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Abstract

While in fungi iron transport via hydroxamate siderophores has been amply proven, iron transport via enterobactin
is largely unknown. Enterobactin is a catecholate-type siderophore produced by several enterobacterial genera
grown in severe iron deprivation. By using tkanMXdisruption module in vector pUG6 infat3A background

of Saccharomyces cerevisiae were able to disrupt the gelY®©L158¢ Scef the major facilitator super family

(MFS) which has been previously described as a gene encoding a membrane transporter of unknown function.
Contrary to the parental strain, the disruptant was unable to utilize ferric enterobactin in growth promotion tests and
in transport assays usirgFe-enterobactin. All other siderophore transport properties remained unaffected. The
results are evidence that$ cerevisiaghe YOL158c Scgene of the major facilitator super family, now designated
ENBJ, encodes a transporter protein (Enblp), which specifically recognizes and transports enterobactin.

Introduction have been shown to represent catecholate-containing
siderophores (see recent review in: Drechsel and
Enterobactin (Figure 1) is a well known catecholate- Winkelmann (1997). Also linear trimer, dimer and
type siderophore of enterobacterial genera, designedmonomer degradation or precursor products of enter-
to transport iron into the bacterial cells. It has obactin can be found in bacterial culture fluids some
been detected ifEscherichia coli(O'Brian & Gib- of which may serve as siderophores as well (Hantke
son 1970),Salmonella typhimuriunjPollack & Nei- 1990).

lands 1970), th&rwinia-Enterobacter-Pantoegroup Ferric enterobactin transport in enterobacteria re-
(Berneret al. 1991) and the non-enteric bacterium quires an outer membrane receptor (FepA), which has

Aeromonas hydrophil&Telford et al. 1994). Also, its recently been crystallized and whose structure has

regulation by thdur gene has been early documented
(Ernstet al. 1978). Since catecholate groups repre-
sent the most efficient iron binding bidentates, enter-

been solved by x-ray diffraction ( Buchana al.
1999). FepA has a 22-stranded R-barrel structure func-
tioning as a gated channel. An analogous FhuA outer

obactin is regarded as the ferric-specific siderophore membrane receptor for fungal ferrichromes has also

with the highest stability constant (& 109 ever
found in nature (Albrecht-Gary & Crumbliss 1998).

The structure of enterobactin consists of three 2,3-

dihydroxybenzoylserine moieties linked via a triester
ring. Besides enterobactin, a variety of other cate-

been isolated and crystallized froin coli, resulting

in a similar barrel structure (Fergusehal 1998). An
N-terminal domain folds into the barrel, plugging the
barrel pore, which is assumed to open and close upon
interaction with the TonB protein, to allow entrance

cholate containing siderophores have been detectedof the siderophore to the periplasmic binding pro-

in bacteria. Thus, vibriobactin, parabactin, azotoche-

lin, amonabactin, serratiochelin and corynebactin

teins (e.g., FhuD, FepB), which subsequently deliver
the siderophore to the cytoplasmic membrane proteins
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The present investigation shows that after disrup-
0 tion of theYOL158c Scgene in aAfet3-background
OH of S. cerevisiae,iron uptake via enterobactin was
NH OH abolished, while all other siderophore uptake systems
o% remained functioning. Althoug®. cerevisiads un-
OH able to synthesize enterobactin, the disruption exper-
OH 0 00 iments clearly confirmed that the (MFS)-transporter
/KH/O\I geneYOL158¢now termedENBY, is capable of trans-
NH NH_.O porting ferric enterobactin into the fungal cells en-
3 o] Ho abling growth under iron-restricted conditions. Thus,
the present investigation reports for the first time on
the existence of an enterobactin-specific catecholate

HO siderophore transporter in fungi.
Fig. 1. Structural formula of enterobactin

(FhuB,C or FepDG,C) for final transfer to the interior Materials and methods

of the cell (Mademidiet al. 1997).

