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For the fungus Histoplasma capsulatum, and for other microbial pathogens, iron is an essential nutrient. Iron
sequestration in response to infection is a demonstrated host defense mechanism; thus, iron acquisition may
be considered an important pathogenic determinant. H. capsulatum is known to secrete Fe(III)-binding
hydroxamate siderophores, which is one common microbial process for acquiring iron. Here, we report H.
capsulatum ferric reduction activities in whole yeast cells and in both high- and low-molecular-weight fractions
of culture supernatants. Each of these activities was induced or derepressed by growth under iron-limiting
conditions, a phenomenon often associated with specific iron acquisition mechanisms. The high-molecular-
weight culture supernatant activity was enhanced by the addition of reduced glutathione, was proteinase K
sensitive and heat labile, and could utilize ferric chloride, ferric citrate, and human holotransferrin as
substrates. The low-molecular-weight culture supernatant activity was resistant to proteinase K digestion.
These results are consistent with the expression by H. capsulatum of both enzymatic ferric reductase and
nonproteinaceous ferric reductant, both of which are regulated by iron availability. Such components could be
involved in fungal acquisition of iron from inorganic or organic ferric salts, from H. capsulatum hydroxamate

siderophores, or from host Fe(III)-binding proteins, such as transferrin.

Histoplasma capsulatum is the causative agent of histoplas-
mosis. Although distributed worldwide, H. capsulatum has
classically been associated with the U.S. Midwest. Infection,
detected by delayed-type hypersensitivity to H. capsulatum an-
tigens, can occur in 90% of the population in areas where it is
endemic. H. capsulatum is thermally dimorphic, existing as a
mold in soil and as a yeast in the mammalian host; these
morphotypes are also observed in laboratory medium at room
temperature and 37°C, respectively. Infection occurs through
the inhalation of conidia or mycelial fragments. H. capsulatum
then converts to yeast and infects pulmonary macrophages,
where it replicates in the phagolysosome. Histoplasmosis poses
a greater risk to and may be manifested as severe or fatal
infection in immunocompromised individuals, such as AIDS or
cancer patients, those on immunosuppressive drugs, the el-
derly, and the very young (12, 38). The identification of factors
involved in H. capsulatum survival within the host is important
for the development of vaccines or chemotherapeutic agents as
well as understanding pathogenic mechanisms.

Iron limitation has been shown to be a specific mechanism of
H. capsulatum infection control. H. capsulatum is incapable of
growing in mouse macrophages that have been activated with
gamma interferon (22), which results in a decrease in numbers
of cellular transferrin (Tf) receptors (5). A similar intracellular
growth inhibition occurs when mouse or human macrophages
have been treated with the Fe(III) chelator deferoxamine (Df)
(32, 33). In both cases, iron-laden holo-Tf, but not iron-poor
apo-Tf, reverses growth inhibition.

Although iron is required by most organisms, most environ-
mental sources contain the insoluble ferric form. In addition,
excessive iron is toxic because iron reacts with oxygen to cause
the formation of free radicals. Iron inside the host is com-
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plexed to high-affinity binding proteins, such as Tf or ferritin,
and is sequestered in response to microbial infection (8, 36,
42). Thus, iron acquisition is an essential function that is gen-
erally tightly regulated and is important in the interplay be-
tween the host and pathogenic microbe.

One microbial strategy to circumvent the inaccessibility and
toxicity of iron is the secretion of siderophores, low-molecular-
weight (low-MW) high-affinity Fe(III) chelators, during growth
in an iron-limiting environment (19). H. capsulatum has been
reported to produce hydroxamate siderophores during myce-
lial and yeast phase growth in iron-limited media (4, 17). Al-
though studies of H. capsulatum and other pathogens indicate
that the host environment may be iron limiting, H. capsulatum
siderophore production during infection has not been demon-
strated. A system for iron uptake from H. capsulatum sid-
erophores has also not been described.

An additional or alternative strategy is the extracellular re-
duction of Fe(III) followed by the import of Fe(II) (1). Such a
mechanism may be associated with the acquisition of iron from
Fe(I1I)-binding molecules like microbial siderophores or Tf. In
this study, we present evidence of iron reduction by H. capsu-
latum cells and culture supernatants. These Fe(III)-reducing
activities are increased in cultures grown under iron-limited
conditions. We found that culture supernatants contain both a
high-MW reduced glutathione (GSH)-dependent ferric reduc-
tase activity and a low-MW ferric reductant activity.

