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The pathogenic fungus Histoplasma capsulatum escapes innate immune defenses and colonizes host macrophages during
infection. After the onset of adaptive immunity, the production of the antimicrobial effector nitric oxide (NO) restricts H.
capsulatum replication. However, H. capsulatum can establish persistent infections, indicating that it survives in the host
despite exposure to reactive nitrogen species (RNS). To understand how H. capsulatum responds to RNS, we determined
the transcriptional profile of H. capsulatum to 'NO-generating compounds using a shotgun genomic microarray. We
identified 695 microarray clones that were induced =4-fold upon nitrosative stress. Because our microarray clones were
generated from random fragments of genomic DNA, they did not necessarily correspond to H. capsulatum open reading
frames. To identify induced genes, we used high-density oligonucleotide tiling arrays to determine the genomic
boundaries and coding strand of 153 RNS-induced transcripts. Homologues of these genes in other organisms are
involved in iron acquisition, energy production, stress response, protein folding/degradation, DNA repair, and ‘'NO
detoxification. Ectopic expression of one of these genes, a P450 nitric oxide reductase homologue, was sufficient to increase
resistance of H. capsulatum to RNS in culture. We propose that H. capsulatum uses the pathways identified here to cope

with RNS-induced damage during pathogenesis.

INTRODUCTION

Histoplasma capsulatum, the etiologic agent of histoplasmosis,
is a systemic dimorphic fungal pathogen. H. capsulatum ex-
ists in two morphological forms: a mycelial (or filamentous)
form in soil and a yeast form in the host. During infection,
myecelial fragments and associated spores are inhaled by the
host. Once inside the host, conversion of these cells to the
budding yeast form is triggered within hours. Yeast cells
evade killing and multiply within macrophages (Bullock,
1993; Eissenberg and Goldman, 1994). Subsequently, yeast
cells use host phagocytic cells as vehicles to spread to mul-
tiple organs of the reticuloendothelial system such as the
spleen, liver, lymph nodes, and bone marrow. In patients
with disseminated disease, a variety of additional organs
can be colonized (Eissenberg and Goldman, 1991).

As described above, naive macrophages are susceptible to
colonization by H. capsulatum. However, upon induction of
a cell-mediated immune response, macrophages become ac-
tivated and gain the ability to restrict H. capsulatum replica-
tion (Newman, 1999). The anti-Histoplasma activity of acti-
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vated murine macrophages is dependent on production of
‘NO (Lane et al., 1994; Nakamura et al., 1994; Newman, 1999).

A number of studies indicate that 'NO and related reactive
species are important antimicrobial effectors produced by
macrophages (for reviews on RNS and pathogenesis, see
Fang, 1999, 2004; Nathan and Shiloh, 2000; Shiloh and
Nathan, 2000; Missall ef al., 2004). To produce ‘NO, macro-
phages induce the transcription of inducible nitric oxide
synthase (NOS2, also known as iNOS). Whereas NOS2
mRNA levels rise moderately during initial infection, a
much more significant induction occurs upon interferon
(IFN)-v stimulation of macrophages by T-cells (Shiloh and
Nathan, 2000). Nos2p converts arginine into L-citrulline and
the free radical 'NO. 'NO readily combines with thiols, met-
als, and reactive oxygen species (such as superoxide, O, ™)
to form multiple reactive species, collectively referred to as
reactive nitrogen species (RNS) (Nathan and Shiloh, 2000;
Fang, 2004). RNS react with many cellular components, in-
cluding transition metals, lipids, thiol moieties, and DNA
bases. These perturbations result in DNA and membrane
damage, inhibition of replication and respiration, and inac-
tivation of other cellular enzymes.

Whereas cell culture experiments suggest that 'NO is re-
quired to restrict H. capsulatum replication in activated mac-
rophages (Lane ef al., 1994; Nakamura et al., 1994; Newman,
1999), the inhibitory effect of 'NO on H. capsulatum is fungi-
static rather than fungicidal (Nakamura et al., 1994). This
result suggests that H. capsulatum is able to resist killing by
‘NO in host cells. Additionally, the immune system is not
able to completely eliminate H. capsulatum; instead, yeast
cells remain latent in the host for many years (Eissenberg
and Goldman, 1991, 1994; Bullock, 1993). Because the ability
of H. capsulatum to withstand nitrosative stress is likely to
contribute to pathogenesis, the goal of this work was to
uncover candidate genes that might contribute to the re-
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sponse of this organism to RNS. Because molecular genetic
tools in H. capsulatum are still limited, we took a functional
genomics approach to identify H. capsulatum genes that are
induced in response to treatment with 'NO donors. We
identified the first set of candidate genes and genetic path-
ways that H. capsulatum may use to cope with nitrosative
stress.

MATERIALS AND METHODS

Strains and Culture Growth

H. capsulatum strain G217B (ATCC 26032; a kind gift of William Goldman,
Washington University, St. Louis, MO) was grown in Histoplasma Macro-
phage Medium (HMM) broth (Worsham and Goldman, 1988) or on HMM
agar plates supplemented with 5 mg/ml bovine serum albumin (BSA). H.
capsulatum strain G217B ura5~ (a kind gift of William Goldman; Woods and
Goldman, 1992) was grown in HMM broth supplemented with 0.2 mg/ml
uracil (Sigma-Aldrich, St. Louis, MO). After transformation with URA5-con-
taining plasmids, G217B ura5~ was grown in HMM broth or on HMM
agarose plates with no uracil supplementation. H. capsulatum cultures were
passaged every 2-3 d at 1:25 dilution. Liquid cultures were grown at 37°C
under 5% CO, on an orbital shaker. Plates were grown at 37°C under 5% CO,
in a humidified incubator.

Cell Collection for Microarray Analysis

For each microarray sample, 100 ml of cells were harvested by vacuum filtration,
frozen in liquid nitrogen, and stored at —80°C until RNA preparation.

Dipropylenetriamine NONOate (DPTA NONOate) Dose-
Response Experiments

DPTA NONOate (Cayman Chemical, Ann Arbor, MI) was resuspended in
4°C 10 mM NaOH to a final concentration of 1 M. The exact concentration of
the stock solution was determined by measuring absorption at 252 nm.
Because DPTA NONOate is very stable in alkaline solutions, nitric oxide
release was not initiated until addition of the stock to HMM, pH 7.5.

The half-life of DPTA NONOate under our experimental conditions was
determined using a protocol modified from Hrabie ef al. (1993). A 1 M stock
of DPTA NONOate/10 mM NaOH was diluted to a final concentration of 50
mM in HMM and placed in a 37°C incubator with 5% CO,. Spectrophoto-
metric measurements at 252 nm were taken every 30 min for the first 2 h and
then every 30-90 min for the next 6 h. A final A,s, reading taken at 50 h was
used as the A.. measurement. In(A — A..) versus time was plotted to deter-
mine the rate constant for the reaction. According to the equation t;,, =
0.6931 (1/k), where k equals the rate constant, the half-life under our exper-
imental conditions was calculated to be 90 min.

Two-day-old H. capsulatum yeast cultures were diluted to 4 X 107 cells/ml
and grown for 24 h until they reached mid-logarithmic phase. Two aliquots of
cells representing untreated, zero-minute time points were harvested. The
remaining cells were split into eight cultures. DPTA NONOate (1 M) resus-
pended in NaOH was added to six of the cultures to result in final concen-
trations of 0, 0.1, 0.5, 0.8 1, or 2 mM DPTA NONOate. Because the DPTA
NONOate stock contains NaOH, we controlled for NaOH addition by sup-
plementing the first five of these cultures with 10 mM NaOH to give a final
concentration of 20 uM NaOH, which matches the NaOH concentration in the
2 mM DPTA NONOate sample. An equivalent volume of water was added to
the seventh culture. To the last culture, 1 M DPTA NONOate was added to a
final concentration of 5 mM DPTA NONOate/50 uM NaOH. Samples were
harvested 2 h after treatment for subsequent RNA analysis. Spectrophotomet-
ric readings at 600 nm were taken in triplicate at 0, 2, 5, and 25 h after
treatment for 0, 0.5, 1, and 2 mM DPTA NONOate. Spectrophotometric
readings at 600 nm were taken for the remaining cultures at 0, 2, and 25 h after
treatment. Serial dilutions of cells were prepared in triplicate for each culture
at 0, 2, and 25 h after treatment. Dilutions were plated in duplicate on HMM
agar plates containing bovine serum albumin (BSA). Colony forming units
(CFUs) were assessed 12 d later.