Due to the highly negative reduction potential of
enterobactin {750 mV vNHE) an internal reductive  pntergpactin, triacetylfusarinine C, ferrichromes and
mechanism of iron release has been excluded and anga rioxamines were from the stock of our labora-
esterase attack prior to iron reduction has been sug-y,ry Enterobactin was isolated froEscherichia coli
gested. In fungi the role of catecholate compounds in An311 (fepB~strain) as described earlier (Winkel-
iron transport is unclear. Although various phenolic |\ ,onn et al. 1994). Deferration of hydroxamate
and catechole-containing secondary metabolites havesiderophores was according to Wiebe and Winkel-
peen Qe.scribed to be synthgsized in fungi., es.pecially mann (1975) using 8-hydroxyquinoline. The purity
in basidiomycetes, where pigment formation is very ¢ siderophores was checked by HPLC using a re-
prominent (Winkelmann & Drechsel 1997). While 4 iseq phase column (Nucleosil C18, /8n, 4 x
there is evidence of an involvement in biodegradation 50 m. Grom. Herrenberg Germam’/) and an ace-
of wood, its role in iron transport has not been demon- s nitrile/water gradient (6-40%) with 0.1% trifluo-
strated (Goodelet al. 1997). Since enterobactin is  (y5cetic acid (TFA) added to both solvents. HPLC
regarded as a typical siderophore of enterobacteriaseparaﬂon was run on a HPLC (LC-10AT pumps
genera, its utilization in fungi has so far not been ¢4 inped with gradient controler and automatic sam-

studied in detail. _ o pler, Shimadzu, Duisburg, Germany). Detector wave-
Genome sequencing data i cerevisiaehave  |gngih was set at 435 nm or 220 nm which al-

opened the possibility to investigate transporters of the |54 to detect hydroxamate siderophores, desferri-
so-called major facilitator superfamily (MFS), which siderophores and impurities.

besides the ATP-binding cassette (ABC) superfamily

are essential for the transport of nutrients in micro- giains and culture conditions

bial systems. Of the currently known MFS-genes in

S. cerevisiasix UMF genes have been described, for Yeast strains were maintained on YPD (1% yeast
which a function was so far unknown (Nelissetal. extract, 2% peptone, 2% glucose) agar and grown
1997; Pacet al. 1998). Of the six UMF genes two  overnight in liquid YPD medium at 30C under
have recently been identifiedELO65w Schias been aeration on a rotary shaker. For disruption experi-
found to encode a transporter (Sitlp) for the bacterial ments the straif$. cerevisiad®EY1394AfetdMATx,
ferrioxamine B (Lesuisset al. 1998) andYHLO47c  fet3::HIS3 ade6 canl trpl leu 2 his3 ufp®as used
Scehas been assigned a function in the transport of the which was kindly provided by David Eide. This strain
fungal siderophore ferric triacetylfusarinine C (Taflp) (Afet3-strain) is defect in the high affinity reductive
(Heymannet al. 1999) so that the UMF gene family  jron transport system (Askwitét al. 1996) which al-
can now be calle@iderophoretronTransporter (SIT)  |ows to distinguish between reductive iron uptake and
family according to Lesuisse (Lesuisseal. 1998). intact siderophore iron uptake.

Siderophores and HPLC separation



Gene disruption

Disruption of the genomic MFS-encoding sequence
(YOL158c Sce Accession No. GB CAA99180.1)
was accomplished by using thkanMX disrup-
tion module present on vector pUG6 (Waeh al.
1994). Amplification of thekanMX module by PCR
was performed by using primers containing s&-
guences homologous to th@anMX module (under-
lined) and 5 sequences homologous to tH®L158c
Scegene (italics): YOL158c-L, 5ATG CTG GAA
ACT GAT CAC TCT AGG AAT GAC AAT TTA GAC
GCA GCT GAAGCT TCG TAC GC 3; YOL158c-

R, 5-TCA ATA TCC AAT TAC ACG ACG GAG CCA
TGATTG TTG TTT GC ATA GGC CAC TAG TGG
ATCTG-3. Thus the primers contained genomic
and disruption module sequences. A 1.5 kb PCR-

fragment was obtained and checked by agarose gel

electrophoresis.

