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The zoopathogenic fungus Histoplasma capsulatum, like other eukaryotic aerobic microorganisms, requires
iron for growth. Under conditions of low iron availability, the fungus secretes hydroxamates that function as
siderophores (iron chelators). The experiments to be reported were designed to gather further information on
the hydroxamate siderophores of H. capsulatum. The fungus was grown in a synthetic medium deferrated with
the cationic exchange resin Chelex 100. Siderophores were detected after 4 days of incubation at 37°C in media
containing 0.3 to 1.0 .M iron. The secretion was suppressed by 10 pM iron. The hydroxamates were purified
by reverse-phase and size-exclusion chromatography. On the basis of ions observed during electrospray mass
spectroscopy, five hydroxamate siderophores were tentatively identified: dimerum acid, acetyl dimerum acid,
coprogen B, methyl coprogen B, and fusarinine (monomeric). A polyclonal antibody to dimerum acid was
generated. This reagent cross-reacted with coprogen B and fusarinine. Thus, the antibody detects hydroxam-

ates in all three families of siderophores excreted by H. capsulatum.

The pathogenic fungus Histoplasma capsulatum is a faculta-
tive intracellular parasite of the mononuclear phagocytes of an
infected host and must obtain nutrients necessary for growth
from that immediate environment. Like other eukaryotic aer-
obic microorganisms, H. capsulatum requires iron for growth.
In the mammalian host, iron is bound and transported into the
cell by transferrin. The iron released inside the cell is accumu-
lated in a labile pool or bound to ferritin (7, 19, 20, 22). H.
capsulatum might obtain its iron from the intermediate iron
pool of the macrophage. That it does so is suggested by the fact
that chloroquine, which alkalinizes endosomes and thereby
prevents the release of iron from transferrin and ferritin, in-
hibits intracellular growth of H. capsulatum in human macro-
phages (17). Moreover, the use of iron chelators in macro-
phage cultures severely restricts the intracellular growth of the
fungus (11, 18). When starved for iron in in vitro broth cul-
tures, H. capsulatum secretes low-molecular-weight (M, <
1,500) hydroxamates that function as siderophores (iron chela-
tors) by sequestering ferric iron from the environment (1; K. F.
Faull, D. H. Howard, R. Rafi, and A. Tiwari, Abstr. 98th Gen.
Meet. Am. Soc. Microbiol. 1998, abstr. F-81, p. 266-267, 1998).
The fact that iron in the labile pool is susceptible to chelation
by the bacterial siderophore desferoxamine (22) makes the
utilization of hydroxamates secreted by H. capsulatum in the
capture of iron from that same intracellular pool a possibility
to be explored. Since iron is essential, the acquisition of it must
represent a factor important in the pathogenesis of histoplas-
mosis. Accordingly, we set out to gather information on the
biology of the hydroxamate siderophores of H. capsulatum.

