor
modifications. Liquid minimal medium supplemented with 2 g casamino acids 1" , 0.5 g
yeast extract l"1 and auxotrophic markers was inoculated with 106 conidia ml"' and
incubated overnight at 37 °C and 300 r.p.m. in a orbital incubator for 16 hours. The
germlings were harvested through Mira-Cloth,washed twice with sterile water and twice
with STC buffer ( 1.0 M sorbitol, 10mM Tris-Cl pH 7.5, 50 mM CaCl2) and squeezed
between paper towels toremove excessof liquid.Protoplasts were releasedby incubation
of onegramofmycelium at30°Cand 100r.p.m.,resuspended in20mlof filter-sterilized
iso-osmotic S0.8MC medium containing lytic enzymes (5 mgNovozym 234 ml"1,0.8M
KC1, 50 mM CaCl2, 20 mM MES pH 5.8) for about 2 hours. The protoplast suspension
wasfiltered overglass-wool,diluted (1:1,v/v)withSTCbuffer andincubated onicefor10
min. Then, protoplasts were collected by centrifugation (10 min, 0 °C,3000 r.p.m.) and
washed twice with STC buffer. Transformation was performed as described by Van
Heemst etal.(1997) using purified DNA of transformation constructs DB (3.5 ug) and
pOB(5.0\ig) dissolved insterilewater(15 (J.1).
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Toxicityassays
Sensitivity of A. nidulansstrains to toxicants was determined by measuring theirEC50
values for inhibition of radial growth on MM plates (De Waard and Van Nistelrooy,
1979). Mycelial agar plugs of an overnight-grown confluent plate of each strain were
placed upside down on minimal medium (MM) plates amended with fungicides at
different concentration of the compounds. Radial growth was assessed after 3 days
incubation, at 37 C. Carbendazim and sulfomethurom methyl were kindly provided by
DuPont DeNemours, cilofungin byEli Lilly, fenpiclonil, fludioxonil and trifloxystrobin
byNovartis,kresoxim-methyl by BASF, fenarimol byDow Elanco and imazalil nitrate
and ketoconazole by Janssen Pharmaceuticals. All other chemicals tested were
purchased from Sigma Chemical. For statistical analysis a radial growth test was
performed in four replicates, atone concentration around the determined EC50valueof
thecompounds for thecontrol strains.Theseconcentrations were:azoxystrobin(0.05 |Xg
ml"1),carbendazim (0.3(Xg ml"1),cycloheximide (50 (Xg ml"1),cyprodinil (0.03 (Xg ml"1),
eugenol (100 ug ml"1), fenarimol (3 ug ml"1), fenpiclonil (0.3 ug ml"1), fluazinam (0.3
ugml"1),fludioxonil (0.1 (Xgml"1),imazalil nitrate (0.05 ugml"1),iprodione (5 ugml"1),
itraconazole (0.05 ug ml"1),kresoxim-methyl (0.05 ug ml"1),miconazole (0.5 ug ml"1),
nigericin (3 ug ml"1), Na-o-phenylphenate (15 ug ml"1), nystatin (10 |0.g ml"1), 4nitroquinoline-A^-oxide (1 Ugml"1),phleomycin (30 Ugml"1),prochloraz (0.1 ugml"1),
propiconazole (1 fig ml"1), pyrimethanil (0.3 ug ml"1), quintozene (10 ug ml"1),
resveratrol (300 ug ml"1), rhodamine 6G (5 Ug ml"1), thiabendazole (3 ug ml"1),
trifloxystrobin (0.01 |Xgml"1).The compounds were added from concentrated solutions
in methanol. Amphotericin B (30 |Xgml"1), camptothecin (10 (Xg ml"1), cilofungin (0.03
|Xg ml"1), chlorothalonil (3.0 |Xg ml"1), ferbam (30 (J,gml"1), and thiram (30 (Xg ml"1),
were added from concentrated solutions in DMSO. Acriflavine (3 (Xg ml"1) was
dissolved in sterile water. The final concentration of the solvents in the agar was the
same for all treatments and never exceeded 1%. Analysis of variance from two
independent experiments was applied as described by Snedecor and Cochran (1989).
Significant differences were obtained by comparing the mean values of colony size of
control strains andmutantsusingTukey's test (PO.05).
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Accumulationof[I4C]fenarimol
Experiments wereperformed with standard suspensions ofgermlingsofA. nidulans atan
initialexternalconcentration of30uM [14C]fenarimol,asdescribedbefore (DeWaardand
VanNistelrooy, 1980).
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SUMMARY
We have determined the expression pattern of eight different ABC-transporter
(Atr)encoding genesfromAspergillusnidulansthatdisplay high primary sequence
homology to multidrug transporter proteins from other organisms. Transcription
of all eight atr genes was studied in wild-type and multidrug resistant MDR(ima)
mutants. Five (atrA-Dand atrCi) have been characterized previously and three atr
candidate genes were selected from the expressed sequence tags (EST) database of
A. nidulans.Selection of the EST clones was based on sequence homology to ABC
proteins known to transport azoles. They were designated atrE-G and the full
cDNA sequence of atrE is presented. imaB mutants of A. nidulans possess an
increased energy-dependent efflux mechanism that prevents intracellular
accumulation of fungicides and results in multidrug resistance to a range of
compounds among which azole fungicides. The imaB mutation enhances
transcription of several atr genes and this strongly suggests a mutation in a
regulatory gene. Increased fenarimol efflux and decreased sensitivity to azole
fungicides is also observed for an atrB overexpression mutant (OB35). However,
fenarimol accumulation in imaB mutants is significantly lower than in OB35
indicating that theincreased fenarimol efflux activity inimaBmutants isprobably a
concertedactionofseveraloverproducedAtrproteins,whichmaybeAtrD-G.

INTRODUCTION
Antifungal sterol biosynthesis inhibitors are widely used in crop protection and clinical
medicine. Major classes of sterol biosynthesis inhibitors are azoles (imidazoles and
triazoles) and azole-related compounds (pyridines and pyrimidines). Azoles are sitespecific inhibitors of either cytochrome P450-dependent lanosterol (yeasts) or eburicol
(filamentous fungi) 14oc-demethylaseactivity(VandenBossche, 1995).Inhibitionofsterol
demethylase activity results in depletion of ergosterol and accumulation of toxic sterol
synthesisintermediates.Botheffects causemalfunctioning ofcellmembranes andarrestof
fungal growth.Fungicideswithaspecific modeofactioncanhaveahighriskofresistance
development. This also applies to azole fungicides. Sincetheir introduction, various cases
of resistance development in either plant or mammalian pathogens have been reported
(Denning et al., 1997; Knight et al., 1997; Vanden Bossche et al., 1998; White et al.,
1998).
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The major mechanisms ofazole resistance in fungi are decreased affinity of the
target enzyme sterol demethylase for the compounds and reduced accumulation of the
compounds inthe fungus (DeWaard, 1994;White etal, 1998).Resistanceinmutantsof
Aspergillusnidulans selectedunderlaboratoryconditions forresistancetoazole fungicides
is due to decreased accumulation of these compounds. These mutants have a multidrug
resistance (MDR) phenotype (Van Tuyl, 1977). MDR is the term used to describe the
ability of cells to display cross-resistance to structurally unrelated compounds, after
being selected for resistance to a single cytotoxic drug. This phenomenon has been
reported toalso operate inmalignant cancer cells(Ambudkaretal.,1999)and inabroad
range of organisms, including causal agents of human diseases and is, therefore, of
major concern in clinical medicine. The reduced accumulation of azoles in MDR
mutants ofA. nidulans isbased onanincreased energy-dependent efflux mechanism. (De
WaardandVanNistelrooy, 1979, 1980).Thismechanismalsooperates inplantpathogens
such as Penicilium italicum, Botrytis cinerea, Nectria haematoccoca,and probably
Mycosphaeaerellagraminicola(DeWaardetal, 1996;Joseph-Horneetal.,1996).Alsoin
the human pathogen Candida albicans,a similar mechanism has been reported (Ryley,
1984). In most instances, the increased energy-dependent efflux is due to
overexpression of multidrug-efflux pumps, which drive the transport of the toxicants
from theplasmamembranes tothe outer environment.
The major drug efflux pumps identified in microorganisms with affinity to azole
antifungals belong tothe ATP-Binding Cassette (ABC) and the Major Facilator (MFS)
superfamilies ofproteins. Inyeasts, examples of MFStransporters involved inresistance
to azoles are FLR1fromSaccharomyces cerevisiae (Alarco et al., 1997) and CaMDRl
from C. albicans (Fling et al., 1991), respectively. The ABC family of proteins
represents the largest class of transporters known to date (Bauer et al., 1999). Besides
multidrug transporters, the family includesproteins involved inmembrane translocation
of various substances such as ions, amino acids, peptides, sugars, vitamins, steroid
hormones,bileacidsandphospholipids (Higgins, 1992, 1994;VanHelvoort etal.,1996).
Analysis ofthe complete genome sequence ofS.cerevisiae revealed 29 ABC-transporter
encoding genesofwhich at least three (PDR5, SNQ2and YOR1) havebeen charcaterized
asazoleefflux-pumps. (Decottigniesand Goffeau, 1997; Kolaczkowskietal.,1998).InC.
albicans, CdrlpandCdr2pareABCtransportersinvolvedinresistancetoazoles(Prasadet
ah, 1995;Sanglard etal., 1996, 1997). Overexpression of these drug efflux pumps inS.
cerevisiae and C. albicansresults in MDR indicating that these proteins have a broad
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substrate specificity, accepting not only azoles but also structurally unrelated
compounds assubstrates.
To date, at least five ABC transporters from A. nidulanshighly homologous to
multidrug-efflux pumpsfromother organisms havebeen described. Additional sequences
displayinghomologytoABCtransporters arepresent inanexpressed sequence tag (EST)
database (Andradeetah, 1999;Angermayretah, 1999).In thisreport, wehave analyzed
the expression of atrA-D, ABC-transporter genes previously described (Andrade et ah,
1999;Angermayr etah, 1999;Del Sorbo etah, 1997) and the isolation of atrE-G, three
new ABC-transporter genes. Theexpression was studied in a wild-type isolate and azole
resistant mutants of A. nidulans with a MDR phenotype. The mutants, selected for
resistance to the azole fungicide imazalil, carry imaA,imaBand imaA +imaBmutations
(Van Tuyl, 1977). The single mutants imaAand imaBare isogenic strains derivedfrom
strain 003 but the recombinant strain 264 is not. imaB mutants display an increased
energy-dependent efflux of the azole-like fungicide fenarimol. atrD-G show increased
expression in strains carrying the imaB mutation as compared to wild-type and imaA
strains. These results show that the imaB mutation affects transcription of several atr
genes, suggesting that imaBmay encode a transcriptional regulator. Results also suggest
thatAtrD-Gproteinsplayaroleinincreasedfenarimol-efflux activityofthesemutants.