Competent cells 08. cerevisiadEY 1394 Afet3
were transformed with the 1.5 kb PCR fragment and
positive clones were selected on YPD/G418 plates
containing 200ug/ml geneticin (G418, Calbiochem,
Germany) (Wactet al. 1994). To verify correct in-
tegration of the disruption module into theéOL158¢c
Scegene control PCRs were performed with G418-
resistant clones using the following primer pairs:
YOL158c-A: 5-TAG TCC TGA GTC AAC TGC-3;
YOL158c-D: B-ATC GCT AGT ACT CTC CAG-3,
and KanB: 5GGA TGT ATG GGC TAA ATG-3
and KanC: 5CCT CGA CAT CAT CTG CCC-3
Consistent with correct integration of the disruption
module a 1874 bp fragment was obtained with primers
YOL158c-A and YOL158c-D, a 467 bp fragment with
primers YOL158-A and KanB and 233 bp fragment
with primers YOL158c-D and KanC.

Growth promotion assays

SD-soft agar plates (0.67% yeast nitrogen base (Difco,

Detroit), 2% glucose, 0.5% agar) were prepared con-
taining 500uM bathophenanthroline disulfonic acid
(BPDS) and an inoculum of overnight-grown yeast
cells. Siderophores (1aM) were pipetted on sterile
filter disks (10ul/disk), dried in a microwave oven

67
Radioactive iron uptake

Strains were grown overnight in chemically defined
medium (SD medium: 0.67% yeast nitrogen base
(Difco, Detroit), 2% glucose, 0.5% agar). Transport
kinetics were performed in SD medium containing
500 M BPDS and 4uM ®5Fe-enterobactin. Enter-
obactin was labeled witG°FeCk (Amersham, UK,
%Fe in 0.1 M HCI) in buffered solution (1 M Tris
HCI, pH 7.3). For time-dependent uptake studies
cells (1 ml) were harvested at intervals by filtering
through nitrocellulose filters and washed with 10 ml
cold saline. Siderophore-bound iron taken up by the
cells was measured by liquid scintillation counting.
Radioactive iron taken up was calculated as pmoles
per mg dry weight.

Results

Construction of a YOL158c Sce disruptant

Disruption of the MFS-encodinyOL158c Sceene
was performed using thkanMX disruption module
(pUG6) which was amplified by PCR using primers
homologous to thekanMX sequences and MFS-
encoding sequences. The PCR amplified fragment
(1.5 kb) was then used to transformSa cerevisiae
strain possessing a deletion in the multi-copper ox-
idase (Fet3) of the high affinity iron uptake system
(Fet3/Ftrl) (Askwithet al. 1996). Iron transport via
this transport system may interfere with siderophore
iron uptake when exogenous reduction of siderophore
iron is involved, yielding ferrous iron which in turn
may enter via the Fet3/Ftrl system. The low-affinity
Fet4 system is only active at high ionic iron concen-
trations which is not likely to occur in enterobactin or
hydroxamate siderophore transport assays or growth
promotion tests. Thus, the rational for choosing a
Afet3 back-ground for disruption was to prevent up-
take by other routes. We have shown earlier that gene
disruption using th&kanMXdisruption module can be
successfully applied to the unknown major facilitator
geneYHL047c Scavhich we have assigned a function
in ferric triacetylfusarinine C transport (Taflp) B.

and placed on the agar plates. Growth zones were CerevisiagHeymanret al. 1999).

read after 24 and 48 h incubation at 3D. The same
SD-medium (without agar) was used for concentra-

tion dependent growth assays in order to tests the

growth response when iron-free enterobactin or ferric
enterobactin was added to the medium.

Growth promotion tests

When the parental fet3-strain (DEY13%4fet3) and
the disruptant (DEY1394A fet3Aenbl = PHY3)
were compared in growth promotion tests (agar plates)
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Table 1. Growth promotion tests using hydroxamate and cate-
cholate siderophores in the parental st8ircerevisiadDEY 1394
(Afetd and in the disrupted strain PHY2{et3 Aenb?).

