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Iron acquisition is a critical aspect of the virulence of many pathogenic microbes, and iron limitation
is an important defense mechanism for mammalian hosts. We are examining mechanisms of iron regu-
lation and acquisition in the fungal pathogen Cryptococcus neoformans, and here, we characterize the roles
of the ferroxidases Cfo1 and Cfo2. Cfo1 is required for the reductive iron uptake system that mediates the
utilization of transferrin, an important iron source for C. neoformans during infection. The virulence of a
cfo1 mutant was attenuated in a mouse model of cryptococcosis, and the mutant also displayed increased
sensitivities to the antifungal drugs fluconazole and amphotericin B. Wild-type levels of drug sensitivity
were restored by the addition of exogenous heme, which suggested that reduced levels of intracellular iron
may curtail heme levels and interfere with ergosterol biosynthesis. We constructed green fluorescent
protein (GFP) fusion proteins and found elevated expression of Cfo1-GFP upon iron limitation, as well as
localization of the fusion to the plasma membrane. Trafficking to this location was disrupted by a defect
in the catalytic subunit of cyclic AMP-dependent protein kinase. This result is consistent with findings
from studies indicating an influence of the kinase on the expression of protein-trafficking functions in C.
neoformans.

Pathogens possess iron acquisition mechanisms to compete
with host systems that sequester and withhold iron during
disease (5, 29). In mammals, the availability of iron is severely
limited because the majority of extracellular iron is bound to
iron carrier proteins such as transferrin, lactoferrin, and he-
moglobin and intracellular iron is bound to the iron storage
protein ferritin (33). Pathogenic fungi overcome the challenge
of iron acquisition by three major mechanisms: reductive iron
uptake, siderophore elaboration/uptake, and heme utilization.
These systems, and others that likely remain to be discovered,
are required individually or in combination in different patho-
gens.

Reductive iron uptake involves the reduction of ferric iron
by cell surface reductases, followed by ferrous iron oxidation
by a ferroxidase coupled to an iron permease for transport.
The reductive system is particularly important in the patho-
genesis of infections with Cryptococcus neoformans and Can-
dida albicans because these fungi employ high-affinity iron
permeases to acquire iron from transferrin in mammalian
hosts (19, 21). Siderophores are low-molecular-weight iron
chelators that specifically bind ferric iron with high affinity for
subsequent uptake via specific transporters. Among fungal
pathogens of humans, a role for siderophores in virulence has
been clearly demonstrated for Aspergillus fumigatus. This fun-

gus possesses siderophore transporters, and the inability to
synthesize siderophores compromises virulence (12, 15, 16,
34). Heme and hemoglobin are also utilized by fungal patho-
gens as sources of iron. In C. albicans, the heme oxygenase
Hmx1 and the cell wall mannoproteins Rbt5 and Rbt51 are
involved in heme utilization (32, 44). Rbt5 has recently been
shown to participate in the endocytosis of hemoglobin into the
vacuole (45). C. neoformans is also able to utilize heme and
hemoglobin as iron sources, although the mechanism(s) re-
mains to be identified (19).

Iron availability influences the sensitivity of pathogenic fungi
to antifungal drugs. For example, the combination of the iron-
binding glycoprotein lactoferrin and antifungal drugs results in
synergistic fungistatic effects against several clinical isolates of
Candida spp. (22, 23, 43). Furthermore, iron chelation by
bathophenanthroline disulfonic acid (BPS) and ferrozine in-
creases the susceptibility of C. albicans to several antifungal
drugs (30). The importance of iron is due likely to a require-
ment for heme in the ergosterol biosynthesis pathway that is
targeted by azole antifungal drugs (3, 10). Specifically, these
drugs target Erg11, a lanosterol demethylase that belongs to a
cytochrome P450 protein family of heme-containing enzymes
(14).

C. neoformans is a human fungal pathogen that can cause
meningoencephalitis in immunocompromised individuals. We
have investigated the iron acquisition systems and iron-related
regulatory mechanisms in this fungus, and we recently discov-
ered a central role for the iron-regulatory protein Cir1 in
virulence (20). We have also characterized a siderophore
transporter, Sit1, as well as the iron permeases Cft1 and Cft2.
Sit1 participates in siderophore uptake, but the protein is not
required for virulence (41). In contrast, mutants lacking the
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iron permease Cft1 are attenuated in virulence, show reduced
accumulation in the central nervous systems of infected mice,
and are defective in the utilization of iron from inorganic
sources and transferrin. A role for Cft1 during cryptococcosis
is also supported by the discovery of elevated transcript levels
for the gene in cells from infected tissue and macrophages (9,
17, 39).

In this study, we continued our analysis of the reductive iron
uptake system in C. neoformans by examining the roles of the
CFO1 and CFO2 genes encoding candidate ferroxidases. Cfo1
and Cfo2 are similar to the Saccharomyces cerevisiae ferroxi-
dase Fet3, which belongs to the multicopper oxidase family (1).
In S. cerevisiae, Fet3 and the iron permease Ftr1 form a com-
plex at the plasma membrane and mediate reductive iron up-
take. The cfo1 and cfo2 mutants that we constructed revealed
a role for Cfo1 in iron uptake and virulence. In addition, the
cfo1 mutant and a CFO1-green fluorescent protein (GFP) gene
fusion were used to examine the relationship between iron/
heme homeostasis and antifungal drug sensitivity, as well as the
role of cyclic AMP (cAMP)-dependent protein kinase A
(PKA) in regulating the delivery of iron uptake functions to the
plasma membrane.