Initial studies involved the development of isolation and
purification procedures for hydroxamate siderophores of H.
capsulatum. Plasticware was used wherever possible. Glass-
ware was soaked overnight in 6 N HNO;. The acid-treated
glassware was rinsed extensively in double-distilled deionized
water. Liquid shake cultures were grown in the synthetic me-
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dium devised by McVeigh and Morton (MM) (15). MM me-
dium was depleted of iron by treatment with the cationic ex-
change resin Chelex 100 (BioRad Laboratories, Richmond,
Calif.). Untreated MM medium contains approximately 1.0
uM Fe(III). After Chelex treatment, the medium (CMM) con-
tains approximately 0.3 uM Fe(III). Iron levels were deter-
mined by the Carter method which incorporates a ferrozine-
neocuproin reagent (2). H. capsulatum 505, used in many of
our previous experiments, was employed in this work (11). In
addition, strain G184A (ATCC 26027), obtained from W. E.
Goldman (Washington University, St. Louis, Mo.), was stud-
ied. Two variants of G184A were included: G184A-R, the
rough-colony parental (virulent) strain, and G184A-S, a
smooth-colony (avirulent) variant of the R strain (9).
Large-volume liquid shake cultures in CMM medium were
prepared in 500 ml of medium in 2-liter polypropylene flasks
(Nalgene). Cells were harvested from 72-h cultures on glucose-
cysteine blood agar (11) into phosphate-buffered saline (PBS),
washed three times, and were resuspended in the same buffer.
The medium was inoculated with 2 X 10° cells/ml. Strains
UCLA 505, G184A-S, and G184A-R were used in these large-
volume shake cultures. The cultures were incubated at 37°C on
a rotary shaker for 14 days, after which a 1-ml sample was
taken and centrifuged. The supernatant was tested for sid-
erophores with the ferric perchlorate reagent (21). One-liter
quantities were harvested by centrifugation and were frozen.
Thawed samples were tested for hydroxamates by the Csdky
method (21) and for sterility before subjection to extraction,
purification, and characterization. Fifty-milliliter samples were
reduced to dryness by lyophilization. The dried material was
then redissolved in 5 ml of water and 2.5 ml of a FeCl;-HCI
reagent (16.2 g FeCl; - 6H,O in 500 ml of 0.05 N HCI) was
added. The reddish solution was saturated with 4 g of ammo-
nium sulfate, mixed, and left at 4°C overnight. The mixture was
then centrifuged (10,000 X g, 10 min), and the supernatant was
transferred to a clean test tube and extracted with benzyl al-
cohol according to the method described by Neilands (16).
One milliliter of benzyl alcohol was added, the sample was
mixed and centrifuged, and the benzyl alcohol was transferred
to a clean test tube. The aqueous phase was extracted twice
more in the same manner, and the benzyl alcohol extracts were
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FIG. 1. Chromatographic profiles obtained at 215- and 480-nm adsorption during the purification of siderophores from H. capsulatum culture filtrates.

pooled. The siderophores were reextracted into water by the
method of Manulis et al. (14). Four milliliters of diethyl ether
and 500 pl of water was added, the tube was mixed and cen-
trifuged, and the aqueous layer (lower phase) was transferred
to a clean tube. The remaining upper layer was extracted twice
more with 500 wl of water (each time). In each extraction, the
sample was mixed and centrifuged and the lower aqueous
phases were removed and pooled. The final preparation was
centrifuged once more, and any remaining ether was carefully
removed. The sample was then dried in a vacuum centrifuge.
The benzyl alcohol extraction proved to be a convenient and
fast method for siderophore recovery from large volumes of
culture filtrate. Visible inspection indicated excellent efficiency
of extraction into the benzyl alcohol phase of the red color
present in the culture filtrate after the addition of FeCl;. The
final extract was sufficiently clean to allow further purification
to be easily accomplished by size-exclusion and reverse-phase
procedures (Fig. 1).

The dried extract was redissolved in 3 ml of water and was

loaded onto a size-exclusion column (Biorad Bio-Gel P2, 200/
400 mesh, 395 by 28 mm, column volume of 243 ml, suspended
in water). The column was then eluted with water at 0.5 ml/
min. The absorbance of the eluate was monitored at 215 and
480 nm, and the eluate was collected in 5-ml fractions. Size-
exclusion chromatography on Bio-Gel P2 of the benzyl alcohol
extract from culture filtrates of H. capsulatum typically re-
vealed two broad peaks in the 480-nm absorption trace of the
column effluent eluting between 100 and 330 min, superim-
posed on a much more complex trace at 215 nm absorption
(Fig. 1A). The first of the two peaks appeared yellow while the
second appeared red. Following treatment with additional fer-
ric chloride, the yellow peak changed to red, indicating that the
loss of the iron from the ligand had occurred during size-
exclusion chromatography in aqueous buffer. These peaks
were combined for the C,4 reverse-phase high-pressure liquid
chromatography (HPLC) column. The pooled fractions were
dried in a vacuum centrifuge and then redissolved in water and
injected onto a C,g reverse-phase HPLC column (Keystone
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TABLE 1. Retention times and proposed assignments of siderophores in culture filtrates from H. capsulatum