DPTA NONOate Kinetic Time Course

DPTA NONOate (1 M) stock and cell cultures were prepared as described
above. An aliquot of cells was harvested before the beginning of the time
course. DPTA NONOate was added to a final concentration of 1.2 mM DPTA
NONOate/12 uM NaOH. Samples were harvested 0.17, 0.5, 1, 2, 5, and 25 h
after treatment. A mock treatment time course was performed after addition
of 12 uM NaOH.

S-Nitrosoglutathione (GSNO) Dose-Response Experiment

Two-day-old H. capsulatum yeast cultures were diluted to 3 X 107 cells/ml
and grown for 24 h until they reached mid-logarithmic phase. Two aliquots of
cells representing untreated, zero-minute time points were harvested. The
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remaining cells were split into five cultures. GSNO (Axxora Life Sciences, San
Diego, CA) resuspended in HMM was added to four of the cultures to result
in final concentrations of 0.2, 0.4, 1, or 5 mM GSNO. As a control, an
equivalent volume of HMM was added to the fifth culture. Spectrophotomet-
ric readings at 600 nm were taken in triplicate at 0, 2, 5, 10, and 25 h after
GSNO addition. Serial dilutions of cells were prepared in triplicate for each
culture at 0, 2, and 25 h after treatment. Dilutions were plated in duplicate on
HMM agar plates containing BSA. CFUs were assessed 12 d later.

Environmental Stress Experiments

For each environmental stress experiment H. capsulatum was diluted to 1.8 X
107 cells/ml and grown for 48 h. An aliquot of cells was harvested before
treatment, and then each time course was initiated by the addition of diamide,
menadione, dithiothreitol (DTT), or sorbitol. For the diamide time course, 1 M
diamide (Sigma-Aldrich) was added to the culture to result in a final concen-
tration of 1.5 mM. Samples were removed at 10, 20, 30, 40, 60, and 90 min after
treatment. For the menadione time course, 1 M menadione (Sigma-Aldrich)
was added to the culture to result in a final concentration of 1 mM. Samples
were removed at 10, 20, 30, 50, 80, and 340 min after treatment. For the DTT
time course, 1 M DTT (Roche Diagnostics, Indianapolis, IN) was added to the
culture to result in a final concentration of 2.5 mM. Samples were removed at
30, 60, 120, 240, and 480 min after treatment. For the sorbitol time course, an
equal volume of 2 M sorbitol in HMM (Sigma-Aldrich) was added to the
culture, resulting in a final concentration of 1 M sorbitol. Samples were
removed at 5, 15, 30, and 60 min after treatment.

Log Phase Time Course

H. capsulatum was diluted to 1.8 X 107 cells/ml and grown for 48 h. Samples
were harvested at 0, 15, 30, 60, 180, 240, 480 min, and 24 h after treatment.

Cell Lysis and RNA Isolation

Total RNA was isolated using a guanidine thiocyanate lysis protocol (Hwang
et al., 2003). Poly-adenylated (poly-A) RNA was isolated from total RNA
using an Oligotex mRNA kit (QIAGEN, Valencia, CA) or an oligonucleo-
tide-dT cellulose (Ambion, Austin, TX) column. The 2 mM DPTA NONOate
total RNA sample from dose-response experiment 2 was lost during manip-
ulations.

Probe Preparation, Microarray Hybridization, and Data
Acquisition for Shotgun Genomic Microarray

Fluorescently labeled cDNA was made by incorporating amino-allyl dUTP
during reverse transcription of poly-A RNA with oligonucleotide-dT and
random hexamers. Cy5 or Cy3 dyes (GE Healthcare, Piscataway, NJ) were
coupled to the amino-allyl group as described previously (DeRisi ef al., 1997).
For each sample, the cDNA was coupled to Cy5. All poly-A RNAs from a
given time course or dose-response experiment were combined to prepare a
reference cDNA pool, which was coupled to Cy3. A Cy5-labeled cDNA probe
was mixed with its corresponding Cy3-labeled cDNA reference and compet-
itively hybridized on a shotgun genomic microarray. Arrays were scanned
using either a GenePix 4000A or GenePix 4000B scanner (Axon Instruments/
Molecular Devices, Union City, CA).

Shotgun Genomic Microarray Data Analysis

Arrays were analyzed using GenePix PRO version 3.0 (Axon Instruments/
Molecular Devices), NOMAD (http://derisilab5.ucsf.edu/NOMAD), CLUS-
TER (Eisen et al., 1998), and Java Treeview 1.0.8 (available at http://
sourceforge.net/project/showfiles.php?group_id=84593). Each spot on the
microarray corresponds to a random genomic fragment that will be referred
to hereafter as a microarray clone. To eliminate clones with low signal, we did
not analyze clones for which the sum of the medians for the 635- and 532-nm
channels was =500 intensity units. Because all samples were hybridized
against reference pools, each ratio measurement was normalized relative to its
respective untreated zero-minute time point by dividing the expression ratio
for each clone in a sample by the expression ratio in its respective untreated
zero-minute time point. For each clone in each dose-response experiment, the
mean of the expression ratios from the duplicate untreated, zero-minute
samples was calculated and used for the normalization described here.

Cluster analysis was performed on the two DPTA NONOate experiments
and one GSNO dose-response experiment. We identified 714 induced clones
and 964 repressed clones as =4-fold changed in at least one sample (com-
pared with the zero-minute sample) and present in 80% of the samples.
Further analysis was performed on clones that were induced in nitrosative
stress. 678/718 clones were induced =2-fold in at least two dose-response
experiments compared with their zero-minute sample. Another 17 clones
were induced =4-fold in at least one dose-response sample versus the zero-
minute sample but had data for <80% of the samples. The resultant set of 695
RNS-induced clones is shown in Figure 2.
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RNS-Induced Microarray Clone Annotation

Incyte Genomics (Wilmington, DE) sequenced one end of each clone using the
M13-forward primer, and the Genome Sequencing Center (Washington Uni-
versity, St. Louis, MO) sequenced both ends of each clone twice using M13-
forward and M13-reverse primers.

Sequence reads were aligned to the contigs of the H. capsulatum genome
sequencing project (Genome Sequencing Center, http://genome.wustl.edu/
projects/hcapsulatum) using BLASTN (Altschul ef al., 1997). Alignments
were required to have a maximum E-value of 1E-99 or high identity (>95%)
over their length. Additional alignments were accepted upon manual cura-
tion. For clones with forward and reverse reads, the contig sequence between
and including the sequence reads was designated the microarray clone se-
quence. Because the average size of the microarray clones was 1-2 kb (Hwang
et al., 2003), the sequence of clones with only one end read was defined as the
contig sequence beginning with the sequence read and continuing for 1 kb.

Some sequence reads aligned to multiple locations in the genome and were
likely to represent repetitive sequence. All clone sequence reads were com-
pared with a library of H. capsulatum repetitive sequences (provided by the
Genome Sequencing Center) using BLASTN. Sequence reads with minimum
alignment lengths of 100 base pairs and 80% identity were designated repet-
itive sequence. BLASTN was used to determine whether clones that could be
located in the genome corresponded to transposon-related or rDNA se-
quences (Hwang et al., 2003). Of the 695 RNS-induced clones, 356 contained
sequences identified as repetitive or transposon-related and three contained
rDNA sequence.

In addition, we removed another 54 clones from further analysis. Twenty-
one of these clones lacked sequence information, did not align to the genome
sequence, or aligned to the genome sequence at more than one location but
did not correspond to transposons/repeat sequences. The other 33 clones in
this group were not pursued further because they clustered with the trans-
poson/repeat clusters described in the text. These clusters showed induction
in response to multiple stresses and therefore did not seem likely to represent
a specific response to RNS.

Further annotation was performed on the remaining 282 array clones.
Contigs with mapped array clones were subjected to BLASTX analysis against
the nonredundant protein database (nr) maintained by the National Center
for Biotechnology Information. As described in the Results, a total of 41 array
clones could be unambiguously annotated. The remaining 241 clones were
located in the genome sequence but could not be unambiguously annotated
by BLASTX analysis for reasons described in the Results. The majority of these
clones were pursued further as described below.

To determine how many of the 282 clones were specifically induced in RNS,
the fold change of clones in each experiment was evaluated. Clones were
designated as induced in RNS if they were up-regulated =4-fold in at least
one RNS-treated sample compared with the zero-minute sample. Clones were
designated as not induced in stress if they were <2-fold in all stress experi-
ments (diamide, menadione, sorbitol, and DTT) and RNS controls (untreated
dose-response 1 and 2, NaOH-treated dose-response 1 and 2, untreated
GSNO dose response, and 12 uM NaOH time course). In addition, clones had
to have data for 80% of the stress experiments to be considered in this
analysis. Fifty-nine clones were up-regulated =4-fold in RNS (compared with
the zero-minute sample) and <2-fold in stresses/controls. These were desig-
nated specifically induced by RNS.