MATERIALS AND METHODS

Fungal strain and growth conditions. H. capsulatum G217B (ATCC 26032) is
a clinical isolate of restriction fragment length polymorphism class 2. Stock
cultures were maintained in HMM, which has been previously described and is
based on the tissue culture medium F-12, which contains 3 pM FeSO, (44). For
all experiments, G217B was grown in RPMI 1640 medium (Gibco-BRL, Grand
Island, N.Y.) without phenol red or bicarbonate but supplemented with 1.8%
dextrose, 25 mM HEPES, and penicillin and streptomycin (each at 10 pg/ml) and
adjusted to pH 7.5 to produce modified RPMI (mRPMI). This medium contains
no added iron, but the occurrence of trace contaminating amounts is highly
likely. Cultures were grown in mRPMI containing 0.5 pM Df mesylate (Sigma,
St. Louis, Mo.) to obtain a high-MW culture supernatant fraction. Cultures were
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grown without supplemental Df or FeSO, to obtain a low-MW culture superna-
tant fraction. To obtain cultures for iron regulation experiments, 3 ml of log-
phase cells in HMM was washed with phosphate-buffered saline (PBS), pelleted,
and resuspended in 5 ml of mRPMI containing 10 wM Df. After overnight
incubation to reduce intracellular stores of iron, cells were washed, resuspended
in PBS, and inoculated at a 1:50 dilution into fresh medium. Typically, mRPMI
was supplemented with 5 uM Df for iron-limited conditions or 10 pM FeSO,
(Fisher, Fair Lawn, N.J.) for iron-replete conditions. For growth curve experi-
ments, G217B was partially depleted of intracellular iron, washed with PBS, and
diluted 1:66 in mRPMI supplemented with 10 mM NaHCOj;, which served as a
cofactor for Fe(IIT) binding by Tf and was included in all cultures for uniformity
(29). To measure growth under iron-limited conditions, media were supple-
mented with 5 or 100 uM Df or 1 pM human apo-Tf (Sigma). To measure
growth under iron-replete conditions, media were supplemented with 1 pM
human holo-Tf (Sigma), 10 pM FeSO,, or 10 uM FeCl; (Fisher). Baseline
growth in unsupplemented medium was also measured. Glassware was soaked in
Contrad 70 (Fisher) and rinsed with distilled water prior to use. Culture turbidity
was monitored with a photoelectric colorimeter (Manostat Corp., New York,
N.Y.). All cultures were grown at 37°C in 5% CO,.

Sample preparation. Log-phase cultures were used for all assays. Cells were
harvested by centrifugation (1,200 X g, 10 min). Culture supernatants were
sterilized through 0.2-wm-pore-size filters, and high-MW fractions were concen-
trated 60- to 80-fold by ultrafiltration with Ultrafree-15 Biomax polysulfone
membranes (Millipore, Bedford, Mass.), which have a nominal MW limit
(NMWL) of 5,000. Low-MW flowthrough filtrates were concentrated 10- to
20-fold by lyophilization. Low-MW filtrates obtained with Macrosep polyether-
sulfone membranes (NMWL, 3,000) (Pall Filtron, Northborough, Mass.) and
Ultrafree-CL regenerated cellulose membranes (NMWL, 5,000) (Millipore)
were also tested for Fe(IIT)-reducing activity.