RESULTS
[l4C]fenarimol accumulation byazoleresistant mutants
imaA and imaB mutants of A. nidulansare laboratory-generated mutants selected for
resistance to the azole fungicide imazalil. They show cross-resistance to other azoles
and azole-like compounds. Only the imaB mutants display decreased sensitivity to
fenarimol (Fig. 1). In the imaB mutant, resistance to fenarimol is based on increased
energy-dependent efflux activity which results in decreased cytoplasmic drug
accumulation(DeWaardandVanNistelrooy, 1979, 1980).Theseresultswere confirmed
(Fig.2A). In addition, we found that [14C]fenarimol accumulation bythe imaAmutant,
resembled that of the wild-type, being transient in time (Fig 2A). The non-isogenic
recombinant strain 264 carrying both imaA and imaB mutations, showed a slightly
higher degree of resistance and a increased accumulation of fenarimol as compared to
strain 146(Fig 1 and2A).
Pre-treatment of germlings of wild-type isolate 003 with the protein synthesis
inhibitor cycloheximide (200 ug ml"1) for 60 min, inhibits the transient [14C]fenarimol
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accumulation pattern, suggesting that de novo protein synthesis is required for
[I4C]fenarimol efflux (Fig. 2B). In contrast, pre-treatment with resveratrol (50 ugml"1)
or fenarimol (20 ug ml"1) decreases fenarimol accumulation, suggesting that these
compounds inducetheefflux activity(Fig.2B).
-003 (wild-type)

-X— 130(imaA)

-146 (imaB)

- O — 2 6 4 (imaA + imaB)

100

003
130
146
264

10

100

ECso

Qso
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7.2
40.5
68.0

0.8
4.7
7.8

-

1000

1

fenarimol (mg I" )

Figure 1. Sensitivity of wild-type and azole-resistant mutants ofAspergillus nidulans to
fenarimol
Dose response curve indicating differential sensitivity of wild-type strain 003 (•) and azoleresistant mutants 130-imaA (*), 146-imaB (•) and 264-[imaA +imaB] (o) to fenarimol. The
effective concentrationrequired for 50%growthinhibition(EC50)andthedegreeofsensitivity
expressedasEC5omutant/EC50controlstrain(Q50)arepresentedwithinfigure.
Recently, we have demonstrated that the atrB overexpression mutant OB35
displays decreased sensitivity to fenarimol and other azole fungicides. [14C]fenarimol
accumulation by the atrB overexpression mutant is relatively low and energydependent. These results suggest that AtrBp accepts these fungicides as substrates
(Andrade et al, 2000). However, the relationship, between AtrBp and the imaB
mutation is not clear. A comparison of [14C]fenarimol accumulation by the imaB
mutant 146 and the atrB overexpression mutant OB35 in relation to their parental
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isolates (003 and PPL6, respectively) indicates that mutant OB35 shows a lower initial
[14C]fenarimol accumulation than isolate PPL6 (Fig. 2C). This is probably due to
constitutive production of AtrBp. Accumulation of [14C]fenarimol by the imaB mutant
146 is significantly lower, suggesting that the fenarimol efflux activity(ies) of the imaB
mutant might be the result of additional fenarimol transporters different of AtrBp (Fig.
2C).

- 0 0 3 (wild-type)

-X—130(imaA)

-Control (MeOH)

- D — Cycloheximide

- 1 4 6 (imaB)

—O—264(imaA + imaB)

-Fenarimol

—X—Resveratrol

| 2.0
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30
Time (min)

Time(min)

100

40
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41
Time (min)

Figure 2.Accumulation of [ C]fenarimol
by wild-type and azole-resistant mutants
ofAspergillusnidulans
(A) Comparison of [l4C]fenarimol
accumulation by germlings of wild-type
strain 003 (•) and azole-resistant mutants
UO-imaA(*), 146-imaB(•) and 264-imaA
+ imaB (o). (B) Effect of cycloheximide
(a), resveratrol (*) and fenarimol (o) on
[14C]fenarimol accumulation by wild-type
strain 003. Cycloheximide (200 ug ml"1),
resveratrol (50 u,g ml"1) and fenarimol (20
(Xgml"1) dissolved in methanol were added
60 min prior addition of [14C]fenarimol.
Methanol control (•). (C) Comparison of
[14C]fenarimol accumulation by germlings
of azole-resistant mutants 146-imaB (o)
and OB35-atrB overexpression (A) and
control strains 003 (•) and PPL6 (A),
respectively.
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Generation ofatrA knock-out mutants
Previous work demonstrated that atrA shows a higher basal transcript level in imaB
mutants than in the wild-type isolate (Del Sorbo etal, 1997), suggesting that the ABC
transporter atrA can account for the high [14C]fenarimol efflux observed in imaB
mutants. To verify this hypothesis, we have generated a knock-out mutant of atrA by
replacing the major part of itscoding region bythe orotidine-5'-phosphate decarboxylase
(pyrG) encoding-gene ofAspergillus oryzae. Theuridine-auxotrophic strainWG488 of A.
nidulans wasused astherecipient strain for transformation andselection of transformants
was based on uridine prototrophy. A schematic representation of the disruption strategy
used ispresented in Fig. (3A). Southern blot analysis of genomic DNA isolated from 48
uridineprototrophictransformants revealedthatinfourtransformants, areplacement ofthe
atrA locus by the disruption construct DA had occurred (data not shown). However, in
only one mutant, coded DAI, a single integration of the construct DA had occurred. The
three other disruption mutants carried additional ectopic integrations of the disruption
construct. SouthernblotanalysiswithgenomicDNAisolatedfrom mutantDAI confirmed
replacement of the wild-type allele of atrAby the disruption construct DA (Fig. 3B). To
confirmthatatrA wasfunctionarydeleted,Northernblotanalysiswascarriedoutwithtotal
RNAisolatedfrom germlingsofthecontrol strainsandatrA deletionmutants,treatedwith
cycloheximide, a previously identified inducer of atrA transcription (Del Sorbo et al,
1997). Surprisingly, for all strains tested, no detectable signal could be observed in the
autoradiographs. The experiment was repeated three times with the same results. The
activity of the probe was checked by hybridization with a Southern blot and results
confirmed ittobe functional.
To test the involvement of AtrAp in transport of azoles, a radial growth test was
usedtoassessthesensitivityoftheatrA knock-outmutantstoazolefungicides. Sensitivity
was compared with two control strains coded PAO-1 and PAO-2, obtained by
transformation ofstrainWG488 withacontract containing onlythepyrGfromA.oryzae.
Inthistest, the atrAdeletion mutant DA2 which has one additional ectopic integration of
the disruption construct, was also included. The deletion mutants grew normally and no
differences in radial growth rates as compared to the control stains were observed.
Sensitivity of the atrA deletion mutants DAI and DA2 to azole fungicides (fenarimol,
imazalil,prochloraz,propiconazoleandmiconazole)wassimilartothecontrolstrains(data
not shown).These results indicate that AtrAp isnot a transporter of azole fungicides and
thatothertransportersareresponsiblefor fenarimol-efflux activity.
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Figure3.Replacement oftheatrAgeneofAspergillusnidulans
(A) Schematic representation of the disruption construct, and wild-type and knock-out locus of
atrA. Lines labeled pi, p2 and p3 indicate the restriction fragments used as probes in Southern
blot analysis. (B) Southern blot analysis performed with DNA of the recipient strain WG488
used for transformation andthe atrAdeletion mutant DAI. Genomic DNA of WG488 and DAI
was restricted with Bglll and hybridized with probes pi(left panel), p2 (middle panel) and p3
(rightpanel).
Characterization of ESTs homologous to azole ABC transporters from other fungi
The presence of sequences in an EST database of A. nidulans (Roe et al., 1998)
homologous to ABC transporters, have been reported previously (Andrade et al, 1999;
Angermayr et al, 1999). In order to identify additional ABC genes from A. nidulans
with a putative role in fenarimol efflux by imaB mutans, we studied EST sequences
with homology to previously characterized azole transporters from other fungi. A
TBLASTn search using the amino acid sequences of the azole transporters Pmrlp from
P. digitatum (Nakaune et al, 1998), Pdr5p from S. cerevisae (Balzi et al, 1994) and
Cdrlp from C. albicans (Prasad et al, 1995) against the dBEST database of the NCBI
site (http://www.ncbi.nlm.nih.gov/blast/blast.cgi) yielded a number of EST fragments
displaying homology to different parts of the query protein sequence. Redundancy of
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EST clones was observed and contigs based on the consensus of these redundant EST
sequences were generated (Table 1and Fig. 4). An alignment of the putative peptides
encodedbytheseEST sequenceswiththeaminoacid sequence ofPmrlp ispresented in
Figure4.
Since contigs 1,2and 3displayed homology to the same C-terminal half of the
query protein sequence, at least three new ABC transporters were identified. EST
sequences displaying homology to the N-terminal half of the query protein sequence
and contigs with homology to the C-terminal half could be parts of the same ABC
transporter. To test this hypothesis we have followed a PCR approach using specific
EST primers in different combinations. Using a cDNA library from A. nidulansas a
template, PCR products of the expected size as compared to the Pmrlp sequence, were
obtained in reactions using primer combinations PF4 (specific primer for EST
g0g01al.fl) andPR3(contig 1), andPF3(specifc primer for EST f0d04al.rl) andPR4
(contig 2) (Fig 4). The PCR products generated were coded PCR1 and PCR2,
respectively. Products were also obtained when the primer combinations PF1 (EST
gOgOlal.rl) and PR1 (EST g0g01al.fi) coded PCR3, and PF5 (EST 05g05al.rl) and
PR5 (contig 3) coded PCR4, were used. These last combinations {PF1+PR1; PF5+
PR5) were used as positive controls, since they were designed based on sequences
(forward- .rl, and reverse- .fl) coming from the sameEST clone (Roe etal, 1998).All
PCR products were fully sequenced. Overlapping sequences from PCR products PCR1
and PCR3,and the known sequences of contig 1 and clone gOgOlal (Fig.4) resulted in
a full-length sequenced cDNA, which was coded atrE. The resulting consensus
sequences obtained from PCR products PCR2 and contig 2 was coded atrF,and the
resulting consensus sequences from PCR4 and contig 3, coded atrG. These latter
sequences {atrF and atrG) correspond to partial ABC-transporter sequences. An
unrooted phylogenetic tree that illustrates the relationship of several fungal ABCtransporterproteins sharingthe [NBF-TM6]configuration ispresented in Fig. (5A).The
tree isbased on an alignment of the C-terminal transmembrane domain (TM6-TMi2)of
proteins from different fungal species (Fig. 5B).Thisregion waschosen due tothe lack
of N-terminal sequences of atrF and atrG. The tree indicates that the identified ABC
transporters atrE-G have high similarity to Pmrlp, a well characterized azole ABC
transporter from P.digitatum (Nakauneetal, 1998).
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Table 1. Redundant EST clones of Aspergillus nidulans encoding putative ABC
proteins,detected usingthe amino acid sequence ofPmrlp a from Penicillium digitatum
asthequerysequence.
Consensus sequence

ESTclones

GenBanknumber

Contig 1.

s3f01al.fl
s3g01al.fl
y8g05al.fl
y8g05al.rl
z6a05al.rl

AA966005
AA966007
AI213250
AI213251
AI213841

Contig2.

c8ea2al.rl
c3a08al.rl
c8e02al.fl
n0c02al.fl

AA783851
AA783193
AA783850
AI211053

Contig3.

g3cl2al.rl
j9b01al.rl
k5ellal.rl
xlf03al.rl

AA784913
AA786256
AA965611
AI212281

1

GenbankaccessionnumberBAA31254.