MATERIALS AND METHODS

Strains and growth conditions. C. neoformans var. grubii strain H99 (serotype
A; MAT�) was used in this study. The strain CDC1 (MAT� ade2 pka1::ADE2)
was used as a pka1 mutant derivative of strain H99 (6). Strains were maintained
in yeast extract-Bacto peptone medium with 2.0% dextrose (YPD; Difco) or
yeast nitrogen base (YNB; Difco) with 2.0% glucose. Defined low-iron medium
was prepared as described previously, with slight modifications (25). Briefly,
defined YNB medium was prepared and adjusted to pH 7.0 with 3-morpholin-
opropanesulfonic acid (MOPS), and the iron-limited condition was achieved by
the addition of 100 �M BPS. Medium replete with iron was prepared by adding
the iron source FeCl3, holotransferrin, heme, or feroxamine to low-iron medium
at the final concentrations indicated below. To deplete intracellular iron, cells
were precultured in low-iron medium at 30°C for 2 days for all experiments, as
described previously (19). For antifungal sensitivity tests on plates, 10-fold serial
dilutions of cells were spotted onto YPD plates containing fluconazole or am-
photericin B with or without the supplemental iron sources indicated below.
Plates were incubated at 30°C for 2 days before being photographed.

Construction of mutants. The sequences of putative ferroxidases were ob-
tained from the C. neoformans var. grubii serotype A genome database (http:
//www.broad.mit.edu/annotation/genome/cryptococcus_neoformans). The locus
numbers for the corresponding genes are CNAG_06241.2 (CFO1) and
CNAG_02958.2 (CFO2). The mutants were constructed using these sequences
and primers listed in Table S1 in the supplemental material. The cfo1 mutant was
constructed as follows. A gene-specific disruption cassette was constructed by
PCR using primers CFO1-KO1, CFO1-KO22, CFO1-KO33, CFO1-KO4, CFO1-
KO5, and CFO1-KO6, with genomic DNA and the plasmid pCH233 as templates
(4, 46). The wild-type strain was biolistically transformed with the amplified
construct as described previously (42). The genomic region of 2,499 bp that
corresponds to the coding sequence of CFO1 was replaced with the nourseothri-
cin acetyltransferase gene (NAT) using 5� and 3� flanking sequences of CFO1.
Positive transformants were identified by PCR, and identification was confirmed
by Southern blot analysis (see Fig. S1 in the supplemental material). For con-
struction of the strain with CFO1 reintroduced, the CFO1 gene was amplified by
PCR using wild-type genomic DNA and primers CFO1-KO1 and CFO1-KO4.
The PCR fragment was digested with BglII and cloned into the BamHI site of the
plasmid pJAF1 to construct pWH090, containing the neomycin resistance
marker (NEO). The plasmid pWH090 was digested with DraI, and the cfo1
mutant was transformed with the digested plasmid. Positive transformants con-
taining wild-type CFO1 at its authentic locus were identified by PCR. To con-
struct the cfo2 mutant, the gene-specific disruption cassette was generated by
overlap PCR using primers CFO2-KO1, CFO2-KO22, CFO2-KO3, CFO2-
KO77, CFO2-KO5, and CFO2-KO6, with genomic DNA and the plasmid
pCH233 as templates (4, 46). The genomic region of 2,500 bp that corresponds
to the coding sequence of CFO2 was replaced by the nourseothricin acetyltrans-

ferase gene (NAT) using the 5� and 3� flanking sequences of CFO2. Positive
transformants were selected by PCR, and identification was confirmed by South-
ern blot analysis (see Fig. S1 in the supplemental material). For construction of
the strain with CFO2 reintroduced, the wild-type CFO2 gene was amplified by
PCR using wild-type genomic DNA and primers CFO2-KO1 and CFO2-KO4.
The PCR fragments were digested with BglII and cloned into the BamHI site of
the plasmid pJAF1 to construct pWH089, containing the neomycin resistance
marker (NEO). The plasmid pWH089 was digested with NdeI, and the cfo2
mutant was transformed with the digested plasmid. Positive transformants con-
taining the wild-type CFO2 gene at its authentic locus were identified by PCR.
The cfo1 cfo2 double mutants were constructed by transforming the cfo1 mutant
with the CFO2 disruption cassette containing the NEO marker. The positive
transformants were identified by PCR, and identification was confirmed by
Southern blot analysis (see Fig. S1 in the supplemental material).