Ferric-reduction assays. Fe(II) was quantitated with either of the chromogenic
Fe(II) chelators bathophenanthrolinedisulfonic acid (BPDS) and Ferrozine
(both from Sigma) in a microtiter plate-based assay (7). For all assays, samples
were compared to a reference blank containing all reaction mixture components
with the same buffer. Blanked absorbance values were compared to a standard
curve generated with FeSO,, and the amount of Fe(IT) produced was normalized
to cell number (whole cells and low-MW culture supernatants) or amount of
protein (high-MW culture supernatants) as determined by a protein assay (Bio-
Rad, Hercules, Calif.). All assays were performed in triplicate. Fe(IT) was quan-
titated with BPDS in the absence of cofactors. Supernatant fractions (20 wl) were
mixed with 50 pl of 2 mM BPDS, and the reaction was started by the addition of
50 pl of 0.2 mM FeCls. Following a 1-h incubation (30 min for low-MW super-
natants) at 37°C on a gyratory platform rocker (Nutator; Becton Dickinson,
Sparks, Md.), the 453, of the mixture was measured. To measure cell surface
ferric reduction, log-phase cells were harvested by centrifugation, washed with
PBS, and resuspended at a concentration of 5 X 10° CFU/ml (one optical density
unit at 700 nm = 1 X 10% CFU/ml [data not shown]) in PBS. Assays were
performed as described above, with a 1-h incubation, except that volumes were
doubled and cells were removed by centrifugation (2,700 X g, 10 min) before the
Asz, was measured. BPDS is unable to permeate membranes (16), and no
significant 453, was detected when BPDS was incubated with cells in the absence
of an Fe(III) source (data not shown).

Ferrozine was used in the presence of cofactors because it was less sensitive to
nonenzymatic reduction by the reaction mixture components than BPDS (data
not shown). Assays were performed similarly to those with BPDS, except with 2
mM Ferrozine. After a 2-h incubation at 37°C on a gyratory platform rocker, the
Asg, was measured. Reduced GSH was used at concentration of 0.5 mg/ml (1.63
mM). For GSH-dependent ferric reductase assays on cultures grown with 5 uM
Df or 10 uM FeSO,, supernatants were concentrated and diafiltered with 3
volumes of 0.2 M sodium phosphate, pH 7.0. Ferric citrate (0.2 mM) (Fisher) and
holo-Tf (0.1 mM) were also evaluated as substrates. Flavin adenine dinucleotide
(FAD), flavin mononucleotide (FMN), NADH, NADPH, and reduced and ox-
idized glutathione were obtained from Sigma.

Cell extract preparation. Crude cell extracts were prepared essentially as
described previously except with PBS instead of sodium phosphate (44). Follow-
ing cell disruption with glass beads and centrifugation, the pellet was resus-
pended in PBS.

Proteinase K digestion. The protease sensitivities of the Fe(IlI)-reducing
activities of the high- and low-MW culture supernatants were investigated by the
addition of approximately 0.4 U of proteinase K attached to agarose beads
(Sigma) resuspended in 50 wl of 10 mM Tris-HCI (pH 7.5) to 400 wl of a high-
or low-MW culture supernatant and incubation for 24 h at 37°C on a gyratory
platform rocker. An equivalent amount of Tris buffer was added to a control
sample.

RESULTS

Iron requirement for H. capsulatum growth in vitro. We
examined H. capsulatum growth under iron-sufficient condi-
tions with different iron sources and under iron-limited condi-
tions with different chelators (Fig. 1). Baseline growth in
mRPMI indicated the presence of contaminating trace con-
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FIG. 1. Effect of iron limitation on H. capsulatum growth in vitro. Log-phase
cells were partially depleted of intracellular iron, washed with PBS, and inocu-
lated at a 1:66 dilution into the indicated medium. Growth was measured by
culture turbidity. Supplements to the basal growth medium are indicated by the
following symbols: ®, no addition; A, 5 uM Df; A, 100 pM Df; OJ, 1 pM apo-Tf;
m, 1 pM holo-Tf; @, 10 uM FeSO,; and O, 10 uM FeCls.

centrations of this essential nutrient. The growth rate and
culture turbidity were increased when the medium was supple-
mented with 10 puM FeSO,, 10 puM FeCl,, or 1 pM holo-Tf.
The growth rate was decreased in the presence of 5 uM Df,
and very little growth was observed in the presence of 100 uM
Df, indicating that this chelator does not serve as an effective
iron source for H. capsulatum. Growth was also markedly re-
stricted in the presence of 1 uM apo-Tf.