(a)

Figure5.Phylogenetictree
(a) Unrooted phylogenetic tree of several fungal ABC transporters with the [NBF-TM6]2
configuration. The consensustree madewiththePhylipprogram ispresented. Distanceswere
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calculated using Prodist and the Neighbor-joining matrix. Numbers between branches
correspond to the confidence of the consensus tree assessed with the bootstrap option of100.
(b) ClustalW alignment ofthe C-terminal transmembrane domain (TM6-TM12), predicted using
the TMAP program ofthe EMBOSS software (Persson andArgos, 1994), used to generatethe
tree.
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12 34

12 34

12 34

Fenarimol
(20|agml)

Fenarimol
(200ngml )

atrB
atrC
atrD
atrE
long exposure

atrF
atrG
long exposure

•*.

rRNA
Control

Figure 6.Northern Blot analysis
Northern blot analysis of atrB-G (top tobottom, respectively), using total RNA from germlings
of wild-type and ima mutants of Aspergillus nidulans, treated with fenarimol for 60 min. Left
panel, mock-treatment (methanol 0.1%), middle panel (fenarimol 20 ug ml"1) and right panel
(fenarimol 200 ug ml"1). Wild-type 003 (lanes 1), strain 130-imaA(lanes 2), strain 146-imaB
(lanes 3) and strain 264-imaA + imaB (lanes 4). Equal loading of samples was checked by
hybridization with a ribosomal probe of Aspergillus niger (Melchers et al., 1994) (Bottom
pannel).
Expression analysis of atr genes in ima mutants
Transcription of atr genes was investigated by Northern blot analysis of total RNA
isolated from four different strains (003, 130, 146 and 264). Total RNA was isolated
from germlings treated with fenarimol (20 |j.g ml"1 and 200 |Xgml"1) or solvent control
(methanol 0.1 %), for 60 minutes. For atrA and atrC2, no mRNA signal could be
observed in any of the treatments (data not shown). Northern Blot analysis of the other
atr genes showed a relatively high basal level of atrC expression as compared to all
other genes tested (Fig. 6). The basal expression pattern of atrC is similar in all isolates
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tested. imaB mutants show a higher basal level of expression of atrD-G. Treatment of
fungal germlings with fenarimol (20 u.g ml"1) enhanced transcription of atrB-G, in all
strains, but the effect is much less pronounced in the imaB mutant 146. Treatment with
fenarimol at a higher concentration (200 ug ml"1) resulted in higher atrD-G transcript
levels in imaB mutants, as compared to the other strains tested but had no effect on atrB
transcript levels in the imaB mutant 146 (Fig. 6). The treatment also enhanced atrB
transcript levels in strains 003 and 130.
Treatment with resveratrol (50 iig ml"1) specifically enhanced atrB transcript
levels. Results indicate again that basal transcription of atrB is similar for all isolates
tested (Fig. 7, left panel). The phytoalexin resveratrol increased transcription of atrB in
all isolates tested (Fig. 7, right panel), but stronger in imaB mutants as compared to the
wild-type 003 and imaA mutant 130. These results suggest a regulatory role of imaB on
atrB transcription. This treatment also resulted in a negative effect on atrE transcript
levels (data not show). In summary, Northern analysis indicate that imaB mutants
possess a significant change in expression patterns of atr genes as compared to the wildtype 003.

1 2

3 4

atrB
rRNA
Control

Resveratrol

Figure3.Expression ofatrBupon treatmentwith resveratrol
Northern blot analysis of atrB (top panel) using total RNA from germlings of Aspergillus
nidulans mock-treated with 0.1% methanol (left panel) and resveratrol (50 jig ml"') treated
(right panel) for 60 min. Wild-type 003 (lanes 1), strain \30-imaA (lanes 2), strain 146-imaB
(lanes 3) and strain 264-imaA + imaB (lanes 4). Equal loading of samples was checked by
hybridization witharibosomal probe ofAspergillus niger(Bottompanel).
DISCUSSION
Data presented in this paper provide molecular evidence for the fact that resistance to
fenarimol in imaB mutants of A. nidulans is based on an increased energy-dependent
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efflux mechanism that prevents intracellular accumulation of the fungicide (De Waard
and VanNistelrooy, 1980). Increased energy-dependent efflux commonly results from
overproduction of multidrug-efflux pumps of either the MFS or ABC superfamily of
proteins. For a better understanding of the role of ABC transporters in fenarimolresistant imaB mutants of A. nidulans, we have determined the expression patterns of
eight different atr genes that display high sequence homology to multidrug transport
proteins from other organisms. Results indicate that imaB affects transcription of
several atrgenes simultaneously and therefore, it isunlikely that it encodes a structural
transporter itself. We hypothesize that imaB is a mutation in a regulatory gene of A.
nidulansthat controls the expression of several structural genes. In that context, imaB
could function in a similar way asPDR1 ofS.cerevisiae(Balzi et ah, 1987). Pdrlp is
part ofthe PDR (pleitropic drug resistance) network ofS.cerevisiaeand functions asa
transcriptional regulator of several ABC transporters as well as other transcription
factors (BalziandGoffeau, 1995).
Pre-treatment ofwild-typeA. nidulansgermlings with cycloheximide (a protein
synthesis inhibitor) annulled the transient accumulation curve of fenarimol indicating
inhibition of fenarimol efflux. This result demonstrates that in the wild-type strain,
fenarimol efflux requires de novo protein synthesis. In contrast, pre-treatment with
fenarimol andresveratrolresultedinloweraccumulation offenarimol, indicatinginduction
on the fenarimol efflux mechanism. Resveratrol specifically enhances transcription of
atrB, especially in imaBmutants. These results suggest that resveratrol and fenarimol
induce expression of atrB resulting in enhanced fenarimol efflux activity and reduced
fenarimol accumulation. This is in agreement with our findings that indeed AtrBp is a
multidrug transporter which also transport resveratrol and azole fungicides (Andradeet
ah, 2000). Accumulation levels of fenarimol byatrB overexpression mutant OB35 lies
betweenthose ofthewild-type isolate (003) and imaBmutant (146),indicating ahigher
efflux activityinimaBmutants ascompared toatrBoverexpression mutants.Thisresult
suggest a higher efflux activity in the imaB mutant than in the atrB overexpression
mutant and may be indicative for a role of additional transporters in fenarimol efflux.
Thishypothesis isinagreement withpreviousresults(Andrade etah,2000).
Wehavetested therole ofadditional ABCtransporters inefflux of fenarimol by
studying thetranscription ofvariousABC genes (atrA-G) inwild-type and imamutants
ofA. nidulans. AtrApcould havebeen a good candidate sincebasal transcript levelsof
atrA were reported to be higher in imaBmutants than in wild-type (Del Sorbo et ah,
110
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1997).However, this study demonstrates that sensitivity of wild-type and atrA deletion
mutants to azole fungicides is the same. We were also unable to reproduce the
differential expression of atrA in wild-type and imaBmutants after pre-treatment with
fungicides such as fenarimol (results not shown).Hence,we conclude that AtrAp isnot
atransporter ofazole fungicides.
ABCtransporter genesdifferent from atrA-D were identified inanEST database
of A. nidulans (Roe et al, 1998). Translated sequences with high homology to well
characterized azole transporters from other fungi (Balzi et al, 1994; Nakaune et al,
1998; Sanglard et al, 1995) were selected. At least three different ABC transporters
highly homologous to azole efflux pumps were identified. The cDNA of one of them,
atrE, was fully and of the other two, atrF and atrG, were only partially sequenced.
Phylogenetic analysis indicates that all three genes have high homology to Pmrlp, an
ABC transporter from P. digitatum (Nakaune et al, 1998). Resistance to azole
fungicides in P. digitatum is correlated with enhanced expression levels of Pmrl.
Treatment of mycelium with azole fungicides results in stronger Pmrl expression in
azole-resistant than in wild-type isolates of P. digitatum(Nakaune et al, 1998). These
resultsindicatethatPmrlpplaysaroleinresistancetoazolefungicides inP.digitatum.
We found that the ABC-transporter encoding genes atrD, atrE, atrF and atrG
display a higher basal level of expression in imaB mutants than in wild-type A.
nidulans. Theseresults suggest that thehigher fenarimol efflux activity in imaBmutants
as compared to atrB overexpression mutants is the result of a concerted activity of
multiple transporters. This situation resembles the PDR network ofS.cerevisiaewhere
several ABC transporters are co-regulated by Pdrlp (Balzi and Goffeau, 1995). Sucha
mechanism would also be in agreement with the hypothesis of Nakaune et al. (1998),
that drug efflux transporters different from Pmrlp are involved in resistance to azole
fungicides inP. digitatum.Our current research focuses on afurther characterization of
atrFandatrGandtheisolation ofthe imaB gene.

EXPERIMENTAL PROCEDURES
Strains,plasmids,andmedia
All A. nidulansstrains used in this study were derived from Glasgow stocks (Table 2).
Standard techniques for manipulation and growth were as described by Pontecorvo etal.
(1953).E.coliDH5ocwasusedasahostinplasmidpropagation.
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Table2. Aspergillusnidulansstrainsused inthisstudy.
Strain

Genotype*

WG488
biAl;pyrG89; lysB5;fwAl; uaY9
PAO-1andPAO-2 Independent monosporictransformants ofWG488with plasmid
pA04-2. Prototrophic foruridine.
DAI
WG488 with a single-copy replacement of atrA by the
disruption constructDA.
DA2
WG488 with replacement of atrA by the disruption construct
DA and one additional ectopic integration of the disruption
contruct.
*Forexplanation ofsymbols,seeClutterbuck (1993).

