Biochem. J. (2003) 371, 505513 (Printed in Great Britain)

505

Characterization of the Aspergillus nidulans transporters for the
siderophores enterobactin and triacetylfusarinine C
Hubertus HAAS*', Michelle SCHOESER*2, Emmanuel LESUISSET, Joachim F. ERNSTZ, Walther PARSONS, Beate ABT*,

Gtinther WINKELMANN || and Harald OBEREGGER*

*Department of Molecular Biology, University of Innsbruck, A-6020 Innsbruck, Austria, TLaboratoire d'Ingénierie des Protéines et contréle métabolique, Institut Jacques
Monod-CNRS, Université Paris 7, 75251 Paris cedex 05, France, flnstitut fiir Mikrobiologie, Heinrich-Heine-Universitat, 40225 Diisseldorf, Germany, §Institute of Legal
Medicine, University of Innsbruck, A-6020 Innsbruck, Austria, and || Department of Microbiology and Biotechnology, University of Tibingen, D-72076 Tiibingen,

Germany

The filamentous ascomyceteAspergillus nidulans produces three
major siderophores: fusigen, triacetylfusarinine C, and ferri-
crocin. Biosynthesis and uptake of iron from these siderophores,
as well as from various heterologous siderophores, is repressed
by iron and this regulation is mediated in part by the transcrip-
tional repressor SREA. Recently we have characterized a putative
siderophore-transporter-encoding gene (mirA4). Here we present
the characterization of two further SREA- and iron-regulated
paralogues (mirB and mirC), including the chromosomal locali-
zation and the complete exon/intron structure. Expression of
mirA and mirB in a Saccharomyces cerevisiae strain, which lacks
high affinity iron transport systems, showed that MIRA trans-

ports specifically the heterologous siderophore enterobactin and
that MIRB transports exclusively the native siderophore tri-
acetylfusarinine C. Construction and analysis of an A. nidulans
mirA deletion mutant confirmed the substrate specificity of
MIRA. Phylogenetic analysis of the available sequences suggests
that the split of the species 4. nidulans and S. cerevisiae predates
the divergence of the paralogous Aspergillus siderophore trans-
porters.

Key words: fungi, iron uptake, major facilitator, phylogenetic
analysis.

INTRODUCTION

Most prokaryotes and all eukaryotes require iron for their
growth. Iron is most commonly found as virtually insoluble
ferric hydroxide and therefore micro-organisms require high
affinity iron-uptake systems. Under iron starvation most fungi
excrete low molecular mass ferric iron-specific chelators, termed
siderophores, to mobilize extracellular iron with high affinity and
specificity. Subsequently cells recover the solubilized iron from
the ferri-siderophore complexes [1-3]. Remarkably many micro-
organisms have developed transport systems for heterologous
siderophores produced by other species. The acquisition of iron
is also recognized as one of the key steps in the infection process
by any pathogen since this metal is tightly sequestered by high-
affinity iron-binding proteins in mammalian hosts [4]. Therefore,
siderophores have often been suggested to function as virulence
factors. Furthermore, siderophore biosynthesis and uptake rep-
resent possible targets for an antifungal chemotherapy because
the underlying biochemical pathways are absent in human cells
[5].

The best-studied eukaryotic model micro-organism, Saccharo-
myces cerevisiae, lacks the ability to synthesize siderophores
although it can utilize siderophores produced by other species
[6]. This yeast employs two distinct high-affinity iron-uptake
systems. The first mechanism, termed ‘reductive iron assimi-
lation’, requires the action of surface metalloreductases to reduce

ferric ions to ferrous ions [7-9] which are subsequently trans-
ported into the cell by the permease—oxidase complex Ftrlp/
Fet3p [10,11]. This system allows the uptake of both siderophore-
bound and -unbound iron [12]. The second iron-uptake system,
called ‘non-reductive iron assimilation’, is specialized for the
uptake of siderophore-bound iron and depends on four members
of the unknown major facilitator (UMF) family of the major
facilitator superfamily [12-17]. Two of these transporters
display a high substrate specificity: Enblp/Arndp transports
enterobactin (EB) and Taflp/Arn2p transports N,N’,N’-tri-
acetylfusarinine C (TAF). Other transporters are less specific:
Sitlp/Arn3p transports ferrioxamine and ferrichrome (FCH),
and Arnlp transports a wide range of hydroxamate siderophores.
Expression of genes encoding siderophore transporters is
repressed by iron and this regulation is mediated by the para-
logous transcriptional activators Aftlp and Aft2p [12,18,19].
Repression of expression of these genes involves the negative
acting Tpk2p protein kinase A and the general transcriptional
repressors Tuplp and Ssn6 [20,21].

