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We identified a homologue of the alternative oxidase gene in a screen to identify genes that are preferentially
transcribed in response to a shift to 37°C in the human-pathogenic yeast Cryptococcus neoformans. Alternative
oxidases are nucleus-encoded mitochondrial proteins that have two putative roles: they can function in parallel
with the classic cytochrome oxidative pathway to produce ATP, and they may counter oxidative stress within
the mitochondria. The C. neoformans alternative oxidase gene (40X1) was found to exist as a single copy in the
genome, and it encodes a putative protein of 401 amino acids. An aox] mutant strain was created using targeted
gene disruption, and the mutant strain was reconstituted to wild type using a full-length A0XI. Compared to
both the wild-type and reconstituted strains, the aoxI mutant strain was not temperature sensitive but did have
significant impairment of both respiration and growth when treated with inhibitors of the classic cytochrome
oxidative pathway. The aox] mutant strain was also found to be more sensitive to the oxidative stressor
tert-butyl hydroperoxide. The aoxI mutant strain was significantly less virulent than both the wild type and the
reconstituted strain in the murine inhalational model, and it also had significantly impaired growth within a
macrophage-like cell line. These data demonstrate that the alternative oxidase of C. negformans can make a
significant contribution to metabolism, has a role in the yeast’s defense against exogenous oxidative stress, and
contributes to the virulence composite of this organism, possibly by improving survival within phagocytic cells.

Cryptococcus neoformans is a basidiomycetous fungus and a
major human pathogen. This pathogenic fungus has a wide
human host range by producing infections in both immuno-
compromised and immunocompetent hosts (6). Understand-
ing the mechanisms of how this encapsulated yeast can so
effectively attack a susceptible host has received renewed at-
tention as the infrastructure for molecular biology of this yeast
has matured. Several phenotypic factors in the virulence com-
posite, such as formation of a polysaccharide capsule (7), mel-
anin production (45), urease synthesis (11), phospholipase se-
cretion (10), mannose production (46), high-temperature
growth (28), and several signaling molecules and pathways for
these factors (44, 28), have been identified at the level of their
encoding genes and/or controlling networks.

In the genome era, it has been fashionable to use gene
expression profiling of a microorganism under certain environ-
mental conditions to understand its biology. With the use of a
global differential gene expression technique, we identified a
series of C. neoformans genes which were induced when ex-
posed to mammalian body temperatures (37°C) compared to
the gene expression profile at an environmental temperature
(25°C). In the sequencing of these transcripts, we identified a
gene which appeared to have high homology with genes iden-
tified as those of alternative oxidases in other organisms. The
functional importance of this gene (4OXI) to the general
metabolism, respiration, stress response, and impact on the
virulence composite became of particular interest, since there

* Corresponding author. Mailing address: P.O. Box 3353, Duke Uni-
versity Medical Center, Durham, NC 27710. Phone: (919) 684-2660.
Fax: (919) 684-8902. E-mail: perfe001@mc.duke.edu.

5794

is no homologous pathway in humans and thus it might repre-
sent a unique molecular drug target.

In eukaryotic organisms, energy for growth, development,
reproduction, and response to external stresses is derived
mainly through ATP production during mitochondrial respira-
tion, and this need for energy is hypothesized to be extremely
important to a pathogen’s ability to produce disease under
stress of the host environment. In animals, during respiration,
electron transfer from NADH to molecular oxygen proceeds
through sequential protein complexes within the inner mito-
chondrial membranes. In addition to this sequential cyto-
chrome pathway, higher plants (27), algae (12), yeasts (34),
filamentous fungi (20), dimorphic fungi (18), amoebae (17),
and trypanosomes (8) possess a unique cyanide-resistant elec-
tron transport chain in their mitochondria (Fig. 1). This path-
way is composed of a homodimeric protein identified as an
alternative oxidase. This cyanide-resistant oxidase catalyzes
electron transfer from reduced ubiquinone to oxygen, bypass-
ing the main cytochrome respiratory pathway (42). The path-
way is resistant not only to cyanide, but also to myxothiazol and
antimycin A. However, the pathway is inhibited by salicylhy-
droxamic acid (SHAM), disulfiram, and N-propyl galate.

In this study, we describe the identification of the C. neofor-
mans alternative oxidase gene (A0XI) in a screen for genes
preferentially transcribed in response to high temperature.
Through the use of mutants generated using targeted disrup-
tion, we demonstrate that the AOXI gene has a significant
contribution to both cellular metabolism and virulence of this
yeast. The role of this gene product in the virulence composite
may be due to a contribution of both energy production and
resistance to oxidative stress.
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FIG. 1. Schematic diagram of fungal mitochondrial electron transfer chain during respiration in the inner mitochondrial membrane. Electron
transfer complexes (I to IV), alternative oxidase and sites of action of inhibitors, SHAM, myxothiazol, antimycin, and cyanide are shown.

(Portions of this work were presented at the Fifth Interna-
tional Conference on Cryptococcus and Cryptococcosis, March
2002.)