Tiling Microarray Construction

Of the 241 unannotated clones described above, 198 were chosen for tiling
analysis using high-density oligonucleotide tiling arrays (CombiMatrix,
Mukilteo, WA). (All 241 could not be included because of space restrictions on
the tiling arrays.) An additional 19 clones that had already been annotated
were included as controls to verify that the tiling arrays identified RNS-
induced transcripts. This brought the total number of tiled clones to 217.

Because some of the clones represented overlapping genomic regions, the
217 clones corresponded to 105 genomic regions. In addition, 19 genomic
regions also were tiled for which we had additional data suggesting up-
regulation in response to RNS, bringing the total number of tiled genomic
regions to 124. The boundaries of each tiled region were chosen according to
criteria described in the Results. The sequence of each tile was selected by
CombiMatrix. The tiling oligonucleotides were between 20 and 50 base pairs
in length. The oligonucleotide length was varied to minimize the range of
melting temperatures; 99% of the tiles were separated by 9-10 base pairs
relative to the contig sequence.

Tiling Microarray Probe Preparation, Hybridization, and
Data Acquisition

Fluorescently labeled probes were generated as described previously with
one modification; amino-modified C6 5'-labeled oligonucleotide-dT primer
was used for reverse transcription. CombiMatrix microarrays were washed
before use as described in the “shampoo” protocol (http://derisilab.
ucsf.edu/core/resources/index.html). Cy5-coupled 0.8 mM or 0.5 mM DPTA
NONOate (2-h time point) samples were competitively hybridized against
Cy3-coupled NaOH (2-h time point) samples as described previously (DeRisi
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et al., 1997). Dose-response 1 samples were used for this experiment. Cy5-
coupled 5 mM GSNO (2-h time point) samples were competitively hybridized
against Cy3-coupled 0 mM GSNO (2-h time point) samples. Microarrays were
hybridized 12-14 h at 55°C with constant orbital rotation on a Nutator (Clay
Adams Brand, Fisher Scientific, Pittsburgh, PA).

Arrays were scanned using a GenePix 4000B scanner. To normalize the 635-
and 532-nm signal, the 635- and 532-nm PMT levels were adjusted to give
equivalent background signal from hybridization to the CombiMatrix quality
control oligonucleotide QC-oligoB-AS-3, present 200 times on the array. Be-
cause QC-oligoB-AS-3 does not align to the H. capsulatum genome or mito-
chondrial sequence, binding by sample probes represents background and
should be equivalent between the Cy3 and Cy5 probes. The data sets were
analyzed using GenePix PRO version 3.0. The mean of the 635- and 532-nm
median signal intensities for the 200 QC-oligoB-AS-3 spots was considered
background and subtracted from the 635- and 532-nm median signal inten-
sities, respectively.

Tiling Microarray Transcript Identification and
Annotation

The 635- and 532-nm signal intensities were plotted as a function of tile
position using the Generic Genome Browser (Gbrowse, http://www.
gmod.org). Transcripts were chosen manually according to the following
criteria: 1) at least five contiguous oligonucleotides with a minimum 635-nm
intensity of 750 intensity units and 2) at least one tile with 635-nm intensity
>1000 intensity units. Transcripts that seemed to have at least twofold higher
635-nm signal intensity verses 532-nm signal intensity were designated RNS-
induced. We identified 135 RNS-induced transcripts from the 124 tiled
genomic regions because some regions contained more than one RNS-
induced gene. Transcripts that had <2-fold RNS induction were designated
constitutive and not analyzed further. No transcripts were identified with
higher 532- verses 635-nm signal intensity. One transcript was induced only
in GSNO but not in DPTA NONOate, whereas three transcripts showed much
stronger induction in DPTA NONOate than in GSNO. Some regions showed
no induced transcripts, and microarray clones corresponding to these regions
were annotated as “No Induction.” The GBrowse pages showing the tiling
results, identified transcripts, and their Aspergillus nidulans, Saccharomyces
cerevisiae, and Schizosaccharamyces pombe homologues can be found in the
Supplemental Materials.

We defined background signal intensity as the median signal intensity of all
tiles outside the constitutive and RNS-induced transcript areas. On each of the
arrays, the background signal was <300 intensity units, indicating that our
signal cutoff of 750 was sufficiently above background for transcript identifi-
cation.

RNS-induced transcripts were aligned by BLASTX to nr and the following
predicted gene sets: A. nidulans (Broad Institute, Oct. 2003), Magnaporthe grisea
(Broad Institute, Oct. 2003), Fusarium graminearum (Broad Institute, Sep. 2003),
Neurospora crassa (Munich Information Center for Protein Sequences, June
2004), Cryptococcus neoformans (National Center for Biotechnology Informa-
tion GenBank, Feb. 2005), Candida albicans (Biotechnology Research Institute /
National Research Council Canada, Dec. 2004), S. cerevisiae (Saccharomyces
Genome Database/National Center for Biotechnology Information GenBank,
Mar. 2004), S. pombe (Sanger Institute, Mar. 2005), Yarrowia lipolytica (Genole-
vures, May 2004), and Phanerochaete chrysosporium (DOE Joint Genome Insti-
tute, Mar. 2004). Only alignments that corresponded to the correct strand,
extended across 75% of the query length, and had a maximum E-value of E~7
were designated homologues. Two exceptions to these criteria are noted in
the Results.

Oligonucleotides

All oligonucleotides used for standard molecular biology manipulations are
listed in Supplemental Table 4.

Northern Analysis

Total RNA (5 pg) from DPTA NONOate dose-response 2 samples was used
for Northern analysis (Hwang et al., 2003). NOR1 and ACT1 probes were PCR
amplified from genomic DNA using gene-specific primers.

NORT1 5'Rapid Amplification of cDNA Ends (RACE),
3'RACE, and cDNA Sequencing

Poly-A RNA from 0-h untreated and 2-h 0.1 mM DPTA NONOate-treated
cells (dose-response 1) was used to map the NORI transcript ends and coding
sequence. The 5" and 3’ ends of cDNAs were determined using the First-
Choice RNA-ligase mediated (RLM)-RACE kit (Ambion, Austin, TX) per
manufacturer’s instructions. ¢cDNA reverse-transcribed from NONOate
treated cells (dose-response 1) was used as a template to amplify the NOR1
coding sequence (cds). All amplified products were cloned using TOPO-TA
(Stratagene, LaJolla, CA) and sequenced using a combination of M13-for-
ward, M13-reverse, and gene-specific primers as necessary.

Molecular Biology of the Cell
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NOR1 Ectopic Expression Experiment

The copper responsive protein 1 (CRPI) promoter and catalase B (CATB)
terminator were PCR amplified from G217B genomic DNA using primers
containing restriction sites. The longer of the two NORI induced coding
sequences was PCR amplified from cDNA, as described above, using primers
containing restriction sites. All amplified products were cloned using
TOPO-TA and sequenced as described above. After restriction digestion, the
CRP1 promoter, CATB terminator, and NORI cds were gel purified and
cloned into the Gateway entry vector, pPENTR2B (Invitrogen, Carlsbad, CA),
creating pDHM1. An analogous plasmid lacking the NORI cds also was
created (pCC4).

To construct the Gateway destination vector, a polylinker was introduced
into the BamHI site of H. capsulatum plasmid pWU55 (Woods et al., 1998)
creating pDG29AS. To replace the Podospora anserina URAS5 with H. capsulatum
URAS5, pDG29AS was first enzymatically digested with EcoRI, and the ends of
the larger fragment were filled using Klenow. A plasmid containing H.
capsulatum URAS5 was created by PCR amplifying H. capsulatum URA5 from
G217B genomic DNA, cloning the amplified product into TOPO-TA, and
sequencing the product as described above. This plasmid was digested with
the blunt cutting enzyme, Hpal, and the resulting URA5 fragment was ligated
with the prepared pDG29AS blunt-ended backbone creating pDG31AS. Fi-
nally, the Gateway destination vector pDG33 was created by ligating the
Gateway vector conversion cassette reading frame A into Hpal-digested
pDG31AS.