Construction of strains expressing GFP fusion proteins. A plasmid that con-
tained the GFP gene and had undergone codon optimization for C. neoformans
(Cneo-GFP) was a generous gift from Peter Williamson (27). Cneo-GFP was
cloned into pWH040, containing the Gal7 terminator and the NEO marker, to
construct pWH091. To construct the Cfo1-GFP fusion protein, the wild-type
CFO1 gene was amplified by PCR using wild-type genomic DNA and primers
CFO1-KO4 and CFO1-GF-BglIIR. The PCR fragments were digested with BglII
and cloned into the BamHI site of plasmid pWH091 to construct pWH097,
containing the neomycin resistance marker (NEO). The plasmid pWH097 was
digested with DraI, and the cfo1 mutant was transformed with the digested
plasmid. Positive transformants containing the CFO1-GFP gene fusion at the
CFO1 locus were identified by PCR. The pka1 and cir1 mutants were also
transformed with the digested plasmid pWH097 to investigate the influence of
the cAMP pathway and the loss of iron regulation, respectively. To generate the
Cfo2-GFP fusion protein, the wild-type CFO2 gene was amplified by PCR using
wild-type genomic DNA and primers CFO2-KO6 and CFO2-GF-BglIIR. The
PCR fragments were digested with BglII and cloned into the BamHI site of the
plasmid pWH091 to construct pWH098, containing the neomycin resistance
marker (NEO). The plasmid pWH098 was digested with NdeI, and the cfo2
mutant was transformed with the digested plasmid. Positive transformants con-
taining the CFO2-GFP gene fusion at the CFO2 locus were selected by PCR. All
plasmids were checked by sequencing.

Microscopy. Strains containing GFP-tagged proteins were grown in low-iron
medium or high-iron medium at 30°C for 6 h. Cells were fixed with 4% para-
formaldehyde for 20 min and washed twice with phosphate-buffered saline
(PBS). Mounting medium (Prolong Gold antifade reagent with DAPI [4�,6-
diamidino-2-phenylindole[) was added, and cells were visualized using an Axio-
plan 2 imaging microscope (Zeiss) or an LSM 510 META confocal microscope
(Zeiss) with a magnification of �1,000. The software Metamorph version 6.1r6
(Universal Imaging Corp.) or LSM Image Browser (Carl Zeiss Jena GmbH) was
used to process images. The lipophilic dye FM4-64 [N-(3-triethylammoniumpro-
pyl)-4-(6-(4-(diethylamino)phenyl)hexatrienyl)pyridinium dibromide (catalog
no. T-3166; Invitrogen Canada)] was used at a final concentration of 20 �M to
stain internal membranes.

Virulence assays. For the initial virulence assay, three female A/JCr mice
obtained from Jackson Laboratories (Maine) were used for each cryptococcal
strain. Fungal cells were cultured in 5 ml of YPD at 30°C overnight, washed twice
with PBS, and resuspended in PBS. The A/JCr mice (4 to 6 weeks old) were
anesthetized intraperitoneally with ketamine (80 mg/kg of body weight) and
xylazine (5.5 mg/kg) in saline and suspended on a silk thread by the superior
incisors. A suspension of 5 � 104 cells in 50 �l was slowly dripped into the nares
of the anesthetized mice, and the mice were suspended for 10 min on the thread.
The virulence of the strains was also tested with female BALB/c mice. Mice (4
to 6 weeks old) were obtained from Charles River Laboratories (Ontario, Can-
ada), and groups of 10 mice were inoculated for each strain. The fungal cells
were cultured and washed as described above. A suspension of 106 cells in 50 �l
was used for inoculation by intranasal instillation. The status of the mice was
monitored twice per day postinoculation. Statistical analyses of survival differ-
ences were performed by log rank tests using GraphPad Prism 4 for Mac (Graph-
Pad Software, San Diego, CA). The protocol for the virulence assays (protocol
A99–0252) was approved by the University of British Columbia Committee on
Animal Care.

RESULTS

The ferroxidase encoded by CFO1 is required for iron ac-
quisition. The genome sequence of C. neoformans strain H99
encodes several candidate orthologs of the S. cerevisiae pro-
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teins responsible for high-affinity iron transport. These include
the Cft1 and Cft2 proteins, with similarity to the S. cerevisiae
iron permease Ftr1, and we previously demonstrated that Cft1
plays an important role in iron uptake and virulence in C.
neoformans (19). The genome also contains two orthologs of
the S. cerevisiae FET3 gene encoding the ferroxidase/multicop-
per oxidase that forms a complex with the Ftr1 iron permease
for high-affinity transport; these genes were designated CFO1
and CFO2. CFO1 is adjacent to CFT1 on chromosome 12 and
is divergently transcribed, and a similar arrangement is found
for CFO2 and CFT2 on chromosome 3 (19).

