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Aspergillus fumigatus has three zinc transporter-encoding genes whose expression is regulated by both pH
and the environmental concentration of zinc. We have previously reported that the zrf4 and zrfB genes of A.
fumigatus are transcribed at higher levels and are required for fungal growth under acidic zinc-limiting
conditions whereas they are dispensable for growth in neutral or alkaline zinc-limiting media. Here we report
that the transporter of the zinc uptake system that functions in 4. fumigatus growing in neutral or alkaline
environments is encoded by zrfC. The transcription of zrfC occurs divergently with respect to the adjacent aspf2
gene, which encodes an immunodominant antigen secreted by 4. fumigatus. The two genes—zrfC and aspf2—are
required to different extents for fungal growth in alkaline and extreme zinc-limiting media. Indeed, these
environmental conditions induce the simultaneous transcription of both genes mediated by the transcriptional
regulators ZafA and PacC. ZafA upregulates the expression of zrfC and aspf2 under zinc-limiting conditions
regardless of the ambient pH, whereas PacC represses the expression of these genes under acidic growth
conditions. Interestingly, the mode of action of PacC for zrfC-aspf2 transcription contrasts with the more widely
accepted model for PacC function, according to which under alkaline growth conditions PacC would activate
the transcription of alkaline-expressed genes but would repress the transcription of acid-expressed genes. In
sum, this report provides a good framework for investigating several important aspects of the biology of species
of Aspergillus, including the repression of alkaline genes by PacC at acidic pH and the interrelationship that

must exist between tissue pH, metal availability in the host tissue, and fungal virulence.

In all organisms, zinc is required by a huge number of pro-
teins, for which it plays a catalytic, cocatalytic, and/or structural
role (2). Indeed, organisms are equipped with a plethora of
zinc homeostasis-maintaining proteins, including membrane-
embedded zinc transporters, zinc-chelating proteins, and at
least one zinc-responsive transcriptional activator.

Among fungi, zinc homeostasis has mainly been character-
ized at both the genetic and biochemical levels in Saccharomy-
ces cerevisiae (12). This yeast is able to grow in a broad pH
range (between 2.4 and 8.6), although its growth rate is
strongly influenced by the environmental pH. The kinetics of S.
cerevisiae growth is not affected between pH 3.5 and 6.0 be-
cause it prefers acidic media (25), and all investigations of
yeast zinc-homeostasis have been performed using acidic me-
dia such as those described by Zhao and Eide (56, 57). How-
ever, exposure of yeast to alkaline pH represents a stressing
situation that limits its nutrient uptake ability when coupled to
a proton gradient (44), thereby significantly lowering its growth
rate in alkaline media. In addition, an alkaline pH favors the
formation of insoluble metallic complexes, which lowers the
availability of most metal ions, including iron, copper, and zinc
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(24). To improve its growth in alkaline media, S. cerevisiae has
thus evolved a regulatory mechanism that increases the expres-
sion of several genes encoding proteins that are involved in
both iron and copper homeostasis (20, 21, 36). Similarly, other
genes that are to some extent related to zinc homeostasis, such
as FET4 and PHOS4, which respectively encode the low-affinity
Fe?"/Cu®*/Zn*" transporters (48) and high-affinity phosphate
transporters (18), also increase their expression under alkaline
conditions (21, 36), even though they are only relevant for zinc
uptake under anaerobic and low-phosphate growth conditions,
respectively (18, 48). Nevertheless, the expression of genes
directly related to zinc homeostasis in yeast growing in acidic
media, including that of ZRTI and ZRT2 (56, 57), does not
change upon exposure to alkaline pH, as may be deduced from
large-scale expression analyses (20, 21, 36). Accordingly, yeast
growth in an aerobic and phosphate-replete, alkaline medium
may be improved by supplementing the medium with iron and
copper but not with zinc (35). Therefore, although this has not
been formally demonstrated, most zinc required by yeast to
grow in alkaline media is expected to be taken up by Zrtlp
and/or Zrt2p, as happens in yeast growing in acidic media
(56, 57).

On the basis of previous yeast investigations, we began to study
zinc homeostasis in the filamentous fungus Aspergillus fumigatus.
We first showed that the ZrfA/ZrfB zinc uptake system of A.
fumigatus, which somewhat resembles the Zrt1/Zrt2 zinc uptake
system of S. cerevisiae, functions to obtain zinc mainly from acid,
zinc-limiting environments (45). However, in contrast to S. cer-
evisiae, Aspergillus species exhibit strong metabolic versatility and
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TABLE 1. Fungal strains used in this study

Microorganism Strain Genotype Reference or source
A. fumigatus CEA17 pyrG1 (auxotrophic pyrG ™) 11
AF10 pyrG1 AzrfA:neo AzrfB::hisG-pyrG-hisG 45
AF14 Prototrophic wild-type (isogenic to CEA17) 45
AF15 pyrG1 AzrfA::neo AzrfB::hisG (auxotrophic pyrG™) 45
AF17 pyrG1 AzafA::hisG-pyrG-hisG 28
AF52 pyrG1 AzrfC::lacl (auxotrophic pyrG™) This study
AF56R pyrG1 zafA::pyrG-hisG 28
AF58 pyrG1 pacCA139872215::pyrG (phenotype pacC©) 1
AF60 pyrG1 pacCAP%71835::pyrG (phenotype pacC™*'™) 1
AF251 pyrG1 AzrfA:ineo AzrfB::hisG AzrfC::lacl-pyrG-lacl This study
AF252 pyrG1 AzifA:ineo AzrfB::hisG AzrfC::lacl-pyrG-lacl This study
AF2511 pyrG1 AzrfA::neo AzrfB::hisG AzrfC::lacl (auxotrophic pyrG™) This study
AF431 pyrG1 AzifC:lacl-pyrG-lacl This study
AF432 pyrG1 AzrfC::lacl-pyrG-lacl This study
AF731 AzifA:neo AzrfB::hisG AzrfC:lacl [zrfC” — zifC] This study
AF751 AzrfA:neo AzrfB::hisG AzrfC:lacl [zrfA” — zrfA] This study
AF761 AzifA:neo AzrfB::hisG AzrfC:ilacl [zrfB® — zrfB] This study
AF791 AzrfA:ineo AzrfB::hisG AzrfC::lacl [zrfCT — zrfCA137922) This study
AF801 AzrfC::lacl [zrfCPR — zifC] This study
AFS811 pyrG1 Aaspf2::lacl-pyrG-lacl This study
AF812 pyrG1 Aaspf2:lacl-pyrG-lacl This study
AF861 pyrG1 Aaspf2::lacl (auxotrophic pyrG™) This study
AF881 Aaspf2::lacl [aspf2” — aspf2] This study
AF891 Aaspf2::lacl [aspf2"™ — aspf2] This study
S. cerevisiae DY1457 MATo ade6 canl his3 leu2 trpl ura3 57
ZHY3 MATo ade6 canl his3 leu2 trpl ura3 zrtl:LEU2 zrt2::HIS3 57

show similar growth rates over a pH range between 3.0 and 10.5
(51). In addition, A. fumigatus is a pathogen able to grow exten-
sively and invade lung tissue, resulting in invasive aspergillosis,
which is a life-threatening infectious disease and a major cause of
mortality among immunocompromised patients (34). Like many
environments in which A. fumigatus may grow, lung tissue is a
slightly alkaline zinc-limiting medium in which Zn*" ions are
tightly bound to high-affinity zinc-binding proteins (38). However,
the zinc transporters ZrfA and ZrfB of A. fumigatus are not
required for fungal growth under neutral or alkaline zinc-limiting
conditions (45). Accordingly, a system other than that encoded by
the zrfA and zrfB genes must exist in A. fumigatus to enable this
organism to obtain zinc during growth in neutral or alkaline
environments. Indeed, scrutiny of the A. fumigatus genome re-
vealed that it actually has eight genes encoding proteins (ZrfA to
ZrfH) of the ZIP (Zrt-like, Irt-like Protein) family of zinc trans-
porters usually involved in zinc uptake from the environment (8).
However, apart from the zrf4 and zrfB genes, which encode the
acid ZrfA-ZrfB zinc uptake system (45), only the promoter region
of zrfC has cis-acting sequences for both the PacC and ZafA
transcriptional regulators that respectively regulate pH and zinc
homeostasis in Aspergillus species (28, 31). In this work we dem-
onstrate that zfC does indeed encode a transporter devoted to
obtaining zinc from alkaline zinc-limiting media.