Chromatography retention times (min) in:

. Observed ion . Expected
Culture vol Fungal strain (mlz) Proposed assignment® ion (mz) Bio.Gel? Reverse- Sive exclusion
phase-C,°
Large 505, G184A-R, and G184A-S 538.2¢ Dimerum acid 538.2 220-300  28-28.3 (4) 31.0-33.6 (3)
Small 505 316.5 Fusarinine (monomeric) 316.5 200-300 3.8 15.2
505 538.2 Dimerum acid 538.2 220-300 279 272
505 580.2 Acetyldimerum acid® 580.2 200-290 352 Not done
505 780.3 Coprogen B¢ 780.3 220-245 359 19.15
505 794.4 Methyl coprogen B 794.4 200-240  37.1-37.5(2) 19.3-19.5(2)

“ All in the ferrated state.

> A range of retention times is given for the Bio-Gel peaks because they are broad, and the indicated range represents the region that was pooled for the next

chromatographic step.

¢ Data are presented as the range of retention times recorded on different days with different preparations (number of different experiments) or as the retention time

observed on a single chromatogram.

@ This component comprised the bulk of the second peak of 480-nm absorption eluting from the Bio-Gel P2 column and was present as the predominant component

in all filtrates examined.
¢ Tentative assignment.

Scientific Aquasil, 250 by 10 mm, 5-pm particle size, 100-A-
diameter pore size) equilibrated in 0.1% trifluoroacetic acid in
water. The column was eluted at 3.0 ml/min for 10 min with
equilibration solvent and then at the same flow rate with an
increasing linear gradient of acetonitrile containing 0.1% tri-
fluoroacetic acid (0.75%/min) over 134 minutes. The absor-
bance of the eluate was monitored at 215 and 480 nm, and 3-ml
fractions were collected.

When the 480-nm absorbing peaks were separately chro-
matographed on C,g reverse-phase HPLC, the peaks of red
coloration emerged in the effluent between 10 and 35 min (Fig.
1B). The 215-nm trace emerging from this chromatogram was
more complex, revealing the elution of many other compounds
which did not absorb significantly in the visable region (Fig.
1B). Individual fractions were kept separate, dried in a vacuum
centrifuge, and then redissolved in 0.1% formic acid in water.
The solution was then injected (50 wl/run) onto an HPLC
size-exclusion column (TosoHaas G2500PWxl1, 300 by 7.8 mm,
6-um particle size) equilibrated in 0.1% formic acid in water.
The column was eluted at 0.5 ml/min isocratically with equili-
bration solvent, and the absorbance of the eluant was moni-
tored at 215 and 480 nm, and 0.5-ml/min fractions were col-
lected. Separated fractions were dried in a vacuum centrifuge
for examination by mass spectrometry. When the reverse-
phase-purified peaks were chromatographed on size-exclusion
HPLC, individually resolved peaks were often superimposed as
single peaks of 215-nm absorption (Fig. 1C), which indicated
the general cleanliness of the preparations.

A Perkin-Elmer Sciex (Thornill, Canada) API III triple
quadrupole mass spectrometer was calibrated by flow injection
of a mixture of polypropylene glycol 425, 1,000, and 2,000
(33 X 107>, 1 X 107% and 2 X 107> M, respectively) in
water-methanol (1/1, vol/vol) containing 2 mM ammonium for-
mate and 0.1% acetronitrile. Spectra were obtained by scan-
ning at instrument conditions sufficient to resolve the isotopes
of the polypropylene glycol-NH," singly charged ion at m/z
906 with 40% valley. For data acquisition, a 0.3-Da step size
was used, and spectra were recorded with an orifice voltage of
70 V. Dried samples were redissolved in water-acetronitrile-
formic acid (50/50/0.1, all by volume) to an estimated concen-
tration of about 20 pmol/ul and were introduced into the ion
source in 10-pl aliquots in a stream of the same solvent enter-
ing the source at 10 wl/min.

