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Abstract

Transport proteins of microorganisms may either belong to the ATP-binding cassette (ABC) superfamily or to the
major facilitator (MFS)-superfamily. MFES transporters are single-polypeptide membrane transporters that transport
small molecules via uniport, symport or antiport mechanisms in response to a chemiosmotic gradient. Although
Saccharomyces cerevisieea non-siderophore producer, various bacterial and fungal siderophores can be utilized
as an iron source. From yeast genome sequencing data six genes of the unknown major facilitator (UMF) family
were known of whichyELO65w Scevas recently identified as a transporter for the bacterial siderophore ferriox-
amine B (Sit1p). The present investigation shows that another UMF §éti€)47¢c Sceencodes a transporter for

the fungal siderophore triacetylfusarinine C. The g¥ht047c ScédesignatedAF1) was disrupted using the
kanMXdisruption module in det3background (strain DEY 1394fet3), possessing a defect in the high affinity
ferrous iron transport. Growth promotion assays and transport experiment®Réthabelled triacetylfusarinine

C showed a complete loss of iron utilization and uptake in the disrupted strain, indicatifig\thbits the gene for

the fungal triacetylfusarinine transport 8accharomyces cerevisiaad possibly in other siderophore producing
fungi.

Introduction named triacetylfusigen, is a common siderophore of

many fungal genera and has been founé&usarium

Transport of iron in fungi proceeds mainly via
siderophores which are biosynthesized under iron lim-
itation (Van der Helm & Winkelmann 1994; Drechsel
and Winkelmann 1997; Leong and Winkelmann 1998)
In some fungi, likeSaccharomyces cerevisiaereduc-
tive iron acquisition mechanism has evolved (Dancis
et al. 1990, Askwithet al. 1994), which may be
regarded as an additional iron acquisition system in
order to extract iron from a variety of iron chelates
with low stability constants. The property to trans-
port siderophores has been retainedSincerevisiae

cubenséDiekmann & Zéahner 1967F,. roseun(Sayer

& Emery 1968) Aspergillus fumigatugDiekmann &
Krezdorn 1975)A. nidulangCharlanget al. 1988),A.
deflectugAnke 1977),Mycelia steriliaEP-76 (Adji-
mani & Emery 1987, 1988Renicillium resticulosum
(Konetschny-Rappet al. 1988) and also in the basid-
iomycetous fungu#\garicus bisporusthe cultivated
mushroom (Eng-Wilmoet al. 1992). Although non-
acetylated forms as well as monomeric, dimeric and
trimeric linear fusarinines have also been detected in
fungal culture fluids (Winkelmann 1981; Drechsel &

although biosynthesis of siderophores in this yeast Winkelmann 1997), the cyclic acetylated trimer is re-

does not occur (Neilandst al. 1987; Lesuisse &
Labbe 1994). Triacetylfusarinine C (Figure 1), also

garded as the final biosynthetic siderophore product
with the highest chemical stability. Earlier studies with
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cH, 0 Materials and methods
NH
A q Siderophores and HPLC
pZ
0 %N\ °" o Triacetylfusarinine C (Triacetylfusigen), ferrichromes
R—NH o 0 and ferrioxamines were from the stock of our labora-
0 N ! o tory. Fusigen was isolated from an ericoid mycorrhizal
/0 """ R 7\/ cH, fungus (Haselwandtest al. 1992). Deferration of hy-
N 0y droxamate siderophores was according to Wiebe &
)ZO Winkelmann (1997) using 8-hydroxyquinoline. The
J\/\ T) purity of siderophores was checked by HPLC us-
CH, o ing a reversed phase column (Nucleosil C18ym8,

4 x 250 mm, Grom, Herrenberg, Germany) and an
acetonitrile/water gradient (6—40%) with 0.1% triflu-

Fo. 1. Structural formula of N.NN"-tiacetylfusarinine C (o oroacetic acid (TFA) added to both solvents. HPLC
caylusiger) (R CO-CH) and fusanming C (usigen) (2 SCPAration was run on a HPLC (LC-10AT pumps,
H). equipped with gradient controller and automatic sam-
pler,Shimadzu, Duisburg, Germany). Detector wave-
length was set at 435 nm or 220 nm which al-

triacetylfusarinine C have shown that this siderophore lowed to detect hydroxamate Siderophores, desferrisi-
is able to extract iron form other siderophores and derophores and impurities.