MATERIALS AND METHODS

Strains and media. C. neoformans strain H99 (serotype A) and strain HO9R
(spontaneous ura5 auxotroph derived from H99 by plating on 5-fluoroorotic acid
agar) were grown on yeast-peptone-dextrose (YPD) medium (1% [wt/vol] yeast
extract, 2% [wt/vol] peptone, and 2% [wt/vol] dextrose) with continuous shaking
at 30°C. Null mutants were cultured on defined minimal medium containing
0.68% yeast nitrogen base without amino acids (Sigma, St. Louis, Mo.), 1%
(wt/vol) dextrose, 0.2% yeast synthetic dropout medium (lacking uracil), and
1.6% agar. The reconstituted strains were maintained on YPD media supple-
mented with 100 pg of nourseothricin (clonNAT; Werner Bioagents, Jena, Ger-
many)/ml. For animal and macrophage studies, strains were grown in YPD broth
with shaking for 18 to 24 h at 30°C. Cells were harvested with centrifugation at
1,500 X g for 10 min and washed three times with phosphate-buffered saline
(PBS), and the resuspended cells were counted by utilizing a hemacytometer.

Cloning of the A0X1 gene. A subtractive cDNA library using differential PCR
amplification (PCR Select; Clontech, Palo Alto, Calif.) was used to select for
c¢DNA transcripts of C. neoformans preferentially expressed at an exposure
temperature of 25°C versus 37°C. Briefly, strain H99 was grown in YPD broth for
1,4, 8, and 24 h at either 25 or 37°C in a shaking incubator. Total RNA from H99
cells grown under each temperature condition was isolated using Trizol reagent
(Invitrogen, Carlsbad, Calif.), and the RNA from each temperature was pooled
and used in the differential PCR amplification according to the manufacturer’s
protocol. Clones from the pool of cDNAs preferentially expressed at 37 versus
25°C were screened for intensity of hybridization using labeled total RNA from
HO99 cells grown at the two temperatures and pulsed with [**P]dATP. Several of
the clones having an approximately threefold or greater hybridization profile
with labeled total RNA from the H99 cells grown at 37°C compared to that with
labeled total RNA from cells grown at 25°C were cloned into a pBlueScript SK
vector and sequenced. The deduced sequence identified from one clone sug-
gested that it was a partial transcript of a gene with similarities to an alternative
oxidase gene from other species. Further analyses from cryptococcal databases
(http://www-sequence.stanford.edu; http://www.genome.ou.edu; http://cneo
.genetics.duke.edu) identified several fragments, and these were utilized to con-
struct overlapping contigs. From these sequences, a genomic fragment of 3,497
bp was identified which contained a full-length AOX1. Putative introns in the
coding region were identified both by comparing the putative amino acid se-
quence with those of other plant and fungal alternative oxidase genes and by

identifying the 5’ and 3’ splice sites of GTNNGY and YAG, respectively.
MacVector 6.0.1 (Oxford Molecular Group) software was used for amino acid
comparisons.

Disruption of A0X1 gene and creation of an aoxI mutant. In order to generate
a knockout construct for AOX1, a 2.18-kb fragment containing the entire coding
sequences of AOX] was amplified from H99 genomic DNA using primers P1
(CGATGAACGAACTGCGATATC) and P2 (GAGACAACGGATGCATCG
ACG) and ligated into a pBluescript SK vector lacking an intact Xhol site [Fig.
2A (I)]. A disruption construct was made by digesting the vector containing the
2.18-kb AOX1 fragment with Xhol, and a 1,900-bp Xhol-cut C. neoformans URAS
gene was ligated into this site [Fig. 2A (II)]. The plasmid containing the disrup-
tion construct was then used to transform a ura5 auxotrophic H99 strain of C.
neoformans using biolistic DNA delivery (38). Transformants were grown on
uracil-dropout media. Individual transformants were screened with colony PCR
using 5’ primer ATTAGCTAGCGTTTACACTTCTGC and 3’ primer CAAG
GTTCCGCCGACCATG. For Southern analysis, 20 pg of genomic DNA from
H99 and aox! strains was digested for 2 h at 37°C with Xbal. Digested DNA was
transferred from gel to nylon membrane as described previously (11). The blot
was probed with a [*?P]dCTP-labeled 2.18-kb genomic AOX7 fragment using a
random primer labeling kit (Gibco BRL, Gaithersburg, Md.).

Reconstitution of aox] mutant. A 3.2-kb genomic fragment containing the
full-length AOX1 was amplified and subcloned into a plasmid. A 1.7-kb cassette
conferring resistance to the antibiotic nourseothricin (25) was ligated into a
filled-in Ncol site of this plasmid [Fig. 2A (III)]. The plasmid was used to
transform the aox! mutant using the biolistic DNA delivery method. Transfor-
mants were selected on YPD plates supplemented with 100 pg of nourseothricin/
ml. Both PCR and Southern analyses identified the presence of the intact wild-
type AOXI. This strain (AOXRecl1) showed ectopic insertion of the entire A0X1
and was selected for further studies (Fig. 2B and C).