MATERIALS AND METHODS

Strains, media, and culture conditions. All fungal strains used in this work are
listed in Table 1. The A. fumigatus strains were routinely grown on either potato
dextrose agar (PDA) supplemented with 100 uM Zn** or complete AMMH
agar medium, which is the base Aspergillus minimal medium supplemented with
1.0 ml/liter of complete Hunter’s trace-element solution and 15 g/liter agar (1).
Conidia from 4. fumigatus strains grown in either medium were used to inoculate
the synthetic dextrose ammonium EDTA (SDAE) (pH 4.4) or synthetic dextrose

nitrate EDTA (SDNE) (pH 7.5) zinc-limiting agar media (1, 27). These media
were converted into zinc-replete agar media upon supplementation with Zn?* at
the concentrations specified for each experiment using a stock sterile solution of
100 mM ZnSO, + 7H,0 in ultrapure water. The liquid SDA and SDN zinc-
limiting media were prepared in the same way as the SDAE and SDNE zinc-
limiting agar media but with the omission of both EDTA and agar. Prewarmed
SDA and SDN liquid media were inoculated to a density of 5 X 10° spores/ml
and incubated at 37°C with shaking at 200 rpm. Both SDAE and SDNE agar
media were spotted with 10° conidia per strain. Fungal growth reached a max-
imum after 5 and 3 days of incubation at 37°C in SDAE and SDNE, respectively,
regardless of the zinc supplement added to the medium. Thus, SDAE and SDNE
agar plates inoculated with conidia from A. fumigatus were incubated at 37°C for
5 and 3 days, respectively, before pictures were taken.

Yeast strains were routinely grown at 28°C in YEPD agar medium (10 g/liter
yeast extract, 20 g/liter peptone, 20 g/liter dextrose, 20 g/liter agar) supplemented
with 1 mM Zn?*. Yeast transformant strains derived from the ZHY3 strain were
selected on SDA agar supplemented with 1 mM Zn?* and a suitable complement
supplement dropout mixture (CSM from Q-BIOgene). The SDA-buffered
(SDAB) zinc-limiting agar medium used for yeast growth was the synthetic yeast
nitrogen base with ammonium sulfate (5 g/liter) and without amino acids, dex-
trose, phosphate, Cu, Zn, or Fe (catalog no. 4028-812; Q-BIOgene) and supple-
mented with the appropriate complement supplement dropout mixture, 20 g/liter
dextrose, 10 pM FeCl; - 6H,0, 2 uM CuSO, - 5H,0, and a 100 mM concen-
tration of either KH,PO, (for pH 4.4) or the KH,PO,-K,HPO, buffer (for pH
7.5) and 20 g/liter agar.

In all cases, to prevent contamination of the media by traces of Zn*" con-
tained in salts, ultrapure compounds of the highest quality (obtained from
Merck) were used. All solid media were prepared by adding agar to the salt
solution before sterilization by autoclaving, whereas the glucose solution used to
make up the media was autoclaved separately from the other components.

Standard molecular biology procedures. DNA manipulations were performed
following standard molecular biology protocols (32). DNA and RNA from A.
fumigatus were purified and analyzed by Southern and Northern blotting, respec-
tively, as described previously (1). The plasmids and oligonucleotides used and
constructed during the course of this study are listed and briefly described in
Tables S1 and S2, respectively, in the supplemental material. The probes used for
Northern analyses were as follows: an EcoRI-Kpnl fragment of 697 bp obtained
from plasmid pZRF1g for zrf4; a Stul-Sacl fragment of 929 bp from pZRF24g
for zrfB; a BglII-Smal fragment of 1,583 bp from pZRF30 for zifC; an Xbal-
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BamHI fragment of 954 bp from pASPF23 for aspf2; and a Hpal-Smal fragment
of 1,605 bp from pPAC?2 for pacC. We used an EcoRI-EcoRI fragment of 926 bp
that carries part of the y-actin gene (actG) coding sequence (obtained from the
pACTF1 plasmid) as a loading and quality control in most of the Northern
assays.

Cloning of the zrfC and aspf2 cDNAs of A. fumigatus. The cDNA of zrfC was
obtained by reverse transcription (RT)-PCR using oligonucleotides JA299 (for
retrotranscription) and JA60 and JA54 (both for PCR), and a 1.6-kb cDNA
fragment was subcloned into pGEM-T Easy (Promega) to generate plasmid
PZRF30 and sequenced.

The cDNA of aspf2 was obtained by RT-PCR using oligonucleotides JAS8 (for
retrotranscription) and JA166 and JA167 (both for PCR), and a 0.96-kb cDNA
fragment was subcloned into pGEM-T Easy to generate plasmid pASPF23 and
sequenced.

Site-directed mutagenesis. Mutagenesis of all pH response (PR) sites in the
zrfC-aspf2 promoter region was performed sequentially by PCR using pairs of
complementary oligonucleotides that contained the desired mutation as the
primers and the plasmid that carried the DNA fragment to be mutated as the
template. The pairs of oligonucleotides were used to mutate each PR site as
follows: the pair JA222 and JA223 for PR1; JA216 and JA217 for PR2; JA224
and JA225 for PR3; JA226 and JA227 for PR4; JA220 and JA221 for PR5; and
JA212 and JA213 for PR6. Pfu Turbo DNA polymerase (Roche) was used to
replicate both plasmid strands with high fidelity. Following temperature cycling
(15 cycles), the product was treated with Dpnl to remove the parental DNA
template and was used to transform Escherichia coli DH5«. The mutations were
confirmed by sequencing.

Construction of the plasmids used for S. cerevisiae transformation. The ZHY3
yeast strain was transformed with the centromeric plasmids pMC5-HSET (16),
PZHAL1, pZHA2, pZSF30, and pZSF310, which respectively carry the ZRT1I,
21fA, z1fB, zrfC, and zrfCAN genes under the control of the ZRT1 promoter of S.
cerevisiae (55). To construct the plasmids pZSF30 and pZSF310, the ZRTI
promoter was obtained by PCR using genomic DNA from the S. cerevisiae
DY1457 strain as the template and the oligonucleotides JA61 and JA62 as
primers, digested with Sphl and BglII, and ligated to pZRF30 digested with the
same restriction enzymes to generate pZRFS3. The Sacl-Hpal fragment of 2.18
kb of this plasmid was used to replace the SacI-Hpal fragment in pMC5-HSET
to generate pZSF30. A PCR fragment of 1.09 kb obtained by PCR using pZRF30
as the template and the oligonucleotides JA165 and JA54 as primers was di-
gested with BglIl and Hpal and used to replace the BglII-Hpal fragment in
pZSF30 to generate pZSF310. All DNA fragments obtained by PCR were
sequenced. Plasmids pZSF30 and pZSF310 were used to transform the yeast
ZHY3 strain.

Construction of plasmids used for A. fumigatus transformation. To obtain a
zrfCA null mutant and a triple zrfAAzrfBAzrfCA null mutant, the plasmid
PZRF35 was constructed. This plasmid carries a transforming DNA designed to
delete a 1.86-kb Nhel-Xmnl fragment containing the entire coding sequence of
zrfC. A DNA fragment of 4.2 kb (upstream of zrfC) and one of 1.72 kb (down-
stream from z7fC) were obtained by high-fidelity PCR using genomic DNA from
the A. fumigatus AF14 strain as the template and oligonucleotide pair JA59 and
JA186 and oligonucleotide pair JA96 and JA97 as primers, respectively; the
resulting DNA fragments were subcloned into pGEM-T Easy to generate the
pASPF24 (4.2 kb) and pZRF33 (1.72 kb) plasmids, respectively. A 1.86-kb
Hpal-Nhel fragment obtained from plasmid pASPF24, containing the upstream
region to zrfC, was ligated into the pPYRG4 plasmid digested with Smal and
Nhel, containing the lacI-pyrG-lacl cassette, to generate plasmid pZRF34. Next,
a 1.7-kb Spel-XmnlI fragment obtained from plasmid pZRF33 was ligated into
PZRF34 digested with Spel and Stul to generate plasmid pZRF35.