thereby feeding the producing strain with iron from

exogenous siderophores (Adjimani & Emery 1987). Strains and culture conditions

Most important is the observation that the three es-

ter groups are easily hydrolyzed intracellularly leading Yeast strains were maintained on YPD (1% yeast
to the excretion of various hydrolysis products into extraxt, 2% peptone, 2% glucose) agar and grown
the culture fluid. Contrary to the above mentioned overnight in liquid YPD medium at 30C under
fungi, S. cerevisiaé unable to synthesize any hydrox- aeration on a rotary shaker.

amate siderophore as determined by the siderophore

auxotrophic strainAureobacterium flavescen#G9. Gene disruption

Chrome azurole S (CAS) tests have also proven that

S. cerevisiagloes not synthesize any other siderophore Disruption of the genomic MFS-encoding sequence
(Neilandset al. 1987). We have shown earlier that (YHLO47c Scéccession No. AAB65059.1 GB) was
overproduction of certain membrane proteindiieu-  accomplished by using tHeanMXdisruption module
rospora crassaunder iron-deficient conditions does Present on vector pUG6 (Waeft al. 1994; Gildener
not occur (Huschka & Winkelmann 1989), indicat- €t al.1996).

ing that there is no analogy to the iron regulated ~ Amplification of the kanMX module by PCR
outer membrane proteins of bacteria (Braun & Hantke Was performed by using primers containing s®-
1997). However, recent genome sequencir.icere- ~ quences homologous to thenMX module (under-
visiae showed that a variety of different transporters lined) and 5 sequences homologous to thfelL047c

exist, which belong to the major facilitator superfam- Scegene (italics): YHLO47c-L, SATG ATC GAA
ily; six putative MFS-proteins remained functionally GTC CCA GAA GAC AAT cgT TCT AGC CAA ACA

uncharacterized and were therefore named unknownACA GCT GAA GCT TCG TAC GG3'; YHLO47c-
major facilitators (UMF) (Goffeaet al. 1997). While R, 5-TCA GAG ATC ATT TTT TCG AAC ACA TAT
one of them (Yel065w Sce) could be recently assigned CCT GTT GGG GTTGC ATA GGC CAC TAG TGG

as a transporter for the bacterial ferrioxamine B (Lesu- ATC TG-3". Thus the primers contained genomic
isseet al. 1998), we were able to show in the present and disruption module sequences. The 1.5 kb PCR-
investigation that a further UMF gen¥§l047¢ Sce fragment was checked by agarose gel electrophoresis.
encodes a transporter for the fungal triacetylfusarinine

siderophore.

mTE
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Transformation

Competent cells ofS. cerevisiaeDEY1394 Afet3
(Askwith et al. 1996) were transformed and positive
clones were selected on YPD/G418 plates containing
200 png/ml geneticin (G418, Calbiochem, Germany).
The strainS. cerevisiad®EY 1394 Afet3, kindly pro-
vided by David Eide, was used to exclude any high
affinity reductive iron transport. The strai. cere-
visiae DEY1394 Afet3 had the following character-
istics: MATx fet3::HIS3 ade6 canl trpl leu 2 his3
ura3.

To verify correctintegration of the disruption mod-  Fig. 2. Growth promotion test using. cerevisiadEY1394 Afet3
ule into theYHLO47¢ Scegene control PCRs were  (parental strain, left side) and DEY13@det3 Atafl = PHY2 (dis-
performed with G418-resistant clones using the fol- rupted strain, right side). Triacetylfusarinine C (&01) (upper)
lowing primer pairs: YHLO47¢c-A: 5CTG GAG TTT ~ 'usigen (100:M) (lower).