Northern analysis. Strains H99, aoxl, and AOXRecl were grown in YPD
broth at 30°C for 18 h. Yeast cells were pelleted, suspended, and divided equally
for exposures to specific environmental temperatures (30 versus 37°C) for 4
versus 24 h. Cells were pelleted and crushed with glass beads, and total RNA was
isolated with the use of the Trizol reagent. Twenty micrograms of total RNA was
used for each lane. Gel electrophoresis, RNA transfer, and blotting were per-
formed by standard Northern techniques, and the blot was probed with the
2.18-kb 3?P-labeled AOX1 fragment.

Measurement of respiration rate. Wild-type (H99), aoxI, and AOXRecl
strains were grown at 30°C for 24 h in YPD broth. Cells were harvested, and
oxygen consumption was measured with a Clark-type oxygen electrode in a
2.0-ml water-jacketed chamber. All measurements were conducted at 30°C. The
assay buffer consisted of 10 mM potassium phosphate [pH 7.0], 10 mM KCI, 5
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FIG. 2. (A) Disruption of C. neoformans AOXI by homologous recombination. (I) Restriction map of the genomic fragment containing the
alternative oxidase gene (40X7). (II) A 1.9-kb URAS5 gene is ligated into the Xhol site within AOXI. The solid arrows flanking the X#hol sites
designate the sites of the PCR primers that were used to screen for disruption of the native gene. (III) Construct used to complement aox! strain
with AOX1. A nourseothricin resistance cassette (NAT) was ligated into the plasmid containing AOX7 and was used as a selectable marker.
(B) PCR analysis using primers shown in panel A (I) gives a 700-bp fragment in H99. In aox! strains (aoxI-1 and aoxI-2), this fragment is displaced
by 2,600 bp due to insertion of URAS. The fragments from reconstituted strains (AOXRecl to AOXRec3) demonstrate the disrupted native locus
as well as that corresponding to the wild-type copy of AOX1. (C) Southern analysis of genomic DNA cut with Xbal confirms that AOX1 has been
disrupted in the knockout mutant and that the reconstituted AOX1 strains show random ectopic insertion of AOX1.

mM MgCl,, 0.3 M mannitol, and 0.1% (wt/vol) bovine serum albumin. Respi-
ratory inhibitors (myxothiazol at 6 uM and SHAM at 2 mM) were added just
before measurement of respiration rate. The respiratory rate of the yeasts was
calculated in nanomoles of O, per milliliter per minute.

Growth inhibition assay. For the quantitative in vitro growth response to
respiratory inhibitors, all three strains were grown in YPD broth for 24 h. Cells
were pelleted, suspended, and counted in a hemacytometer. The yeast cells were
adjusted with YPD to 10* cells/ml. The adjusted yeast cells were then treated
with the respiratory inhibitors, 1 mM potassium cyanide, and 2 mM SHAM in
YPD broth for 24 h at 30°C, and then yeasts were quantitatively subcultured onto
YPD agar plates for measurements of viable colonies per milliliter of broth.

Impact of oxidative or nitrosative challenge on yeast growth. The three yeast
strains (H99, aoxI, and AOXRecl) were grown in YPD broth overnight at 30°C
with shaking, washed three times in PBS, and counted in a hemacytometer.
Yeasts were then added at a concentration of 10* CFU to a 10-ml Falcon tube
containing 2 ml of RPMI 1640 and either 0.1 mM tert-butyl hydroperoxide, 1
mM 2,2'-(hydroxynitrosohydrozono) bis-ethanamine (Cayman Chemicals), or
media alone. Triplicate cultures were grown for 48 h at 30°C with shaking, and
then aliquots were taken for quantitative cultures on YPD agar.

Macrophage-cryptococcus growth assay. The MH-S murine alveolar macro-
phage cell line (American Type Culture Collection, Manassas, Va.) was main-
tained in RPMI 1640 containing 10% fetal calf serum, 2 mM L-glutamine, 1 mM
sodium pyruvate, 4.5 g of glucose/liter, 1.5 g of bicarbonate/liter, 0.05 mM
2-mercaptoethanol, and penicillin and streptomycin at 37°C with 5% CO,. Mac-
rophages were harvested from monolayers using 0.25% trypsin—0.03% EDTA,
and viable cells were determined by trypan blue exclusion and counted in a
hemacytometer. The macrophage concentration was adjusted to 5 X 10°cells/ml,
and in experiments using activated macrophages, the cells were primed with 100
units of murine gamma interferon/ml and stimulated with 0.15 wg of lipopoly-
saccharide (LPS)/ml just prior to mixing with yeasts. One hundred microliters of
the macrophage suspensions was placed into 96-well plates. Cryptococci that had
been washed three times in PBS were counted in a hemacytometer and adjusted
to 5 X 10° yeast cells/ml using cell culture media, and 100 pl was added to the