Nucleicacidsmanipulationsandmolecularbiologicaltechniques
Freshlyharvested conidia obtained from confluent plateculturesofA. nidulans, grown for
4-5 days at 37 C, were used as inoculum source for liquid cultures at a density of 107
conidia ml'1 of medium. Germlingsharvested after 14hours of incubation at 37 °Cwere
used for nucleic acid isolation according to Raeder &Broda (1985) and Logemann etal.
(1987).PolyA+ mRNA was purified from total RNA with the oligodex-dT™ Qiagen kit
(Qiagen, Chatsworth, CA, USA). The Random Primers DNA Labelling System (GIBCO
BRL ) was used to generate radioactively labelled oligonucleotide probes with [oc32

P]dATP. Southern and Northern blot hybridizations were performed using HybondN*"

nylon membranes (Amersham), according to manufacturer's instructions. Overnight
hybridised blotswerewashed at65°Cwith 0.1% SSC+ 0.1% SDSsolution. ThepGEM3Zf(+) and pGEM-T (Promega) vectors were used for cloning DNAfragmentsand PCR
products, respectively. PCR reactions were performed using a Peltier Thermal Cycler
PTC-200 (MJ Research) and Expand™ High Fidelity PCR kit (Boehringer Mannheim
GmbH) wasused to amplify the disruption construct ofatrA. Sequencing was carried out
bythe dideoxy chain-termination method (Sanger etah, 1977). Sequences were analysed
usingtheDNAstarpackage(DNASTAR).
The oligonucleotide primers used for amplification and sequencing the cDNA
fragmentsof atrE-F are listed on Table 3. cDNA synthesis was performed using the
Marathon™ cDNA amplification kit with the Advantage® cDNA polymerase mix
(Clontech, Palo Alto, Ca, USA). PCR conditions were as recommended by the the
Marathon™ cDNA amplification kit. Briefly, 94°Cfor 1 min,5cycles(94°Cfor 30sec,
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72minfor 4min),5cycles(94°Cfor 30sec,70min for 4min),30cycles (94°Cfor20
sec,68minfor4min)andfinal extensionat68°Cfor6min.
Table3.Primersusedtoamplify andsequence atrE,atrFand atrG.
C o d e ^

Sequence5'-3'

PF1
PF2
PF3
PF4
PF5
PR1
PR2
PR3
PR4
PR5
AtrEfl
AtrEf2
AtrEf3
AtrErl
AtrEr2
AtrEr3
AtrFfl
AtrFrl
AtrFr2

TTCTCGGATCCATCTCACCAAACC
AAGCATGTTCGCCCAAAAAGT
TGCTGCTTCACCTTACACA
GTGGACGGCGGACAATACCTG
GGCCGCACTGAGCATCCTG
TGACCCCGACTCTGCTCCAACTG
GACCGGCGTTGCGATAGAGC
TGTAGGCCCGCATATAGTCTCCA
GCAGTCACCATTAGGAGCATCAT
ACCCTCGCAACATTACGCAAAAA
AGTGGTGAAATGCTTGTTGTCCTG
GTCGACAGGAAAAGCTTGATTATG
GCTTCGGCTCCCCAACTGATTAC
AGAAGAGCACCCCGGTAGTAAAAA
ATAGAGGTCGGGGCGTTGAAGAA
CGCTCTGGGACGCTTGGTAG
TATGCTTTTGAGTCCCTTATGGTC
GGCGGGATTGGCATTCTTT
CCCCTAGGATACCAACCACAGC

Disruption constructs
Primers for amplification of the atrA locus were designed in the 5' and 3' UTR
(untranslated

regions).

Primer

sequences

were

5'-

TCAATTCCCGCTCTGATCATCACAGG-3' and 5'-GGCACAATTCCAAGTGAACG
-3'. A6.7 kbamplified PCRproduct usingthe lambda clone anl (Del Sorboetal, 1997)
as template DNA, was cloned in pGEM-T and coded pTA. This clone was checked by
restrictionanalysisandsequencing. Furthermore,the9.7kbpTAclonewasrestrictedwith
EcoRI+Xho\anda6.3kbDNAfragment wasusedtoclonethepyrGfrom A. oryzae asa
3.8 kb insert from pA04-2 restricted with £coRI + SaR(De Ruiter-Jacobs etal, 1989).
This construct was coded pAOA. Thefinaltransformation construct, a 7.14 kb amplified
product coded (DA) was obtained in a PCR reaction using the primers described above.
For generation ofthe control strains, the pA04-2 clone was used for transformation (De
Ruiter-Jacobs etal, 1989).
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Preparation ofprotoplastsandtransformation
Mycelial protoplasts were prepared as described by Wernars et al. (1985) with minor
modifications. Liquid minimal medium supplemented with 2 g casamino acids l"1,0.5 g
yeast extract l"1 and auxotrophic markers was inoculated with 106 conidia ml"1 and
incubated overnight at 37 °C and 300 r.p.m. in an orbital incubator for 16 hours. The
germlingswere harvested through Mira-Cloth,washed twice with sterile water and twice
with STC buffer ( 1.0 M sorbitol, 10mM Tris-Cl pH 7.5, 50 mM CaCl2) and squeezed
betweenpapertowelstoremove excess of liquid.Protoplasts were released by incubation
of one gram of mycelium, resuspended in 20 ml of filter-sterilized iso-osmotic S0.8MC
mediumcontaining lyticenzymes(5mgNovozym234ml"1,0.8MKC1,50mMCaCb,20
mM MES pH 5.8) at 30 °C and 100r.p.m. for about 2 hours. Theprotoplast suspension
was filtered over glass-wool, diluted (1:1) with STC buffer and incubated on ice for 10
min. Then, protoplasts were collected by centrifugation (10 min, 0 °C,3000 r.p.m.) and
washed twice with STC buffer. Transformation was performed as described by Van
Heemst et al. (1997) using purified DNA of transformation constructs DA (5 ug)
dissolvedinsterilewater(15ul).
Toxicityassays
Sensitivity of A. nidulans strains to toxic compounds was determined by measuring
their EC5o values for inhibition of radial growth on MM plates (De Waard and Van
Nistelrooy, 1979). Mycelial agar plugs of an overnight-grown confluent plate of each
strain were placed upside down on a minimal medium (MM) plate containing different
concentrations of the test compound. Radial growth was assessed after 3 days
incubation at37°C.
Accumulation of[14C]fenarimol
Experiments wereperformed with standard suspensions of germlings ofA. nidulans atan
initial externalconcentration of30uM[14C]fenarimol,asdescribedbefore (DeWaardand
VanNistelrooy, 1980).
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SUMMARY
The multidrug-efflux protein AtrBp from Aspergillus nidulans can act as a
transporter of the phenylpyrrole fungicides fenpiclonil and fludioxonil and is a
determinant of cellular sensitivity of this fungus to these compounds. Deletion and
overexpression mutants of atrB have increased and decreased sensitivity to the
fungicides, respectively, as compared to control strains. The sensitivity of the
mutants to fludioxonil is positively correlated with accumulation levels of the
fungicide in germlings. We also found that in overexpression mutants with
different levels ofatrBexpression andin deletion mutants, transcript levelsofatrB
negatively correlates with sensitivity to fludioxonil and accumulation of the
fungicide by germlings. In all isolates accumulation of fludioxonil was energydependent, indicating that reduced accumulation of the fungicide in the
overexpression mutants is due to increased efflux activity of AtrBp. We propose
that AtrBp functions as an energy-dependent efflux pump that modulates
intracellularconcentration ofphenylpyrrolefungicides infungal mycelium.

INTRODUCTION
Fungi, bacteria and higher plants are an important natural source of molecules with
antifungal properties (Knight etal., 1997).Phenylpyrrole fungicides are an example of
antifungal compounds developed by modification of a natural toxic product. These
fungicides were developed based on the lead structure pyrrolnitrin, a secondary
metabolite of Pseudomonas pyrocina and other pseudomonads (Nyfeler and
Ackermann, 1992). Pyrrolnitrin is effective in the control of several post-harvest
diseases(Hammer etal.,1993) but itsuseinagriculture is limited sincethepyrrole ring
is photounstable. Pyrrolnitrin also displays some phytotoxicity (Fischer et al., 1992).
Optimization of photostability led to the introduction of the highly active 3cyanopyrroles fenpiclonil (Nevill et al., 1988) and fludioxonil (Gehmann et al., 1990).
Fenpiclonil is used as a seed-dressing agent against numerous fungal pathogens.
Fludioxonil shows improved photostabilityoverfenpiclonil, and ithas beenexploited as
a foliar fungicide against Botrytis cinerea,Monilia spp., and Sclerotinia spp. (Nyfeler
and Ackermann, 1992).
The genetic potential of microorganisms to evolve resistance mechanisms in
response to new fungicides can not be underestimated (Knight et al., 1997). Several
mechanisms of fungicide resistance have been identified and canrelate to (i) enzymatic
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inactivation or degradation of compounds, (ii) alterations of the drug target-site and,
(iii) decreased intracellular accumulation of the toxic compounds. Many modern
fungicides are single-site inhibitors of fungal metabolism and can have a high risk of
resistance development due to alteration of the drug target site. Biochemical studies
indicate that phenylpyrrole fungicides affect cell wall synthesis and induce
accumulation of glycerol inmycelium (Jespers etah, 1993;Leroux etal., 1992;Pillonel
and Meyer, 1997).Several lines of evidence suggestthattheirprimarytarget site could
be protein kinases involved in the regulation of polyol biosynthesis (Orth et al., 1995;
Pillonel and Meyer, 1997; Schumacher et al., 1997). Under laboratory conditions,
mutants from different fungal species displaying cross resistance to both phenylpyrrole
and dicarboximide fungicides can readily be isolated. These resistant mutants also
display hypersensitivity to osmotic stress and mutants from plant pathogens such as
Botrytis cinerea and Ustilagomaydis, are non-pathogenic (Beever, 1983; Ellis et al.,
1991; Faretra and Pollastro, 1993; Orth et al, 1995). This phenotype of resistant
mutants possibly accounts for the low frequency of these type of mutants under field
conditions (Leroux etal., 1999).Field isolates of B. cinereawhich acquired resistance
to dicarboximides after a few years of commercial use were not osmotically sensitive,
suffered only from aminor fitness penalty andwere sensitive tophenylpyrroles (Hilber,
1992).
Drug extrusion, mediated bymembrane-associated drugefflux pumps is another
ingenious mechanism used by microorganisms to evade the toxic effects of antibiotics
(Putman et al., 2000). The major drug-efflux pumps identified in microorganisms
belong to the ATP-Binding Cassette (ABC) and the Major Facilitator (MFS)
superfamilies of proteins (Marger and Saier, 1993; Van Veen and Konings, 1998).
Some ofthese drug-efflux pumps,the so-called multidrug transporters, have specificity
for compounds with very different chemical structures and cellular targets.
Overexpression oftheseenergy-dependent multidrug efflux proteins is often associated
with resistance to several chemically unrelated drugs, a biological phenomenon
common to many organisms and termed multidrug resistance (MDR). In filamentous
fungi, MDRwas first reported for laboratory-generated mutants ofA. nidulansselected
for resistance to azole fungicides (De Waard and Van Nistelrooy, 1979; Van Tuyl,
1977). Resistance to azoles due to enhanced energy-dependent efflux of these
compounds alsooperates inplantpathogens suchasPenicilium italicum, Botrytis cinerea,
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Nectria haematoccoca, and probably Mycosphaeaerella graminicola(De Waard et ah,
1996;Joseph-Homeetal, 1996).
Todate,severalgenesencodingABCproteinsfromanumberoffilamentousfungi
highlyhomologoustomultidrug-efflux pumpshavebeendescribed(Andradeetal.,2000a,
1999;Angermayretal., 1999;Del Sorbo etal.,1997;Nakaune etal., 1998;Tobin etal.,
1997;Urban etal.,1999;Zwiers and DeWaard, 1999).AtrA and atrBfrom A.nidulans
were the first ABC-transporter genes to be reported from a filamentous fungus (Del
Sorbo etal, 1997).AtrBp is a well characterized multidrug-efflux protein that confers
MDR when overexpressed in S. cerevisiaeor A. nidulans (Andrade et al, 2000b; Del
Sorbo et al., 1997). Genes encoding proteins with very high homology to AtrBp have
already been described for B. cinerea and M. graminicola (Goodall et al., 1999;
Schoonbeeketal.,1999).Thissuggestthattheseproteinsmayhaveasimilar function.
This paper reports that the multidrug-efflux protein AtrBp from A. nidulans
functions asanenergy-dependent efflux pumpthatmodulatesintracellularconcentrationof
phenylpyrrole fungicides in fungal mycelium. Results show that AtrBp protects fungal
cellsagainstphenylpyrrole fungicides andcanbe amajor determinant inresistance ofthis
fungus tothese fungicides