The plasmids pZRF19, pZRF27, pZRF313, and pZRF317 were constructed to
reintroduce zifA, zrfB, zrfC, and zrfC*'37%%2 respectively, at the pyrG locus of
the A. fumigatus AF2511 strain by use of the plasmid pPYRGQ3 as a shuttle. The
pPYRGQ3 plasmid was designed in our laboratory for specific reversion of the
pyrGI mutation (C756T) in A. fumigatus CEA17 (50) or in any pyrG~ CEA17-
derivative strain and to select pyrG™ prototrophic strains bearing one DNA
fragment of interest at the pyrG locus. This plasmid carries the coding sequence
of a wild-type pyrG gene that lacks 141 bp at its 5" end (i.e., the coding sequence
for residues 1 to 47 of PyrG), followed by a 312-bp fragment carrying the
terminator region of the aspndl gene from A. nidulans (9), which exhibits strong
bidirectional transcriptional termination activity (unpublished data). Next to the
aspndl terminator, we introduced a multiple cloning site (MCS) (EheI-BglII-
Xbal-Ncol-KpnI-Smal) followed by a 931-bp fragment containing the wild-type
transcriptional terminator region of pyrG and the sequence downstream. Hence,
any DNA fragment can be inserted at the MCS and introduced at the pyrG locus
of A. fumigatus through a double homologous recombination event. In addition,
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the pyrG gene in pPYRGQ3 encodes a nonfunctional orotidine 5’-monophos-
phate decarboxylase that prevents selection of pyrG™* prototrophic strains not
bearing the DNA fragment of interest. Additionally, the aspndl terminator
prevents the transcription of the pyrG gene from being influenced by any oppo-
site transcriptional activation activity potentially promoted by the inserted DNA.

To construct the pZRF19 plasmid, a Spel-EcoRV fragment of 2.67 kb from
plasmid pZRF1g was ligated into pPYRGQ3 digested with Xbal and Smal.

The pZRF27 plasmid was constructed by inserting the Nhel-Hpal fragment of
1.1 kb from plasmid pZHAZ2 into the pPYRGQ4 plasmid digested with Xbal and
Smal. To construct the pPYRGQ4 plasmid, a 1.26-kb fragment that contained
the promoter region of zrfB was obtained by high-fidelity PCR (using genomic
DNA from the A. fumigatus AF14 strain as the template and the oligonucleotides
JA191 and JA192 as primers), digested with Sfol and Bglll, and ligated to
pPYRGQ3 digested with the same restriction enzymes.

To construct the pZRF313 plasmid, a BglII-Hpal fragment of 1.73 kb from
plasmid pZRF39 was ligated to pPYRGQS5 digested with BglIl and Smal. A
1.75-kb fragment containing the coding sequence of zrfC was obtained by high-
fidelity PCR, using genomic DNA from the A. fumigatus AF14 strain as the
template and the oligonucleotides JA54 and JAG60 as primers, and was cloned in
pGEM-T Easy to generate the pZRF39 plasmid. The pPYRGQS5 plasmid was
generated by inserting into pPYRGQ3 digested with Sfol and BglII a 0.91-kb
fragment containing the zrfC-aspf2 promoter region, which was obtained by
high-fidelity PCR using genomic DNA from the A. fumigatus AF14 strain as the
template and the oligonucleotides JA194 and JA196 as primers and was digested
with Hpal and BglIIL.

The pZRF317 plasmid was constructed by inserting the BglII-Hpal fragment
of 1.12 kb from plasmid pZRF316 into pPYRGQS5 digested with BglII and Smal.
A 1.14-kb fragment containing the coding sequence of zrfC*137°22 was obtained
by high-fidelity PCR, using genomic DNA from the A. fumigatus AF14 strain as
the template and the oligonucleotides JA54 and JA165 as primers, and was
cloned in pGEM-T Easy to generate the pZRF316 plasmid.

To obtain an aspf2A null mutant, the pASPF25 plasmid was constructed by
replacing the XhoI-Hpal fragment containing the entire coding sequence of
aspf2 by an Smal-Xhol fragment of 3.64 kb from pPYRG4 containing the
lacI-pyrG-lacI cassette. This plasmid carries a transforming DNA designed to
delete a 1.2-kb BstZ17I-Xhol fragment containing the entire coding sequence of
aspf2. To reintroduce the aspf2 gene at the pyrG1 locus of an auxotrophic aspf2A
null mutant, plasmid pASPF26 was constructed by inserting a 1.87-kb Hpal-Nhel
fragment from pASPF24 into pPYRGQ3 digested with Smal and Xbal.

The plasmids pZRF320 and pASPF361 were constructed by sequentially
changing the PR sites of the zrfC-aspf2 promoter region in plasmids pZRF313
and pASPF26, respectively, by site-directed mutagenesis, as described above.

All DNA fragments obtained by PCR were confirmed by sequencing. The
plasmids used to transform A. fumigatus were linearized by digestion with an
appropriate restriction enzyme, extracted with phenol-chloroform-isoamyl alco-
hol, precipitated with acetate-isopropanol, washed in 70% ethanol, resuspended
in STC buffer (1 M sorbitol, 10 mM CaCl,, 10 mM Tris-HCI, pH 7.5), and used
for transformation as described below.

Preparation of protoplasts and transformation and verification of A. fumigatus
mutants. Protoplasts of A. fumigatus were prepared and transformation was
performed as described previously (45). Plates were incubated at 37°C until
pyrG-positive fungal transformants had grown. Several 10s of independent trans-
formants were reisolated on AMMH agar medium. To identify the transformants
that had undergone homologous recombination at the expected locus, genomic
DNA obtained from conidia was analyzed by PCR using appropriate oligo-
nucleotides as described previously (45). Finally, samples of genomic DNA from
about 6 to 10 independent transformants for each fungal strain preselected by
PCR were digested with at least two different combinations of restriction en-
zymes and analyzed by Southern blotting, using an appropriate probe. Sponta-
neous pyrG-negative fungal strains were selected on AMMH agar medium sup-
plemented with 200 uM ZnSO, - 7TH,0, 0.05% uracil, 0.12% uridine, and 1.0
mg/ml 5-fluoroorotic acid.

Alphanumeric codes for all genes from A. fumigatus analyzed in this study.
The complete genomic sequences of two A. fumigatus strains (AF293 and
A1163) are now available (14, 29). The genomic DNA of the AF293 strain was
sequenced first, and it is considered a reference by many investigators (29).
However, the A1163 strain is a CEA17 derivative (14), as is the AF14 strain
(1, 45), which is the wild-type strain used in this study. Thus, to allow rapid
access to the genomic DNA for the A. fumigatus genes from either of the strains
(AF293 or A1163) used in this study, the alphanumeric identification codes for every
gene in each strain are presented as follows: AFUA_1G01550 (in strain AF293) or
AFUB_079250 (in A1163) for zifA, AFUA_2G03860 (in AF293) or AFUB_020930
(in A1163) for zrfB, AFUA_4G09560 (in AF293) or AFUB_066680 (in A1163) for
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FIG. 1. Structural features of the za” region and the ZrfC protein. (A) Schematic representation of the za” region. The pH response sites (PR)
and the putative zinc-response elements (ZR) are represented as gray- and black-shaded boxes, respectively. (B) Amino acid sequence of ZrfC.
The predicted signal peptide and transmembrane domains are underlined and in bold lowercase, respectively. The four putative zinc-binding
domains at the N terminus are shown separately for comparison. (C) Topological model of ZrfC insertion in the plasma membrane.

ZfC, AFUA_4G09580 (in AF293) or AFUB_066690 (in A1163) for aspf2,
AFUA_1G10080 (in AF293) or AFUB_009490 (in A1163) for zaf4, and AFUA
3G11970 (in AF293) or AFUB 037210 (in A1163) for pacC.

Nucleotide seq e ac bers. The cDNA sequence data for both
zrfC and aspf2 are available in GenBank/EMBL/DDBJ under accession numbers
GQ923786 and GQ923787, respectively.