To investigate the roles of CFO1 and CFO2, we constructed
mutants lacking one or both of the genes and tested the growth
of the strains on solid medium (see Materials and Methods).
Strains with reintroduced genes were also created by reintro-
ducing the wild-type copy of CFO1 or CFO2 at the original
locus, and these strains were included as controls in all exper-
iments. While all strains grew well on the control medium
YNB, the cfo1 mutant displayed a clear growth defect on
low-iron medium. The reintroduction of CFO1 into the cfo1
mutant strain restored growth, thus confirming that the phe-
notype of the mutant was due to the deletion of CFO1. The
growth of the cfo1 mutant was also restored in medium con-
taining a higher concentration of iron (100 �M) (Fig. 1A).
These results suggest that CFO1 is required for high-affinity
iron transport and that an additional low-affinity uptake system
is present to allow the mutants to grow under these conditions.
The strains were also tested for their abilities to utilize other
iron sources in liquid medium. The cfo1 and cfo1 cfo2 double
mutants showed clear growth defects in liquid medium con-
taining 10 �M FeCl3 or transferrin (Fig. 1B). These results
further support the conclusion that CFO1 is required for high-
affinity, reductive iron uptake, and they correspond to our
previous findings for mutants defective in CFT1, the adjacent
gene encoding the iron permease that is presumed to partner
with Cfo1 (19). However, the cfo1 mutant and the cfo1 cfo2
double mutants grew as well as the wild-type strain in medium
containing a siderophore (feroxamine) or heme as the sole iron
source. Cfo1-mediated iron uptake therefore appears to be
independent of siderophore or heme utilization. In contrast to
the cfo1 mutant, the mutant lacking CFO2 displayed no visible
growth defect under any of the conditions tested. This result is
again consistent with our previous finding that the CFO2-
linked gene CFT2 plays little role in iron uptake in vitro (19).
Throughout the studies reported here, the cfo1 cfo2 double
mutants presented the same phenotypes as the cfo1 single
mutant.

The loss of Cfo1 attenuates virulence. The virulence of the
cfo1 and cfo2 mutants and the cfo1 cfo2 double mutants was
tested using the mouse inhalation model of cryptococcosis. In
the initial experiment, we employed three A/JCr mice for each
cryptococcal strain and we observed significant attenuation of
virulence in mice infected with the cfo1 single mutant or a cfo1
cfo2 double mutant (Fig. 2A). The loss of cfo2 did not influ-
ence virulence. These results are similar to our previous find-
ings with the cft1 mutant in A/JCr mice (19). The attenuation
of virulence of the cfo1 and cfo1 cfo2 mutants was also evident,
although less prominent, when virulence was tested in a second
experiment with 10 BALB/c mice per strain (Fig. 2B). The
difference in the extent of attenuation of cfo1 mutant virulence

between the two assays may reflect the different host strains,
which may vary in immune responses or levels of available iron.
We should note that the mutants grow as well as the wild-type
strain at 37°C, thus ruling out temperature sensitivity as a
reason for reduced virulence (data not shown). Overall, our
data indicate that CFO1 but not CFO2 influences the virulence
of C. neoformans.

Deletion of CFO1 causes increased sensitivity to copper and
antifungal drugs. In S. cerevisiae, the deletion of FET3 causes
poor growth under iron-deficient conditions and increases sen-
sitivity to copper (26, 36, 40). Moreover, the growth defect of
the fet3 mutant in the presence of elevated copper can be
eliminated by the addition of iron, presumably due to Fe3�

inhibition of the ferric reductase (Fre1)-mediated reduction of
Cu2� to toxic Cu1� (36). In this context, we tested our mutants
for similar phenotypes and found that the cfo1 mutant, but not
the cfo2 mutant, displayed increased sensitivity to copper. The
copper sensitivity of the cfo1 mutant was restored to the wild-
type level by the addition of iron, suggesting that Cfo1 may
possess Cu1� oxidation activity, as does its ortholog Fet3 in S.
cerevisiae (Fig. 3A). In examining other phenotypes, we found
that mutants lacking CFO1 showed increased sensitivities to
the antifungal drugs amphotericin B and fluconazole (Fig. 3B).
We speculate that iron deficiency resulting from the cfo1 mu-
tation affects the biosynthesis of heme, which is an essential
cofactor of several enzymes in the ergosterol biosynthesis path-
way. These enzymes include Erg11, the cytochrome P450
lanosterol 14-�-demethylase that is the target of fluconazole
inhibition. The decreased activity of this enzyme and the re-
sulting change in the membrane ergosterol content would
cause increased sensitivity to the antifungal drugs (30). Given
the importance of these drugs in treating cryptococcosis, we
examined the link between iron and drug sensitivity in more
detail.

Exogenous heme or an exogenous siderophore reduces the
antifungal drug sensitivity of the cfo1 mutant. As mentioned
above, we hypothesized that diminished heme levels resulted in
the increased sensitivities of the cfo1 mutant to the antifungal
drugs. To test this idea, we analyzed the sensitivities of strains
on media with fluconazole and different iron sources utilized
by C. neoformans. Initially, we found that the addition of FeCl3
(or CuSO4) did not change the sensitivity of the cfo1 mutant to
fluconazole (Fig. 4A). However, exogenous heme (Fig. 4B) or
an exogenous siderophore (feroxamine) (Fig. 4C) restored the
growth of the cfo1 mutant. We also tested the previously char-
acterized cft1 iron permease mutant (19) and found that, like
that of the cfo1 mutant, the fluconazole sensitivity of this strain
was suppressed by heme addition (Fig. 4D). We previously
reported the sensitivity of the cft1 mutant to miconazole and
amphotericin B (19). Overall, these results support the idea
that heme biosynthesis in the cfo1 and cft1 mutants is signifi-
cantly affected by iron deficiency and that this effect may be the
main cause of the increased sensitivity to fluconazole. The
observation that the addition of heme or a siderophore, but not
FeCl3, suppressed drug sensitivity suggests that low-affinity up-
take of inorganic iron does not support sufficient heme synthe-
sis to overcome the challenge imposed by fluconazole.