CTG TGC TCC-3 YHL047c-D: 5-GTA CTA CCG
GAT TAG AGG-3, and KanB: 5GGA TGT ATG Results
GGC TAA ATG-3 and KanC: 5CCT CGA CAT

CAT CTG CCC-3. Consistent with correctintegration  \When the parental-strain (DEY13%fet3 and the
of the disruption module a 2054 bp fragment was ob- disruptant (DEY1394Afet3 Atafl = PHY2) were
tained with primers YHLO47c-A and YHLO47¢-D, a2 compared in growth promotion tests containing var-
481 bp fragment with primers YHLO47c-A and KanB  joys fungal and bacterial siderophores, growth was
and 399 bp fragment with primers YHLO47c-D and gpserved with all ferrichromes, coprogen and all bac-

KanC. terial ferrioxamines studied (Table 1). However, ferric
) triacetylfusarinine C (triacetylfusigen) and to a lesser
Growth promotion assay degree fusigen, did not stimulate the growth of the

disrupted strain as illustrated in Figure 2, indicat-
' ing that the gene disruption had affected the function
" of iron utilization from fusarinine-type siderophores.
Both compounds have a common cyclic ester structure
but differ in the acetylated and free amino group of the
fusarinine moieties. Thus, it can be assumed that the
structure of anhydromevalonic acid linked to hydrox-
yornithine (fusarinine) is the recognized motif in the
transported molecule.

In order to prove that the defect is locatlized in a

g transporter protein, additional transport experiments
were performed usingPFe-labeled triacetylfusarinine

SD-softagar plates (0.67% yeast nitrogen base (Difco
Detroit), 2% glucose, 0.5% agar) were prepared con
taining yeast cells and 50@0M bathophenanthroline
disulfonic acid (BPDS). Siderophores (1) were
pipetted on sterile filter disks (10l/disk), dried and
placed on the agar plates. Growth zones were read
after 24 and 48 h incubation at 3C.

Radioactive iron uptake

Strains were grown overnight in chemically define
medium (SD medium: 0.67% yeast nitrogen base - ; i
(Difco, Detroit), 2% glucose, 0.5% agar). Transport C. _AS shown n Figure 3 short tlm_e transport k_"
kinetics were performed in SD medium containing ngtlcs (0_20_”_"”) for _uptake of radiolabeled ferrlc
500 M BPDS and 4uM 55Fe-triacetylfusarinine trlacetylfusarlmne C _dlffered betwee_n both_strams.
C. Triacetylfusarinine C was labeled wifffFeCh Thu_s, trlacet.ylfgs_annme C-transport in the disrupted
(Amersham, UK 55Fe in 0.1 M HCI). For time de- s’Fram was S|gn|f|cantly_lower compared to Fhe. non-
pendent uptake studies cells (1 ml) were harvested atdlsrupted pa_rental strain. Some residual t_)mdmg of
intervals by filtering through nitrocellulose filters and the labeled siderophore Seems to occeur, Wh'Ch may be
washed with 10 ml cold saline. Siderophore-bound caused by the fact that triacetylfusarinine is the most

iron taken up by the cells was measured by liquid lipophilic siderophore among the fungal hydroxamate
scintillation counting siderophores. The present data support the previous

assumption that th&/HLO47c Scegene encodes a
siderophore transporter and have identified the trans-
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Table 1. Growth promotion tests using fungal and bacterial hydroxam-
ate siderophores arsl cerevisiad®EY 1394 Afet3 (parental strain) and
DEY1394 Afet3 Atafl = PHY2 (disrupted strain)

Siderophores DEY1394fet3 DEY1394Afet3 Atafl
Ferrichrysin +++ + 4+
Ferricrocin +++ +4++
Ferrirubin +++ I
Ferrirhodin +4++ 4+
Ferrichrome + 4+ + 4+
Ferrichrome A ++ ++
Ferrioxamine B +++ +4++
Ferrioxamine E +++ +++
Coprogen ++ ++
Triacetyfusarinine C + + + -
Fusigen + _

Symbols: strong-{ + +), medium ¢+) and low @) growth in the
presence of added siderophores (14).