RESULTS

The zrfC gene encodes a putative zinc transporter with po-
tential zinc-binding motifs (ZBMs) at its N terminus. The zrfC
gene of A. fumigatus has a discontinuous open reading frame of
1,720 bp with three introns of 48, 52, and 51 bp. The putative
TATA box is located at position —68 (for numbering purposes,
we assigned position —1 to the nucleotide preceding the A of
the ATG start codon). The initiation transcription site (posi-
tion +1 in the mRNA) was mapped by rapid amplification of
cDNA ends at position —32. Interestingly, the ATG start
codon of the aspf2 gene was located at position —885 (in the
antiparallel strand). Therefore, the coding sequences of aspf2
and zrfC are divergent and separated by a DNA fragment of
884 bp. This DNA fragment includes the promoter region that
drives the divergent transcription of zrfC and aspf2 and is
henceforth abbreviated to za” (for zrfC-aspf2 promoter) (Fig.
1A). In the za” region, there are three 15-bp consensus se-
quences with a common 5'-CAAGGT-3’ core. These 15-bp

sequences were designated ZR1 to ZR3 (for zinc response),
since preliminary data obtained at our laboratory have indi-
cated that they are cis-acting sequences required for regulating
the expression of zrfC and aspf2 at the transcriptional level
(unpublished data), most likely through binding of the zinc-
responsive transcriptional activator ZafA (28). In addition, in
the za” region there are six PacC-like binding motifs (5'-GCC
ARG-3") (42) designated PR1 to PR6 (for pH response).
The coding sequence of zrfC encodes a 522-amino-acid protein
with a predicted molecular mass of 54.3 kDa. Analysis of the
amino acid sequence of the ZrfC protein performed using the
dense alignment surface method (10) revealed that it contains
nine putative hydrophobic transmembrane domains (Fig. 1B).
The first hydrophobic domain, closer to the N terminus of ZrfC,
matches a signal peptide that should be cleaved by the signal
peptidase between residues A'® and Q%, as predicted by the
SignalP method (version 3.0) (5). The N terminus of ZrfC extends
approximately 200 residues toward the extracellular side, and it
shows four repeats that define the CHXHX;CX.E/D consensus
motif (Fig. 1B). These repeats were designated ZBM1 to
ZBM4 (for zinc-binding motifs), since they resemble zinc-bind-
ing motifs found in other proteins (2). It is worth noting that
the sequence CHFHAGVEHC within ZBM4 has remained
unchanged throughout evolution in all ZrfC-like proteins de-
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FIG. 2. Analysis by Northern blotting of zrfA, zrfB, zrfC, and aspf2
transcription under both zinc-limiting and zinc-replete acidic and al-
kaline conditions. The AF14 strain was grown for 20 h at 37°C in acid
SDA medium (pH 4.4) or alkaline SDN medium (pH 7.5) with a
supplement of 100 wM Zn?>* (+) or without a supplement of Zn*"
(—), as indicated at the top of each lane.
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posited at the GenBank database to date, indicating a highly
conserved function. The remaining transmembrane domains
cross the membrane eight times, and, as predicted by the “pos-
itive-inside” rule (46), the mature form of ZrfC is most likely
a membrane-embedded protein with both the N and C termini
located on the outer surface of the membrane (Fig. 1C).

A search in the GenBank database performed using the
BLASTP algorithm revealed that the ZrfC of A. fumigatus has
the highest overall identity with EAW10413 from Aspergillus
clavatus (71.6% identity), BAES5941 from A. oryzae (68.5%),
and EAA64998 from A. nidulans (60.5%). Nevertheless, ZrfC
also exhibits an overall identity of between 36% and 44% with
other proteins from filamentous fungi (e.g., Neurospora
crassa), polymorphic fungi (e.g., Candida albicans), and some
yeasts (e.g., Debaryomyces hansenii). Interestingly, no ortho-
logues to ZrfC have been found either in humans or in non-
pathogenic yeasts such as S. cerevisiae, Schizosaccharomyces
pombe, or Kluyveromyces lactis. In addition, a multiple align-
ment analysis performed with Clustal X (41) revealed that all
ZrfC-like proteins found in the GenBank database are closely
related to the ZIP-I subfamily of zinc transporters. However, in
contrast to most proteins of the ZIP-I subfamily, ZrfC-like
proteins have a signal peptide followed by a long N terminus,
typically with four ZBMs (although they may contain three to
seven ZBDs). Besides, a phylogenetic analysis revealed that all
ZrfC-like proteins cluster close to ZIP-I proteins from fungi
(e.g., Zrt2 and ZrfB) but are clearly separated from these (see
Fig. S1 in the supplemental material). Thus, ZrfC-like proteins
might represent a new subfamily of ZIP proteins, with mem-
bers exclusively distributed among fungi.

The zrfC and aspf2 genes are expressed only in A. fumigatus
growing in alkaline zinc-limiting media. The presence of six
PR motifs and three ZR sites arranged in a precise order in the
za” region suggested that expression of zrfC and that of aspf2
might be coregulated at the transcriptional level in response to
pH and zinc availability. Indeed, Northern blot analysis re-
vealed that both zrfC and aspf2 were expressed only under
alkaline zinc-limiting conditions whereas zrfA and zrfB were
expressed at a higher level in acidic zinc-limiting media (Fig.
2), as reported previously (45). Thus, the transcriptional profile
of zrfC and aspf2 suggests that these genes might play a specific
role in fungal growth under neutral or alkaline zinc-limiting
conditions.
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ZrfC functions as a zinc transporter in yeast in alkaline
zinc-limiting media but not under acidic growth conditions.
We speculate that the activity of ZrfC might be devoted to fully
satisfying fungal zinc requirements under neutral or alkaline
zinc-limiting conditions but not under acidic growth condi-
tions. To test this hypothesis in a rapid and feasible way, a yeast
complementation assay was performed in the genetic back-
ground provided by a zrt1 Azrt2A strain of S. cerevisiae (ZHY3).
This yeast strain was not able to grow under acidic zinc-limiting
conditions unless a large amount of zinc was added to the
medium (57). The ability of ZHY3 expressing z7fC to grow was
compared with that of ZHY3 expressing zrfA or zrfB from A.
fumigatus or ZRTI from S§. cerevisiae. In addition, the most
remarkable structural difference between ZrfC and the zinc
transporters Zrtl, ZrfA, and ZrfB is that the former has an
N-terminal tail with four putative ZBMs. Hence, to investigate
the role of the ZrfC N terminus in the functionality of the ZrfC
transporter, a deleted zrfC coding sequence (zrfC*") encoding
a ZrfC protein (ZrfC*>~'7*) without its N terminus (the
bracketed amino acid sequence in Fig. 1B) was also expressed
in ZHY3. To prevent any misinterpretation of the data due to
differences at the transcriptional level, each gene was ex-
pressed from a centromeric plasmid under the control of the
ZRTI promoter, as reported previously (28, 45). The acidic
zinc-limiting medium (pH 4.4) was supplemented with 1 mM
EDTA (SDAEB4) to further limit zinc availability. The ability
of ZHY3 derivative strains expressing ZRT1, zrfA, zrfB, zrfC, or
zifC*Y to grow was tested with zinc-depleted SDAEB4 me-
dium supplemented with increasing amounts of Zn** (from 0
to 2,000 wM). As shown, expression of either zifC or zrfCV
failed to restore the growth ability of ZHY3 in the acidic
zinc-limiting medium (i.e., medium supplemented with 50 uM
Zn**) (Fig. 3A), which indicates that ZrfC does not exhibit
zinc transport activity under these culture conditions. How-
ever, if ZrfC functions as a zinc transporter that operates only
under alkaline conditions, it would be expected that expression
of zrfC would restore the ability of the yeast to grow under
alkaline zinc-limiting conditions. To test this hypothesis, all
strains were cultured in a medium with the same composition
of SDAEB4 except that it was buffered at pH 7.5 and EDTA
was added at a final concentration of 0.1 mM. This concentra-
tion of EDTA was seen to be optimal for the control of zinc
availability at pH 7.5 in the 0 to 100 uM Zn>* range (a higher
concentration of Zn*>* was toxic for yeast cells, even in the
presence of 0.1 mM EDTA, whereas increasing the concentra-
tion to 1 mM EDTA in the medium inhibited yeast growth
even in the presence of 2,000 uM Zn?*). As shown in Fig. 3B,
expression of zrfC fully restored the growth ability of the
ZHY3 strain in alkaline zinc-limiting media (i.e., medium with-
out a supplement of Zn?"). Furthermore, this strain expressing
zrfC grew even faster than the wild type, which carries both the
ZRTI and ZRT?2 genes. In contrast, ZHY3 expressing only one
of the zinc transporter-encoding genes (i.e., ZRTI, zrfA, or
zrfB) grew less well than the wild type, whereas the ZHY3
strain transformed with the empty vector was unable to grow in
alkaline zinc-replete medium. This indicates that both genes—
ZRTI and ZRT2—provide wild-type yeast cells with the full
ability to take up the zinc that is required for them to grow
optimally in alkaline media, an aspect of yeast physiology that,
although expected, has not been reported previously. Finally, it
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FIG. 3. Functional analysis of zrfC in the S. cerevisiae background.
The yeast strain ZHY3 was transformed with derivative pRS316 plas-
mids carrying, under the control of the ZRTI promoter, the coding
sequence of ZRT1 (pMC5-HSET), zrfA (pZHAL1), zrfB (pZHA?2), zrfC
(pZSF30), or zrfCA13>7%22 (zrfCAN) (pZSF310), as indicated on the left
side of each picture. The DY 1457 strain transformed with pRS316 is
formally considered to be a wild type (wt). A total of 10* yeast cells
were spotted onto SDA zinc-limiting agar plates buffered at pH 4.4
(A) or 7.5 (B) with 100 mM potassium phosphate and supplemented
with Zn** at the specified concentrations (0 to 2,000 wM). Acid plates
were supplemented with 1 mM EDTA and incubated for 2 days at
28°C. Alkaline plates were supplemented with 0.1 mM EDTA and
incubated for 2 and 4 days at 28°C.