RESULTS
Sensitivity of deletion and overexpression mutants of atrB to phenylpyrrole
fungicides
To characterize the role of AtrBp in protection of A. nidulans against phenylpyrrole
fungicides, we tested the sensitivity of deletion and overexpression mutants of atrB to
fludioxonil and fenpiclonil. These mutants have been described previously (Andrade et
al., 2000b). Briefly, deletion mutants were generated by replacing a major part of the
coding region of atrB with the orotidine-5'-phosphate decarboxylase (pyrG)encodinggene of A. oryzae, using a uridine-auxotrophic strain of A. nidulans (WG488) as the
recipient strain for transformation. Generation of overexpression mutants of atrB was
achieved by transformation of the same strain (WG488) with construct pOB that
contains a genomic copy of atrB comprising the coding region plus the 5' and
3'untranslated regions (UTR). This contract (pOB) was cloned in the pPL6 vector
(Oakley et al., 1987) which contains thepyrG from A. nidulans. Transformants of A.
nidulans with different levels of increase in atrB expression were selected.
Characterization ofthesetransformants resulted instrains OB7,OB16andOB35,witha
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low, intermediate and high increase in basal expression level of atrB, respectively
(Andradeefa/.,2000b).
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Figure 1. Effect of phenylpyrroles on radial growth of deletion and overexpression
mutants ofatrBfromAspergillus nidulans
Dose-reponse curve of control strains PAO (•) and atrB deletion mutants DB (o) to fludioxonil
(A) and fenpiclonil (C).Dose-reponse curve of control strain PP16(•) and atrB overexpression
mutants OB7 (a), OB16 (A) and OB35 (•) to fludioxonil (B) and fenpiclonil (D). Data for
strains PAO and DB represent mean values of independent monosporic transformants PAO-1
and PAO-2, and DB5 and DB21, respectively. Results represent mean values of three
repetitions. The effective concentration required for 50% growth inhibition (EC50) and the
degree of sensitivity expressed as EC50 mutant/EC5o control strain (Q50) are presented within
eachpanel.
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Radial growth toxicity tests with fludioxonil and fenpiclonil indicates that
deletion mutants of atrB (DB) display increased sensitivity to both phenylpyrrole
fungicides tested, as compared tothe control strains PAO (Fig 1Aand 1C). In contrast,
the overexpression mutants OB7,OB16and OB35 display decreased sensitivity toboth
fungicides. Furthermore, the degree of resistance of these overexpression mutants was
positively correlated withthelevels ofatrBexpression (Fig IB, IDand2).

(A)
12 34

5 6 78

atrB
18S RNA

(B)
Control (MeOH)
PPL6 0B7 0B16 OB35

Fludioxonil (30 min)

Fludioxonil (60 min)

PPL6 OB7 OB160B35

PPL6 OB7 OB16 OB35

Short exposure
Long exposure
18SRNA

Figure 2. Northern blot analysis of atrB upon treatment of Aspergillusnidulans
with fludioxonil
(A) Northern blot analysis of atrB (top panel) using total RNA from germlings treated
with fludioxonil for 30min(lanes 3and4)or 60min(lanes 7and 8).Methanol control,
0.1% (lanes 1, 2 and 5, 6). Control strain PAO-1 (lanes 1, 3, 5 and 7), atrB deletion
mutant DB-5 (lanes 2, 4, 6 and 8). Equal loading of samples was checked by
hybridization with aribosomalprobe ofAspergillusniger(bottom panel). (B) Northern
blot analysis of atrB (top and middle panels) using total RNA from germlings of atrB
overexpression mutants of A. nidulans treated with fludioxonil for 30 min (middle
panel) or 60 min (right panel) after different exposure times of blots (short and long
exposure). Methanol control, 0.1%(left panel). Equal loading of samples was checked
byhybridization with aribosomalprobeofAspergillusniger(bottompanel).
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Expression analysisofatrBupontreatment with fludioxonil
To further characterize the role of atrB in sensitivity of A. nidulansto phenylpyrrole
fungicides, we have investigated the effect of fludioxonil treatment on atrB expression.
Thiswasperformed byNorthern blot analysis of RNA isolated from fludioxonil-treated
(4 uM)andmock-treated (0.1% methanol) germlingsofthedeletion and overexpression
mutants of atrB and their corresponding control strains PAO and PPL6, respectively.
Fludioxonil treatment strongly enhances atrB transcript levels in control strain PAOl,
but no detectable signal for atrB is observed in total RNA isolated from fludioxoniltreated germlings of strain DB5 (Fig 2A). These results confirm functional deletion of
atrB in strain DB5.Results also show that strains OB7, OB16 and OB35have ahigher
basal level of atrBtranscripts as compared to control strain PPL6 (Fig. 2B, left panel).
These levels are different among OB strains and increase in the order of OB7, OB16
andOB35(Fig. 2B,left panel). Fludioxonil treatment (30 or 60min) strongly enhances
atrB transcription in control strains PPL6 and in the overexpression mutants OB7 and
OB16(Fig2Aand2B).Treatment ofgermlings from strainOB35with fludioxonil does
not obviously affect atrBtranscript levels(Fig2B).
[I4C]fludioxonil accumulation byatrBmutants
To demonstrate thatAtrBp functions asan energy-dependent efflux pump that prevents
intracellular accumulation of phenylpyrrole fungicides in germlings of A. nidulans,
[ C]fludioxonil accumulation by deletion and overexpression mutants of atrB was
determined. atrB deletion strains (DB) display a higher [14C]fludioxonil accumulation
as compared tothe control strains PAO (Fig 3A).Accumulation of [14C]fludioxonilby
control strains (PAO) istransient while that of the deletion strains is almost constant in
time (Fig 3A). In contrast, atrB overexpression mutants OB7, OB16 and OB35 display
lower [14C]fludioxonil accumulation as compared to control strain PPL6 (Fig. 3B).
Mutant OB35 shows the lowest [14C]fludioxonil accumulation level of all strains tested
while mutants OB16 and OB7 show intermediate accumulation levels. These results
indicatethat overexpression ofatrBresultsinanincreased efflux of [14C]fludioxonil.
Wealso showthatthe accumulation of [14C]fludioxonil inoverexpression mutant
OB35 and in control strain PPL6 is energy-dependent. This conclusion is based on the
observation that the respiratory inhibitor CCCP instantly increased accumulation of
[ C]fludioxonil in both strains tested (Fig. 3C). This effect is ascribed to inhibition of
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energy-dependent [14C]fludioxonilefflux activity, ina similarway as described previously
for [14C]fenarimol(De Waard and VanNistelrooy, 1980).

Figure3.Accumulation of [14C]fludioxonilbydeletion and overexpression mutants of atrB
fromAspergillusnidulans
(A) Comparison of [14C]fludioxonil accumulation by germlings of control strains PAO (•) and
atrB deletion mutants-DB (o). Data for strains PAO and DB, represents mean values of
independent monosporic transformants PAO-1 and PAO-2, and DB5 and DB21, respectively.
(B) Comparison of [14C]fludioxonil accumulation by germlings of control strain PPL6 (•) and
atrB overexpression mutants OB7 (•), OB16 (A) and OB35 (o). (C) Effect of CCCP (m,a) on
[14C]fludioxonil accumulation by control strain PPL6-1 (closed symbols) and the atrB
overexpression mutant OB35 (open symbols). Arrows indicate CCCP (30 uM) added 60 min
after addition of [14C]fludioxonil(t=0).
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DISCUSSION
The present study shows that AtrBp is a determinant of sensitivity of A. nidulansto
phenylpyrrole fungicides. This conclusion is based on the observation that the
expression level of atrB in deletion and overexpression mutants of atrB is negatively
correlated with sensitivity to fenpiclonil and fludioxonil and, with accumulation levels
of [14C]fludioxonilingermlings.
AtrBp functions as an inducible, energy-dependent efflux pump of fludioxonil,
since accumulation of [14C]fludioxonil by control strains PAO and PPL6 is transient in
time and addition oftherespiratory inhibitor CCCPresults in an instantaneous increase
in accumulation of the fungicide. These results suggest that energy-dependent efflux
activity of AtrBp prevents intracellular accumulation of phenylpyrrole fungicides, in a
similar way as described for azole fungicides (De Waard and Van Nistelrooy, 1980,
1984).
Recently, we have reported that these overexpression mutants of atrB also
accumulate relatively low levels of [14C]fenarimol and are less sensitive to fenarimol
(Andrade et al, 2000b). These results indicate that AtrBp can also act as a fenarimol
efflux pump. However, [14C]fenarimol accumulation by deletion mutants of atrB was
similar to control strains (Andrade etal, 2000b).Wehypothesized that A. nidulanshas
(an) additional efflux pump(s) accepting fenarimol as substrate that could compensate
for the absence of AtrBp in atrB deletion mutants. In this paper, we demonstrate that
deletionmutantsof atrBdisplayarelativelyhigh levelsof [14C]fludioxonil accumulation
and have an increased sensitivity to phenylpyrroles than control strains. Therefore, the
ABC transporter AtrBp can be regarded as the major efflux pump of phenylpyrrole
fungicides inA. nidulans.
Northern blot analysis indicates that treatment of fungal mycelium with
fludioxonilresults in an increase in atrB trancript levels and supports the involvement
of AtrBp in protection against phenylpyrrole fungicides. However, this effect is not
evident in the mutant OB35 which has a high basal level of atrB expression. Possibly,
induction of atrB requires intracellular accumulation of fludioxonil, a condition which
isnot met inmutant OB35. Hence,the constitutively high efflux-activity offludioxonil
inmutant OB35prevents that the fungicide reaches a sufficiently high concentration to
enhancetranscription ofatrB.
The molecular basis for the broad substrate specificity of multidrug ABC
proteins is only poorly understood (Gottesman et al., 1995). However, recent studies
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with the human P-glycoprotein (Loo and Clarke, 1999a, 1999b, 2000; Ueda et al,
1997), the LmrAp from Lactococcuslactis (Van Veen et al, 2000a, 2000b) and Pdr5p
from S. cerevisiae (Egner et al., 2000, 1998) have provided strong evidence that the
transmembrane domains form the route through which the solutes cross the plasma
membrane and confer substrate specifity by one or more substrate-binding sites. A
BLAST analysis with the AtrBp sequence reveals that BcatrBp from B. cinerea is its
closest homologue with an overall identity of 70%. A similar level of identity is also
observed between AtrBp and Mgatr5p from M.graminicola (Goodall etal, 1999).Most
interestingly, the predicted transmembrane domains of both proteins are also highly
conserved. This suggests that BcatrBp from B. cinereaand Mgatr5 from M. graminicola
mayhave similar substrates asAtrBpfromA. nidulans. Thefunctional characterization of
BcatrB from B. cinerea(Vermeulen et al, 2000), indicates that BcatrBis indeed the B.
cinerea orthologue ofatrB from A. nidulans. Wewill compare the substrate specificity of
AtrBp, BcatrBp and Mgatr5p by overexpression of their encoding genes in an atrB
deletion mutant ofA. nidulans. This type of experiments may validateA. nidulansas an
alternative system to dissect the substrate specificity of ABC proteins from other
filamentous fungi. This would be particularly helpfull for ABC transporters from human
pathogens such asAspergillusfumigatus and Aspergillusflavus where the generation of
overexpression mutants of multidrug-efflux pumps in the laboratory requires extreme
cautionsincetheycanbehazardoustohumanhealth.