Siderophores DEY1394\fet3) PHY3 (Afet3 Aenb))

Ferrichrysin
Ferricrocin
Ferrirubin
Ferrirhodin
Ferrichrome
Ferrichrome A
Ferrioxamine B
Ferrioxamine E
Coprogen
Triacetyfusarinine C
Enterobactin
Azotochelin
Amonabactins (R-T)
Dihydroxybenzoic acid—

+

T T S S S i i s
T e S S

Growth was tested on agar plates using filter disks containingl 10
of siderophores (1@M). Enterobactin (iron-free) was added as a
concentration of 10QM.

containing various fungal and bacterial siderophores,
growth was observed in the presence of ferrichromes
(ferrichrysin), fusigens (triacetylfusarinine C), and

with the bacterial ferrioxamines (B and E) and also
with enterobactin in the parental strain, whereas the
Aenbl disruptant (PHY3) completely failed to utilize

enterobactin. The results of growth promotion tests
with various siderophores are summarized in Table 1,

0.8 {
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04 |

Growth (OD 600 nm)

0,2 {

200 100 50 25 10 1

Enterobactin (iron-free) [uM]

0,5

04 ]

0,3

0,2 4

Growth (OD 600 nm)

0,1 {

50 25 10 1

Fe-Enterobactin [uM]

0.1

Fig. 2. Time-dependent uptake OPFe-enterobactin (M) by

showing that the parental strain and disruptant behavethe parental strainS. cerevisiaeDEY1394 (Afet3) (@) and the

identical, with regard to hydroxamate iron uptake but
differ in utilization of enterobactin.

As ferric enterobactin is very sensitive to oxida-
tive degradation, it is common to use the iron-free
form in growth promotion tests. Due to the high for-
mation constant of enterobactin £ 10*°), loosely
bound iron present in the growth medium will be com-
plexed after addition to the growth medium. While

disruptant PHY3 Afet3 Aenkl) (H). In addition uptake of ferric
enterobactin in the presence of sodium azide (5 mM, 5 min prein-
cubation) is shown (parental strain, disruptantd). Cells were
grown overnight in SD-medium, sedimented and resuspended in SD
medium, containing 500M BPDS and labeled ferric enterobactin.
Aliquots of 1 ml cell suspension were taken at intervals, filtered,
washed and the radioactivity was counted as described in Materials
and methods. Uptake 8PFe-enterobactin was calculated as pmoles
per mg dry weight.

the hydroxamate siderophores were added as the fer-

ric complex at 1QuM (10 ul/disk) concentration, the
concentration of iron-free enterobactin used in growth
promotion test was 10@M, enabling the formation
of sufficient ferric enterobactin in growth promotion
tests.

In order to determine the actual concentration
range of enterobactin required for growth ®f cere-
visiae in liquid medium, iron-free and ferric en-

fet3-strain was used, the SD medium contained in ad-
dition BPDS (50QuM) to prevent any residual ferrous
iron uptake. As shown in Figure 2 (upper), maxi-
mal growth was observed in the concentration range
of 10-50uM enterobactin (iron-free). Since the ac-
tual amount of residual iron in the medium forming
the ferric enterobactin complex-formation was un-
known, additional tests with added ferric enterobactin

terobactin were added in increasing concentrations Were performed. As shown in Figure 2 (lower), max-

(0—100 M) to inoculated SD medium. Although a

imal growth was observed at about LM ferric
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enterobactin. In both assays growth promotion of the 40
Aenbl disruption strain (PHY3) was significantly re- 5 ¥ 351
duced. Interestingly, higher concentration of iron-free 3 e 30 4
enterobactin$ 50 M) completely inhibited growth % > 251
of S. cerevisiaeells, suggesting that larger amounts of § S 20
enterobactin, because of its strong metal-binding for- & E 15 4 '“'\.\._.
mation constant or because of other properties, have @ g 10 o—O0——9—9
an adverse effect on the fungal metabolism. =;£ & sl 0—0O— o 5 —0
Y T T . .
Enterobactin uptake studies 0 5 10 15 20 25