MH-S cells at a multiplicity of infection (effector-to-target ratio) of 1:1. Control
wells containing only macrophages or yeasts were included in all experiments. All
experiments used 10 wg of 18B7, an immunoglobulin G1 anti-GXM monoclonal
antibody, per ml; the antibody was added to the yeast inocula as an opsonin and
was generously provided by Arturo Casadevall. The macrophage and yeast mix-
tures were allowed to incubate for 2 hours before washing with three exchanges
of culture media to remove extracellular yeasts. After 24 h, quantitative cultures
were performed by aspirating the media from each well and then lysing the
remaining macrophages with two exchanges of 100 pl of 1% sodium dodecyl
sulfate (SDS) in water. The aspirated media and SDS washes were combined and
cultured on YPD agar containing chloramphenicol for yeast colony counts. All
experiments were done in triplicate and repeated twice.

Animal models. (i) Rabbits. A total of 10% cryptococci from strain H99, aox1,
or AOXRecl were inoculated into the cisterna magna of each of nine cortico-
steroid-treated New Zealand White male rabbits (three for each strain), as
previously described (30). Rabbits were immunosuppressed daily with cortisone
acetate injections (5 mg/kg of body weight), and cerebrospinal fluid (CSF) was
sampled from rabbits sedated with xylasine and ketamine on days 4, 7, and 10
after initiation of infection. CSF dilutions in PBS were plated onto YPD agar
plates for measurement of colony counts per milliliter of CSF.

(ii) Mice. The three yeast strains were used to infect 4- to 6-week-old female,
A/Jer mice (NCI/Charles River Laboratories) using nasal inhalation. Ten mice
were infected with 5 X 10° CFU of the H99, aoxI, and AOXRecl strains in a
volume of 50 pl via nasal inhalation, as described previously (11). The mice were
fed ad libitum and monitored with twice-daily inspections. Mice that appeared
moribund or in pain were sacrificed using CO, inhalation.

Statistics. In macrophage and oxidant challenge experiments, yeast counts were
compared by a one-way analysis of variance with Bonferroni’s correction posttest.
Survival data from the murine experiments were analyzed by the Kruskal-Wallis test,
and a Student ¢ test was performed for comparison of CSF yeast counts. A test
comparison with a P value of <0.05 was considered to be significant.
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Nucleotide sequence accession number. The genomic sequence of the C.
neoformans AOX1 has been submitted to GenBank with the accession number
AF502293.

RESULTS

Isolated AOXI contains all conserved motifs and sequences.
In the identification of differentially expressed genes for H99
when exposed to temperatures of 25 or 37°C, we cloned a
400-bp partial transcript which was truncated and up-regulated
with growth at 37°C compared to that at 25°C. The transcript
possessed sequence homology with an alternative oxidase gene
from several other yeast species. With the use of C. neoformans
genomic sequences in various databases (Stanford, Oklahoma,
and Duke University) and further Southern analyses of C.
neoformans DNA, we identified a full-length AOXI gene of C.
neoformans and confirmed that only one copy of this gene
resides in the C. neoformans genome. AOXI from C. neofor-
mans is encoded by a 1,415-bp gene that contains four introns.
Alignment of known alternative oxidase amino acid residues
from different fungi with the predicted protein sequence of C.
neoformans revealed several highly conserved regions within
the C. neoformans AOXI. The most highly conserved areas are
clustered in the central regions of the protein. The potential
metal binding sites are highly conserved within the C. neofor-
mans AOXI. The protein also contains the proposed active
catalytic site defined by two pairs of helices forming a four-
helix bundle. Two antiparallel helices, one in each pair, contain
a critical EXXH (Glu-X-X-His) motif (1). These motifs supply
residues for iron coordination (19). It can be noted that the
sequences contain a hydrophobic linker in between the two
helical pairs. Since the sequence includes several conserved
positively charged residues, the linker is proposed to act as a
membrane anchoring region (19). Like the Candida albicans
AOXI, the C. neoformans AOXI also contains a potential
cleavage site for mitochondrial presequences between Ser res-
idues.

Disruption of alternative oxidase activity of C. neoformans.
We utilized the biolistic DNA method to disrupt AOXI of C.
neoformans by inserting a 1,900-bp URAS fragment into the
Xhol site of the AOXI to create the aoxI::URA5 disruption
allele. We screened 50 transformants using colony PCR, and
two homologous gene disruptants (aoxI-1 and aoxI-2) were
found. The null mutant aoxI-I was used for all biological
experiments in this study and is designated aoxI. PCR analyses
demonstrated that the expected 700-bp fragment of AOX1 was
amplified from the wild-type strain (Fig. 2B, H99), while an
expected 2,600-bp fragment containing the 1,900 bp of URAS
inserted within the 700 bp of AOXI fragment was amplified
from the aox! mutants (Fig. 2B, lanes aoxI-1 and aox1-2). To
confirm the PCR results, Southern analysis was performed.
DNA from the transformants was cut with Xbal, and it was
expected that aox! mutants would produce a 4.9-kb fragment
in the case of disruption of AOXI by the insertion of URAS;
this was observed (Fig. 2C, lanes aoxI-I and aoxI-2). The aox!
mutant had the AOXI replaced back into it on a nourseothri-
cin-selectable plasmid in three independent reconstituted
strains (AOXRecl, -2, and -3); the PCR products obtained
from them demonstrated both the disrupted native locus of the
aox] mutant and the presence of a wild-type copy of A0OXI
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FIG. 3. C. neoformans has a functional cyanide-resistant respira-
tory pathway. Oxygen uptake was monitored in the presence of myxo-
thiazol and SHAM. Data shown represent the means and standard
errors of results from three independent experiments.