A Cfo1-GFP fusion is more highly expressed in low-iron
medium than in high-iron medium and is localized to the
plasma membrane. We previously showed that iron limitation
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leads to elevated CFT1 expression and that the iron-regulatory
protein Cir1 negatively regulates CFT1 and CFO1 transcript
levels (19, 20). To extend the analysis, we constructed fusions
of CFO1 and CFO2 with the GFP gene and investigated the
localization of the proteins and the influence of iron concen-
tration on fluorescence levels. Cells containing the fusion pro-
teins were grown in either low- or high-iron medium and
visualized by fluorescence microscopy. We found that fluores-
cence from the Cfo1-GFP fusion protein was visible only in the

cells grown in low-iron medium and that the levels of expres-
sion of the Cfo2-GFP fusion protein were substantially lower
than those of Cfo1-GFP in cells grown in low- and high-iron
media (Fig. 5A). The low level of Cfo2-GFP expression pre-
cluded a conclusion about the localization of Cfo2. Given that
the cfo2 mutant did not show any mutant phenotypes, we were
unable to test the fusion protein for its ability to complement
the mutation; however, we did find that the Cfo1-GFP fusion
functionally complemented the cfo1 mutation (see Fig. S2 in

FIG. 1. CFO1 is required for high-affinity and reductive iron transport. (A) Tenfold serial dilutions of cells (starting at 104 cells) were spotted
onto solid YNB medium (control), low-iron medium (YNB–100 �M BPS), and high-iron medium (YNB–100 �M BPS–100 �M FeCl3). Plates were
incubated at 30°C for 2 days. Strains are indicated by genotypes. WT, wild type. (B) Cells were inoculated into liquid low-iron medium (YNB–100
�M BPS [�Fe]), low-iron medium containing FeCl3 (YNB–100 �M BPS–10 �M FeCl3), low-iron medium containing holotransferrin (YNB–100
�M BPS–10 �M transferrin), low-iron medium containing feroxamine (YNB–100 �M BPS–10 �M feroxamine), or low-iron medium containing
10 �M heme (YNB–100 �M BPS–10 �M heme). Cultures were incubated at 30°C, and optical densities at 600 nm (OD600) were measured. Note
that the final optical density numbers on the y axes resulted from multiplication with a 10-fold dilution factor at each time point.
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the supplemental material). In cells carrying the Cfo1-GFP
fusion protein, fluorescence was detected mainly at the periph-
ery of the cell, suggesting localization of the protein at the
plasma membrane under iron-depleted conditions. Additional
support for a plasma membrane location for the Cfo1-GFP
fusion was obtained by confocal microscopy (Fig. 5B). Taken
together, these results revealed that Cfo2 is expressed at a
much lower level than Cfo1 and that the latter protein is
expressed preferentially under low-iron conditions, with local-
ization primarily to the plasma membrane.

A defect in cAMP signaling leads to mislocalization of a
Cfo1-GFP fusion protein. We recently discovered that muta-
tions in genes encoding the catalytic (Pka1) and regulatory
(Pkr1) subunits of cAMP-dependent PKA influence the ex-
pression of genes for protein-trafficking functions (18). These

observations led us to examine the location of the Cfo1-GFP
and Cfo2-GFP fusion proteins in the pka1 mutant after growth
in low- or high-iron medium (Fig. 6A). We found that the
Cfo1-GFP fusion protein in the pka1 mutant was localized to
an internal ring-like structure that is clearly distinct from the
plasma membrane location in the wild-type strain (Fig. 5 and
6A). Additional work will be needed to determine whether the
perinuclear location represents the endoplasmic reticulum. We
also noted that the level of fluorescence from the Cfo1-GFP
fusion protein was higher in the pka1 mutants than in the
wild-type strain upon growth in medium replete with iron (Fig.
6A). In contrast, we did not observe differences in the local-
ization or expression of the Cfo2-GFP fusion protein in the
pka1 mutant, although the signal for this protein was weak
(data not shown).