was observed that the expression of zrfC*" improved yeast
growth to the wild-type level only with alkaline non-zinc-lim-
iting medium (i.e., medium supplemented with 50 uM Zn*"),
which indicates that the N terminus of ZrfC does enhance the
zinc transport activity of the membrane-embedded part of
ZrfC, particularly under extreme zinc-limiting conditions.

In sum, as suggested from data obtained using a yeast
complementation assay, the zrfC gene of A. fumigatus encodes
a protein involved in zinc uptake from alkaline media and the
ZrfC zinc transport activity is enhanced by its N terminus,
particularly under zinc-limiting conditions.

A. fumigatus requires zrfC to grow under alkaline and ex-
treme zinc-limiting conditions. To investigate the role of zrfC
in the growth of A. fumigatus, protoplasts of both the CEA17
and AF15 (zrfAAzrfBA) uridine-uracil-auxotrophic strains were
transformed to generate the prototrophic zrfCA (AF431) and
zrfAAzrfBAzrfCA (AF251) null strains, respectively (Fig. 4A).
The ability of these strains to grow was tested on acid and
alkaline agar media under both zinc-limiting and zinc-replete
conditions (Fig. 4B). The growth of the zrfCA null strain
(AF431) was more impaired in alkaline than in acidic zinc-
limiting medium. The growth ability of the zrfAAzrfBAzrfCA
null strain (AF251) was abolished under both acidic and alka-
line zinc-limiting conditions, and the strain hardly grew at all in
the alkaline zinc-replete medium, whereas it grew at the wild-
type level in the acidic zinc-replete medium. However, the
zifAAzrfBA null mutant (AF10) grew poorly in acidic zinc-
limiting medium but identically to the wild type in alkaline
zinc-limiting medium, as reported previously (45). Therefore,
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the genes zrf4 and zrfB are dispensable for fungal growth in
alkaline, zinc-limiting medium in the presence of zrfC. In con-
trast, the zrfC gene was dispensable for fungal growth in acidic
zinc-limiting medium in the presence of zrf4 and zrfB. How-
ever, deleting zrfC is harmful to fungal growth, even under
alkaline zinc-replete conditions in the absence of zrf4 and zrfB,
which indicates that either zrfA4 or zrfB (or both) might also
contribute to zinc uptake in alkaline zinc-replete environ-
ments. Similarly, deleting both zrf4 and zrfB is harmful to
fungal growth under acidic and mild zinc-limiting conditions
(i.., media supplemented with =50 uM Zn*") in the absence
of zrfC, which indicates that zrfC must express in acidic zinc-
limiting media at a very low level (not detectable by Northern
blotting) and that ZrfC might also contribute to zinc uptake
from acidic, mildly zinc-limiting media.

To ascertain the role of zrfA4, zrfB, or zrfC in the growth of 4.
fumigatus more precisely, each gene was reintroduced at the
pyrGI locus of the AF2511 strain (a spontaneous pyrG1 uri-
dine-uracil-auxotrophic zrfAAzrfBAzrfCA mutant obtained
from strain AF251 as shown in Fig. 4A) to generate the pro-
totrophic strains zrfA *zrfBAzrfCA (AF751), zrfAAzrfAB  zrfCA
(AF761), and zrfAAzrfBAzifC* (AF731). In addition, to inves-
tigate whether the zinc transport activity of ZrfC was influ-
enced by its N terminus, a deleted zrfC gene (zrfC*'?7°%2)
encoding a ZrfC protein without its N terminus (ZrfC*~17%)
was also introduced at the pyrG1 locus of strain AF2511 to
generate the prototrophic strain zrfAAzrfBAzrfCA'3 622
(AF791) (Fig. 5A). The ability of these strains to grow was
tested under acid and alkaline zinc-limiting and zinc-replete
conditions (Fig. 5B). As expected, the zrfC™ strain (AF731)
grew like strain zrfAAzrfBA (AF10) under each set of condi-
tions tested (compare Fig. 4B and 5B). Under all conditions
tested, the zrfB* strain (AF761) grew better than the zifA™
strain (AF751), which did not grow at all under either alkaline
or acidic, extreme zinc-limiting conditions (i.e., in medium
supplemented with <1 wM Zn?"). In addition, the zrfB™* strain
grew better than the zrfC™ strain in the acidic medium whereas
it grew worse than zrfC* in the alkaline medium. Therefore,
the ability of A. fumigatus to grow in the alkaline zinc-limiting
medium mainly depends on the zrfC gene and, to a lesser
extent, on that of the zrfB gene. In contrast, the ability of A.
fumigatus to grow in the acidic zinc-limiting medium primarily
depends on the zrfB gene and secondarily on that of the zrf4
gene. The zrfA and zrfC genes contribute minimally to fungal
growth under alkaline and acidic zinc-limiting conditions, re-
spectively. Additionally, it was observed that the N terminus of
ZrfC is required for enhancement of fungal growth ability,
particularly under extreme to mild zinc-limiting conditions
(i.e., medium supplemented with <10 uM Zn*").

Expression of both zrfC and aspf2 is induced in zinc-limiting
media by the ZafA zinc-responsive transcriptional activator.
The ZafA protein of A. fumigatus activates the transcription
of the zrf4 and zrfB genes under acidic zinc-limiting condi-
tions (28). Therefore, it would be expected that the tran-
scription of these genes as well as of others related to zinc
homeostasis in A. fumigatus would also be regulated by
ZafA under alkaline zinc-limiting conditions. To check this,
the expression of the zrfC and aspf2 genes was analyzed
using Northern blotting in a zafAA null strain grown in an
alkaline zinc-replete and zinc-limiting medium (Fig. 6). Nei-
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FIG. 4. Construction and phenotypic analysis of z7fCA strains. (A) A 1.86-kb Nhel-XmnI DNA genomic fragment containing the complete coding
sequence of zrfC in the CEA17 and AF15 strains (delimited with triangles) was replaced by the lacl-pyrG-lacl cassette (gray arrow flanked by dotted
arrows) in the zrfCA (AF431) and zrfAAzrfBAzrfCA (AF251) strains by the use of a 7.22-kb DNA fragment (delimited with closed squares) obtained from
plasmid pZRF35 as transforming DNA. The thinner arrows indicate putative open reading frames surrounding the zrfC gene. The pyrG gene of AF251
was removed by spontaneous intrachromosomal recombination to generate the uridine-uracil-auxotrophic strain AF2511, in which the zfC coding
sequence had been replaced by only one lacl fragment (dotted arrow delimited with triangles). All strains harbored the correct integration event at the
zrfC locus, as verified by Southern blotting analyses, using as a probe a DNA fragment obtained by PCR with the oligonucleotide pair JA8 and JA26 and
plasmid pZRF35 as the template. Only relevant restriction sites are indicated. The source of the genomic DNA, the restriction enzymes used in the
digestions, and the sizes of the fragments detected that match the expected sizes are specifically indicated in each panel. (B) Growth of A. fumigatus strains
AF431 (zrfCA), AF10 (zrfAAzifBA), and AF251 (zrfAAzrfBAzrfCA) on both acid (SDAE; pH 4.5) and alkaline (SDNE; pH 7.5) zinc-limiting agar media
not supplemented with Zn>* or supplemented with 1 to 1,000 wM Zn?>", as indicated at the top of each panel.
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11-derivative pyrG™ strains of A. fumigatus. (A) Construction of A. fumigatus strains that