EXPERIMENTAL PROCEDURES
Strains,plasmids,andmedia
TheA. nidulansstrains used in this study are listed in Table 1.All strains were derived
from Glasgow stocks.Standardtechniques formanipulation andgrowthwere asdescribed
byPontecorvoetal. (1953).E.coliDH5ocwasusedasahostinplasmidpropagation.

Nucleicacidsmanipulations andmolecularbiological techniques
Freshlyharvested conidia obtainedfromconfluent plateculturesofA. nidulans, grown for
4-5 days at 37 °C, were used as inoculum source for liquid cultures at a density of 107
conidia ml"1. Germlings harvested after 14 hours of incubation at 37 °C were used for
nucleic acid isolation according to Logemann et al. (1987). The Random Primers DNA
Labelling System (GIBCO BRL™) was used to generate radioactively labelled
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oligonucleotide probes with [a-32P]dATP. Northern blot hybridizations were performed
using HybondN nylon membranes (Amersham), according tomanufacturer's instructions.
Overnighthybrydizedblotswerewashedat65°Cwith0.1% SSC+0.1%SDSsolution.
Table 1. Aspergillusnidulansstrainsandplasmidsusedinthisstudy.
Strains
Genotype*
WG488
biAl;pyrG89; lysB5;fivAl; uaY9
PAO-1andPAO-2 Independent monosporic transformants of WG488 with plasmid
pA04-2.Prototrophic foruridine.
DB5andDB21
WG488with a single-copy replacement ofatrBbythe disruption
construct DB.Independent monosporic transformants.
PPL6-1
Monosporic transformants of WG488 with plasmid pPL6.
Prototrophic foruridine.
OB7,OB16and
Independent monosporic transformants of WG488 with plasmid
OB35
pOB.Prototrophic foruridine.
Relevant characteristics
Plasmids
pD15
Subclone containing atrB gene-specific probe (Del Sorbo et al.,
1997)
pl8S
Subclone containing a ribosomal probe from Aspergillus niger
(Melchers etal.,1994)
* For explanation of symbols, see Clutterbuck (1993). All strains are described in
Andrade etal.(2000b).
Toxicityassays
Sensitivity of A. nidulans strains to the phenylpyirole fungicides fludioxonil and
fenpiclonil wasdetermined byperforming adose-response curve for inhibition of radial
growth onMMplates (DeWaard and VanNistelrooy, 1979).Mycelial agarplugs ofan
overnight-grown confluent plate of each strain were placed upside down on minimal
medium (MM)platesamended with fungicides atdifferent concentration. Radial growth
was assessed after 3days incubation at 37 C.The final concentration ofthe solvents in
the agarwasthe samefor alltreatments andneverexceeded 1%.
Accumulation of[14C]fludioxonil
Experiments were performed with standard suspensions of germlings ofA. nidulans atan
initial external concentration of 4 uM [14C]fludioxonil using the same methodology
described for experiments with [14C]fenarimol (De Waard and Van Nistelrooy, 1980).
Carbonylcyanidew-chlorophenylhydrzone(CCCP)waspurchased from Sigma-Aldrich.
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GENERALDISCUSSION
Cytotoxic compounds suchasdrugs inclinicalmedicine andfungicides incontrolofplant
diseases arewidelyused. However, thewidespread and sometimes excessive use ofthese
compoundshasresultedinahighselectionpressureresultingindrugresistantpopulations.
Understanding the mechanisms of antimicrobial resistance is essential in order to cope
withthisseriousproblem.
In general, the major mechanisms underling resistance in microorganisms can be
classified as follows: (a)enzymatic inactivation or degradation of drugs, (b) alterations of
the drug target-site, and, (c) decreased drug-accumulation caused by energy-dependent
drug efflux. More than one mechanism may operate in concert and the sum of different
alterationsrepresentstheultimateresistantphenotype.
Drug extrusion mediated by membrane-associated drug efflux pumps is an
ingenious mechanism used by microoganisms to evade the toxic effects of antibiotics
(Putman et al., 2000). The major drug-efflux pumps identified in microorganisms
belong to the ATP-Binding Cassette (ABC) and the Major Facilitator (MFS)
superfamilies of proteins (Marger and Saier, 1993; Van Veen and Konings, 1998).
Some of these drug-efflux pumps,the so-called multidrug transporters, have specificity
for compounds with very different chemical structures and cellular targets.
Overexpression of these energy-dependent multidrug efflux proteins is often associated
with resistance to several chemically unrelated drugs, a biological phenomenon
commontomanyorganisms andtermed multidrug resistance(MDR).
The aim of thisthesis was to identify and characterize molecular mechanisms for
drug-resistance inAspergillus nidulans, with special emphasis on drug-efflux systems of
the ABC-transporter superfamily of proteins. Results presented in previous chapters and
relevantaspectsthatmayapplytootherfilamentous fungi arediscussedhere.

Isolation andcharacterization ofairgenes fromAspergillus nidulans
Using different approaches, we have identified seven ABC-transporter genes(atrA-G)
from A. nidulans. The approach of heterologous screening using a DNA probe from
PDR5, a well characterized multidrug transporter from Saccharomyces cerevisiae,
yielded the first ABC transporters, atrA and atrB, isolated from a filamentous fungus
(Chapter 2).Asecond approach, based onPCR with degenerate oligonucleotide primers
designed to amplify regions of the A. nidulans genome encoding consensus ABCtransporter sequences similar to P-glycoproteins, resulted in the cloning of atrC and
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atrD(Chapter 3).The last approach wasbased on a screening of an EST database of A.
nidulans for sequences encoding putative proteins with homology to known fungal
multidrug transporters, particularly involved in efflux of azole fungicides. With this
approach, atrE,atrFand atrGwere identified (Chapter 5).Theproteins encoded by all
seven atr genes isolated display a high primary sequence homology to known
multidrug-efflux proteins from otherorganisms.Asdescribed inChapter 1,allmembers
of the ABC-transporter superfamily have a modular architecture. The majority of the
ABC transporters inhigher organisms consists oftwo transmembrane domains (TMD),
each with six predicted membrane spanning regions, and two intracellularly located
nucleotide binding folds (NBF). The NBF domain can be either located at the Nterminus or atthe C-terminus ofthepolypeptide,yielding proteins with a [TMD-NBF]2
or [NBF-TMD]2 configuration. Theproteins encodedbyatrA andatrB(Chapter 2)have
the [NBF-TMD]2 topology and are highly homologous to multidrug-transport proteins
from yeasts (Balzi and Goffeau, 1994).The same configuration is displayed byAtrEp,
AtrFp and AtrGp (Chapter 5). AtrCp and AtrDp (Chapter 3) have the mirror-like
structure [TMD-NBF]2, analogous to the human multidrug transporter P-glycoprotein
(P-gporMDR1)(Jurankaetah, 1989).
Expression analysis ofatrgenes
To further investigate the role of the isolated atr genes from A. nidulans in multidrug
transport, expression analysis of these genes upon treatment with toxicants was
performed with wild-type and MDR (ima) mutants of A. nidulans. imaA and imaB
mutants ofA. nidulansare laboratory-generated mutants selected for resistance to the
azole fungicide imazalil and related compounds (Van Tuyl, 1977). In imaBmutants,
resistance to fenarimol is based on an increased energy-dependent efflux activity that
results indecreased cytoplasmic drugaccumulation (DeWaard andVanNistelrooy, 1979,
1980).Therefore, these mutants were good candidates touse in our studies,to correlate
azoleresistance ofthesemutantswith changesinexpression ofatrgenes.
Expression studies in awild-type isolate demonstrated that thebasal level ofatr
gene expression is usually low and can be strongly enhanced by treatment with
unrelated toxicants. Time course experiments, indicate that within 5min after treatment
with a toxicant (e.g. imazalil), enhanced transcript levels of atr genes can be observed
(Chapter 2). These results are expected when one considers the energy-costs required
for transport (low basal level) and a role in MDR (quick and broad response to
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toxicants). Some compounds can have a specific effect on transcription of a particular
atr gene while others may have an effect on transcript levels of several atr genes. The
specific effect can be exemplified by results described in Chapter 5, where treatment
with resveratrol specifically induces transcription ofatrB.On the other hand, treatment
with fenarimol enhances transcription of several (atrB-G)genes (Chapter 5).The latter
observation suggests that some atrgenes are co-regulated and the Atr proteins may have
overlapping substrate specificities. This is in agreement with observations on ABC
proteins from other organisms (Hirata etal., 1994;Kolaczkowski etal., 1998;Sanglard
etal, 1997).
Expression analysis in the ima mutants of A. nidulans shows that atrD, atrE,
atrF and atrG display a higher basal level of expression in imaBmutants than in the
wild-type (Chapter 5). These results suggest that increased fenarimol efflux activity in
imaBmutants is the result of a concerted activity of multiple transporters and strongly
suggest that imaBis amutation in a regulatory gene. This situation resembles the PDR
network of S. cerevisiae where several ABC transporters are co-regulated by Pdrlp
(Balzi and Goffeau, 1995). Such a mechanism would also meet the assumption of
Nakaune et al. (1998), that drug-efflux transporters different from Pmrlp are involved
inresistancetoazolefungicides inPenicillium digitatum.