(Fig. 2B, lanes AOXRecl, -2, and -3). The reconstituted strain,
AOXRecl, was used for all biological experiments. The aox!
mutant formed capsule, melanin, and urease similar to those of
the wild-type strain.

A functional alternative oxidase is present in C. negformans.
In order to investigate for the presence of a functional alter-
native oxidase pathway in C. neoformans, we utilized classic
oxidative inhibitors that block either the alternative or cyto-
chrome oxidase pathways. As shown in Fig. 1, SHAM inhibits
the alternative oxidase pathway, while myxothiazol and potas-
sium cyanide (KCN) are specific inhibitors for the cytochrome
oxidase pathway. Our results from treatment of C. neoformans
yeast cells with the inhibitors are presented in Fig. 3. The rate
of oxygen consumption was measured to assess the effective-
ness of these respiratory inhibitors on H99, aoxl, and
AOXRecl strains. With application of myxothiazol, the rate of
oxygen consumption as measured in nanomoles per milliliter
per minute was inhibited by approximately 37% in H99 com-
pared to that in the strain without inhibitors. When SHAM was
used alone, it showed the same pattern of respiratory depres-
sion as myxothiazol. Furthermore, addition of both SHAM and
myxothiazol to block both pathways almost completely inhib-
ited respiration (Fig. 3). These findings suggest the existence of
a functional alternative oxidase pathway in C. neoformans.
Further support for two functional respiratory pathways was
found when the application of myxothiazol severely reduced
oxygen consumption in the aoxI mutant. It is noted that the
reduction of oxygen consumption from myxothiazol treatment
in the aox] mutant is identical to the reduction in H99 cells
treated with both myxothiazol and SHAM. When aox/ mutant
was treated with SHAM alone, respiration remained un-
changed. The fact that a functional alternative oxidase pathway
in the aox] mutant is absent or severely limited is confirmed by
the results obtained with AOXRecl. This reconstituted strain
followed the H99 pattern of oxygen consumption in response
to the respiratory inhibitors.

In the next set of experiments, the respiratory inhibitors’
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FIG. 4. Growth patterns of C. neoformans (H99, aoxl, and
AOXRecl). A total of 10* CFU/ml were treated with 1 mM KCN and
2 mM SHAM at 30°C for 24 h, and cells were plated for number of
surviving colonies. (SHAM alone was not tested with aox1.)

effect on respiration rates correlated with their impact on yeast
growth in nutrient-rich media. H99, aox1, and AOXRecl were
grown on YPD medium in the presence of different inhibitors.
H99 showed a reduction of about 50% in growth in the pres-
ence of KCN or SHAM alone. The growth rate was further
reduced when KCN and SHAM were used together (Fig. 4).
Furthermore, treatment with KCN led to a reduction of growth
of the aox! mutant to a level similar to that of H99 when
treated with both respiratory inhibitors (KCN and SHAM).
There was no further effect on aox! mutant growth when the
mutant was exposed to SHAM (Fig. 4). In fact, in the aox!
strain, the KCN effect was fungicidal, since the treatment with
this inhibitor reduced the yeast cell counts below the initial
inoculum concentration. The AOXRecl strain followed the
H99 pattern of growth in response to both inhibitors.

AOXI1 transcription is up-regulated during temperature
stress. Fungal pathogens need to be able to survive and grow
at mammalian body temperatures in order to successfully in-
vade the human host (21). The apparent up-regulation of
AOXI at 37°C enabled us to clone this gene through subtrac-
tive hybridization of cDNA libraries. Therefore, we recon-
firmed whether AOX1 expression was induced with high tem-
perature exposure. H99 was grown under two different
temperatures (30 and 37°C) for 4 or 24 h. There was no dif-
ference in growth rate of H99 at these temperatures. Tran-
script levels were examined by northern analysis, and the re-
sults are presented in Fig. 5. With exposure to an
environmental temperature of 30°C at 4 h, AOXI was ex-
pressed at a measurable level (Fig. 5, lane 2), but when yeast
cells were further exposed to 30°C for 24 h, no change in AOX!
expression was detected (lane 4). In contrast, when RNA was
isolated from H99 cells grown at 37°C for 4 h, AOXI expres-
sion could clearly be seen as up-regulated (approximately 10-
fold higher) compared to that in cells grown at 30°C (lane 3).
The expression level increased to 20-fold when H99 cells were
grown for 24 h at 37°C (lane 5). These results confirmed the
initial screening of the differential cDNA library subtraction

INFECT. IMMUN.