Gateway recombination of pDHM1 with pDG33 resulted in pDHMS5, an H.
capsulatum plasmid containing CRP1 promoter-NOR1 cds-CATB terminator,
H. capsulatum URA5, and telomeric repeats flanking a kanamycin resistance
cassette. Gateway recombination of pCC4 with pDG33 yielded pDG45, the
vector control, lacking the NOR1 cds. pDHM5 and pDG45 were digested with
Pacl to expose the telomeric ends and transformed into G217B ura5~— after gel
purification. Prototrophic colonies were selected on HMM agar plates.

For ectopic expression experiments, 2-d cultures of G217B ura5~ trans-
formed with pDHMS or pDG45 were diluted to 1.6 and 1.7 X 107 cells/ml,
respectively. The cultures were grown for 24 h until they were in mid-
logarithmic phase. Copper sulfate (10 mM; Fisher Scientific) was added to
each culture to a final concentration of 10 uM. After 1.5 h, each culture was
split into three. DPTA NONOate (1 M), prepared as described previously, and
10 mM NaOH were added to each culture to achieve a final concentration of
0, 1, or 2 mM DPTA NONOate/20 uM NaOH. Spectrophotometric readings
at 600 nm were taken in triplicate 0 and 24 h after DPTA NONOate treatment.

RESULTS

Identification of RNS-regulated H. capsulatum Genomic
Regions Using a Shotgun Genomic Microarray

To examine the response of H. capsulatum to RNS-induced
damage, cells were exposed in vitro to two different sources
of nitrosative stress and then collected for further genomic
analysis. In one set of experiments, yeast cultures were
exposed to increasing doses of DPTA NONOate (0, 0.1, 0.5,
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0.8, 1, 2, or 5 mM), which releases ‘NO at a slow, sustained
rate at neutral pH. In a second set of experiments, cells were
exposed to GSNO, a naturally occurring RNS that can re-
lease 'NO or cause transnitrosylation of proteins. Cells were
exposed to 0, 0.2, 0.4, 1, or 5 mM GSNO. The immediate
effects of nitrosative stress on the growth rate of H. capsula-
tum cultures were measured spectrophotometrically (ODg)
at0, 2, 5, and 25 h after treatment (Figure 1A). We observed
dose-dependent effects on growth rate, which became ap-
parent as early as 2 h after DPTA NONOate treatment. In
addition, the viability of H. capsulatum cultures was assessed
by determination of CFUs from samples harvested 0, 2, and
25 h after treatment (Figure 1, B and C). CFU data did not
show a large difference in viability at the 2-h time point,
especially given the inherent variability in the efficiency of
colony formation for H. capsulatum. However, by 25 h after
treatment, CFU analysis revealed that 5 mM DPTA NONO-
ate and 5 mM GSNO each had significant effects on viability.
Specifically, treatment with 5 mM DPTA NONOate resulted
in a 99% decrease in CFUs, and treatment with 5 mM GSNO
resulted in a 50% decrease in CFUs compared with the initial
time point. In all dose-response experiments, cells were
harvested for transcriptional analysis immediately before
and 2 h after RNS addition. We chose the 2-h time point for
transcriptional analysis because the cells were experiencing
sufficient RNS stress to slow growth rate without a signifi-
cant reduction in viability.

To examine the transcriptional profile of H. capsulatum in
response to nitrosative stress, we used a shotgun genomic
microarray. In brief, each of the 10,000 spots on the shotgun
genomic microarray corresponds to a random fragment
from the H. capsulatum genome. This array has been used to
perform large-scale analysis of transcript abundance in the
absence of a fully sequenced and annotated genome (Hwang
et al., 2003). To determine the transcriptional response to
nitrosative stress, poly-adenylated RNA isolated from each
RNS-treated sample was subjected to microarray analysis
and compared with controls as described in Materials and
Methods.

Cluster analysis (Eisen et al., 1998), which groups array
clones with common gene expression profiles, was used to
compare the expression profiles observed in three RNS dose-
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response experiments (two DPTA NONOate experiments
and one GSNO experiment; Figure 2). Overall, 714 clones
were induced =4-fold in at least one dose-response sample
compared with their relevant zero-minute sample, and 964
clones were repressed =4-fold in at least one dose-response
sample compared with their relevant zero-minute sample. A
comparison of the two DPTA NONOate dose-response ex-
periments showed that a similar set of genes was induced in
both experiments but not with the same dose dependence.
Interestingly, no cluster was observed to be specific to a
particular nitrosative stress, and in fact, the intensity of
induction in GSNO was very similar to the second DPTA
NONOate dose-response experiment. Subsequent analysis
focused on array clones that were induced in at least two of
the three RNS dose-response experiments compared with
their zero-minute samples (695 clones). Because neither the
shotgun microarray nor the H. capsulatum genome was an-
notated at the time of this work, it took considerable effort
to determine the identity of transcripts that corresponded to
each regulated clone from the microarray. Thus, we chose to
focus on annotating only the induced (but not the repressed)
clones, because these are the most likely to represent genes
necessary for RNS response or resistance.

Annotation of Array Clones

The next step of our analysis was to determine which genes
were represented by the 695 clones on the shotgun genomic
microarray. Complete details of how the microarray clones
were annotated can be found in Materials and Methods. To
summarize, single-sequence reads that marked the bound-
aries of the genomic insert in each array clone were mapped
onto contigs from the ongoing H. capsulatum genome se-
quencing project at the Washington University in St. Louis
Genome Sequencing Center (http://genome.wustl.edu/
projects/hcapsulatum). BLASTX analysis of the GSC contigs
against the nr peptide sequence database maintained by the
National Center for Biotechnology Information allowed us
to locate homologues on the contig sequences. We deter-
mined the overlap between the location of microarray clones
of interest and nr homologues relative to the genome se-
quence. Based on information from sequenced fungal ge-
nomes, we hypothesized that the minimum upstream regu-
latory sequence in H. capsulatum is 300 base pairs, and the
minimum 3’-untranslated sequence is 200 base pairs. There-
fore, if a microarray clone contained either >300 base pairs
5" of a region of nr homology or >200 base pairs 3’ of a
region of nr homology, it had the potential to overlap a
second gene. Forty-one clones were unambiguously anno-
tated because 1) the microarray clone and nr homologue
completely overlapped or 2) the microarray clone and nr
homologue did not completely overlap, but the remaining
clone sequence was of insufficient size to contain a second
gene. Two hundred seventy-four clones could not be anno-
tated because 1) the microarray clone overlapped more than
one nr homologue, 2) the microarray clone had the potential
to overlap more than one nr homologue, or 3) the microarray
clone did not overlap any nr homologues. In addition to the
41 clones mentioned above, 356 microarray clones were
annotated as transposons/repeats because they aligned with
either previously identified transposon-related sequences
(Hwang et al., 2003) or H. capsulatum repeat families identi-
fied by the GSC. Another three microarray clones were
annotated as rDNA because they aligned with previously
identified rDNA sequence (Hwang et al., 2003). The remain-
ing 21 clones could not be analyzed because they either
lacked sequence information or could not be uniquely lo-
cated in the genome sequence.
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Comparison of Gene Expression Profiles of RNS-induced
Clones in Other Stresses

Before proceeding with further annotation, we determined
which clones were induced specifically in nitrosative stress.
Work in S. cerevisiae and S. pombe demonstrated that a com-
mon set of genes changes in expression in response to all
stresses. In contrast to this general environmental stress
response, individual stresses also trigger a specific gene
expression response (Gasch ef al., 2000; Causton et al., 2001;
Chen et al., 2003). To categorize the RNS-induced clones into
those 1) induced in all stresses, 2) induced in a subset of
stresses, and 3) induced specifically in nitrosative stress, we
examined the transcriptional profiles of these clones in re-
sponse to other stresses. To generate these data, H. capsula-
tum was exposed to a superoxide generator (menadione), a
sulfhydryl oxidant (diamide), a disulfide reductant (DTT),
and osmotic shock (sorbitol). Doses and time courses were
chosen to match previous studies in S. cerevisiae (Gasch et al.,
2000). To identify clones that change in expression during
and after exponential growth, we determined the gene ex-
pression profile of log phase (this study) and stationary
phase cultures (Hwang et al., 2003). In addition, a time
course of 1 mM DPTA NONOate treatment (or mock treat-
ment with 12 uM NaOH) consisting of 0-, 0.5-, 1-, 2-, 5-, and
25-h time points was performed to evaluate the kinetic ef-
fects of nitrosative stress.