Iron reduction by whole H. capsulatum cells and high- and
low-MW supernatant fractions. We determined the Fe(III)-
reducing activities of washed cells and supernatant fractions
separated by ultrafiltration into high- and low-MW compo-
nents (Fig. 2). When activities were normalized to cell number
(whole cells and low-MW supernatants) or amount of protein
(high-MW supernatants), higher levels of Fe(III)-reducing ac-
tivities were observed in cultures that had been grown in the
presence of 5 wM Df than in cultures grown with 10 uM
FeSO,. Ferric reduction after growth under iron-limited con-
ditions was increased approximately 1.5-fold in whole cells and
3-fold in high- and low-MW culture supernatants. These re-
sults are consistent with either the repression of Fe(III)-reduc-
ing activities after growth under iron-replete conditions or the
derepression or induction of Fe(IIl)-reducing activities after
growth under iron-limited conditions. Low-MW filtrates gen-
erated by separation with ultrafiltration devices with polyether-
sulfone and regenerated cellulose membranes contained levels
of Fe(IlI)-reducing activities similar to those of filtrates gen-
erated by separation with Biomax polysulfone membranes
(data not shown). This observation is consistent with the fil-
trate containing a low-MW Fe(III)-reducing component rather
than a filterable high-MW compound. Insoluble cell extracts
(crude cell wall and cell membrane) contained Fe(III)-reduc-
ing activity. Soluble cell extracts (crude cytoplasm) contained
Fe(III)-reducing activity, but the levels of this activity were
similar in cultures grown with 5 uM Df and 10 uM FeSO,
(data not shown).

Sensitivities of Fe(IlI)-reducing activities of high- and
low-MW culture supernatants to proteinase K digestion. Be-
cause Fe(III) can be reduced by both enzymes and nonpro-
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FIG. 2. Fe(IlI)-reducing activities of whole cells (A) and high-MW (B) and
low-MW (C) culture supernatant fractions of cultures grown in the presence of
5 wM Df (iron limited) or 10 M FeSO, (iron replete). Ferric reduction was
assayed with BPDS as the chromogenic Fe(II) chelator. The averages of tripli-
cate wells from a representative experiment are shown; standard deviations are
indicated by bars. Similar results were obtained in three independent experiments.

teinaceous reductants, we examined supernatant ferric reduc-
tion following proteinase K treatment (Fig. 3). Following
proteinase K digestion, the Fe(Ill)-reducing activity of the
low-MW supernatant was similar to that of a control-treated
sample. In contrast, the Fe(IlI)-reducing activity of the
high-MW supernatant was diminished from 43.1 to 1.79 nmol
of Fe(II)/ng of protein. No decrease in Fe(III)-reducing activ-
ity was observed in soluble cell extracts (crude cytoplasm)
following treatment with proteinase K (data not shown).

The high-MW culture supernatant contained a reduced-
glutathione-dependent ferric reductase. Unlike ferric reduc-
tants, ferric reductases require cofactors, so we surveyed a
range of compounds reported to serve as electron donors for
other ferric reductases for the ability to enhance ferric reduc-
tion in this system. Supplementing the reaction mixture with
0.5 mg of GSH per ml (1.63 mM) resulted in an increase of
ferric reductase activity from 2.95 to 26.7 nmol of Fe(II)/g of
protein (Fig. 4A). Addition of higher concentrations resulted
in excessive nonenzymatic ferric reduction by GSH (data not
shown). Activity was not significantly enhanced by the addition
of 5 uM FAD, 5 pM FMN, 50 .M NADH, or 50 .M NADPH.
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There also was no increase after the addition of 100 uM
NADH or NADPH or combinations of NADH, NADPH,
FAD, and FMN (data not shown). No additional increase in
reductase activity was observed when GSH was added with
FAD or FMN (data not shown). Ferric reductase activity was
increased by the addition of 35 pg of cysteine per ml, but an
excessive level of nonenzymatic ferric reduction was detected
in the reference blank. Virtually no GSH-dependent ferric
reductase activity was observed after the high-MW culture
supernatant was boiled for 15 min or digested with proteinase
K (Fig. 4B). Ferric reductase activity was not increased when
the reaction mixture was supplemented with 0.5 mg of oxidized
glutathione (GSSG) per ml (0.82 mM). These results are con-
sistent with high-MW culture supernatant containing a ferric
reductase protein that utilizes GSH as an electron donor.
These experiments included an inorganic salt, FeCl;, as the
Fe(III) substrate. We found that the high-MW GSH-depen-
dent ferric reductase could use ferric citrate and holo-Tf as
Fe(III) substrates (data not shown). Assaying for GSH-depen-
dent ferric reductase on iron-limited and iron-replete culture
supernatant fractions that had been diafiltered in 0.2 M sodium
phosphate (pH 7.0) revealed a 1.4-fold induction under con-
ditions of iron limitation (data not shown). These results are
consistent with the extracellular GSH-dependent ferric reduc-
tase being regulated in an iron-dependent manner.