Functional characterization ofatrgenes
atrB and atrD have been functionally characterized as multidrug transporters, since
deletion mutants of these genes display increased sensitivity to a number of unrelated
toxicants.AatrBmutants have an increased sensitivity todifferent classes of fungicides,
mutagens and natural toxic compounds. On the other hand, AatrD mutants display
increased sensitivitytocycloheximide,thecyclosporin derivative PSC 833, nigericinand
valinomycin.Theseresults indicate thatAtrBp andAtrDpfromA. nidulans are multidrug
transporterswithdifferent substratespecifities (Chapters3and4).
AtrBp was further characterized by overexpression in A. nidulans and S.
cerevisiae (Chapters2,4and 6).Sensitivitytocycloheximide ofaPDR5deficient strain
of S. cerevisiae was restored to wild-type levels, upon transformation with cDNA of
atrB in a high copy number vector (Chapter 2). No changes in sensitivity to
cycloheximide were observed for neither deletion nor overexpression mutants of atrB
obtained by transformation inA. nidulans.Therefore, the substrate specificity of AtrBp
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expressed in yeast andA. nidulansare not the same. It has been demonstrated for the
human MDR1 protein that lipid composition of membranes can affect substrate
specificity and ATPase activity (Doige et ah, 1993; Romsicki and Sharom, 1998;
Sharom, 1997). Hence, differences in membrane composition of S. cerevisiae and A.
nidulanscouldexplainourresults.
Overexpression mutants ofatrBdisplay altered sensitivity to a broader range of
compounds as compared to AatrB mutants (Chapter 4), indicating that the presence of
additional drug-efflux pumps with affinity for the same compound mayprevent a change
inphenotype ofdeletion mutants.Hence, the functional characterization of the substrate
profile of a multidrug transporter using both deletion and overexpression mutants is
particularly useful in order to overcome the problem of redundant transporters with
similar specificities, in the same organism. Our studies indicate that fenarimol is an
example of a compound that can be a substrate of various efflux-pumps in A.nidulans.
Accumulation and drug-sensitivity assays indicate that overexpression mutants of atrB
display relatively low levels of fenarimol accumulation and decreased sensitivity to
fenarimol (Chapter 4). These results indicate that AtrBp can act as a fenarimol efflux
pump. However, sensitivity of AatrB mutants to fenarimol and their fenarimol
accumulation was similar to control strains, indicating that A. nidulans has (an)
additional efflux pump(s) accepting fenarimol as substrate that can compensate for the
absence of AtrBp in AatrB mutants (Chapter 4). Data from expression analyses also
suggesttheexistence ofseveral fenarimol-efflux pumps (Chapters2,3and5).
ABC transporters that transport similar compounds may also have distinct
affinities for particular substrates. For instance, the functional characterization of atrB
(Chapter 6)stronglysupportsthatAtrBphasadistinctive affinity tofludioxonil sinceboth
AatrBand overexpression mutants have altered sensitivity to fludioxonil. In addition,
changes in sensitivity observed for AatrB mutants correlate with the relatively high
accumulation levels of fludioxonil. This was not observed for fenarimol. Therefore, the
ABC transporter AtrBp can be regarded as a major efflux pump of phenylpyrrole
fungicides inA. nidulans.
Redundance of ABC transporters may explain, at least in part, thefindingsthat
AatrA and AatrCmutants have no hypersensitive phenotype for any of the compounds
tested. However, the observation thatatrAtranscript levelswere not influenced by anyof
thesecompoundsandthatatrA expressionin S.cerevisiaedoesnotconfer drugresistance,
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suggest that AtrAp indeed is not a multidrug transporter. Alternatively, AtrAp can be a
transporterofanon-toxicendogenoussubstrate,withanunknownphysiological function.
Physiological functions ofatrgenes
Thedecreased antibiotic activity ofAatrD mutants suggests that AtrDp might have arole
inpenicillin secretion (Chapter 3).Inthat case,AtrDpwould bethe first ABC transporter
for which a role in secretion of a fungal antibiotic is demonstrated. The involvement of
ABC-transporter proteins in secretion of the endogenous antibiotics (e.g. rubicin and
mithramycin) has been demonstrated before for Streptomyces peucetius (Guilfoile and
Hutchinson, 1991)andS.argillaceus, respectively (Fernandez etal.,1996).The decrease
inantibiotic activityofAatrDstrains canbeduetoreduction ofefflux capacitybyAtrDp.
However, alternative explanations are possible. AtrDp could also be involved in
compartmentahzation ofbiosynthetic precursors. InA. nidulans, the enzymes involved in
penicillin biosynthesis are located in three different cellular compartments (Brakhage,
1998). Thus, in biosynthesis of penicillin several transport steps are required to bring
intermediates of the penicillin biosynthesis pathway in contact with enzymes in the
cytosol. If these transport steps would require AtrDp, disruption of the encoding gene
would also affect penicillin production. Furthermore, AtrDp could have a yet unknown
physiological function that could indirectly affect regulatory mechanisms of penicillin
production. There is now accumulating evidence that the human multidrug transporter,
MDR1, has several cellular functions and regulates a range of different physiological
processes (Johnstone etal, 2000). Similarly, AtrDp could have ion channel activity that
affects extracellularpH,awell characterized regulatory-factor inpenicillinbiosynthesisof
A. nidulans (Espeso etah, 1993).Hence,further studiesto support aphysiological roleof
AtrDpinpenicillinbiosynthesisareneeded.GenerationofoverexpressionmutantsofatrD
andprotein-localization studieswouldbehelpful toolstoaddressthisquestion.
Interestingly, overexpression mutants of atrB displayed increased sensitivity to
dithiocarbamate fungicides, chlorothalonil and the iron-activated antibiotic phleomycin
(Chapter 4). This phenotype was most pronounced in the overexpression mutant with
thehighest levels ofatrBexpression. Wehypothesize thatthisphenomenon couldrelate
to iron metabolism. Phleomycin toxicity is directly correlated with intracellular
concentration of iron (Haas etah, 1999).Therefore, it might be that atrB is involved in
iron uptake or secretion of siderophores. Preliminary expression studies (H. Haas,
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personal communication) indicating higher transcript levels of atrB under iron limiting
conditions,support thishypothesis.
Concluding remarks
The ABC superfamily of transporters comprises the largest protein family known todate.
These proteins have substrate specifities rangingfromions,heavy metals, carbohydrates,
drugs, amino acids, phospholipids, steroids, glucocorticoides, bile acids, mycotoxins,
antibiotics,pigments,peptidesandevenlargeproteinaceoustoxins(Baueretal., 1999).
This thesis demonstrates that some of the identified ABC transporters from A.
nidulanscan function in cellular protection against natural toxicants and xenobiotics.
Deletion and overexpression mutants display increased and decreased sensitivity to
toxicants, respectively. Data presented also suggest a role for ABC transporters in
production of fungal secondary metabolites. Thismayimplythat strains overexpressing
multidrug-transportergenescanshowvariouspleiotropiceffects withrespecttoproduction
of secondary metabolites. Such strains are of interest ifthey could increase production of
commercially important compounds.However,theymaypose adanger iftheywouldalso
transport endogenous detrimental compounds such as microbial virulence factors or
mycotoxins.
Genes encoding proteins with very high homology to AtrBp have recently been
described for important plant pathogens such as Botrytis cinerea (BcatrB) and
Mycosphaerella graminicola(MgatrS)(Goodall et al., 1999; Schoonbeek et al., 1999).
These ABC transporters may have similar substrates as AtrBp of A. nidulans. The
functional characterization of BcatrBfrom B. cinerea(Vermeulen et al.,2000) indicates
that BcatrB from B. cinerea and atrB from A. nidulans are indeed orthologues. By
comparing thesubstrate specificity ofAtrBp,BcatrBp andMgatr5p upon expression inA.
nidulans,one can validate that A. nidulansis a suitable system to dissect the substrate
specificity of ABC proteins from other filamentous fungi. This would be particularly
helpful for ABC transporters from the human pathogens Aspergillus fiimigatus and
Aspergillusflavuswherethegenerationofmutantsoverexpressingmultidrag-efflux pumps
requiresextremecautionsincethesemutantscanbeextremelyhazardoustohumanhealth.
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SUMMARY
The term multidrug resistance (MDR) stands for simultaneous cellular resistance to
chemically unrelated toxicants and is often associated with overproduction of
multidrug-efflux proteins of the ATP-binding-cassette (ABC) superfamily. The ABC
transporters comprise a large and multifunctional family of proteins. Besides multidrug
transporters, the superfamily includes proteins involved in transmembrane transport of
varioussubstancessuchasions,aminoacids,peptides,sugars,vitamins,steroidhormones,
bileacids,andphospholipids.An overview of the great variety of cellular functions that
theseproteinscanperform inlivingcellsispresented inChapter 1.
The aim of this thesis was to identify and characterize molecular mechanisms of
drug resistance inAspergillus nidulans, with special emphasis on drug-efflux proteins of
the ABC-transporter superfamily. Using different approaches, we have identified seven
ABC-transporter genes (atrA-G) from A. nidulans. Heterologous screening of a
genomic library from A. nidulansusing aDNAprobe from PDR5, awell characterized
multidrug transporter from Saccharomycescerevisiae,yielded atrA and atrB, the first
ABC-transporter genes isolated from a filamentous fungus (Chapter 2). The second
approach, PCR with degenerate oligonucleotide primers based upon consensus
sequences encoding ABC transporters from the subfamily of P-glycoproteins, resulted
in the cloning of atrC and atrD (Chapter 3). The last approach, was based on a
screening of an EST database of A. nidulans for sequences encoding proteins with
homology to known fungal multidrug transporters, particularly involved in efflux of
azole fungicides. With this approach, atrE, atrF and atrGwere identified (Chapter 5).
Theproteinsencodedbyallsevenatrgenes isolateddisplayhighsequencehomologyto
knownmultidrug-efflux proteinsfromotherorganisms.
To investigate the role of the isolated atr genes from A. nidulans in multidrug
transport, expression analysis ofthese genes inwild-type and MDR (ima)mutants of A.
nidulanswasperformed, after treatment ofgermlingswithtoxicants. imaAand imaB are
laboratory-generated mutants of A. nidulans selected for resistance to the azole
fungicide imazalil and related compounds. In imaBmutants, resistance to the azole-like
compound fenarimol is based on an increased energy-dependent efflux activity which
results in decreased cytoplasmic drug accumulation. Therefore, these mutants were
suitabletocorrelate azoleresistancewithexpression levels ofatrgenes.
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Expression studies in a wild-type isolate demonstrated that the basal level of
expression for most atr genes is low and can be strongly enhanced by treatment with
unrelated toxicants (Chapters 2, 3, 5 and 6). Time course experiments indicated that
within 5minafter treatment with atoxicant (e.g.imazalil),enhanced transcript levels of
atr genes can be observed (Chapter 2). Some compounds can specifically induce
transcription of one particular atr gene while others may simultaneously affect
transcription of several atr genes (Chapter 5). For instance, resveratrol specifically
induces transcription of atrB,while treatment with fenarimol enhances transcription of
several genes (atrB-G). Expression analyses in the imamutants of A. nidulans shows
that atrD, atrE, atrF, and atrG display a higher basal level of expression in imaB
mutants than in the wild-type (Chapter 5). Treatment with fenarimol also enhances
transcription oftheseatrgenes inimaBmutants.
Mutants in which atrB and atrDhave been deleted display increased sensitivity
toanumber ofunrelated toxicants.AatrBmutantshave increased sensitivity to different
classes of fungicides, mutagens and natural toxic compounds. AatrD mutants display
increased sensitivitytocycloheximide,thecyclosporin derivative PSC 833,nigericinand
valinomycin. These results indicate thatAtrBp andAtrDp from A. nidulans aremultidrug
transporterswithdifferent substratespecifities(Chapters3and4).
AtrBp has been further characterized by overexpression in A. nidulans and S.
cerevisiae (Chapters2,4and 6).Sensitivity totoxicants ofa,PZ)/?5-deficient strain ofS.
cerevisiaewasrestoredtowild-type levels,upontransformation with cDNAofatrBina
high copy number vector (Chapter 2).Mutants overexpressing atrB inA. nidulansalso
display decreased sensitivity totoxicants. These overexpression mutants display altered
sensitivity to a wider range of compounds as compared to AatrB mutants (Chapter 4).
These results indicate that the presence of additional drug-efflux pumps with affinity for
thesamecompoundpreventachangeinphenotypeofsomedeletionmutants.Redundancy
of ABC transporters may explain, at least in part, the findings that AatrA and AatrC
mutants show no hypersensitive phenotype for any of the compounds tested (Chapters 3
and 5).However, theobservation thatatrA transcript levelswere not influenced byanyof
the compounds tested and that atrA expression in S. cerevisiae does not confer drug
resistance,suggestthatAtrApisnotamultidrugtransporter.
ABC transporters which have overlapping substrate specificities may still have
specific substrates. AtrBp has a distinctive specificity for the phenylpyrrole fungicide
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fludioxonil sincebothAatrBand atrBoverexpression mutants have altered sensitivity to
this compound (Chapter 6). In addition, the increase in sensitivity to fludioxonil
observed for AatrB mutants correlates with the relatively high accumulation levels of
this compund. This was not observed for fenarimol. Therefore, the ABC transporter
AtrBp can be regarded as a major efflux pump of phenylpyrrole fungicides in A.
nidulans.
Unexpectedly, overexpression mutants ofatrBdisplayed increased sensitivity to
dithiocarbamate fungicides, chlorothalonil and the iron-activated antibiotic phleomycin
(Chapter 4). This phenotype was most pronounced in the overexpression mutant with
thehighestlevelsofatrBexpression. Wehypothesizethatthisphenomenon could relate
toinvolvement ofAtrBp iniron metabolism.
AatrDmutants display a decrease in penicillin production, indirectly measured
as antimicrobial activity against Micrococcusluteus(Chapter 3). These results suggest
thatAtrDphasaroleinpenicillinproduction.
In conclusion, data presented in this thesis demonstrated that some of the
identified ABC transporters from A. nidulans function in protection against natural
toxicants and xenobiotics. Deletion and overexpression mutants of specific atr genes
display increased and decreased sensitivity to toxicants, respectively. A role for ABC
transporters inproduction offungal secondary metabolites hasalsobeen suggested. This
may imply that strains overexpressing multidrug-transporter genes can show pleiotropic
phenotypeswithrespecttoproductionofsecondarymetabolites.
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SAMENVATTING
Gelijktijdige resistentie van cellen tegen chemisch niet-verwante verbindingen wordt
beschreven met de term multidrug resistentie (MDR). MDR gaat vaak gepaard met
overproductie van multidrug-transport eiwitten van de ATP-bindings-cassette (ABC)
superfamilie. ABC transporters vormen een grote en multifunctionele eiwitfamilie.
Behalvemultidrugtransporters bevat desuperfamilie ook eiwitten diebetrokken zijn bij
transmembraan transport vandiverse stoffen zoalsionen,aminozuren,peptiden, suikers,
vitaminen, steroid hormonen, galzuren en fosfolipiden. Een overzicht van de grote
verscheidenheid in cellulaire nineties die deze eiwitten in levende cellen kunnen
bezitten,wordtgegeven inHoofdstuk 1.
Het doel van dit proefschrift