Cluster analysis was used to compare RNS-induced array
clones across all of the stresses (Figure 2 and Supplemental
Table 1). The section of the cluster labeled “E” indicates 395
clones induced in all stresses as well as in response to RNS.
We had previously annotated 356 induced clones as re-
peats/transposons, as described above. Three hundred and
fifty of these clones are located in region E, constituting 89%
(350/395) of the clones in this area. The induction of these
clones in multiple stresses is interesting, but not surprising.
Work in S. cerevisize has shown that retrotransposons are
induced when cells are stressed by nitrogen starvation or
DNA-damaging agents (Bradshaw and McEntee, 1989; Mo-
rillon et al., 2000). The remainder of the clones in section E
(33) were not annotated because these clones are not likely to
represent pathways used by H. capsulatum to cope specifi-
cally with RNS-induced damage.

For our subsequent analysis, we focused on the remaining
282 clones that could be located in the genome sequence and
were not repeats/transposons or rDNA. The majority of
these clones are induced in RNS and minor subsets of the
other stresses. Fifty-nine clones are induced only in RNS, but
they do not cluster together into one group. The simplest
interpretation of these data is that multiple transcriptional
circuits are activated by nitrosative stress, although tran-
scriptional profiling with a whole-genome array is necessary
to definitively test this hypothesis.

Identification of RNS-induced H. capsulatum Transcripts
Using Tiling Arrays
The BLASTX analysis described above allowed us to anno-
tate only 41 of the 282 clones of interest. The remaining 241
clones defined genomic regions of interest that overlapped
with an RNS-induced transcript of unknown identity. Be-
cause H. capsulatum has numerous small introns, the location
of genes cannot be determined simply by finding open read-
ing frames in the vicinity of microarray clones. Conse-
quently, we used alternative methods to map RNS-induced
transcripts.

We determined the precise location and coding strand of
the remaining RNS-induced transcripts using high-density

Molecular Biology of the Cell
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Figure 2. Cluster analysis of gene expression profiles of RNS-induced clones in a variety of stresses. Cells were subjected to a variety of
stresses or control treatments as described in Materials and Methods. Gene expression profiling was performed on the resultant samples, and
Cluster analysis was used to group genes with similar expression profiles. For each experiment, relative to its zero-minute time point, red
boxes indicate up-regulation, green boxes indicate down-regulation, black boxes indicate no change, and gray boxes indicate missing data.

YvM indicates a comparison of expression in yeast-phase cells (green) with mycelial-phase cells (red) as described in Hwang et al. (2003).
Individual clusters A-E are described in the text and/or Figures 4-7.
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Figure 3. Examples of genomic regions that were represented on tiling microarrays and subjected to gene expression profiling. A, C, and
E represent generalized schematic examples of genomic regions that were tiled for further analysis. The heavy black horizontal arrows
represent genomic sequence. The gray rectangles represent the region of genomic sequence represented in the microarray clone. The green
arrows represent the location of BLASTX hits for homologues in other organisms. The blue squares represent individual tiling oligonucle-
otides that together represent the entire genomic region of interest. A is an example of a microarray clone that overlaps two homologues, C
is an example of a microarray clone that has partial overlap with one homologue but contains sufficient sequence to potentially overlap a
second unknown transcript as described in Results, and E represents a microarray clone with no overlap to any BLASTX hits. B, D, and F show
examples of actual gene expression data for three specific genomic regions that correspond to the generalized categories depicted in A, C,
and E, respectively. The top black line represents the genomic sequence with hatch marks every 100 base pairs, and the gray rectangles
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oligonucleotide tiling microarrays. Work in Arabidopsis thali-
ana, Escherichia coli, and Homo sapiens has demonstrated the
utility of tiling arrays to map transcript locations (Shoe-
maker et al., 2001; Tjaden et al., 2002; Yamada et al., 2003;
Schadt et al., 2004). In this type of array, both strands of a
region of interest are represented on a microarray by a series
of end-to-end oligonucleotides. Labeled cDNA probes rep-
resenting the sequence of the 5’ untranslated region (UTR),
3" UTR, and exons will bind to their complementary oligo-
nucleotides on the microarray and generate an increase in
intensity at these targets. In contrast, intron sequences and
non-UTR intergenic sequences are not present in the cDNA
probe, and thus oligonucleotides representing these areas
will not bind the cDNA probes. Therefore, by hybridizing
labeled cDNA probes to a tiling array, the boundaries of a
transcript and its coding strand can be determined.

For each of the clones that were represented on tiling
microarrays, tiling regions were determined in the following
manner. For clones that overlapped two nr homologues, the
tiled region extended 500 base pairs beyond the end of the
first homologue to 500 base pairs beyond the end of
the second homologue, thus allowing us to determine which
of the two potential transcripts was induced by nitrosative
stress (Figure 3A). For clones that had the potential to over-
lap 2 nr homologues as described above, the tiled region
began 500 base pairs outside the nr homologue, continued
through the clone sequence, and extended at least 1 kb
outside the clone sequence (Figure 3C). For clones that did
not overlap an nr homologue, the tiled region consisted of
the clone sequence and at least 1 kb on either side (Figure
3E). In all cases, tiles were designed to be a maximum of 50
base pairs in length and no more than 10 base pairs apart
relative to the contig sequence. The transcript for one of our
control genes, H. capsulatum alternative oxidase 1 (AOX1),
had previously been mapped (Johnson ef al., 2003). For this
region, we tiled 1 kb upstream and downstream of the
defined coding sequence (Figure 3G). In total, 540.85 kb of
genomic DNA were tiled, requiring 21,536 tiles. As de-
scribed in Materials and Methods, the tiling arrays repre-
sented 217 microarray clones and 124 genomic regions.

Labeled ¢cDNAs from existing RNS-treated samples were
hybridized to the tiling microarrays. In each case, the RNS-
treated sample was labeled with Cy5, and the corresponding
uninduced sample was labeled with Cy3. The median inten-
sity of the 635-nm channel (red) and 532-nm channel (green)

Figure 3 (cont). represent microarray clone sequence. The regions of
BLASTX homology are labeled and shown in green (A. nidulans),
yellow (S. cerevisiae), or red (S. pombe). Arrowheads reflect the
direction of the BLASTX hit. The intensity units for each tile are
graphed for both the minus and plus strands in the lower part of
each figure. Cy5 signal (red) reflects the transcript profile in RNS
stress, whereas Cy3 signal (green) reflects the transcript profile in
the absence of RNS. B shows the gene expression data for H.c. FATI,
which is present on the plus strand. D shows the gene expression
data for H.c. ATF1, which is present on the minus strand. F shows
the gene expression data for the novel transcript NIT72, which is
present on the plus strand. The boundaries of each of these three
transcripts are delineated by vertical black arrows. G shows the
tiling data for the control transcript AOX1 as described in the text.
The known H. capsulatum AOXI coding sequence (Johnson et al.,
2003) is shown in yellow and intron sequences are represented as
gaps between the yellow exons. The 5" and 3" UTR sequences from
AOX1 clone 1 sequence are represented as gray boxes. The regions
of the genomic sequence that are represented in the transcript (5
UTR, 3’ UTR, and exons) are shaded in gray to emphasize the
correspondence between these regions and the tiles that give a high
intensity signal on the plus strand graph.
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was plotted as a function of oligonucleotide position for the
plus and minus strands. To verify that the arrays were
correctly and accurately identifying transcribed regions, the
signal from the AOX1 control region was examined. The
transcript boundaries predicted by the tiling data matched
the published sequence of the longest AOX1 transcript re-
markably well (Figure 3G). Figure 3, B, D, and F, show
specific examples of data obtained for the categories of
clones defined in Figure 3, A, C, and E, respectively. These
data confirmed that H. capsulatum RNS-induced transcripts
could be identified using the tiling microarrays. Intensity
graphs for each of the defined transcripts are shown in
Supplemental Materials.

Each of the tiled regions was examined for RNS-induced
transcripts. We chose a minimum signal cutoff of 750 inten-
sity units to qualify a tile as potentially representing part of
a transcript because the mean intensity of tiles on the non-
coding strand and intergenic regions was <300 intensity
units in each of the arrays examined. Because we observed
rare isolated oligonucleotides that gave a signal intensity
>750 intensity units, we designated genomic regions as
transcripts if they had 1) at least five contiguous oligonucle-
otides with a minimum 635-nm intensity of 750 and 2) at
least one tile with intensity >1000. The first base pair of the
5'-induced tiling oligonucleotide and the last base pair of the
3’-induced tiling oligonucleotide were arbitrarily designated
as the transcript boundaries, although the actual ends of the
transcript are likely to fall within the relevant tiling oligo-
nucleotide. In some cases, the signal intensity did not de-
cline to baseline at the ends of the tiled region, indicating
that the tiled region did not contain the entire transcript
(Figure 3B). These transcripts are indicated as “partial” in
Table 1 and Supplemental Tables 2 and 3. In each case, the
strand of the induced transcript also was noted. Transcripts
that were expressed at equivalent levels in the RNS-treated
and untreated samples were not pursued. Only 14 tiled
regions did not contain any transcripts by our criteria.