The influence of the pka1 mutation on Cfo1-GFP localiza-
tion is consistent with our hypothesis that the cAMP pathway
regulates intracellular trafficking. In further support of this
idea, we found that FM4-64 staining revealed a marked differ-
ence in the organization of internal membrane structures be-
tween the pka1 mutant and the wild-type strain (Fig. 6B).
Specifically, the mutant showed a more distinct pattern of

FIG. 2. The cfo1 mutant and the cfo1 cfo2 double mutants are
attenuated in virulence. (A) Three female A/JCr mice were infected
intranasally with each of the strains indicated, and the survival of the
mice was monitored twice per day. The P values for results obtained
with the wild-type strain (WT) versus those obtained with the cfo1�
mutant or the cfo1� cfo2� mutants were each 0.0224. Strains are
indicated by genotypes. (B) In a separate experiment, 10 female
BALB/c mice were infected intranasally with each of the strains indi-
cated and the survival of the mice was monitored twice per day. The
results from both assays indicate that CFO1 is required for full viru-
lence. The P values for the infections with BALB/c mice were as
follows: results for the wild-type strain versus those for the cfo1�
mutant, 0.001; results for the wild-type strain versus those for the first
cfo1� cfo2� mutant, 0.0086; and results for the wild-type strain versus
those for the second cfo1� cfo2� mutant, 0.0028. The two cfo1� cfo2�
mutants were constructed independently, and their growth phenotypes
were identical to each other and to that of the wild-type strain in
culture (data not shown).

FIG. 3. Deletion of CFO1 increases sensitivity to copper and anti-
fungal drugs. (A) Tenfold serial dilutions of cells (starting at 104 cells)
were spotted onto solid YNB medium containing the copper chelator
bathocuproine disulfonate (BCS) at 100 �M (low copper), YNB me-
dium containing 100 �M BCS and 100 �M CuSO4 (high copper), and
YNB medium containing 100 �M BCS, 100 �M CuSO4, and 100 �M
FeCl3 (high copper/high iron). Plates were incubated at 30°C for 2
days. Strains are indicated by genotypes. WT, wild type. (B) The
growth of strains in media containing the antifungal drugs amphoter-
icin B and fluconazole was monitored. Tenfold serial dilutions of cells
(starting at 104 cells) were spotted onto YPD plates without or with the
antifungal drug at the concentrations indicated. Plates were incubated
at 30°C for 2 days.
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accumulation of intracellular vesicles than the diffuse pattern
seen in the wild-type strain. The results obtained with the pka1
mutation may therefore reflect a general influence on the traf-
ficking machinery. Treatment with the secretion inhibitor
brefeldin A did not substantially change the FM4-64 staining
pattern for the pka1 mutant but did enhance the apparent
accumulation of vesicles in the wild-type strain. We also tested
whether the addition of cAMP or copper influenced the ex-
pression or localization of the Cfo1-GFP fusion protein in the
pka1 mutant. Supplementation with copper ions was included
because copper is necessary for proper membrane localization
of the Cfo1 homolog protein Fet3 in S. cerevisiae. We found
that neither cAMP nor copper addition restored the expression
or localization of the Cfo1-GFP fusion protein in the pka1
mutant (data not shown). These results indicate that the cAMP
pathway influences the localization of the Cfo1 protein and
may also contribute to the regulation of expression under con-
ditions of iron repletion. Finally, we found that the expression
of the Cfo1-GFP fusion protein was significantly downregu-
lated in the absence of the iron-regulatory protein Cir1 in both
low- and high-iron media (Fig. 6A). These findings confirm the
regulatory role of Cir1 in the expression of Cfo1 (21).

DISCUSSION

We have shown previously that iron plays a central role in
the pathogenesis of C. neoformans. Specifically, we identified
the iron-regulatory protein, Cir1, that is responsible for the
transcriptional response to iron and that regulates both iron
uptake functions and the expression of the major virulence
factors (20). Our overall goals are to understand how C. neo-
formans acquires iron within mammalian hosts and to identify
the key iron sources used by the fungus during infection. In the
present study, we focused on the roles of the ferroxidases
encoded by the CFO1 and CFO2 orthologs of the well-char-
acterized FET3 gene of S. cerevisiae (1, 2, 37, 38).

The CFO1 and CFO2 genes are each paired with adjacent
iron permease genes (CFT1 and CFT2, respectively), and the
gene pairs are transcribed in a bidirectional fashion. Mutants
with a deletion of CFO1 displayed growth defects when the
cells were grown in low-iron medium, and they were unable to
utilize FeCl3 or transferrin as a sole iron source in liquid
culture. In contrast, the cfo1 mutants could utilize heme or the
siderophore ferioxamine under the same conditions. These
phenotypes are shared with mutants lacking CFT1, thus indi-

FIG. 4. The addition of exogenous heme or an exogenous siderophore suppresses the antifungal drug sensitivities of the cfo1 and cft1 mutants.
The growth of strains in medium containing the antifungal drug fluconazole with or without an iron source was monitored. Tenfold serial dilutions
of cells (starting at 104 cells) were spotted onto YPD plates with fluconazole with or without an iron source as indicated. Plates were incubated
at 30°C for 2 days. Strains are indicated by genotypes. WT, wild type.
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cating that the CFO1-CFT1 gene cluster likely encodes pro-
teins that together make up the reductive, high-affinity uptake
system. The lack of mutant phenotypes for the cfo2 mutant
mirrored the findings for the adjacent CFT2 gene, indicating
that the CFO2-CFT2 gene cluster plays little role in iron up-
take under the conditions tested. It is possible that Cft2 and
Cfo2 function in intracellular iron transport.