DISCUSSION

Survival of a pathogenic microbe in the environment and in
the host requires many factors, some of which facilitate nutri-
ent acquisition. During the mammalian acute-phase response
to severe infection, the saturation of Tf is reduced. Addition-
ally, intracellular iron is limited in macrophages in response to
infection, e.g., by the reduction of the number of cell surface Tf
receptors (42). Thus, microbial mechanisms to acquire iron are
adaptive and important for virulence. We have demonstrated
H. capsulatum Fe(11l)-reducing activities located on the cell
surface and in high- and low-MW culture supernatant fractions
that were greater after growth under iron-limited conditions
than after growth under iron-replete conditions. The culture
supernatant contained both a high-MW, proteinase K-sensi-
tive, heat-labile, GSH-dependent ferric reductase and a low-
MW, proteinase K-resistant ferric reductant. To our knowl-
edge, this is the first report of iron-repressible Fe(III)-reducing
activity in H. capsulatum.

These Fe(Ill)-reducing agents may be iron acquisition
mechanisms that are supplemental or alternative to H. capsu-
latum siderophores. Induction under conditions of iron-limited
growth is often associated with specific iron acquisition mech-
anisms. These Fe(III)-reducing agents may reduce iron bound
to siderophores or host iron-binding proteins. Although an
iron import system has not yet been described for H. capsula-
tum, the reduction of Fe(III) would presumably be followed by
the import of soluble Fe(II). Iron import systems in other fungi
involve high- and low-affinity transmembrane transporters (2,
20, 21).

Extracellular ferric reduction, which potentially facilitates
iron uptake, has been reported for other microbes. Iron-re-
pressible cell surface ferric reductases in Saccharomyces cerevi-
siae (24), Schizosaccharomyces pombe (39), Candida albicans
(30), and Cryptococcus neoformans (34) have been reported. A
component exported by C. albicans also reduces iron, but this
activity does not appear to be subject to iron-dependent reg-
ulation, and the membrane reductase is predominant. The
ferric reductase genes FRE1 and FRE?2 from S. cerevisiae and
fip1™ from S. pombe encode predicted proteins that have ho-
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FIG. 3. Fe(IlI)-reducing activities of high- and low-MW supernatant components after treatment with proteinase K. Ferric reduction was assayed with BPDS as the
chromogenic Fe(IT) chelator. The averages of triplicate wells from a representative experiment are shown; standard deviations are indicated by bars. Similar results were

obtained in three independent experiments.

mology with human gp91-phox, a subunit of an NADPH- and
FAD-dependent oxidase (8, 9, 15, 39). Secreted ferric reduc-
tases have been described for Mycobacterium paratuberculosis
and Listeria monocytogenes (3, 18). C. neoformans secretes the
ferric reductant 3-hydroxyanthraline, and its secretion is in-
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FIG. 4. Effects of electron donors on ferric reductase activities of high-MW
supernatants. (A) Concentraitons of 5 uM FAD, 5 uM FMN, 50 .M NADH, 50
wM NADPH, and 1.63 mM (0.5 mg/ml) GSH were evaluated for the capacity to
increase ferric reductase activity. (B) The role of GSH as a specific electron
donor for an enzymatic ferric reductase was examined. GSH was added to a
high-MW supernatant that was left untreated, boiled for 15 min, or digested with
proteinase K. The untreated high-MW supernatant was supplemented with 0.82
mM (0.5 mg/ml) oxidized glutathione (GSSG). Ferric reduction was assayed with
Ferrozine as the chromogenic Fe(II) chelator. The averages of triplicate wells
from a representative experiment are shown; standard deviations are indicated
by bars. Similar results were obtained in three independent experiments.

creased after growth under iron-limited conditions (34). With
the exception of C. albicans, these microbes have not been
reported to secrete siderophores, although S. cerevisiae can
both bind and reduce ferric siderophores (23, 25). To our
knowledge, this is the first report of the production of a cell
surface Fe(III)-reducing agent and extracellular ferric reduc-
tase and reductant in addition to siderophores by a single
microorganism. These mechanisms could be independent of
one another or could interact through the reduction of iron
chelated to siderophores. Multiple mechanisms of iron acqui-
sition may be necessary for growth in the environment and
host.