In sum, a total of 153 RNS-induced transcripts were iden-
tified using the combination of shotgun genomic and tiling
microarrays described above. We named these transcripts
and submitted them to GenBank.

Annotation of RNS-induced Transcripts

For each of the identified transcripts, homologues were
sought that would provide insight into gene function.
BLASTX analysis was conducted on each identified tran-
script against the nr peptide database and predicted gene
sets from a variety of fungal species (A. nidulans, M. grisea, F.
graminearum, N. crassa, S. pombe, S. cerevisiae, C. albicans, C.
neoformans, Y. lipolytica, and P. chrysosporium). A transcript
was annotated as having a homologue if 1) the H. capsulatum
transcript extended across 75% of the homologue’s length, 2)
the E-value was less than E~7 (with 2 exceptions for homo-
logues with sequences <100 amino acids), and 3) the tran-
script was on the same strand as the homologue. Fifty-three
percent of the identified transcripts had a named homologue
in another organism, 25% were homologous to “hypotheti-
cal” proteins in another organism, and 22% had no identifi-
able homologues in any organism (Table 1 and Supplemen-
tal Tables 2 and 3). For the 149 previously unidentified H.
capsulatum genes, we named them based on their putative
homologue in another organism. In cases where this nomen-
clature scheme was not applicable, we named genes nitro-
sative stress-induced transcript (NIT). All annotations were
applied to the cluster comparing RNS-induced clones to
other environmental stresses (Figure 2)
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Table 1. H. capsulatum RNS-induced transcripts with named homologues

Accession
Accession no. no. of
Transcript of closest Characterized characterized
name?® Organism  Closest homologue®  E-Value® homologue Organism homologue E-Value!  homologue  Transcript® Shotgun! Tiling8
Iron acquisition
NPS1 Af Nonribosomal 0E+00* AAX11421.1  Partial X X
peptide synthetase
6 (Npsép)
LOM1 An Ornithine 1E-104 AAP56238.1  Complete X X
monooxygenase
(SidAp)
NIT1 An AN6400.2 3E-93 EAA58422.1 Cn Putative ferric- 9E-50 AAW44420.1  Partial X X
chelate reductase
STR1 An Siderophore iron 0E+00 Q870L3 Sp Siderophore iron 5E-88 074395 Unknown X
transporter (MirCp) transporter 1
(Strlp)
Respiration
COX12 An AN6255.2 9E-17+"  EAA58639.1 Sc Cytochrome ¢ 2E-9" NP_013139.1  Complete X X
oxidase
polypeptide Vib
(Cox12p)
MCP2 An AN2977.2 1E-133 EAA63548.1 At Mitochondrial 3E-71 BAA31585.1 Partial X X
phosphate
transporter
SFC1 Nc Probable succinate- 1E-112 CAE85498.1 Sc Succinate/fumarate 2E-75 NP_012629.1  Partial X X
fumarate transporter mitochondrial
transporter (Sfclp)
NDH1 Mg MG04999.4 1E-102 EAA52307.1 Y1 Alternative NADH- ~ 9E-56 CAA07265.1  Complete X X
dehydrogenase
(Ndh2p)
CYC1 Tl Cytochrome ¢ 3E-35 P00047 Complete X X
AOX1 Hc Alternative Oxidase ~ 0E+00 AF133236 Complete X X
1 (Aox1p)
Lipid metabolism/oxidation
FATI An AN5192.2 1E-144* EAA62373.1 Sc Fatty acid 7B-66*  NP_009597.2 Partial X X
transproter and
very long-chain
fatty acyl-CoA
synthetase (Fatlp)
FAA1 An ANG6014.2 0E+00*  EAA57655.1 Sc Long-chain-fatty- 1E-144 NP_014962.1  Complete X X
acid—-CoA ligase
(Faalp)
FOX2 Fg Peroxisomal 0E+00* EAA76166.1  Unknown X
hydratase-
dehydrogenase-
epimerase
(FOX2_NEUCR)
5CSs7 An AN0918.2 1E-138  EAA65947.1 Sc Fatty acid 2E-98 NP_013999.1  Complete X X
hydroxylase
(Scs7p)
Stress response
WIS1 An ANO0931.2 0E+00 EAA65960.1 Sp Protein kinase 1E-110 NP_595457.1  Partial X X
(Wislp)
ATF1 An Transcription factor 1E-120 AAN75015.1 Sp Transcription factor ~ 5E-36 NP_595652.1  Complete X X
(AtfAp) (Atflp)
Protein folding/degradation
CDC37 An AN2051.2 1E-162 EAA64883.1 Sc Hsp90p co- 5E-53 NP_010452.1  Complete X X
chaperone
(Cdc37p)
YDJ1 An AN2731.2 1E-159 EAA63029.1 Sc Yeast dna] 3E-95 NP_014335.1  Partial X X
homologue
(Ydljtp)
STI1 An AN9124.2 0E+00*  EAA61957.1 Sc Heat shock protein 1E-136 NP_014670.1  Partial X X
(Stilp)
UFD1 Nc NCU05582.1 0E+00*  XP_325437.1 At UFD1-like protein 7E-29 AAM63245.1  Partial X X
HSP70 Hc HSP70 0E+00 AAC05418.1 Sc ATPase involved in 1E-164** NP_009478.1 Unknown X
protein folding
and the response
to stress (Ssa3p)
curs An AN4411.2 1E-122  EAA60328.1 Sp Cut8p 2B-27 NP_594593.1  Partial X X
YME1 Nc Intermembrane space 0E+00* AAG48698.1 Sc Intermembrane 1E-165 NP_015349.1  Partial X X
AAA protease space AAA
(IAP-1p) protease
TIAP-1 (Ymelp)
Continues
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Table 1. (Continued)

Accession
Accession no. no. of
Transcript of closest Characterized characterized
name?® Organism  Closest homologue®  E-Value® homologue Organism homologue E-Value!  homologue  Transcript® Shotgun! Tiling8
UBC1 Fg Ubiquitin- 4E-51 EAA75159.1 Complete X
conjugating
enzyme E2
(Ubclp)
UBI1 Cg CAGLOD05082g 1E-155 CAG58542.1 Sc Polyubiquitin 1E-155 NP_013061.1 ~ Complete X
(Ubidp)
DNA repair
HMP1 Nc Related to mismatched  1E-15 CAD37005.1 Um Mismatch base pair 3E-07 AAA86754.1  Complete X X
base pair and and cruciform
cruciform DNA DNA recognition
recognition protein (Hmp1)
NIT2 Af AfA5C5.060 1E-115 CAF31982.1 Sc Wsslp 1E-07 NP_012002.1  Partial X X
YNG2 An AN9126.2 1E-140 EAA61959.1 Sc NuA4 histone 4E-20%* NP_011958.1  Partial X
acetyltransferase
complex
component
(Yng2p)
Nitric oxide detoxification/NOS2 inhibition
NOR1 Ct Cytochrome P450 nitric ~ 1E-100 Q12599 Fo P450nor 7E-96 BAA03390.1  Complete X X
oxide reductase 2
(P450nor2)
CAR1 An Arginase (Arglp) 1E-134 EAA63472.1  Complete X X
IDO1 Nc NCU05752.1 1E-113*  XP_325607.1 Sc Indoleamine-pyrrole  1E-63 NP_012612.1 ~ Complete X X
2,3-dioxygenase
(Bna2p)
Oxidative response
CATA Hc Catalase A (CatAp) 0E+00 AAMS53416.1  Complete X X
Signaling and transcriptional regulation
NIT3 Ao Putative 1E-130 BAB47239.1 Partial X X
transcriptional
activator
CRE1 Te Catabolite repressor ~ 1E-162 AAL33631.4  Complete X X
(CreTp)
PHO4 An PHO4-like protein, 1E-114 AAT02190.1 Nc Phosphorus 6E-71 P20824 Partial X X
transcription factor acquisition
(PalcAp) controlling protein
(Nuclp)
NIT4 An AN2265.2 0E+00 EAA63838.1 Sp Serine/threonine- 7E-65 NP_595795.1  Partial X X
protein kinase
yeast kspl-like
NIT5 An AN4935.2 1E-131 EAA61013.1 Nh Ran1-like protein 5E-97 AAA96531.1  Complete X X
kinase
NIT6 An Putative 1E-96 AAO14632.1  Partial X X
transcription
factor (RfeDp)
RPC34 An AN9125.2 1E-109 EAA61958.1 Sp DNA-directed RNA  5E-44 NP_588398.1 Complete X X
polymerase iii
subunit (Rpc34p)
Transporters
ABC1 Ao ABC transporter 0E+00* BAC78652.1  Partial X X
(SidTp)
ABC5 Pb Putative ATP-binding 0E+00*  CAD90041.1 Af Multidrug resistance ~ 0E+00 AAB88660.1  Partial X X
cassette transporter protein 2 (Mdr2p)
protein (Pfrlp)
DNF1 Sc Potential 0E+00* NP_011093.1  Partial X
phospholipid-
transporting
ATPase (Dnflp)
NIT7 An ANB8791.2 1E-138 EAA60584.1 Sc Putative metal 5E-52 NP_015100.1  Partial X X
transporter
(Mmt2p)
SUL1 An AN4645.2 1E-147 EAA60447.1 Dp Sulfate permease 1E-41 YP_064024.1  Unknown X
(SulPp)
ABC3 An ABC transporter 0E+00* CAC42217.1  Unknown X
protein (AtrFp)
NIT8 Nc NCU06341.1 1E-140 XP_326196.1 At Transporter related 2E-36 NP_189965.2  Unknown X
CRP1 Ca Copper-transporting ~ 0E+00* AAF04593.1  Unknown X
P-type ATPase
(Crplp)
Intracellular trafficking
NIT9 Sp C2-domain, putative  0E+00* NP_587862.1  Partial X
synaptic vesicle
protein
Continues
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Table 1. (Continued)