The yeast Candida albicans is also able to take up iron
reductively and non-reductively, and has an independent haem
uptake system [22,23]. The reductive transport involves ortho-
logues to Saccharomyces cerevisiae Frelp, Fet3p and Ftrlp and
it has been shown that CaFTR1-deficient C. albicans mutants are
unable to establish systemic infection in mice [24-26]. Some
reports have described the production of siderophores by C.
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albicans [27,28], but the nature of such siderophores has not been
elucidated. Interestingly, the C. albicans genome at 5 x coverage
seems to lack genes necessary for synthesis of hydroxamate
siderophores (H. Haas, unpublished work). Nevertheless, C.
albicans possesses a single siderophore transporter, CaArnlp/
CaSitlp, which is orthologous to the S. cerevisiae siderophore
permeases [23,29,30]. CaArnlp/CaSitlp displays a broad sub-
strate specificity by transporting various FCH-type siderophores
including ferricrocin (FC), FCH, ferrichrysin, ferrirubin, TAF
and coprogen. Remarkably, CaArnlp/CaSitlp is required in
a specific process of infection, namely epithelial invasion and
penetration, while it is not essential for systemic infection by C.
albicans [23,31].

Various species of Aspergillus, filamentous ascomycetes, are
important pathogens of immunocompromised hosts, causing
pneumonia and invasive disseminated disease with high mortality
[32]. From a medical point of view, therefore, it is important to
understand the iron acquisition mechanisms of these fungi. In
contrast to Aspergillus fumigatus, for example, A. nidulans is a
much rarer cause of human disease but represents a model
ascomycete [33]. 4. nidulans produces the intracellular sidero-
phore FC, which is involved in iron storage, and two major
extracellular siderophores, fusigen and its acetylated form TAF
[34,35]. In A. nidulans, siderophore biosynthesis and uptake
are negatively regulated by iron and derepressed in strains
lacking the GATA transcription factor SREA [34,35]. Differ-
ential mRNA display led to the identification of putative SREA
target genes, including mir4 which encodes an orthologue of the
S. cerevisiae and C. albicans siderophore permeases [34,36].
Subsequently, expression analysis of gene fragments found in an
A. nidulans expressed sequence tag (EST) database suggested
the existence of two further iron- and SREA-regulated mirA
paralogues, termed mirB and mirC.

So far, siderophore transporters have only been functionally
characterized from yeasts which probably utilize exclusively
siderophores produced by other species. In this study we present
the molecular and functional characterization of siderophore-
transporter-encoding genes of the siderophore-producing fila-
mentous fungus A. nidulans.

EXPERIMENTAL
Strains, vectors, growth media and general molecular techniques

Genotypes and sources of the A. nidulans and S. cerevisiae
strains, as well as descriptions of the plasmids used, are sum-
marized in Table 1. Plasmids were propagated in Escherichia coli
DH5a (Life Technologies, Vienna, Austria). The A4. nidulans
strains WG355, WGTRAN, SRKO01 and MIKO3 are designated
in the text as argB~, wt, AsreA and AmirA, respectively. Con-
struction of WGTRAN and MIKO3 is described below.

Generally, A. nidulans strains were grown according to
Pontecorvo et al. [37] at 37 °C in minimal medium containing
19, glucose as the carbon source and 20 mM glutamine as the
nitrogen source. Growth media for iron-replete conditions con-
tained 10 uM FeSO,; for iron-depleted conditions, iron was
omitted. The iron status of the cells was confirmed by analysis of
extracellular siderophore production using the chrome azurol S
liquid assay [38]. Biotin (20 ug/1) or/and L-arginine (200 mg/1)
was added to the media as required. S. cerevisae strains were
grown in YPD medium [19% (w/v) yeast extract/29% (W/v)
peptone/2 %, (w/v) glucose].