express zifA (AF751), zifB (AF761), zifC (AF731), or zrfCA137%22 (zrfCAN; AF791) at the pyrG locus. All strains harbored the correct integration
event, as verified by Southern blotting analyses (not shown). The dashed boxes represent the terminator of the aspndl gene, as described in
Materials and Methods. (B) Growth of the same strains on both acid (SDAE, pH 4.5) and alkaline (SDNE, pH 7.5) zinc-limiting agar media not
supplemented with Zn*" or supplemented with 1 to 1,000 uM Zn>*, as indicated at the top of each panel.

ther zrfC nor aspf2 was transcribed in a zafAA strain, which
indicates that expression of these genes under alkaline zinc-
limiting conditions is induced by the ZafA zinc-responsive
transcriptional activator.

Environmental pH influences the transcription of zrfC and
aspf2 through the PacC transcription factor of A. fumigatus.
The presence of PR cis-acting sites in the za” region suggested

zafA*  zafAA

n* - + - +

zrfC
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FIG. 6. Transcription analysis by Northern blotting of zfC and
aspf2 in the A. fumigatus zafAA null (AF17) and zafA™" revertant
(AF56R) strains grown for 20 h at 37°C in the alkaline SDN medium
with a supplement of 100 uM Zn>* (+) or without a supplement of
Zn** (), as indicated at the top of each lane.

that the induction of the transcription of zrfC and aspf2 under
alkaline zinc-limiting conditions probably depended on the
PacC transcriptional regulator of A. fumigatus as well. To in-
vestigate this possibility, the transcription profile of these
genes was analyzed by Northern blotting in acidity-mimicking
pacC*'~ (AF60) and alkalinity-mimicking pacC¢ (AF58) mu-
tants (1). The expression profile displayed by the pacC mutant
for these genes under acidic and alkaline growth conditions
was identical to that of a wild-type strain grown in the alkaline
medium (Fig. 7). In contrast, the transcription profile of the
z1fC and aspf2 genes displayed by the pacC*’~ mutant under
acidic and alkaline growth conditions was identical to that of a
wild-type strain grown in acidic medium. Therefore, the pH-
regulated transcription of the zrfC and aspf2 genes depends on
PacC.

The aspf2 gene is required for fungal growth in extreme
zinc-limiting media, particularly under alkaline conditions.
The zrfC and aspf2 genes exhibited identical transcription pat-
terns under all conditions tested. Hence, if zrfC encodes a zinc
transporter required for fungal growth in alkaline zinc-limiting
media, it is likely that aspf2 would be also involved in main-
taining zinc homeostasis under these environmental condi-
tions. Accordingly, to investigate the role of Aspf2 in the biol-
ogy of A. fumigatus, the aspf2 gene was deleted in the CEA17
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FIG. 7. Transcription analysis by Northern blotting of zfC and
aspf2 in the pacC® (AF58) and pacC™'~ (AF60) strains grown in either
the acid SDA or alkaline SDN medium for 20 h at 37°C, both with a
supplement of 100 wM Zn?>* (+) or without a supplement of Zn*"
(—), as indicated at the top of each lane.

aspf2

strain to generate the prototrophic aspf2A null mutant
(AF811) (Fig. 8A). To confirm that the phenotypic traits ob-
served in the aspf2A mutant were specifically linked to the
deletion of aspf2 rather than to any undesired mutation, the
aspf2 gene was reintroduced at the pyrG1 locus of strain AF861,
a spontaneous pyrG1 uridine-uracil-auxotrophic aspf2A mutant
obtained from strain AF811, to generate the prototrophic
AF881 aspf2* revertant strain. The growth capacity of an
aspf2A mutant was reduced under both acidic and alkaline
extremely zinc-limiting conditions (Fig. 8B). In addition, it was
consistently observed that the aspf2A mutant grew poorly un-
der acidic and extreme zinc-limiting conditions compared to a
zrfCA mutant. In contrast, a zrfCA mutant hardly grew under
alkaline and extreme zinc-limiting conditions compared to an
aspf2A strain. However, the growth ability of aspf2A could be
restored to the wild-type level in the acidic medium supple-
mented with a minute amount of zinc (1 uM Zn?") whereas an
amount of zinc 10-fold higher was required for the aspf2A
mutant to grow at the wild-type level in the alkaline medium.
Therefore, expression of aspf2 is required at a very low level
(not detectable by Northern blotting) for optimal fungal
growth in acidic and extreme zinc-limiting media whereas it is
required at a higher level for optimal fungal growth under
alkaline zinc-limiting conditions, as for zrfC. In sum, the Aspf2
protein plays a role in zinc homeostasis when fungus grows in
extreme zinc-limiting media, particularly under alkaline condi-
tions.

PacC does not activate the transcription of either z7fC or
aspf2 at alkaline pH but represses it at acidic pH. The tran-
scription profiles of zrf4, zrfB, zrfC, and aspf2 indicated that
ZafA must adopt an active conformation under zinc-limiting
conditions, enabling it to induce gene expression regardless of
the ambient pH. Similarly, the transcription profile of these
genes under alkaline zinc-limiting conditions indicates that
PacC apparently induces the transcription of zfC and aspf2
whereas it represses the transcription of the zrfA4 and zrfB genes
that are mainly expressed in acidic, zinc-limiting media (1).
However, if ZafA is active under zinc-limiting conditions, why
is it not able to induce the expression of zrfC and aspf2 under
acidic zinc-limiting conditions? To answer this, we surmised
that the arrangements and locations of most PR sites with
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respect to the ZR elements in the za” region (PR1 and PR2 are
respectively 2 bp and 22 bp from ZR1; PR3, PR4, and PRS are
located respectively 10 bp, 22 bp, and 30 bp from ZR2) (Fig. 1)
could enable a physical interaction between ZafA and PacC
when bound to their cognate sequences in the DNA, such that
under acidic zinc-limiting conditions the transcriptional activa-
tion activity of ZafA might be negatively influenced by PacC,
resulting in the repression of zfC and aspf2 transcription.
Accordingly, to investigate whether PacC binding to za” really
did mediate repression, the PacC binding capacity of this pro-
moter was abolished by site-directed mutagenesis, taking into
consideration the investigations carried out elsewhere (13).
Thus, the six 5'-GCCARG-3’ PR cis-acting elements of the za”
region were converted into 5'-GCGTRG-3’ sequences that do
not bind PacC (where the underlined sequence represents the
conversion). Either the zrfC or the aspf2 coding sequence un-
der the control of the PR-less za” region (abbreviated to za™X)
was inserted at the pyrG locus of the AF52 (a spontaneous
pyrG1 uridine-uracil-auxotrophic zrfCA mutant obtained from
strain AF431) and AF861 (aspf2A) mutants to generate the
prototrophic zrfC* (AF801) and aspf2*™ (AF891) strains, re-
spectively. These strains were grown in an acidic or alkaline
medium under either zinc-replete or zinc-limiting conditions,
and the transcription of both the zrfC and aspf2 genes was
analyzed by Northern blotting (Fig. 9). The AF801 strain grew
at the wild-type level under all conditions tested, whereas the
growth capacity of strain AF891 was consistently slightly re-
duced in an acidic and extreme zinc-limiting medium com-
pared to the wild-type growth ability of the AF881 strain ex-
pressing aspf2 with a wild-type za” region. This indicated that
expression of aspf2 in acidic zinc-limiting media at the same
level as in alkaline zinc-limiting media negatively influences
fungal growth in the former (Fig. 9A). The transcriptional
analysis of zrfC and aspf2 revealed that zrfC (in AF801) and
aspf2 (in AF891) were expressed equally in acidic and alkaline
zinc-limiting media whereas the expression of aspf2 (in AF801)
and zrfC (in AF891) occurred at the wild-type strain level (Fig.
9B). This led us to conclude that the repression of these genes
under acidic zinc-limiting conditions in strains with a wild-type
za® region must be mediated by PacC binding to their cognate
PR sites, thereby negatively interfering with the ZafA activity.
In addition, it also indicated that, under alkaline zinc-limiting
conditions, the PacC protein does not influence, either posi-
tively or negatively, ZafA activity with respect to the transcrip-
tion of either zrfC or aspf2 (i.e., PacC is irrelevant for zrfC-
aspf2 transcription under alkaline zinc-limiting conditions).