% . 25 and Penicillium group and the involvement of these
‘g‘.-‘c;, 23 | fungi in pathogenesis (Howard 1999) underlines the
o g importance of this siderophore. It is interesting to note
2 > 21 that transport systems for fusarinines in bacteria are
£ g, unknown so far (Braun & Hantke 1997). Although
§ E 194 other fungal siderophores, such as ferrichromes and
S8 coprogen, are utilized bgscherichia colia fusarinine
§ g 174 outer membrane receptor is still lacking.
g 15 W , ' . A previous report has assigned B 1gene of the

0 5 10 15 20 25 yeastSaccharomyces cereviside the unknown ma-

jor facilitator (UMF) geneYELO65w Scegncoding a
transporter for the bacterial siderophore ferrioxamine
Fig. 3. Time-dependent transport 5?Fe—triacetylfusarinine c@4 B (Lesuisseet al. 1998). Ferrioxamines are charac-
M) by S. cerevisiaeDEY1394 Afet3 parental strain ) and N

DEY1394 Afet3 Atafl = PHY2, disrupted strain@). Cells were teristic S|derophores of Strept(_)myce_tes, but have also
grown overnight in SD-medium, sedimented and resuspended in D€en detected in enterobacteria (De&isal. 1998).

SD medium, containing 50&M BPDS. Aliquots of 1 ml cell In this investigation we present evidence that an-
suspension were taken at intervals, filtered, washed and the radioac-gthar gene of the UMF family,YHLO47¢c Sce is

tivity was counted as described in Materials and methods. Uptake ired for the t t of tri ’ tif inine C (tri

of ®3Fe-triacetylfusarinine C was calculated as pmoles per mg dry require .or e rans_por 0 ”ace_ ylfusarinine C ( ”.'
weight. acetylfusigen), a typical fungal siderophore. As this
UMF gene encodes a transporter for fusarinines (tri-
acetylfusarinine C and fusigen) we have named the
geneTAFL Disruption of theYHLO47¢c Scgene was
accomplished by kanMXdisruption module, contain-
ing homologous sequences derived fromthé.047c¢
gene. To avoid iron uptake by the high affinity ionic
iron uptake system (Dancet al. 1990), a strain with

a Afet3 background was used for gene disruption.
Selection on geneticin (G418) plates yielded mutants
that were unable to utilize iron from ferric triacetyl-
fusarinine C and fusigen in growth promotion tests.
The defect in siderophore transport could be con-
firmed by performing transport measurements with

time [min]

ported molecule. We therefore designateYi# 047¢
S@® gene TAF]1, for triacetylfusarinine C trans-
porter. TheTAF1 gene product transports fusarinine-
containing ester-type hydroxamate siderophores in
S. cerevisiaeSimilar transporters may exist in other
siderophore-producing fungal genera.

Discussion

Triacetylfusarinine C is a typical fungal siderophore
(Hossairet al. 1980). Its occurence in th&spergillus



305

SSFe-triacetylfusarinine C. Although it had been pro- dromevalonic motif in the fusarinines and in ferrirubin
posed earlier that the six UMFs identified in yeast (Pao and ferrirhodin are essential elements in both gene
et al. 1998) might be drug efflux pumps, the present products. Therefore a common recognition of the an-
investigation confirms their function in siderophore hydromevalonic acid residue might be necessary for
transport. recognition and transport. We have shown earlier that
The mechanism of siderophore-iron transport in in Neurospora crassderrirubin interferes with co-
fungi has been dealt with in various studies and has progen uptake, both of which contain anhydromeval-

been shown to be different depending on the type
of siderophore transported (Van der Helm & Winkel-
mann 1994; Carranet al. 1996, ). In most cases
the intact siderophore is taken up by the fungal cells
and in some fungi enrichment of the ferric siderophore
in the cytosol and transfer of desferri-siderophores in
vacuoles has been shown (Ardon 1998).

We have previously shown that a membrane po-
tential is required for siderophore transport in fungi

onic acid residues (Huschl# al. 1985, 1986). From
multiple sequence alignments and phylogenetic trees
of the proteins of the UMF family a high degree of
sequence similarity was deduced suggesting that most
if not all UMFs are involved in siderophore transport.
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