Standard molecular techniques were performed as described
by Sambrook et al. [39]. A. nidulans DNA was isolated as
described previously [40]; for RNA isolation TRI Reagent™
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Table 1 Strains and plasmids used
Strain or plasmid  Genotype or description Reference
A. nidulans strains
WG355 (argB~) argB2; bgA0; biA1 [56]
WGTRAN (wf)  as WG355, but argB2::pTRAN, argB* this work
MIKO3 (AmirA) as WG355, but AmirA::argB* this work
SRKO1 (Asred) as WG355, but AsreA:argB* [35]
S. cerevisiae strain
PHY14 MATe, ade6, can1, his3, leu2, trp1, ura3, fet3::HIS3,
Aarnt ::loxP, Aarn2::loxP, Asit1::loxP,
Aenb1 ::loxP-kanMX-loxP[23]
A. nidulans plasmids
pBluescript®Il 3.0 kb cloning vector (pBKS) Stratagene

pILJ16 2.9-kb genomic Sa/l-Pstl argB DNA fragment in pUC8  [41]
pMIRA 5.9-kb genomic EcoRI—Hindlll mirA fragment in pBKS this work
pMIRAKO as pMIRA, but replacement of the mirA-containing this work
3.5-kb Clal—Bglll fragment by the 2.9-kb Pstl—BamHI
argB fragment of pILJ16
pTRAN3-1A reporter vector carrying a defective argB copy [43]
S. cerevisiae plasmids
Ycp22Gal S. cerevisiae GAL1/10-promoter expression vector [23]
Ycp22Gal/mirA - 1.8-kb BamHI—HindlIll mirA cDNA fragment in Ycp22Gal this work
Ycp22Gal/mirB - 1.8-kb BamHI—Hindlll mirB cDNA fragment in Ycp22Gal this work
Ycp22Gal/mirC - 1.8-kb Xbal—Sph! mirC cDNA fragment in Ycp22Gal this work

(Sigma) was used. Transformation of S. cerevisiae was carried
out by the lithium acetate method [57].

Disruption of mirA and generation of WGTRAN

For disruption of mirA in A. nidulans, the 3.5 kb Clal-Bgll1
fragment of the mir A-containing 5.9 kb EcoRI-HindIII fragment
was replaced by the 2.9 kb PstI-BamHI arg B-encoding fragment
from pILJ16 [41] subsequent to blunt-ending of the PstI and Clal
restriction sites with T4 polymerase. The resulting plasmid was
digested with EcoRI/Pstl and the 6.2 kb fragment was gel-
purified prior to transformation of A. nidulans strain WG355.
Transformation of A. nidulans was carried out according to
Tilburn et al. [42]. Screening of disruption mutants was performed
by PCR using the primers: oHar20, 5'-GCTGGAATGATAA-
CTACC-3"; oHar8, 5-TAGAGACAGACAGTGAGG-3’; and
oArgBnew, 5-ATGTCACGAATGCGGAGT-3". In order to
obtain homokaryotic transformants, colonies from single homo-
karyotic spores were picked and genomic integration was con-
firmed by Southern-blot analysis. The A. nidulans mir A-deletion
strain was termed MIKO03. To generate an argB auxotroph strain
(WGTRAN) derived from WG355, WG355 was transformed
with plasmid pTRAN3-1A. pTRAN3-1A carries a defective
argB copy, which allowed targeted integration of a single vector
copy at the argB locus by complementing the argB2 mutation
[43].

Construction of S. cerevisiae expression vectors for mirA, mirB
and mirC

The open reading frames of mirA, mir B, and mirC were amplified
by PCR from A. nidulans cDNA using the following primers: 5'-
ATCTAGGATCCACAATGGCTCTCGACGATAT-3" and 5'-
TCAATAAGCTTCGTTCATGACCTCGCCTCC-3’ for mirA,
5-ATCTAGGATCCAACATGACGATTGGCTCCAA-3" and
5-TCAATAAGCTTGTGTCTAGAACACCATTCCC-3" for
mirB, and 5-ATCTATCTAGAGCGATGCCCCTGCTTG-
AAC-3" and 5-TCAATGCATGCGGCCTATGTTCGTTTTG-
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CTC-3’ for mirC (restriction enzyme cleavage sites for BamHI,
Hindlll, Xbal or Sphl, respectively, are in bold; the translation
start and stop codons are underlined). After cleavage with
BamH1/HindII1 (for mirA and mirB) or Xbal/Sphl (for mirC),
the 1.8 kb amplification products were inserted into the iden-
tically cut yeast transformation vector YCp22Gal [23]. In the
resulting vectors YCp22Gal/mirA, YCp22Gal/mirB, and
Y Cp22Gal/mirC, the respective putative 4. nidulans siderophore
transporters are placed under control of the galactokinase
(GALI) promoter. All constructs were verified by DNA sequenc-
ing.