DISCUSSION

Microorganisms adapted to grow in neutral or alkaline en-
vironments have to deal with problems related to both the
availability and toxicity of essential cations, including Zn>*.
Free Zn" ions tend to form insoluble metal oxides and phos-
phates as pH increases, resulting in decreased solution-phase
Zn’* concentrations (4, 24, 33). Therefore, microbial zinc
availability is highly conditioned by the environmental pH,
such that for a given zinc-limiting medium (e.g., a defined
medium without a supplement of zinc), the amount of readily
available zinc (i.e., free Zn**) is much lower in the medium
buffered at an alkaline pH than in medium buffered at an
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FIG. 8. Construction and phenotypic analysis of aspf2A strains. (A) A 1.2-kb BstZ17I-Xhol DNA genomic fragment containing the complete
coding sequence of aspf2 in CEA17 (delimited with triangles) was replaced by the lacI-pyrG-lacl cassette (gray arrow flanked by dotted arrows)
in the aspf2A (AF811) strain by the use of a 6.65-kb DNA fragment obtained from plasmid pASPF25 as transforming DNA. All strains harbored
the correct integration event at the aspf2 locus, as verified by Southern blotting using as a probe a mixture of a DNA fragment obtained by PCR
with the oligonucleotide pair JA187 and JA26 and plasmid pASPF25 as the template and a Smal-BgllI fragment obtained from plasmid pZRF309.
Only relevant restriction sites are indicated. The source of the genomic DNA, the restriction enzymes used in the digestions, and the sizes of the
fragments detected that match the expected sizes are specifically indicated in each panel. (B) Growth of A. fumigatus strains AF811 (aspf2A),
AF881 (aspf2™), and AF431 (zrfCA) on both acid (SDAE; pH 4.5) and alkaline (SDNE; pH 7.5) zinc-limiting agar media not supplemented with
Zn** or supplemented with 1 to 100 uM Zn**, as indicated at the top of each panel.

acidic pH. In addition, increasing the pH also raises the toxicity
of zinc for microorganisms (17). The mechanism by which pH
increases zinc toxicity has not been well established, but it may
involve the adsorption of large amounts of zinc on the cell
surface (under conditions of greater acidity, protons would
compete with Zn?* for binding sites) (33) and/or the formation
of toxic species of soluble hydroxylated zinc (e.g., ZnOH™)
(17). In this work, we focused on how A. fumigatus, a fungal

pathogen that may readily adapt to grow in neutral or alkaline
environments, obtains Zn>" from alkaline zinc-limiting envi-
ronments by means of ZrfC.

In contrast to most proteins of the ZIP-1 subfamily, includ-
ing ZrfA and ZrfB, whose overall similarity to ZrfC is rather
low (~19%), ZtfC and all ZrfC-like proteins have a signal
peptide followed by a long N terminus that clearly differenti-
ates them from typical ZIP-I transporters. Interestingly, these



434 AMICH ET AL.

A

B acid alkaline

AF14 AF731AF801 AF891 AF14 AF731 AF801 AF891
ZIn* - + -+ -+ -+ - + - + - + -

' : .l } | —- f: rfC
p— & &

zrfC

26S

acid alkaline

AF14 AF881 AF891 AF801 AF14 AF881 AF891 AF801

Zn* - 4 -+ -+ - -+ -+ -+ — +

' "..i.

aspf2

26S

EUKARYOT. CELL

AF14 wt

AF731 zrfAAzrfBAzrfC*
AF801 zrfCPR

AF891 aspfoR

AF881 aspf2*

AF811 aspf2A

Wild-type za” region in AF14, AF731 and AF891

} rfC

B

za” PR-less region (za”R-zrfC) in AF801

Wild-type za” region AF14, AF881 and AF801

[ 3]
; g

§-— | — aspf2

za® PR-less region (zaR-aspf2) in AF891

4

1 I
L 5

FIG. 9. Influence of zrfC or aspf2 expression on the growth ability in acidic media of the AF801 (za”® — zrfC) and AF891 (za”® — aspf2) strains,
respectively, and transcription of zrfC and aspf2 in both strains. (A) Growth of AF801 and AF891 on both acid (SDAE; pH 4.5) and alkaline
(SDNE; pH 7.5) zinc-limiting agar media not supplemented with Zn>* or supplemented with 1 or 10 M Zn?", as indicated at the top of each
panel. (B) Analysis by Northern blotting of the transcription of zrfC and aspf2 under the control of the za”* region in the AF801 and AF891 strains.
These strains were constructed following the same strategy used previously to construct prototrophic pyrG™* strains at the pyrGI locus of A.
fumigatus but using a fragment contained in either the pZRF320 (for zrfC) or pASPF361 (for aspf2) plasmid as transforming DNA. The expression
levels of zrfC in the AF891 strain and aspf2 in AF801 were analyzed as endogenous controls for the correct functioning of the wild-type za® regions
carried by these strains. Expression of zrfC in the AF731 strain and that of aspf2 in AF881 were also analyzed as additional controls, since these
strains also express at the pyrG loci zifC and aspf2, respectively, but under the control of a wild-type za” region. The za”® region that drives
transcription of the tested gene is depicted on the right side of each blot. All fungal strains were grown in either the acid SDA or alkaline SDN
medium for 20 h at 37°C with a supplement of 100 M Zn>" (+) or without a supplement of Zn** (—), as indicated at the top of each lane.

structural features are also present in the zinc transporters of
the LZT subfamily (40). However, ZrfC-like proteins lack the
metalloprotease signature (HEXPHE) that characterizes pro-
teins of the LZT subfamily in their transmembrane V domain
(40), whereas LZT proteins lack the CHFHAGVEHC motif
that characterizes all ZrfC-like proteins. In light of this, we
propose that the ZrfC-like proteins should be considered a
new subfamily of ZIP transporters characterized by having as a
signature the CHFHAGVEHC motif located at the N termi-
nus, close to transmembrane I domain.

We speculate that, in neutral or alkaline environments,
Zn*" ions would bind to the ZBMs of the ZrfC N terminus
with high affinity, thereby increasing by severalfold the zinc
uptake capacity of the membrane-embedded part of ZrfC,

which, as deduced from a yeast complementation assay, would
exhibit zinc-uptake activity even in the absence of the N ter-
minus. The binding of Zn*" ions to the ZBMs could induce the
proper folding of the N terminus either to interact with the
membrane-embedded part of ZrfC responsible for zinc trans-
port across the plasma membrane or to promote the formation
of a Zn** bridge between ZrfC molecules, leading to the
formation of homo-oligomers and thereby stimulating its endo-
cytosis. Indeed, a similar mechanism has been described for
proteins involved in neuronal copper and zinc homeostasis,
such as the PrP prion protein (49), which is endocytosed upon
the proper folding of the metal-binding domain present at its N
terminus induced by binding to either Cu** or Zn** ions at
neutral pH (19, 30, 53). Nevertheless, it is also possible that the
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endocytosis of ZrfC might be stimulated through a Zn**-me-
diated interaction with the putative ZBM present in other
proteins. In this regard, Aspf2 would be a good candidate,
since it exhibits at its C terminus a CHTHXGX,HC motif
(abbreviated to CH motif) (9) that resembles the CHFHAG
VEHC signature within the ZBM4 of ZrfC. The CH motif is
highly conserved in most Aspf2-like proteins, but it is absent in
Zpsl (the S. cerevisiae Aspf2 orthologue). Thus, if the true
function of the CH motif is to mediate the interaction with
ZrfC through a Zn*" bridge, it would not be surprising that
Zps1 lacks the CH motif, since the yeast does not have a ZrfC
orthologue.