Transcript
name?®

Organism

Closest homologue®

E-Value®

Accession no.
of closest
homologue

Organism

Characterized
homologue

E-Valued

Accession
no. of
characterized
homologue

Transcript®  Shotgunf

Tiling?

VPS13

NIT10

NIT11

NGT1

Protein and DNA metabolism

NIT12

DPS1

PPO1

CYD1
PNP1

MET1

GLN1

Other

CBR1

FBP26

RIB7

NIT13

NIT14

NIT15

NIT16

NIT17

NIT18

NIT19
NIT20
NIT21

NIT22

Nc

An

An

An

An

An

Fg

An

Lp

An

An

An

An

An
Mg

Fg

NCU05067.1

AN5753.2

ANO0314.2

ANA4780.2

AN7550.2

AN4159.2

AN6366.2

FG04343.1

AN6979.2

1p12034

AN2470.2

AN8053.2

AN9140.2
AN4539.2

AN1950.2

AN1875.2
MG00041.4

FG04688.1

1E-121

2E-30

0E-+00*

6E-81

0E+00*

1E-156

1E-129

1E-166

0E+00

1E-106

1E-137

0E+00*

1E-152

2E-40

0E+00*

1E-116
2E-44

7E-57

XP_324424.1

EAA62846.1

EAA65720.1

EAA60350.1

EAA62130.1

EAA59420.1

EAA58750.1

EAA70953.1

EAA61625.1

YP_127370.1

EAA63788.1

EAA59675.1

EAA61973.1

EAA60882.1

EAA65115.1

EAA65040.1
EAA48383.1

EAA72605.1

Sc

Sp

Ca

Hc

Nc

Sc

Sp

Rb
Zm

An

Sc

Sc

Bf

Av

Sp

Sc

At

Nc

Sp
Dh

Nc

Vacuolar protein
sorting-associated
protein (Vps13p)

Synaptobrevin-like
V snare protein
(Yktép)

Potential intra-Golgi
transport complex
subunit 5 (Cog5p)

N-glycosyl-
transferase

Related to
mitochondrial
ribosomal protein

Aspartyl-tRNA
synthetase
(Dpslp)

Pyridoxamine
5'-phosphate
oxidase

Cytosine deaminase

Phosphodiesterase-
nucleotide
pyrophosphatase

Cobalamin-
independent
methionine
synthase (MetH/
Dp)

Glutamine
synthetase
(GlnAp)

NADH-cytochrome
b5 reductase

Fructose-2,6-
bisphosphate 2-
phosphatase
(Fbp26p)

HTP reductase
(Rib7)

Threonine
dehydrogenase
and related Zn-
dependent
dehydrogenases:
COG1063

Threonine
dehydrogenase
and related Zn-
dependent
dehydrogenases:
COG1063

Probable inositol
polyphosphate
phosphatase

Mitochondrial
protein (Fmp42p)

Yippee family
protein

Calcium-related
spray protein

Related to samB

Zinc finger protein

Predicted
O-methyltransferase:
COG4122

Related to estradiol
176-
dehydrogenase

0E-+00*

2E-17

9E-15

0E+00

5E-24

1E-122

1E-17

3E-09
3E-68

0E-+00*

1E-154

2E-72

1E-129

7E-37

1E-105

4E-56

1E-148

1E-104

2E-17

0E+00

0E-+00*

8E-61
2E-16

7E-58

NP_013060.1

NP_596561.1

EAL04719.1

AAF90184.1

7nc651_0101

NP_013083.1

SPAC1952.08¢

NP_868564.1
YP_163339.1

AAF82115.1

AAK70354.1

BAAB85587.1

NP_012380.1

NP_009711.1

ZP_00284346.1

ZP_00162515.1

T39233

NP_013948.1
NP_973645.1
XP_326529.1

XP_326745.1
T41390
ZP_00343262.1

xnc107_200!

Partial

Complete

Partial X

Unknown X

Complete X

Partial

Complete X

Complete X
Partial

Unknown X

Unknown X

Partial X

Partial X

Partial X

Partial X

Complete X

Partial

Partial
Partial
Partial
Partial X

Complete X
Complete X

Complete X

Continues
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Table 1. (Continued)

Accession
Accession no. no. of
Transcript of closest Characterized characterized
name? Organism  Closest homologue®  E-Value® homologue Organism homologue E-Valued homologue  Transcript® Shotgunf Tilings

NIT23 An AN4779.2 1E-145 EAA60349.1 Dr NIPSNAP1 protein 5E-36 CAB56701.1 Partial X X

NIT24 An ANS8817.2 1E-107 EAA60610.1 Nc Clock-controlled 4E-24 XP_330336.1 Partial X X
protein 8

NIT25 Nec NCU03781.1 1E-108 XP_323082.1 Pm Putative GTPase, 5E-28 NP_875899.1 Partial X X
G3E family

NIT26 Mg MG07406.4 1E-25 EAA53129.1 Fs Cytochrome P450 6E-08 AADI12755.1  Partial X X
monooxygenase
(Trillp)

NIT27 An ANO0446.2 0E+00 EAA66545.1 Nc Related to 1E-170 XP_328216.1 Partial X
suppressor
protein PSP1

NIT28 Af Putative zinc finger 1E-152 CAD29608.1 Complete X X
protein

DBP1 An AN5931.2 0E+00**  EAA57794.1 Sc RNA helicase 1E-152** NP_014287.1 Partial X
(Dbp2p)

RED1 An AN0895.2 1E-137 EAA65924.1 Ch Reductase (Red1p) 2E-96 AAMS88292.1 Unknown X

NIT29 An ANB8530.2 1E-140 EAA66883.1 Gf Cytochrome P450 5E-93*  CAA75565.1 Unknown X
monooxygenase
(P4501p)

@ Nitrosative stress-induced transcription.

b Closest homologue shown unless closest homologue also is characterized, in which case it is under 'Characterized homologue.’
¢ E-value comparing H. capsulatum transcript and its closest homologue.

4 E-value comparing H. capsulatum transcript and its characterized homologue.

¢ Designates if the defined transcript is likely to be complete, partial, or of unknown length.

f/x" denotes transcripts represented on the shotgun genomic microarray.

8 'x" denotes transcripts represented on the tiling microarray.

" Homologue is <100 aa leading to lower E-value despite high homology.
! Munich Information Center for Protein Sequences (http://mips.gsf.de/proj/neurospora/).
J'S. pombe Gene Database (http://www.genedb.org/genedb/pombe/index jsp).

* More than one homologue exists with this E-value.