Iron-uptake assays

Siderophores were isolated from microbial cultures, as described
previously, and the purity of siderophores was checked by HPLC
[44]. FCH was obtained from Sigma. Siderophores were labelled
with 3°Fe as described by Wiebe and Winkelmann [45]. Uptake
studies of siderophore-bound iron by A4. nidulans were performed
as described previously [34]. For S. cerevisiae iron-transport
assays, cells were grown overnight in minimal medium with
raffinose as the carbon source (YNB-raffinose/CSM-Trp). Sub-
sequently cells were resuspended in minimal medium with
galactose as the carbon source (YNB-galactose/CSM-Trp) and
grown for 5 h at 30 °C. Cells were harvested and resuspended at
a final 4, of 0.6 in the same fresh medium containing 100 M
bathophenanthroline disulphonate (BPS). After addition of *Fe-
siderophores to a final concentration of 2 M, cells were incu-
bated at 30 °C. Samples were withdrawn as a function of time
and cells were washed on the filter of a cell harvester (Brandel,
Evry, France) before scintillation counting.

Northern-blot analysis

Generally, 15 ug of total RNA was electrophoresed on 2.2 M
formaldehyde gels (1.2 9, agarose) and blotted on to Hybond N
membranes (Amersham, Braunschweig, Germany). Hybridi-
zation probes were generated by PCR using oligonucleotides: 5'-
AGCCCGGTGTGAAAAGAG-3" and 5-AACAGGAGGAG-
GATTGCGCC-3 for mirA [34], 5-GTATATCTTCGCGCA-
GGG-3" and 5-AACCCATCAACACCCGAG-3’ for mirB, 5'-
CTGTACTTCTTTGGAGGG-3" and 5-AGCAAAGGTCTG-
AGTGACAC-3" for mirC, and 5-CGGTGATGAGGCAC-
AGT-3" and 5-CGGACGTCGACATCACA-3" for y-actin-
encoding acnA [46].

A. nidulans EST sequences and genomic sequences of A.
fumigatus, Neurospora crassa and C. albicans

A. nidulans EST sequences were retrieved from http://
www.genome.ou.edu/asper_blast.html. Genomic sequences of
A. fumigatus, N. crassa, and C. albicans were retrieved
from http://www.sanger.ac.uk/Projects/A_fumigatus/, http://
www.genome.wi.mit.edu/annotation/fungi/neurospora/, and
http: //www-sequence.stanford.edu/group/candida/, respectively.

Phylogenetic-tree analysis

For phylogenetic analysis, protein sequences were aligned using
Clustal W [47] and trees were calculated using PAUP* version
4.0b10 (Swofford/2002; Sinauer Associates, Inc., Sunderland,
U.K)).

wt  AsreA AmirA

+Fe -Fe +Fe -Fe +Fe-Fe
mirA - ..
mirB . .
mirC .ﬁ.

Figure 1 Expression analysis of mirA, mirB and mirC in A. nidulans wt,
AsreA, and AmirA strains

Northern analysis was performed with 15 xg of total RNA isolated from strains grown for 24 h
in minimal medium supplemented with 10 .M FeSO, (4 Fe) or without iron addition (— Fe).
As a control for loading and RNA quality, blots were hybridized with the A. nidulans -y-actin-
encoding gene (acnA) [46].
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Figure 2 Comparison of exon/intron organization (A) and 5’-upstream
regions (B) of mirA, mirB and mirC

(A) Exons are marked by open boxes; introns are in black. (B) Presence of putative binding
sites for GATA transcription factors (H = A, C or G; R = A or G).