The extracellular H. capsulatum ferric reductase uses GSH
as an electron donor, which to our knowledge has not been
previously described for fungal ferric reductases. GSH serves
as an electron donor for a Pseudomonas aeruginosa periplasmic
and cytoplasmic ferrisiderophore reductase and a Legionella
pneumophila periplasmic ferric reductase (6, 37). Macrophages
contain glutathione, which is the major thiol antioxidant in
mammals (40). Interestingly, production of a membrane-
bound cystine reductase and an intracellular glutathione re-
ductase by yeast-phase H. capsulatum has been described (28).

These Fe(III)-reducing agents may facilitate iron acquisition
from siderophores or host iron-binding proteins. H. capsula-
tum can grow in vitro with holo-Tf as an iron source, and the
GSH-dependent ferric reductase can use holo-Tf as a sub-
strate. Other ferric reductases have been reported to reduce
Fe(Ill) from siderophores or mammalian iron-binding pro-
teins. HeLa S3 cells have been reported to reduce holo-Tf for
iron uptake independent of Tf receptors and endosome acid-
ification (26). L. monocytogenes cultures can reduce Fe(III)
bound to Tf, ferritin, and the siderophore 2,3-dihydroxyben-
zoic acid (10). Intracellular and membrane-bound ferri-
siderophore reductases in other microbes have been described
(13, 14, 23, 35). If expressed by mold, the yeast-phase H.
capsulatum Fe(III)-reducing activities described here could fa-
cilitate the acquisition of iron from siderophores secreted by
other fungi and bacteria in soil. A similar utilization by bacteria
and other fungi has been demonstrated (1, 43).

By facilitating iron uptake, these Fe(III)-reducing agents
may be involved in pathogenesis. The requirement of iron for
productive H. capsulatum infection has previously been dem-
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onstrated. Iron is required for H. capsulatum intracellular
growth and is limiting in gamma interferon-activated macro-
phages (22). Iron limitation by Tf is also responsible for serum-
mediated in vitro growth inhibition (41). Mechanisms to ac-
quire iron circumvent these host defenses and thus are
important for pathogenesis.

Siderophore production is a classic mechanism associated
with iron acquisition, and H. capsulatum has been shown to
make hydroxamate siderophores in vitro under iron-limiting
conditions, but their production during infection has not been
demonstrated. Extracellular siderophore-bound iron would
still require a microbial iron acquisition mechanism for the
uptake of the complex and/or the release of the bound Fe(III).
The components and kinetics of H. capsulatum iron uptake
from siderophores have not been determined. The plant-
pathogenic fungus Stemphylium botryosum produces the sid-
erophores dimerum acid and coprogen B (27), which are also
produced by H. capsulatum (4). The uptake of iron complexed
to these siderophores by S. botryosum has been studied, and in
the case of coprogen B, it involves the internalization of the
ferrisiderophore complex (27).

Newman has suggested that as an alternate iron acquisition
mechanism, the acidification of the intracellular environment
in which H. capsulatum thrives facilitates iron availability by
causing the release of iron bound to Tf (31). However, Eissen-
berg and Goldman have shown that H. capsulatum can inhibit
or reverse host phagolysosomal acidification to some degree
(11). Such neutralization would inactivate host hydrolytic en-
zymes with acid pH optima but would also lessen pH-associ-
ated iron release from Tf. Iron-reducing activities, such as
those we report here, including cell-associated activity and
extracellular high-MW protein reductase and low-MW reduc-
tant, could provide a supplemental or alternate iron acquisi-
tion mechanism. If H. capsulatum siderophores are produced
during infection, iron reduction could provide a means for the
release of bound Fe(III). If Tf serves as an important iron
source, iron reduction could provide a relatively pH-indepen-
dent means for the release of bound Fe(III). We are interested
in further characterizing H. capsulatum iron acquisition mech-
anisms, identifying the relevant fungal genes and understand-
ing their regulation, and determining the importance of these
processes and components for pathogenicity.
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