Electrospray mass spectrometry of the HPLC size-exclusion-
purified peaks generally revealed spectra containing one or a

few dominant ions in the m/z 300 to 800 region. No significant
ions were seen from any samples between m/z 800 and 2000. In
the large-volume liquid shake cultures, the ion at m/z 538 was
an intense signal obtained from all strains examined and ap-
peared to be the only siderophore present in these cultures
(Table 1). Small-volume cultures were initiated to study sid-
erophore synthesis in greater detail. Forty milliliters of CMM,
or in some experiments MM, was contained in 300-ml sidearm
flasks. Cultures were incubated on a rotary shaker at 37°C.
Siderophores were detected in as little as 4 days, and a greater
diversity of molecular species was observed. On the basis of
ions observed during electrospray mass spectroscopy, five hy-
droxamate siderophores were identified: dimerum acid, acetyl
dimerum acid, coprogen B, methyl coprogen B, and fusarinine
(monomeric) (Table 1). These same results were obtained
from filtrates of small-volume cultures of G184A-S (data not
shown). The strain G184G-R was not used in the small-volume
culture work. The unique spectrum of each of these hydrox-
amates produced from the clean hydroxamate fractions (Fig.
1C) are shown in Fig. 2. Samples of the pure siderophores,
whose spectra are shown in Fig. 2, had stimulatory activity in
the Aureobacterium flavescens JG-9 (ATCC 25091) bioassay
(21). The relative frequency of occurrence of the siderophores
in all of the experiments was dimerum acid greater than fusa-
rinine which was greater than methyl coprogen B which was
greater than coprogen B which was greater than acetyl di-
merum acid. The major hydroxamate formed was dimerum
acid which could achieve levels of 180 mg/liter (estimated from
an average molar extinction coefficient of 3,000 [10, 24] read at
480 nm). The hydroxamates formed by H. capsulatum belong
to three of the four families of hydroxamates formed by fungi
(6).

On the basis of the clarity of the electrospray mass spectra of
the final purified samples, it appears that the sequential com-
bination of Bio-Gel P2 size-exclusion, C,g reverse-phase, and
HPLC size-exclusion chromatographies is sufficient for purifi-
cation of siderophores in the culture filtrates for tentative
structural assignments by mass spectrometry. It also appears
that the similarity in retention times of many of the compounds
found in the culture filtrates (Table 1) means that caution must
be exercised when attempting tentative identification on the
basis of chromatographic behavior alone. On the other hand,
the unique masses of the various siderophores make electro-
spray mass spectrometry of purified samples a convenient
method for their recognition (Fig. 2). Our selection of reverse-
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FIG. 2. Electrospray mass spectra of purified putative siderophores from culture filtrates of H. capsulatum. (A) Dimerum acid (C,,H3,0¢N,Fe, singly charged), (B)
methyl coprogen B, (C) coprogen B (C33Hs,0,,NgFe, singly charged), (D) acetyldimerum acid, and (E) fusarinine (monomeric C,,;H,,N,OsFe, singly charged). All
the compounds were in the ferrated form. Schematic representations of the uncharged forms of dimerum acid, coprogen B, and fusarinine are presented with their
elemental compositions on the right side of the figure.
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phase packing deserves a comment. The highly polar water-
soluble nature of many siderophores results in minimal reten-
tion on most C,g reverse-phase packings. The selection of a
packing containing polar functions (hydroxyl groups) provided
extra retention of siderophores and permitted sample loading
with the column equilibrated in 100% aqueous buffer.