RESULTS
Isolation and characterization of A. nidulans mirB and mirC

The filamentous fungus A. nidulans excretes fusigen and TAF,
and uses the intracellular siderophore FC as an iron-storage
compound [34,35]. Biosynthesis of these siderophores as well as
uptake of iron from siderophores has been shown to be repressed
by iron, and derepressed under iron-replete conditions, in strains
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Table 2 Amino acid identity (%) between the UMF family members of A.
nidulans, S. cerevisiae and C. albicans

Identity (%)

Enb1p/ Sit1p/ Taftp/ CaSit1p/

MIRB  MIRC  Amndp Am3p  Amip  Am3p CaArn1p
MIRA 30 34 26 28 30 28 28
MIRB 33 26 26 27 25 25
MIRC 26 31 31 30 29
Enb1p/Amép 32 32 32 34
Sit1p/Arn3p 32 44 49
Am1p 57 51
Taftp/Am3p 45

analysis (Figure 1), using the inserts of this partial cDNA
sequences as probes, proved that under iron-replete conditions
expression of both corresponding genes is repressed in the wt and
about 309, derepressed in the AsreA4 strain. The entire genes,
termed mirB and mirC, were isolated from a cosmid library pro-
vided by the Fungal Genetic Stock Center [48] and subsequently
characterized. According to the mapping information of the
hybridizing cosmid clones, mirB (cosmid clones W29CO1,
W13G10) and mirC (cosmid clones W26A03, W28D04, W04C10,
W13G03, W15E05, W15G06) are localized on chromosome V
and IV, respectively. The genomic sequences of mirB (GenBank
accession number AY131330) and mirC (GenBank accession
number AY135152) were determined directly from cosmid
W29C01 and cosmid W26A03, respectively. The entire cDNA
sequences were analysed by reverse transcription PCR using
the rapid amplification of cDNA ends protocol according to
Frohman et al. [49]. Comparison of cDNA and genomic
sequences revealed the presence of three introns in mirB and four
introns in mirC. The length, the 5'- and 3’-boundaries of the in-
trons as well as the putative lariat formation sites perfectly
match the features of fungal introns [50]. The determined length
of the 5’-untranslated regions of the transcripts of mir B and mirC
are 42 and 276 nt, respectively. The 3’-untranslated regions of
mirB and mirC have been found to be 152 and 407 nt, respectively.
A comparison of the exon/intron organization of mirA, mirB
and mirC is shown in Figure 2. The deduced coding regions of
604 (66.2 kDa) and 607 (66.3 kDa) amino acids, respectively,
display significant similarity to MIRA and the siderophore
transporters from S. cerevisiae and C. albicans (Figure 3). The
individual amino acid identities between the various UMF
transporters are given in Table 2. Despite the limited amino acid
identity of MIRA, MIRB and MIRC with the other UMF
members of 26-34 9, all these proteins show similar hydropathy
profiles, suggesting a conserved topology (results not shown).
Topology analysis (http: //bioweb.pasteur.fr/seqanal /interfaces/
toppred.html) predicts 13—-15 membrane-spanning domains in
the different UMF members but remains highly speculative
(results not shown).

Siderophore uptake by a AmirA A. nidulans strain

Exemplary for this transporter family, mir4 was disrupted by
replacement with the argB gene in an argB™-A. nidulans strain as
described in the Experimental section. Correct disruption was
verified by PCR and Southern-blot analysis (results not shown).
Furthermore, Northern-blot analysis confirmed lack of mirA
transcription in the deletion strain AmirA (Figure 1).
Compared with the wt and argB~ strains, AmirA showed no
growth defects under iron-replete or iron-depleted conditions, on

. argh= Amird

|

100 7
relative /
initial 75 %
iron /
uptake sp %
rate %
® %
25 /
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TAF FC FCH EB
Figure 4 Initial uptake of iron from FCH, FC, TAF and EB by A. nidulans

wt, argB~ and AmirA strains grown under iron-depleted conditions

Assays were performed as described in the Experimental section. Samples were prepared in
triplicate, and the standard deviation did not exceed 15%.