We tested the virulence of the cfo1 and cfo2 mutants using
A/JCr and BALB/c mice and found attenuation of virulence
upon infection with the cfo1 single mutant and the cfo1 cfo2
double mutants. These results correspond with our finding that
Cft1 contributes to virulence by a mechanism that likely in-
volves the utilization of transferrin as an iron source during
infection (19). In contrast, Eck et al. (7) found that a C.
albicans mutant with a defect in the FET3-encoded ferroxidase
did not show a virulence defect. However, this result may have
been due to a high level of stored iron in the mutant and/or the
presence of additional iron uptake mechanisms (7). The other
C. neoformans ferroxidase, Cfo2, did not appear to make a
contribution to virulence when the cfo1 cfo2 double mutants
were tested, and this finding is in contrast to our previous
demonstration that the loss of CFT2 further attenuated the
virulence of a cft1 mutant (19). It is possible that other fer-
roxidase activities functionally replaced Cfo2 during infection.
We noted that the attenuation of virulence was less pro-
nounced in BALB/c mice than in A/JCr mice. There are un-

doubtedly complex differences between the mouse strains, but
we speculate that the Nramp1 (natural resistance-associated
macrophage protein) status of the mice may be particularly
important in the context of iron acquisition. Nramp1 is a gly-
coprotein that is localized to endomembrane compartments. It
has been shown previously that Nramp1 is recruited to
phagolysosomes containing microbial pathogens (11, 35).
BALB/c mice are Nramp1 deficient compared to A/JCr mice,
and this difference may influence innate immunity to crypto-
coccal infections.

Our analysis of cfo1 mutants provided a foundation to in-
vestigate three additional aspects of iron acquisition/sensing in
C. neoformans: the interplay between copper and ferroxidase
activity, the relationship between heme and antifungal sensi-
tivity, and the localization of ferroxidase proteins in wild-type
and pka1 mutant cells. We found that the cfo1 mutants dis-
played hypersensitivity to copper, a phenotype which is similar
to the copper sensitivity of the S. cerevisiae fet3 mutants (36). In
S. cerevisiae, the membrane metalloreductase Fre1 reduces
environmental Cu2� and Fe3� to Cu1� and Fe2�, respectively,
and then Cu1� or Fe2� becomes oxidized by the Fet3 protein.
In the absence of Fet3, cytotoxic Cu1� accumulation causes a
growth defect for the mutant cells. Our analysis suggests that
Cfo1 may also be required for the oxidation of Cu1� to Cu2�

in C. neoformans. The deletion of CFO1 also caused increased
sensitivity to the antifungal drugs amphotericin B and flucon-

FIG. 5. Expression and localization of Cfo1 and Cfo2. Iron-starved C. neoformans strains containing GFP-tagged proteins were grown in
low-iron medium (YNB–100 �M BPS [�Fe]) or high-iron medium (YNB–100 �M BPS–100 �M FeCl3 [�Fe]) at 30°C for 6 h and visualized. The
Cfo1-GFP fusion is more highly expressed in low-iron medium and is localized to the plasma membrane. At least 60 cells were analyzed for each
experiment. DAPI was used to stain the DNA in the nuclei. The cells were observed with an Axioplan 2 imaging microscope (A) or an LSM 510
META confocal microscope (B), and the bars represent 5 �M as indicated. The images were processed as described in Materials and Methods
such that the DAPI staining to reveal the DNA in the nuclei is shown in red. WT, wild type; DIC, differential interference contrast.
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azole. A relationship between iron and antifungal sensitivity in
fungal pathogens has been established previously by Prasad et
al. (30). Specifically, it was found that iron limitation increases
the sensitivities of Candida spp. to azole antifungal drugs and
that C. albicans mutants lacking the iron permeases Ftr1 and
Ftr2 or the copper transporter Ccc2 display dramatically in-
creased sensitivities to fluconazole (30). Moreover, it was
shown that the increased sensitivities of the mutants to the
drug were abated by the addition of inorganic iron and that the
effect of iron limitation on drug sensitivity is independent of
efflux pump proteins. Based on these findings, it was proposed
that iron limitation causes a decrease in ergosterol content and
increased membrane fluidity, resulting in enhanced passive
diffusion of the drugs (30).

Although an influence on membrane fluidity may also be
occurring in C. neoformans, we speculated that iron deficiency
in the cfo1 mutants resulted in reduced levels of heme biosyn-
thesis, which in turn affected the ergosterol biosynthesis path-
way to alter sensitivity to antifungal drugs. This idea was sup-
ported by our observation that the addition of heme
suppressed the antifungal drug sensitivities of the cfo1 and cft1
mutants. The influence of iron deprivation on heme biosyn-
thesis may also be involved in the antifungal sensitivity ob-
served in C. albicans and in other fungi (30). Reduced levels of
Erg11, the heme-containing lanosterol 14-�-demethylase, are

known to correlate with increased sensitivity to azole drugs (13,
28). For example, the S. cerevisiae strain lacking Dap1, which
positively regulates Erg11, displays hypersensitivity to flucon-
azole and intraconazole (13, 28). We also found that the sid-
erophore feroxamine could suppress the antifungal drug sen-
sitivity of the cfo1 mutants, which suggests that iron from a
siderophore can be utilized to synthesize heme in C. neofor-
mans. Interestingly, the addition of FeCl3 was unable to sup-
press the sensitivity phenotypes of the cfo1 mutants, indicating
that iron transported by low-affinity uptake mechanisms in the
cfo1 mutants may not be sufficient for heme biosynthesis. This
result differs from the finding for C. albicans that the addition
of iron salts can reverse the enhanced sensitivities of the ftr1,
ftr1 ftr2, and ccc2 mutants to fluconazole (30). It is possible that
the patterns of iron involvement in drug sensitivity are different
for C. albicans and C. neoformans at the level of mechanisms of
iron acquisition or processing to generate heme.