In the small-volume liquid shake cultures, siderophores were
detected after 4 days of incubation, which is the early-station-
ary phase for H. capsulatum under these growth conditions.
Varying the starting pH from 5.5 to 7.0 did not affect the
quantity or type of siderophores obtained. The relative order
of occurrence was the same as given above. Dimerum acid was
the predominant hydroxamate observed under all conditions
studied. Siderophore synthesis was consistently observed in the
presence of levels of iron ranging from 0.3 to 1.0 wM and was
completely suppressed at 10 wM. There were no quantitative
or qualitative differences in siderophores produced at the two
iron concentrations. The growth of H. capsulatum was never
inhibited by more than 10 to 20% over iron replete cultures,
yet siderophores were consistently excreted in the low-iron-
concentration medium. The relatively good growth probably
reflected iron storage by the cells grown on blood agar. Nev-
ertheless, the iron reserves of the fungus were exhausted dur-
ing incubation in MM or CMM media, and siderophores were
characteristically formed.

H. capsulatum forms representatives of three of the four
families of hydroxamate siderophores synthesized by zoo-
pathogenic fungi (Table 1 and Fig. 2). Examples of the ferro-
chrome family of siderophores were not detected. The ester
group of coprogen B (Fig. 2) can be hydrolyzed at alkaline pH
(pH 9) to yield 1 mol of dimerum acid and 1 mol of frans-
fusarinine. However, purified coprogen B from our work did
not yield the hydrolysis products when subjected to a repetition
of the extraction and purification procedures. Thus, the mol-
ecules revealed by mass spectroscopy appear to be fermenta-
tion products and not artifacts of the purification procedure. It
is not known whether H. capsulatum utilizes hydrolysis to gen-
erate dimerum acid, but this seems unlikely because the pH of
the cultures (final pH of culture filtrates ranged from 7.2 to
7.5) did not reach the pH at which hydrolysis optimally takes
place (24).

A polyclonal antiserum to dimerum acid was generated. A
purified specimen of dimerum acid (DA) (Fig. 2) was conju-
gated to bovine serum albumin (BSA). The procedure was that
given in the insert of an Imject Immunogen EDC Conjugation
Kit from Pierce (Rockford, Ill.). The DA-BSA conjugate was
used to immunize a rabbit. The concentration of DA used was
180 pg/ml. The specimen had been saturated with iron during
the earlier purification procedure. Fractions containing the
DA were, therefore, orange as they came off the column,
indicating the attachment of DA to the BSA. The orange-
colored fractions were pooled. Keyhole limpet hemocyanin
(KLH) was the conjugation protein used in the preparation of
the test antigen (DA-KLH). Specific anti-siderophore antibod-
ies were produced following immunization of a 6-month-old
New Zealand white male rabbit with a BSA conjugate of DA
(DA-BSA) as follows. DA-BSA (100 pg) in 1.5 ml of PBS, pH
7.2, was combined with an equal volume of complete Freund’s
adjuvant (Calbiochem-Novabiochem Co., La Jolla, Calif.). The
suspension was divided into 3 equal volumes (0.5 ml) which
were injected at one subcutaneous and two intramuscular sites.
After 1 month, the animal received a boost immunization by
the same routes with the same preparation of 100 g of DA-
BSA in 1.5 ml of PBS combined with an equal volume of
incomplete Freund’s adjuvant (Calbiochem-Novabiochem
Co.). Two weeks after boost immunization, the animal was
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FIG. 3. Dot blot analysis of immune serum and conjugated siderophores.