solid or in liquid media. Similarly, the regulation of intracellular
and extracellular siderophore synthesis, growth on several ferri-
siderophores as sole iron source (TAF, FC, FCH, and EB), and
the resistance to various iron chelator [BPS, EDTA, ethyl-
enediamine-N, N’-bis-(o-hydroxyphenyl)acetic acid (EDDHA),
and 2,2’-dipyridyl] were not affected in Amir A (results not shown).
Moreover, sensitivity tests to the antibiotic phleomycin, which
indicates the intracellular iron availability [35], did not show any
differences between AmirA, wt, and arg B~ strains. Taken together,
these data indicated that mirA either does not encode an essential
transporter for siderophores, and/or that 4. nidulans possesses
an alternative, siderophore-independent, iron uptake system.
Using short-term °*Fe(IIT)-uptake assays, we have shown
previously that 4. nidulans is able to take up iron from the native
siderophores TAF and FC as well as from various heterologous
siderophores, e.g. EB, which is produced by several genera of
Enterobacteriaceae [34]. Application of this assay showed that
the initial iron uptake from EB was reduced to 40 9, in the AmirA4
strain, compared with wr and argB~, whereas the iron uptake
from TAF, FCH and FC was not affected (Figure 4). This
suggested that MIRA transports EB. The residual uptake of EB
by AmirA may be due in part to: (i) cross chelation by the
homologous siderophore TAF, (ii) an alternative iron-uptake
system, and/or (iii) uptake of EB by additional siderophore
transporters with the same or overlapping specificity.

Expression of mirA, mirB and mirC in S. cerevisiae

Recently, two independent reports proved that it is possible to
analyse the function of the C. albicans siderophore transporter
CaSitlp/CaArnlp in a S. cerevisiae strain lacking all four
known siderophore transporters (Arnlp, Arn2p/Taflp, Sitlp,
and Enblp) as well as Fet3p, which is an essential component of
the reductive iron uptake [23,29]. Importantly, comparison of the
specificities examined in the heterologous and native systems
did not show any differences [23]. Expression of the cDNA
sequences of mirA, mirB and mirC under control of the
GALI promoter in such a strain (PHY14) showed that MIRA
transports EB exclusively and that MIRB transports TAF

© 2003 Biochemical Society
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Figure 5 A. nidulans siderophore-transporter-mediated iron uptake in S. cerevisiae

S. cerevisiae Phy14 was transformed with Ycp22Gal, Ycp22Gal/mirA or Ycp22Gal/mirB. Iron-uptake assays from the siderophores FCH, FC, EB and TAF were performed in triplicate as described
in the Experimental section. The transformant type and siderophore (bold) combinations are indicated in the key on the right-hand side of the Figure. The standard deviation did not exceed 10%.
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specifically (Figure 5). In contrast, the presence of the control
vector in the yeast strain or expression of mirC (results not
shown) did not lead to significant uptake of iron from the tested
siderophores.

DISCUSSION

Under iron starvation, A. nidulans excretes two siderophores,
fusigen and TAF, and utilizes these native, as well as various
heterologous, siderophores [34,35]. Lack of the GATA tran-
scription factor SREA leads to derepression of siderophore
biosynthesis and uptake of ferri-siderophores under iron-replete
conditions. Differential mRNA display identified the first non-
yeast member of the family 16 (UMF) of the major facilitator
superfamily [51], an orthologue of the S. cerevisiae and C.
albicans siderophore permeases [34]. In the present study we
demonstrated that A. nidulans possesses, in addition to mir4,
at least two further iron- and SREA-regulated paralogues,
mirB and mirC. mirA and mirC are localized on chromosome
IV, whereas mirB is localized on linkage group V. With respect
to the number and position of introns, mird, mirB, and
mirC display completely different exon/intron organizations
(Figure 2A). The 5 -upstream regions of all three genes contain
several HGATAR motifs (Figure 2B), which represent putative
binding sites for GATA factors like SREA [52]. Also of note is
the fact that simple GATA sequences, not following the
HGATAR consensus motif, have been found to serve as binding
sites for GATA factors in vivo, e.g. binding sites in the sidl
promoter for the Ustilago maydis SREA homologue URBSI
[53]. Northern-blot analysis proved that expression of mird,
mirB and mirC is repressed by iron in the wt strain, and
approximately 30 9, derepressed in the AsreA strain, under iron-
replete conditions (Figure 1). These data are consistent with
partial derepression of siderophore uptake under iron-replete
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conditions observed in short-term uptake assays in a Asred
strain [34]. Furthermore, the partial derepression indicates that
additional, SREA-independent iron-regulatory mechanisms
exist in A. nidulans. In this respect it is interesting to note that an
FRE-orthologous putative metalloreductase-encoding gene of
A. nidulans has recently been found to be SREA-independently
iron-regulated [54]. A conceivable further iron-regulatory mech-
anism could involve an orthologue to S. cerevisiae AFTlp,
but similar sequences seem to be missing in the genomes of
A. nidulans, A. fumigatus and N. crassa.