Based on sequence and functional similarities to Fet3 in S.
cerevisiae, we predicted that a Cfo1-GFP fusion protein would
be localized at the plasma membrane (37). This was indeed the
case, and we also found that Cfo1-GFP fluorescence was pref-
erentially detected in cells grown in low-iron medium. This
expression pattern was similar to that of the iron permease
Cft1 and was consistent with our previous analysis of iron-
regulated transcript levels in C. neoformans (20). The localiza-

FIG. 6. Influence of Pka1 or Cir1 on expression and localization of Cfo1. (A) Cfo1-GFP was expressed in the C. neoformans pka1� or cir1�
strain in low-iron medium (YNB–100 �M BPS [�Fe]) or high-iron medium (YNB–100 �M BPS–100 �M FeCl3 [�Fe]) at 30°C for 6 h and
visualized. Pka1 influences the localization of Cfo1 and negatively regulates its expression. Cir1 was shown to positively regulate the expression of
Cfo1. DIC, differential interference contrast. (B) Internal membrane organization detected with FM4-64. The wild-type strain (WT) and the pka1
mutant were grown in YPD for 24 h at 30°C, stained with the lipophilic dye FM4-64 with or without brefeldin A (BFA) for 30 min, and observed
for epifluorescence. The internal membrane structures are more prominent in the pka1 mutant than in the wild type, with some aggregation. At
least 60 cells were analyzed for each experiment. DAPI was used to stain the DNA in the nuclei.
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tion of Cfo1-GFP to the plasma membrane provided an op-
portunity to test a hypothesis arising from transcriptional
profiling experiments that PKA regulates intracellular traffick-
ing (18). We found that Cfo1-GFP in a pka1 mutant was
localized to an internal ring structure surrounding the nucleus;
this structure is likely to be the endoplasmic reticulum. The
pattern of fluorescence resembled the localization seen for a
Fet3-GFP fusion in S. cerevisiae in the absence of the Ftr1
permease; Ftr1 is known to form a complex with Fet3 and to be
required for proper trafficking of the protein to the plasma
membrane (37). These data, combined with the patterns of
FM4-64 staining of internal membrane structures, support the
conclusion that PKA regulates trafficking in C. neoformans.

It is also possible that cAMP signaling and PKA influence
other aspects of iron acquisition. For example, in S. cerevisiae,
one of three PKA catalytic subunits, Tpk2, negatively regulates
the transcription of FET3 and CCC2, and the components of
the cAMP pathway, Ras1 and Ras2, regulate ferric reductase
activity (24, 31). In addition, the expression of the high-affinity
FER2 iron permease is positively regulated by the regulatory
subunit of PKA in Ustilago maydis (8). Moreover, we previ-
ously demonstrated that the cAMP pathway also influences the
expression of the high-affinity iron uptake system in C. neofor-
mans (18, 19). Specifically, the transcript level for the CFT1
gene was reduced in a pkr1 mutant lacking the regulatory
subunit of PKA, and the CFT2 transcript level was elevated in
a pka1 mutant lacking the catalytic subunit of the kinase (18,
19). We noted in our localization studies that the Cfo1-GFP
fusion protein appeared to be expressed at a higher level in the
pka1 mutant than in the wild-type strain under conditions of
iron repletion. This result suggests that Pka1 negatively regu-
lates the expression of Cfo1 in C. neoformans, although addi-
tional work is needed to determine the level at which this
regulation occurs.

In summary, we examined the roles of the CFO1 and CFO2
genes, encoding candidate ferroxidases, and found that CFO1
is required for the utilization of inorganic iron and transferrin
and for full virulence. In contrast, CFO2 was found not to play
a demonstrable role. Together with the findings from our pre-
vious analyses of CFT1 and CFT2 (19), the results of these
studies indicate that the iron permease and ferroxidase en-
coded in the same gene cluster (e.g., by CFT1 and CFO1 or by
CFT2 and CFO2) likely have the same role in iron transport.
This result is consistent with the observed specificities of iron
permease-ferroxidase pairs in S. cerevisiae and Schizosaccha-
romyces pombe (2, 37, 38). Our analysis of Cfo1 also estab-
lished a connection between heme and antifungal drug suscep-
tibility and revealed a role for PKA in trafficking of the
ferroxidase to the plasma membrane. This work lays the foun-
dation for further characterization of iron uptake functions as
possible targets for novel antifungal therapy, especially in com-
bination with currently available azole drugs.
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