time [min]
Figure 3 Sh_OWS t'me'depend?nt uptakéftﬁe—le_lbeled Fig. 3. Concentration dependent growth®fcerevisiagDEY1394
enterobactin by parental strain and thenbl1disrup- (Afe), parental strain, (black) and disruptant PHY\3¢t3 Aenhl)
tant of S. cerevisiaguring incubation in SD-medium.  (white) in the presence of (iron-free) enterobactin (upper) or ferric
Samples were taken at intervals and the radioactivity nterobactin (lower). Cells were incubated in YPD medium contain-
. . . ing increasing amounts of (ferric or iron-free) enterobactin. Growth

was counted as described in Material and methods. yas monitored by measuring the optical density at 600 nm after 24 h
While the parental stain showed a rapid increase of of growth.
uptake followed by a saturation phase after 5 min,
the disruptant showed a low but constant level of ra-
dioactivity, possibly due to lipophilic adsorption of the
ferric enterobactin to fungal membranes. Uptake of
labeled enterobactin in the presence of sodium azide
(5 mM) remained low, confirming an active trans-
port mechanism for ferric enterobactingn cerevisiae
(parental strain). Although the actual values of up-
take varied within several experiments, the tendency Di .

. . . iscussion
of high uptake in the parental strain and low uptake

in the disruptant was obvious and compared well with A< shown in the present paper, enterobactin is used as

growth promotion tests in liquid or agar media. HOW- 5 peterologous siderophore BrcerevisiagSince un-
ever, the absolute amount of iron incorporated during g6 cific iron uptake by various siderophores is some-
the transport experiments in fluid media also dependedtimes observed in microorganisms, a final proof for

on Fhe pH_._When larger amount_s of ce_lls Were_used, specific uptake can only be made by a genetic ap-
rapid acidification (pH< 5) of the incubation medium 00 h The fact that enterobactin failed to stimulate
occured which in turn decreased the stability of the 4 . growth of the disruption strain (PHY3), while
enterobactin iron complex. Therefore, ferric enter- o1 hydroxamates still functioned, is a direct proof
obactin transport irs. cerevisiaseems to be optimal 5 terric enterobactin is recognized by a specific and
at _ngut_ral pH and decrez_ases when the cells are aCt'Velyseparate transport protein (receptor) independent of
acidifying the culture fluid. hydroxamate transporters. This contrasts to a com-

Uptake of other cat:clholate S|d§rophor:es. AS mon transport system which we have proposed for the
enterobactin is a catecholate-type S|dero.p ore, Wemore closely related ferrichromes and coprogens in
wanted to know whether other catecholate S'demphore%eurospora crasséHuschkaet al. 1985).

are transported as well. However, neither azotoche-
lin from Azotobacter vinelandiiDuhmeet al. 1997)

nor the amonabactins (mixture of T and P) from
Aeromonas hydrophil§Telford et al. 1994) or sim-

ple 2,3-dihydroxybenzoic acid supported growttsof
cerevisiaestrains (data not shown), suggesting a high
specificity of the Enblp transporter protein for the
three-dimensional structure of ferric enterobactin. In
all transport assays with ferric enterobactin significant
uptake was observed in the parental strain which was

absent in theAenbldisruptant, confirming disruption

of an enterobactin transporter gene. Thus the unknown
major facilitator genev¥OL158cin S. cerevisiaeen-
codes a transport protein (Enb1p), which specifically
recognizes the ferric enterobactin complex.