Deletion of mirA in A. nidulans did not result in any obvious
growth phenotype; the tested features included growth on solid
and in liquid media under iron-replete as well as iron-depleted
conditions, regulation and amount of siderophore production,
sensitivity to various chelators for ferric and ferrous iron (BPS,
EDTA, EDDHA, and 2,2’-dipyridyl), growth on ferrisidero-
phores (TAF, FC, FCH and EB) as sole iron source, and
resistance to the antibiotic phleomycin, which indicates intra-
cellular iron availability due to activation by iron [35]. These
results indicate that mirA4 does not encode an essential component
of the iron assimilatory system under the conditions used.

Short-term **Fe(I1I)-uptake assays demonstrated that MIRA
deficiency results in a decrease in EB uptake by 609,, while
utilization of TAF, FC, and FCH was not affected. We have
shown previously that 4. nidulans can utilize the catecholate type
siderophore EB, which is produced by several Enterobacteriacae,
and the presented data suggest that MIRA is the responsible
transporter. Both unaffected growth on ferric EB as sole iron
source and 409, residual EB uptake in the MIRA-deficient
strain indicated that 4. nidulans possesses an MIRA-independent
mechanism to utilize EB-chelated iron. These results disclose
the limitations of investigation of siderophore transport in
A. nidulans, and other filamentous fungi, at the moment, and
the exact reason for the residual uptake of iron from EB in the
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AmirA strain is unknown. Moreover, it could not be excluded
that MIRA transports additional siderophores, which might be
masked by the existence of further transporters with redundant
substrate specificity.

The functional analysis of siderophore-transporter-encoding
genes in A. nidulans is hampered for the following reasons. (i) So
far a siderophore-biosynthesis-negative strain is not available,
which would prevent cross-chelation of tested siderophores with
the native siderophores TAF and fusigen. (ii) The exact
number of putative siderophore transporters is not known, and
the lack of a complete genomic sequence, and the presence of
introns in most genes, makes the exact prediction of genes
difficult. Consequently, the analysis of the specificity of trans-
porters is possibly handicapped by the existence of transporters
with the same or overlapping specificity siderophores. (iii) A4.
nidulans might possess alternative high-affinity iron-uptake sys-
tems. Notably, we have recently identified an iron-regulated
FRE orthologue in A. nidulans [54]. So far it is not known if the
complete reductive iron-uptake system exists in this fungus but it
is striking that database searches of the genomes of the closly
related fungi A. fumigatus and N. crassa revealed putative FET3
and FTRI orthologues (H. Haas, unpublished work).

Due to these limitations, the putative Aspergillus transporters
were further analysed heterologously in S. cerevisae. This ap-
proach has been successfully applied for the functional analysis
of C. albicans CaArnlp/CaSitlp, whereby the substrate specifi-
cities obtained in the heterologous system reflected the native
substrate profile [23,29]. Saccharomyces does not produce any
siderophores, but has multiple well-characterized transport sys-
tems that can utilize siderophores secreted by other organisms;
additionally, strains lacking the responsible high-affinity iron-
uptake systems are available [12-17]. Functional analysis of the
Aspergillus transporters in yeast confirmed that MIRA transports
exclusively EB and showed that MIRB is specific for TAF.
Remarkably, the major S. cerevisiae transporters for EB (Enblp/
Arndp) and TAF (Taflp/Arn2p) also display the strictest sub-
strate specificity, wheras Arnlp and Sit1p/Arn3p are less specific.
Arnlp and Sitlp/Arn3p of S. cerevisiae and C. albicans
CaArnlp/CaSitlp transport TAF, albeit at a very reduced rate
that is limiting for growth [17,23]. With respect to sequence
similarity and regulation of expression, mirC displays typical
features of a further A. nidulans siderophore transporter. The
failure to detect any transport activity for MIRC might have
three reasons: (i) MIRC transports a heterologous siderophore,
which was not tested, (ii) the uptake mechanism mediated by
Aspergillus MIRC is incompatible with the heterologous yeast
system (it is important to note that in addition to successful
analysis of the C. albicans siderophore transporter, Arnlp/Sitlp
in yeast, there is at least one other example of lack of functional
expression due to unknown reasons [30]) and, (iii) MIRC does
not transport siderophores. Notably S. cerevisiae possesses, in
addition to the siderophore transporters Enblp/Arndp, Taflp/
Arn2p, Sitlp/Arn3p and Arnlp, two further UMF proteins,
YKR106w and Ycl073cp, which do not seem to be involved in
siderophore transport [58]. Unfortunately all attempts to generate
a mirC-deficient A. nidulans strain have failed so far, leaving the
function of MIRC unclear.