FIG. 5. Northern analysis of AOXI expression. Total RNA ob-
tained from aox! grown at 37°C for 4 h, H99 grown at 30°C for 4 h, H99
grown at 37°C for 4 h, H99 grown at 30°C for 24 h, and H99 grown at
37°C for 24 h (lanes 1 to 5, respectively) was probed with AOX1 (top).
Below are photos of gels showing rRNA bands for measurement of
RNA loading (bottom).

technique and suggest that AOX1 in C. neoformans might be
important in responding to environmental temperature
stresses. We then attempted to determine if this up-regulation
of AOXI by temperature was correlated with a temperature-
sensitive growth phenotype. The growth rates of aox! and H99
were the same at 37°C in YPD broth, and thus AOX1 induction
by temperature was not correlated with a temperature-sensi-
tive growth phenotype in nutrient-rich conditions.

Impact of AOXI on pathogenesis. Since this pathway has
been used by pathogens in stress conditions, we tested whether
AOXI might impact the pathobiology of C. neoformans. We
examined the effect of the aox! mutant on animal models of
infection. In the rabbit model of cryptococcal meningitis, equal
numbers of yeast cells (10%) from H99, aoxI, and AOXRecl
strains were inoculated into the cisternae magnae of nine cor-
tisone-treated rabbits, and the CSF was collected at days 4, 7,
and 10 of infection. H99, aoxI mutant, and AOXRecl strains
persisted at similar CSF yeast concentrations during the first 10
days of infection. Rabbits infected with the aox!/ mutant had a
mean CSF yeast count (* standard error of the mean) of log
455 = 1.04 CFU/ml of CSF, compared to log 5.49 = 1.14
CFU/ml of CSF for rabbits infected with H99, at day 10 of
infection. The values were not statistically different from each
other (P = 0.17). At the earlier time periods (4 and 7 days of
infection), H99, aoxl, and AOXRecl yeast counts were the
same. Thus H99 and the aox! mutant strain survived very well
in the high temperature (39 to 40°C) of the rabbit CSF, and it
is clear that AOXI is not needed for the stresses of high-
temperature growth. However, immunosuppressed rabbits
have a severe compromise of their inflammatory response
within the subarachnoid space, and thus there is little impact of
intracellular yeast growth with its possible oxidative stresses.
Therefore, we examined the yeast strains in a murine model in
which there is more exposure to, and demands from, host cells
to overcome the yeast.

The pulmonary murine model of cryptococcosis was exam-
ined to appreciate (i) the impact of another animal species, (ii)
a new site of infection, and (iii) added stresses of an active
inflammatory response. To test the virulence of the aox! mu-
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FIG. 6. Outcome of inhalational murine model. Shown is survival

of mice inoculated with wild-type H99 (solid circles), AOXRecl (solid

inverted triangles), and the aox! strain (open circles). Survival of mice

infected with the aoxI mutant was significantly longer than that of mice
infected with H99 (P = 0.001) and AOXRecl (P = 0.01).

tant, mice were infected intranasally with yeast cells from
strain H99, aoxI, or AOXRecl, and survival was measured
(Fig. 6). Mice infected with the aox] mutant lived significantly
longer than those infected with H99 cells. Mice infected with
H99 had a mean survival of 14.9 days compared to a mean
survival of 23.6 days in mice infected with the aox! strain (P =
0.001). In confirmation that the difference in survival was spe-
cific to a mutation in AOX1, the AOXRecl strain also resulted
in significantly reduced survival compared to infection with the
aoxl strain (P = 0.01).

aox] mutant is susceptible to growth inhibition in macro-
phages. Since there was a difference in the outcome between
the two animal models, we hypothesized that AOX7 might aid
growth in certain unique environments or stresses, since the
aox] mutant was normal for known virulence factor pheno-
types, namely, capsule production, melanin, synthesis, and ure-
ase formation. Recent studies have established that C. neofor-
mans is a facultative intracellular pathogen and can survive the
harsh environment of the macrophage phagolysosome (14, 39).
It has been shown from histopathological studies that C. neo-
formans will encounter many more macrophages in the mouse
than in the rabbit model (30). These facts suggested to us that
it might be helpful to understand AOX1 impact on intracellular
growth. Furthermore, to inhibit growth or kill invading micro-
organisms, phagocytic cells like macrophages generate reactive
oxygen species (ROS), and the alternative oxidase in other
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systems has been shown to dampen the deleterious effects of
endogenous ROS. We reasoned that the aox! strain might be
more susceptible to the harsh intracellular environment of the
macrophages. The MH-S murine alveolar macrophage cell line
was used to assay for its ability to inhibit or kill C. neoformans.
The phagocytic indexes of the wild-type, aoxl, and AOXRecl
strains were the same, demonstrating that the aox/ mutant had
no defects in uptake by macrophages. The aox] mutant showed
significantly slower growth within the gamma interferon- and
LPS-stimulated macrophages than did H99 (means, 2.70 X 10°
+ 0.60 X 10° CFU versus 1.28 X 10* = 0.20 x 10* CFU,
respectively, at 24 h; P < 0.001). AOXRecl also showed faster
intracellular growth than the aox! mutant, but it did not reach
the H99 growth levels in the macrophages. All three strains
grew equally well in unstimulated macrophages. In an attempt
to identify the specific mechanism(s) for reduced intracellular
growth, the impacts of oxidative and nitrosative stress were
examined. Table 1 shows that the oxidative stress, and not the
nitrosative stress, impaired the in vitro growth of the aoxI
mutant.