was om moleculaire mechanismen

verantwoordelijk voor drug resistentie in Aspergillus nidulans te identificeren en te
karakteriseren. Hierbij werd de aandacht vooral gericht op drug-efflux eiwitten van de
ABC superfamilie. Met behulp van diverse technieken hebben we zeven ABCtransporter genen ( atrA-G)vanA. nidulans gei'dentificeerd. Heterologe screening van
een genomische bibliotheek vanA. nidulansmet een DNA probe van PDR5, een goed
gekarakteriseerde multidrug transporter van Saccharomyces cerevisiae, leidde tot de
ontdekking van atrAen atrB,de eerste ABC-transporter genen die uit een filamenteuze
schimmel zijn gei'soleerd (Hoofdstuk 2). De tweede benadering, PCR met
gedegenereerde primers gebaseerd op consensus sequenties voor ABC-transporter
genen uit de subfamilie van P-glycoprote'inen, resulteerde in de klonering van atrC en
atrD (Hoofdstuk 3). De laatste benadering was gebaseerd op screening van een EST
bibliotheekvanA. nidulansopaanwezigheid vansequenties coderendvooreiwitten met
homologie voor bekende multidrug transporters in schimmels, in het bijzonder ABC
transporters betrokken bij efflux van azool fungiciden. Met deze benaderingswijze
werden atrE, atrF en atrG gei'dentificeerd (Hoofdstuk 5). De eiwitten die door alle
zeven atr genen worden gecodeerd, bezitten een hoge mate van homologie met
multidrugefflux eiwittenvanandere organismen.
Om de rol van de gei'dentificeerde atr genen van A. nidulans in multidrug
transport te bestuderen, is de expressie van deze genen bestudeerd in het wild-type en
MDR (ima)mutanten vanA. nidulansna behandeling met toxische verbindingen.imaA
en imaB zijn mutanten van A. nidulans die in het laboratorium zijn geselecteerd op
resistentie tegen het azool fungicide imazalil en verwante verbindingen. In imaB
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mutanten, is resistentie tegen het verwante fungicide fenarimol gebaseerd op een
toename in energie-afhankelijke efflux activiteit, hetgeen resulteert in een afhame van
deaccumulatie vande stof inhet cytoplasma. Deze mutantenwaren derhalve bruikbaar
omresistentie tegenazolentecorreleren metexpressieniveaux vanatrgenen.
Expressiestudies in een wild-type isolaat toonde aan dat het basale niveau van
expressie voor de meeste atr genen laag is en sterk verhoogd kan worden door
behandeling met niet-verwante verbindingen (Hoofdstukken 2,3,5 en6).Al 5 minuten
na behandeling met toxische verbindingen (b.v. imazalil) kon reeds een toename in
transcriptie niveau van atr genen worden waargenomen (Hoofdstuk 2). Sommige
verbindingen induceren specifiek de transcriptie van een atr gen terwijl andere de
transcriptie van meerdere atr genen bei'nvloeden (Hoofdstuk 5). Resveratrol induceert
bijvoorbeeld specifiek detransciptie vanatrB,terwijl fenarimol detranscriptie verhoogt
van meerdere genen (atrB-G). Expressie analyse van ima mutanten van A. nidulans
toonde aandatatrD,atrE,atrFenatrGeenhogerniveau vanbasale expressie vertonen
in ima mutanten dan in het wild-type (Hoofdstuk 5). Behandeling met fenarimol
verhoogt ookhettranscriptieniveauvandezeatrgeneninimaBmutanten.
Mutanten waarin atrB en atrD zijn uitgeschakeld vertonen een verhoogde
gevoeligheid voor een aantal niet-verwante verbindingen. AatrB mutanten bezitten een
toename in gevoeligheid voor verschillende groepen van fungiciden, mutagentia en
natuurlijk toxischeverbindingen. AatrDmutanten bezitten eentoename in gevoeligheid
voor cycloheximide, het cyclosporine derivaat PSC 833, nigericine en valinomycine.
Dezeresultatenduiden eropdatAtrBpenAtrDpvanA. nidulansmultidrug transporters
zijnmeteenverschillende substraat specificiteit (Hoofdstukken 3en4).
AtrBp is verder gekarakteriseerd door overexpressie in A. nidulans en S.
cerevisiae (Hoofdstukken 2, 4 en 6). Transformatie met cDNA van atrB in een
multicopy vector naar een PZ)/?5-disruptie mutant van S. cerevisiae resulteerde in
transformanten met een wild-type gevoeligheid voor toxische verbindingen (Hoofdstuk
2). Dezelfde afhame in gevoeligheid voor toxische verbindingen werd gevonden in
AtrBp overexpressie mutanten van A. nidulans. Deze atrB overexpressie mutanten
vertonen voor meer verbindingen een andere gevoeligheid dan de AatrB mutanten
(Hoofdstuk 4).Deze resultaten wijzen er op dat de aanwezigheid van additionele drugefflux pompenmet affiniteit voor dezelfde verbinding verandering vanhet fenotype van
sommige deletie mutanten kan voorkomen. De aanwezigheid van meerdere ABC
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transporters kan, opzijn minst tendele,dewaarnemingenverklaren dat AatrAenAatrC
mutanten niet overgevoelig zijn voor de geteste verbindingen (Hoofdstuk 3 en 5). De
waarneming dat het atrA transcriptie niveau door geen van de geteste verbindingen
wordt bei'nvloed en dat atrA expressie in S. cerevisae geen resistentie tegen drugs
bewerkstelligt, suggereert datAtrApgeenmultidrugtransporteris.
ABC transporters met een overlappende substraat specificiteit kunnen toch nog
specifiek zijn voor bepaalde substraten. AtrBp heeft een onderscheidende specificiteit
voor het fenylpyrrol fungicide fludioxonil omdat zowel AatrB mutanten als atrB
overexpressie mutanten een veranderde gevoeligheid voor deze verbinding bezitten
(Hoofdstuk 6). Bovendien correleert de toename in gevoeligheid van AatrB mutanten
voor fludioxonil met een relatief hoog accumulatieniveau van het fungicide in de
schimmel.Ditwerdnietwaargenomen voor fenarimol. Daaromkan deABC transporter
AtrBp worden beschouwd als de belangrijkste efflux pomp van fenylpyrrol fungiciden
inA. nidulans.
Het is opvallend dat overexpressie mutanten van atrB een toename in
gevoeligheid vertonen voor dithiocarbamaat fungiciden, chloorthalonil en het
antibioticum fleomycine dat door ijzer wordt geactiveerd. (Hoofdstuk 4). Het fenotype
washet duidelijkst inoverexpressie mutanten diehet hoogsteniveau van atrBexpressie
vertonen. We veronderstellen dat dit fenomeen te maken kan hebben met de rol van
AtrBp inijzer metabolisme.
AatrDmutanten vertonen een afname in penicilline productie, indirect gemeten
als antimicrobiele activiteit tegen Micrococcus luteus (Hoofdstuk 3). Deze resultaten
suggereren datAtrDpeenrolvervultbij penicillineproductie.
Samenvattend tonen de gegevens die in dit proefschrift worden gepresenteerd
aan, datABC transporters vanA. nidulanskunnen functioneren bij debescherming van
cellen tegen natuurlijk toxische verbindingen en xenobiotica. Deletie en overexpressie
mutanten van specifieke atr genen vertonen respectievelijk een toename en afhame in
gevoeligheid voor toxische verbindingen. De suggestie wordt ook gedaan dat ABC
transporters een rol kunnen spelen bij de productie van secundaire metabolieten van
schimmels. Dit zou kunnen betekenen dat stammen die multidrug-resistentie genen tot
overexpressie brengen pleiotrope effecten vertonen met betrekking tot deproductie van
secundaire metabolieten.
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