Phylogenetic analysis (Figure 6) of the available sequences of
S. cerevisiae, C. albicans and A. nidulans did not show clustering
of functional similar siderophore transporters (e.g. MIRA and
Enblp/Arndp, or MIRB and Taflp/Arn2p) but revealed a
higher level of similarity between the Aspergillus transporters
MIRA, MIRB, and MIRC. These data suggest that the paral-
ogous siderophore transporters of 4. nidulans and S. cerevisiae
are ‘in-paralogues’ [55] which arose after the split of these two

species. Consequently, the substrate specificity of Aspergillus
transporters cannot simply be deduced by in silico comparison
with the respective S. cerevisiae homologues, but requires exper-
imental determination. Furthermore, comparison of the amino
acid sequences of the known siderophore transporters did not
reveal obvious candidates for amino acid residues or protein
domains involved in the discrimination of substrates.

S. cerevisiae possesses four siderophore transporters, while in
C. albicans only a single one has been detected. It has been
suggested that a lack of siderophore biosynthesis is the driving
force behind the diversity in siderophore transporters within
a species [29]. We have shown that the siderophore producer
A. nidulans has the ability to utilize the native siderophores
TAF and FC as well as various heterologous siderophores, e.g.
EB, ferrirubin, and FCH. Like the uptake of TAF and EB,
utilization of iron bound to FCH, FC and ferrirubin by 4.
nidulans seems to be non-reductive because it is not inhibited by
BPS (results not shown). This indicates the presence of at least
one further siderophore transporter besides MIRA and MIRB.
The inspection of the genomes of the N. crassa and A. fumigatus,
close relatives of A. nidulans, suggests the presence of two and
seven putative orthologous siderophore-transporter-encoding
genes, respectively. Taken together, these data show that pro-
ducers of siderophores can also contain multiple siderophore
transporters. Competition for heterologous siderophores was
suggested to play an important role in microbial systems. In this
respect, it is remarkable that A4. nidulans, despite inherent
siderophore production, is able to specifically utilize the cate-
cholate-type siderophore EB, which is produced exclusively by
various Enterobacteriacae.

As already emphasized by Ardon et al. [29], the ability to study
siderophore transport in such a well-defined system as S.
cerevisiae facilitates the analysis of the recognition properties
of siderophore transporters and might also be helpful in
the development of siderophore analogues with antimicrobial

MIRC

MIRB

MIRA

Enb1p/Arndp
CaSit1p/CaAmip

Sit1p/Arn3p
Armn1p

Taf1p/Arn2p
YKR106w
Ycl073cp

Figure 6 Phylogenetic tree of the siderophore transporters from A.
nidulans, S. cerevisiae and C. albicans

Sequences were aligned using Clustal W [47] and trees were calculated using PAUP*4.0b10.
Numbers indicate the bootstrap probability values of observing the branch topology shown
(1000 resamplings;; a value of 100 indicates the maximum of probability that the split is certain).
The given tree was calculated with the ‘neighbour joining” algorithm; the “maximum parsimony’
analysis resulted in exactly the same topology. YKR106w and Ycl073cp are S. cerevisiae
paralogues with unknown function.
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properties [5]. The determination of the substrate specificities
of an increasing number of transporters should, moreover,
facilitate the identification of amino acid residues that are
important for substrate recognition.
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