DISCUSSION

With the use of a variety of techniques to examine global
gene expression in pathogens, the study of gene expression
profiles coordinated with phenotype analysis of null mutants
has become a common strategy to understand microbial patho-
genesis. Our group has used a differential display PCR method
to identify C. neoformans unique transcripts at the site of
infection (33). For instance, a transcript of the isocitrate lyase
gene (ICLI) was found to be induced in C. neoformans cells
during meningitis. However, the analysis of the mutant carry-
ing the site-directed null mutation showed that this induction
of gene expression was not necessary for the mutant’s ability to
establish infection. This finding illustrates the importance of
using global gene expression screens to ask questions about the
needs of a pathogen, but these expression profiles require
studies with specific null mutants to define the functional im-
portance of these regulated genes and their networks for
pathogenesis.

In this study, we used another differential global molecular
screen, cDNA library subtraction, to identify C. neoformans
genes regulated in response to environmental temperature
changes. We reasoned that genes responding to the environ-
mental cue of temperature might also be important to high-
temperature growth and thus be a fundamental component of
the virulence composite of this pathogen. The ability to grow at
high temperatures (37 to 39°C) separates C. neoformans from
all other nonpathogenic cryptococci, and the ability to survive

TABLE 1. Quantitative yeast counts after 48-h exposure to stressors

Count (CFU/ml) for strain:

Stressor”
H99

aoxl AOXRecl

(1.97 = 0.16) X 10°
(1.90 = 0.18) x 10°
(1.80 = 0.26) X 10°

None (medium alone)
DETA
T-BOOH

(2.10 + 0.09) X 10° (1.92 + 0.09) x 10°
(1.95 = 0.26) x 10° (1.61 = 0.32) x 10°
(1.90 + 0.7) X 10 (1.68 + 0.20) X 10°

“ DETA, 2,2'-(hydroxynitrosohydrozono) bis-ethanamine; T-BOOH, tert-butyl hydroperoxide.
® Significantly reduced growth compared to that of H99 and AOXRecl (P = 0.04).
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at mammalian body temperatures is a crucial feature which
separates some 200 fungal species causing clinical disease from
the over 20,000 known fungal species in the biomass. Others
have shown that C. neoformans has the ability to alter gene
expression with exposure to high temperatures. It appears that
many of these genes that are induced under high temperature
are related to heat shock proteins and the translational ma-
chinery for the yeast (36). We similarly have found potential
stress-related genes to be up-regulated by exposure to high
temperature, and one of these genes, AOXI, attracted our
interest because of its unique potential impact on oxidative
stress response and/or energy production. We were able to
confirm by our global screen with specific Northern analysis
that AOX1 is highly induced in its expression in C. neoformans
by high temperature. However, despite the importance to vir-
ulence of the temperature-sensitive phenotype for several
pathways, including the calcineurin (28), RAS (44), and treha-
lose (E. A. Wills, G. M. Cox, and J. R. Perfect, Abstr. 5th Int.
Conf. Cryptococcus Cryptococcosis, abstr. PO17, 2002) path-
ways, in C. neoformans, the alternative oxidase pathway was
not associated with a high-temperature-growth phenotype. In
contrast to AOXI, the calcineurin gene of C. neoformans is
essential for high-temperature growth (28), but its expression
is not regulated by temperature (unpublished data). These
results illustrate the disconnect between gene expression and
phenotype in C. neoformans for temperature responses and
growth. Furthermore, the mechanism for attenuated virulence
in the aoxI mutant is not mediated through its growth response
to or viability under high-temperature stresses.

The C. neoformans Aoxl protein appears to have all con-
served motifs of other Aoxl proteins, including the site for
metal binding. Inhibitor studies have shown that Aox1 is also
involved with a functional alternative oxidase pathway in C.
neoformans which is similar to those of other fungal species
and plants. However, in some fungal species, including C. al-
bicans, the alternative oxidase is encoded by a small nuclear
gene family whose members are regulated in a developmental
and tissue-specific manner (23). In our Southern analysis,
screening of the genome databases of C. neoformans, and func-
tional analysis of the null mutant, there is strong evidence that
C. neoformans possesses only one alternative oxidase gene.