In order to prove that disruption of théOL158c
gene affected a transporter protein, short-time
transport experiments were performed usiife-
labeled enterobactin. While growth promotion re-
quires hours (12-24 h), short-time transport exper-
iments showed translocation of radiolabeled mole-
cules within minutes (1-20 min). The results with
S5Fe-enterobactin clearly indicated that ferric enter-
obactin was transported into the parental strain, but not
into the disruptant. Although Yol158c Sce, based on
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computer-aided protein sequence analysis, had beerbeen shown to be active in enterobacteria (Brickman
previously classified as a permease of unknown func- & Macintosh 1992) and an esterase has also been
tion (Paoet al. 1998), an experimental proof of its shown to be involved in ornithine ester degradation in

function and substrate specificity was still lacking and fusarinines (Emery 1976).

has now been reported for the first time in the present It is well known thatEscherichia coliand other

investigation. Gram-negative bacteria express outer membrane re-
Lesuisse and coworkers (1998) were the first to ceptors for both bacterial and fungal siderophores,
show that a ferrioxamine B transporter ger&dT() such as ferrichromes or coprogens (Braun & Han-

is a member of the unknown major facilitator super- tke 1997). The reverse is also true as exemplified by
family genes YELO65w Scewhich led us to conclude  the Sitlp and Enblp transporters. It may be antici-
that further genes of the SIT family are involved in pated that bacteria and microbial fungi compete in a
siderophore transport. We have shown that another ho-common environment by using siderophores of both
molog (YHL0479 of this family, encodes a specific groups. The advantage is obvious, because a low-iron
transporterTAFD) for the siderophore ferric triacetyl-  environmentcan be made suitable for a variety of other
fusarinine (Heymanet al. 1999). TheYOL158ayene organisms and competitors profit much from other
having been assigned here encoding a ferric enter-siderophores,which they do not need to biosynthe-
obactin transport protein (Enblp) and tM&LO65w size. WhileENBl1andSIT1represent genes encoding
gene, encoding the Sitlp transporter for ferrioxam- transporters for bacterial siderophores, we have pre-
ine B, are the most divergent members of the SIT viously shown that also the UMF genéHL047cof
family (Paoet al. 1998), reflecting the structural di- S. cerevisiaeencodes a transporter (Taflp) specific
versity of catecholate and hydroxamate compounds. for the fungal siderophores ferric triacetylfusarinine
Earlier kinetic studies have suggested that the trans-C and fusigen. The fusarinines are typical fungal
port of ferric enterobactin is based on simple diffu- siderophores produced Bgpergillusstrains and other
sion (Lesuisseet al. 1998), whereas our inhibition ascomycetous fungi. The paralogHL040c (close
studies using sodium azide indicated that the trans- evolutionary relative torHL047¢ has been assigned
port mechanism of ferric enterobactin® cerevisiae  a function in ferrirubin (ferrirhodin and ferrichrome
is energy-dependent. This makes sense, as activelyA) transport, named®RN1 (Heymannet al. 2000),
respiring cells need more iron for growth and biosyn- which led us to assume that the iron-surroundiig
thesis of cytochromes and iron-enzymes than ferment- acyl residues in these molecules might be recognized
ing cells, suggesting that siderophore-iron transport by both transport proteins. This correlates well with
also occurs only under high repiratory chain activ- earlier studies on the importance of iron surround-
ity and energy consumption. Siderophore transport in ing N-acyl residues of ferrichromes in siderophore
fungi has been shown earlier to depend on a function- transport byN. crassgHuschkaet al. 1986). The pres-
ing membrane potential (Huschka al. 1983) which ence of an enterobacterial siderophore transporter in
results from a proton extruding ATPase. High con- Saccharomycesn organism lacking any siderophore
centrations of protons generated by the fungal plasma biosynthesis—underlines the perfect adaption to envi-
membrane ATPase in turn allow a proton-coupled ronmentaliron sources which allows to utilize a broad
transport of siderophores to the cell interior (inside collection of bacterial and fungal siderophores.
negative, 200 mV) which has been discussed as the

most probable mechanism of siderophore transport in

fungi (Huschkaet al. 1983). Although these results Acknowledgements

were based on hydroxamate transportNn crassa
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ally accepted concept in microbial physiology, which ing yeast strains, Anne-Kathrin Duhme for a sample
allows active acquisition of siderophore-solubilized of azotochelin and Rowe Byers for a sample of amon-
ferric iron. As enterobactin is regarded as a typical abactins. We also thank Nadja Fahrbach and Michaela
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(Albrecht-Gary & Crumbliss 1998) requires specific

iron release mechanisms. An esterase mechanism has
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