bled from the central ear artery, and the blood was processed
into serum. The serum was stored at —20°C until used. The
reaction of this antiserum with dimerum acid attached to a
heterologous protein carrier (KLH) is shown in Fig. 3. Detec-
tion of specific anti-siderophore antibodies against DA, fusa-
rinine, and methyl coprogen B was determined as follows.
Aliquots (10 wl) containing approximately 7 pg of the conju-
gates of DA-KLH, fusarinine-KLH, and methyl coprogen B-
KLH, as well as a nonconjugated KLH control, were spotted
and dried onto strips of nitrocellulose (Schleicher and Schuell,
Keene, N.H.). The strips were incubated for 1 h in anti-DA-
BSA serum diluted 1:1,000 in PBS containing 5% nonfat dry
milk (Carnation Co., Los Angeles, Calif.) and 0.1% Tween 20
(Sigma Chemical Co., St. Louis, Mo.). The strips were then
washed several times in PBS and incubated for an additional
hour in goat anti-rabbit immunoglobulin conjugated to horse-
radish perioxidase (Amersham, Little Chalfont, Buckingham-
shire, England) diluted 1:2,500 in 5% nonfat dry milk—0.1%
Tween 20. Antibody-antigen binding was detected by using the
enhanced chemiluminescence system of Amersham (Western
blotting protocol manual, Amersham). The results are shown
in Fig. 3. The signal to methyl coprogen B-KLH was weaker
because about 10-fold less material was used due to a limited
supply. Thus, hydroxamates in each of the families produced
by H. capsulatum were detected by the rabbit antiserum.

The levels of iron sensed as deficient varies among the fungi.
For example, 1.6 uM is a deficient level for Neurospora (3), but
the level must be much lower (<0.1 wM) before Saccharomy-
ces responds to the deficiency (13). From our work it was
observed that H. capsulatum forms siderophores at levels of
iron ranging from 0.3 to 1.0 wM. The level of iron in the
Salmonella-containing vacuoles of epithelial cells has been es-
timated to be 1.0 uM (4), a level that is sensed as deficient by
H. capsulatum in our work. We are not aware of similar work
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with macrophages which would be more relevant to our inter-
ests. The antiserum generated in our work may help to detect
hydroxamates in cell cultures of the fungus. Such detection has
been accomplished with the wood-rotting fungus Geophyllum
trabeum and with chrysobactin (8, 12). Both of these sid-
erophores are phenolic. The antibodies we obtained are the
first we are aware of to hydroxamate type siderophores. How-
ever, the antibody prepared to chrysobactin cross-reacted
weakly with the hydroxamates, rhodotorulic acid, and fer-
richrome (12).

The mechanisms of iron acquisition by pathogenic fungi are
quite diverse (6). The first mechanism of such acquisition stud-
ied in H. capsulatum was by means of hydroxamate sid-
erophores (1). The present studies augment that initial obser-
vation by depicting a diversity of siderophores, outlining a
procedure for their characterization, and describing the gen-
eration of a polyclonal antibody that promises to be useful in
detecting these compounds produced intracellularly. Recently,
three additional mechanisms of iron gathering used by H. cap-
sulatum have been described: (i) a high affinity ferric reductase,
(ii) low-molecular-weight reductant(s), and (iii) the utilization
of holotransferrin as an iron source (M. M. Timmerman and
J. B. Woods, Abstr. 99th Gen. Meet. Am. Soc. Microbiol. 1999,
abstr. F-11, p. 297-298, 1999).

In our work, the earliest that siderophores were detected
was 4 days after inoculation of the medium. In the case of H.
capsulatum under these growth conditions, this represents ear-
ly-stationary phase and would be comprised of about 10% to
5 X 10® cells/ml. It is not known if the time of appearance was
due to the relative insensitivity of the FeCl;-detecting proce-
dure (>50 uM equivalents of desferrioxamine required for
detectable color) or whether cell density is important to the
signal required for siderophore synthesis. In a recent report, a
newly described siderophore-like activity in Legionella pneu-
mophila was only observed in bacterial cultures of relatively
high density (M. R. Liles and N. P. Cianciotto, Abstr. 99th
Gen. Meet. Am. Soc. Microbiol. 1999, abstr. B/D-201, p. 68,
1999). It will be important to explore the role of cell density in
siderophore synthesis in light of recent observations on quo-
rum sensing among certain bacteria and in H. capsulatum (5,
23; L. G. Eissenberg and W. E. Goldman, Abstr. 99th Gen.
Meet. Am. Soc. Microbiol. 1999, abstr. F-101, p. 315, 1999).
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