The importance of cyanide-insensitive respiration (alterna-
tive oxidative pathway) in the biology of plants was first ob-
served in the early 1900s. It was initially found to help produce
heat for thermogenic plants to assist in their pollination by
volatizing compounds to attract insects (27). However, recent
studies have focused on the alternative oxidase pathway as
being important to specific cellular functions. There have been
multiple studies in which alternative oxidase activity has been
induced in relationship to a variety of cellular stresses, includ-
ing low temperature (40, 41), wounding (15), protein (47) and
amino acid (2) synthesis inhibitors, stress during inhibition of
the cytochrome pathway (40), pathogen attack (22, 35), aging
(4, 5), and superoxide anion exposure (26). Most of the recent
stress work has focused on alternative oxidase’s ability to pre-
vent the production or damage of ROS. It can limit mitochon-
drial reactive oxygen formation (32, 43) and keeps these po-
tential toxins in the cell low (23). However, the pathway has
received little interest in its potential for energy production
compared to the classic oxidative phosphorylation pathway.
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The generation of ROS can be a determinant of cell survival
and growth in plants (24), in fungi such as Podospora anserine
(4, 5), and in the worm Caenorhabditis elegans (3). There are
direct links to a functioning alternative oxidase system and
protection from ROS to preserve growth and prolong viability
of the organism (13, 29, 31). It is clear from a variety of studies
that both host oxygen- and nitrogen-reactive species are dele-
terious to C. neoformans and that this yeast must have protec-
tive mechanisms to meet the challenge of ROS. For instance,
we have found that in C. neoformans, the SODI gene (super-
oxide dismutase), which converts superoxide radicals into hy-
drogen peroxide and oxygen, has been shown to contribute to
the yeast’s ability to grow intracellularly and impacts the yeast’s
efficiency in producing disease (9). However, the sodl mutant
can still produce a lethal infection, and thus other antioxidant
systems may be available to this yeast. Similar findings have
been found with a nitrosative challenge against C. neoformans
in that fAbl (flavohemoglobin) null mutants are more suscep-
tible to nitric oxide and are attenuated but not completely
avirulent in the animal model (M. de Jesus-Berrios, Abstr. 5th
Int. Conf. Cryptococcus Cryptococcosis, abstr. P4.4, 2002).

Our findings with aox! mutants appear to mimic the out-
come of the sod!/ mutant. Both mutants had no distinct viru-
lence defect in the rabbit meningitis model, which measures
primarily extracellular in vivo yeast growth, since corticoste-
roid treatment of rabbits produces a profound CSF leukopenia
(9). On the other hand, in the murine inhalational model, yeast
cells must interact with macrophages and their potential for
producing oxidative damage. Furthermore, we found in this
study that the aox/ mutant did have slower growth only when
macrophages were stimulated by interferon and LPS, which
induces oxidative products. With the use of an agent that
produces direct oxidative damage (tert-butyl hydroperoxide),
the aox] mutant was found to be more susceptible to growth
inhibition than H99 and the reconstituted strain. It is suggested
from our experiments that aox! does participate in protection
of the yeast from oxidative stresses and may help the yeast with
intracellular growth in activated macrophages. On the other
hand, with our assay to produce direct exposure to nitric oxide
through 2,2'-(hydroxynitrosohydrozono) bis-ethanamine, we
did not detect any impact on the growth of aoxI. This is an
interesting and not predicted finding, since in other systems,
such as plants, nitric oxide does activate transcription of an
alternative oxidase (16).

The alternative oxidase pathway has been shown to interact
with the classic oxidative pathway to protect against ROS,
produce intracellular signaling during stress, or generate en-
ergy in some biological systems (24, 26, 37). We did not spe-
cifically test the impact of the energy production aspects of the
alternative oxidase pathway in C. neoformans, but our results
suggest that it would play a very minor role, since the yeast was
able to grow very well within the rabbit CSF. It is not clear
what will be the exact linkage between the cytochrome and
alternative pathways in C. neoformans. However, results in this
study emphasize that the ability to have at least one of these
respiratory pathways be functional is important to the viability
of this yeast. When the aox! mutant had its cytochrome path-
way blocked with KCN, there was a complete block of respi-
ration, and despite a nutrient-rich environment with YPD, the
yeasts began to die. This finding may have implications for
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drug targets. For instance, while a block of the alternative
oxidase pathway has only temporary impact on the cell under
stress and by itself would not be a good antifungal target, a
combined inhibition of both respiratory pathways may com-
pletely shut down yeast viability under stress conditions. This
dual block may impact both the yeast’s ability to respond to
certain intracellular stresses and its ability to generate large
quantities of energy needed to establish infection in a hostile
environment. Although the cytochrome oxidase system is con-
served between yeasts and mammals, the alternative oxidase
system and its interaction with the cytochrome system is not.
Strategies to uniquely interrupt these two pathways together in
this fungus would likely produce a fungicidal response.
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