Another question to be investigated is the mechanism un-
derlying the regulation of zrfC-aspf2 expression by ZafA and
PacC at the transcriptional level. It should be recalled that the
arrangement of the ZR and PR elements in the za” region is
quite different from that seen in the promoter regions of zrf4
or zrfB, in which there are several ZR elements clustered
upstream from the TATA box but only one PR site (1, 45). In
contrast to the zrf4 and zrfB promoters, between the TATA
boxes of zrfC and aspf2 there are two ZR-PR clusters, each
formed by one ZR and two (or three) PR elements (Fig. 1). In
addition, given the proximity between the ZR and PR sites in
the za” region, it is likely that a ZafA molecule bound to any
ZR motif would interact physically with a PacC molecule
bound to either adjacent PR site, in similarity to other tran-
scriptional activators bound to neighboring DNA sites that
interact with each other (26, 58). Indeed, a physical interaction
between Zapl and Rim101 (the yeast ZafA and PacC ortho-
logues, respectively) may occur in vivo, as detected in a large-
scale yeast two-hybrid screening (43). Nevertheless, the Zap1-
Rim101 interaction detected by this means most likely does not
reflect a genuine physiological interaction, since two-hybrid
experiments have been performed on acidic zinc-replete media
where neither Zapl (7, 47) nor Rim101 (22, 52) was in an
active conformation. Indeed, expression of ZPSI preferentially
occurs under alkaline zinc-limiting conditions and is induced
directly by Zap1 but indirectly by the Rim101-processed form
(i.e., the active form of Rim101) (20-23) and hence does not
involve a Zapl-Rim101 interaction. However, if ZafA and
PacC do interact under physiological conditions, the actual
situation might be far more complex, considering the mode of
action of the different forms of PacC, referred to as PacC’?,
PacC*?, and PacC?’ (31). In addition, in contrast to what has
been described for other neutral and alkaline expressed genes,
PacC does not activate zrfC-aspf2 expression under alkaline
zinc-limiting conditions. Furthermore, under these environ-
mental conditions PacC is not necessary for zrfC-aspf2 tran-
scription. Therefore, this finding indicates that not all genes
expressed in alkaline media are actually induced by PacC; at
the same time, it raises a much more intriguing question con-
cerning the repression of zrfC-aspf2 transcription under acidic
growth conditions. In this regard, PacC> could play a key role
in zrfC repression in acidic media. Indeed, transcriptional re-
pression is the main biological function of the Rim101-pro-
cessed form (i.e., the analogous yeast form of PacC>®) and may
be exerted either indirectly (e.g., repression of ZPSI) or di-
rectly (e.g., repression of RIMS) (20). Thus, PacC® might bind
to PR sites to interact negatively with ZafA, thereby directly
repressing zrfC-aspf2 transcription. In addition, as suggested
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for Rim101 (20), the repression by PacC>® induced by the
presence of PR sites might also depend upon the context and
orientation of ZR and PR elements within the za” region, and
a single PR site may not be sufficient to mediate PacC repres-
sion, which could explain why zrf4 is not subject to PacC
repression. In sum, study of the transcriptional regulation of
zrfC and aspf2 has revealed that PacC appears to function as a
repressor of alkaline-expressed genes under acidic growth con-
ditions by influencing the transcriptional activation activity of
ZafA; at the same time, it has provided a good framework for
further investigation of the role of the PacC> conformation in
the physiology of Aspergillus species.

Readily available free Zn®" ions are scarce in living tissue,
since they are tightly bound to proteins (38). In addition, under
physiological conditions the pH in normal tissues is 7.1 to 7.4
(37), which further contributes to restricting microbial zinc
availability. Accordingly, the capacity of A. fumigatus to grow
in lung tissue and cause tissue damage depends to a large
extent on the presence of both the zinc-responsive transcrip-
tional activator ZafA (28) and the pH-responsive transcrip-
tional regulator PacC (6). Therefore, expression of down-
stream targets of these factors might be required for the
pathogenicity of A. fumigatus. However, this does not indicate
that all genes whose transcription is regulated by these factors
are required for A. fumigatus virulence. For instance, transcrip-
tion of both the zrf4 and zrfB genes is regulated by ZafA and
PacC. However, ZafA induces the transcription of these genes
under zinc-limiting conditions regardless of ambient pH (28)
whereas PacC partly represses it under alkaline zinc-limiting
conditions (1). Thus, it would be expected that neither zrfA nor
zrfB is required for fungal virulence, since the highest expres-
sion level of these genes occurs in acidic media whereas lung
tissue provides a slightly alkaline environment. In contrast,
other genes also regulated by ZafA and PacC such as zrfC and
aspf2 could be required for fungal growth within host tissue,
since their expression occurs only in an alkaline and extreme
zinc-limiting environment closely mimicking the ambient con-
ditions that the fungus presumably encounters when growing in
the lung tissue of susceptible individuals. In this context, the
ZrfC protein could be essential for obtaining zinc from host
tissues and hence for sustained fungal growth within living
tissue. Obviously, this would indicate that expression of zrfC
must occur in fungus growing within host tissues, as is the case
with aspf2. Indeed, A. fumigatus synthesizes large amounts of
Aspf2 when invading tissue and is readily detected in the serum
samples of most immunocompetent patients with aspergillosis
(3, 9). Aspf2 shows very low (~15%) identity to the metallo-
proteases of the aspzincin family (15, 39), but most cysteine
residues and their spacing in both Aspf2-like proteins and
aspzincin metalloproteases are highly conserved, which is in-
dicative of a similar folding conformation based on the same
pattern of disulfide-bridge formation previously described for
this family of metalloproteases (39). In spite of these similar-
ities, Aspf2 lacks the HEXXH signature that characterizes all
metalloproteases, and no protease activity has been detected
under any of the conditions tested to date (unpublished data).
Nevertheless, in similarity to other proteins involved in sequen-
tial or closely related biochemical processes whose encoding
genes transcribe divergently (54), Aspf2 might also contribute
to zinc homeostasis, as does ZrfC. In this regard, we surmise
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that Aspf2 has evolved into a zinc-binding protein from an
ancient zinc-requiring metalloprotease that lost its proteolytic
activity while conserving its zinc-binding capacity. Further-
more, if Aspf2 is located in the fungal periplasm, like its or-
thologue Aspndl from A. nidulans (reference 9 and unpub-
lished data), it could take up Zn** ions, forming an Aspf2-
Zn*" complex around fungal plasma membranes. This
complex would increase the concentration of zinc around fun-
gal cells in a bioavailable form that could be incorporated
along with Aspf2, either directly or through an interaction with
ZrfC. However, it is also possible that Zn?>* ions bound to
Aspf2 could be more easily transferred to the ZBMs at the N
terminus of ZrfC. Moreover, Aspf2 could also contribute to
supplying Zn*" in a more readily available form to zinc trans-
porters operating in acidic and extreme zinc-limiting media
(i.e., ZrfA and ZrfB). This would explain the severely reduced
growth ability of the aspf2A mutant under these culture con-
ditions (Fig. 8B). In contrast, expression of aspf2 in acidic
zinc-limiting conditions at the same level as seen under alka-
line zinc-limiting conditions could even more greatly improve
the zinc uptake activity of the acidic transporters ZrfA and
ZrfB. However, this would elicit a transient excess of intracel-
lular zinc that could be sufficient to repress transcription of
these transporters, particularly that of zrfA4, whose expression is
dramatically reduced when media are supplemented with an
amount of Zn*" as low as 0.5 pM (45), leading to a growth
delay. Interestingly, this would explain the slightly reduced
growth ability of the AF891 strain expressing aspf2 in acidic
media (Fig. 9A). In sum, this report affords a basis for inves-
tigation of several important aspects of fungal biology, includ-
ing the functioning of Aspf2 at the molecular level and the
interrelationship that clearly exists among tissue pH, metal
availability in host tissue, and fungal virulence.
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