** More than one blast alignment to homologue. Lowest E-value alignment shown.

Af, A. fumigatus; An, A. nidulans; Ao, A. oryzae; At, A. thaliana; Av, A. variabilis; Bf, B. fungorum; Ca, C. albicans; Cg, C. glabrata; Ch, C.
heterostrophus; Cn, C. neoformans; Ct, C. tonkinense; Dr, D. rerio; Dh, D. hafniense; Dp, D. psychrophila; Fo, F. oxysporum; Fs, F. sporotrichioides; Gf,
G. fujikuroi; Fg, F. graminearum; He, H. capsulatum; Lp, L. pneumophila; Ma, M. alpina; Mg, M. grisea; Nc, N. crassa; Nh, N. haematococca; Pb, P.
brasiliensis; Pm, P. marinus; Rb, R. baltica; Sc, S. cerevisiae; Sp, S. pombe; Te, T. emersonii; T1, T. lanuginosus; Um, U. maydis; Y1, Y. lipolytica; and

Zm, Z. mobilis.

Clusters of Induced Clones Suggest Particular Pathways
Are Triggered by Exposure to RNS

The ultimate goal of this work is to identify genes and
pathways that play an important role in the ability of H.
capsulatum to respond to nitrosative stress. Genes that func-
tion in the same pathway are often transcriptionally coregu-
lated and thus may be grouped together by Cluster analysis
of transcriptional data over a series of conditions (Hughes et
al., 2000). Because we used a shotgun genomic microarray
that did not cover the entire genome, we did not have all
genes represented on the microarray, and therefore, we
could not generate all relevant clusters. Thus, some genes of
interest clearly fall into clusters, whereas others do not.
Here, we describe both RNS-induced pathways as defined
by groups of genes with similar function that cluster to-
gether as well as individual genes that do not fall into
obvious clusters at this time.

Iron Acquisition

Cluster A, shown in Figures 2 and 4, has homologues of several
genes involved in iron acquisition in other fungi. This cluster
contains a homologue of L-ornithine monooxygenase (H.c.
LOM1; Hwang and Rine, personal communication), an en-
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zyme that performs the first committed step in siderophore
production. Siderophores are small molecules secreted by mi-
crobes to scavenge iron from the environment. In Ustilago
maydis, the L-ornithine monooxygenase and nonribosomal
peptide synthetase required for siderophore production are
grouped together in the genome (Yuan et al., 2001). Our iron
acquisition cluster also contains a nonribosomal peptide syn-
thetase (H.c. NPS1), which, similar to U. maydis, is grouped
together in the genome with H.c. LOM1. Two other genes of
unknown function from this cluster are adjacent to NPS1 and
LOM1 in the genome. The cluster analysis indicates these
neighboring genes are coregulated with LOM1 and NPS1, sug-
gesting that they may function in siderophore production as
well. This iron acquisition cluster also includes a putative ferric
chelate reductase (H.c. NIT1) that may function either to re-
move iron from siderophores after uptake of siderophore/Fe3*+
complexes, or to reduce iron to Fe?" outside of the cell before
iron import (De Luca and Wood, 2000). H.c. STR1, a homo-
logue of a siderophore iron transporter from S. pombe, also is
induced upon RNS exposure but is present in a different cluster
(Table 1).

Up-regulation of iron acquisition genes in response to
nitrosative stress has been observed in a number of organ-

4803



M. P. Nittler et al.

CLUSTER A - Iron Acquisition
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Figure 4.

Iron acquisition cluster. Cluster A from Figure 2 is expanded to show the characteristics of the iron acquisition cluster. Iron

acquisition genes discussed in the text are highlighted in red. The graph below the cluster diagram shows the average log, fold change for
all the genes in the cluster over each of the experimental conditions. In the DPTA NONOate and GSNO dose-response experiments, control

treatments are represented by the gray bars.

isms (Crawford and Goldberg, 1998; Mukhopadhyay et al.,
2004; Hromatka et al., 2005; Sarver and DeRisi, 2005). In E.
coli, NO inactivates the transcription factor Fur, which nor-
mally represses iron acquisition genes under high iron con-
ditions. Thus, in nitrosative stress, Fur-regulated repression
is relieved, and iron acquisition genes are induced
(D’Autreaux et al., 2002; Mukhopadhyay et al., 2004). Induc-
tion of H. capsulatum iron acquisition genes may reflect
‘NO-induced modification of an unidentified iron-regulated
transcriptional repressor.

Energy Production

Genes involved in energy production also are induced upon
RNS exposure as seen in cluster B (Figures 2 and 5. Reactive
nitrogen species are known to inhibit components of the
electron transport chain [complexes I, II, III, and IV] [Brown,
1999]). Exposure to RNS may trigger up-regulation of genes
that encode the components themselves or genes that allow
bypass of standard complexes of the electron transport
chain. We observed induction of homologues of cytochrome
c oxidase subunit VIb (H.c. COX12) and cytochrome c (H.c.
CYCI), which are standard components of the electron
transport chain used to produce ATP for cellular processes.
We also observed induction of a protein homologous to a
mitochondrial succinate-fumarate transporter (H.c. SFCI),
which, in other organisms, transports succinate into the
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mitochondrial matrix either for use by the tricarboxylic acid
(TCA) cycle or to donate electrons to complex II (Palmieri et
al., 1997; Joseph-Horne et al., 2001). A phosphate transporter
homologue (H.c. MCP2) also was induced in response to
RNS. In other organisms, this protein transports phosphate
into the mitochondrial matrix for use in ATP production by
the ATP synthase that is coupled to the electron transport
chain (Laloi, 1999). Alternative components of the electron
transport chain, such as alternative oxidase (H.c. AOX1),
were also up-regulated. In other organisms, Aox1p is able to
perform the terminal reduction of O, to water and bypass
complexes III and IV of the electron transport chain (Joseph-
Horne et al., 2001). Unlike complex IV, Aox1p is refractory to
inhibition by ‘NO; thus, its up-regulation may help to ensure
that energy production can continue in the presence of 'NO
(Joseph-Horne et al., 2001). Alternatively, induction of
Aox1p may relieve the oxidative stress associated with in-
hibition of complex IV (Joseph-Horne et al., 2001). Addition-
ally, a homologue of alternative NADH dehydrogenase (H.c.
NDHT1) is also up-regulated upon RNS exposure but is found
in a different cluster. In other organisms, this protein facili-
tates transfer of electrons from NADH to ubiquinone, the
shuttle protein between complexes I and III (Joseph-Horne et
al., 2001), thus allowing electrons from NADH to bypass
complex I and enter the electron transport chain. In addition
to maintaining electron flow, this process regenerates oxi-

Molecular Biology of the Cell
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CLUSTER B - Energy Production
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Figure 5. Energy production cluster. Part of cluster B from Figure 2 is expanded to show the characteristics of the energy production cluster.
Energy production genes discussed in the text are highlighted in blue. WIS1 of the stress response gene set is highlighted in green. The graph
below the cluster diagram shows the average log, fold change for all the genes shown over each of the experimental conditions. In the DPTA
NONOate and GSNO dose-response experiments, control treatments are represented by the gray bars.

dized NAD™. As long as sufficient quantities of NAD™ exist, Other RNS-induced genes outside this cluster also may
energy could continue to be produced via glycolysis in the function in energy production. For example, several genes
absence of a functioning electron transport chain. function in the metabolism and oxidation of lipids. Homo-
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CLUSTER C - Stress Response
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Stress response (ATF1) cluster. Cluster C from Figure 2 is expanded to show the characteristics of ATF1 induction. All of the

microarray clones in this cluster correspond to H.c. ATF1. The graph below the cluster diagram shows the average log, fold change for all
of these clones over each of the experimental conditions. In the DPTA NONOate and GSNO dose-response experiments, control treatments

are represented by the gray bars.

logues of genes involved in fatty acid transport and activa-
tion (H.c. FAT1 and H.c. FAAI) as well as a gene involved in
fatty acid B-oxidation (H.c. FOX2) are up-regulated (Table 1)
(van Roermund et al., 2003). Fatty acid B-oxidation produces
acetyl-CoA, which can be used in the TCA cycle directly or
in the glyoxylate pathway to produce succinate. Succinate
can be transported into the mitochondria, possibly via H.c.
SFC1 (see above), where it can be used in the TCA cycle or
the electron transport chain. Because the B-oxidation of fatty
acids represents the highest energy-yielding pathway in the
cell, up-regulation of these genes may reflect alternate path-
ways of energy production induced by the cell during ni-
trosative stress.

Stress Response

A small cluster of clones all corresponding to a homologue
of the S. pombe transcription factor atfl is shown in cluster C
(Figures 2 and 6). S. pombe Atflp is the primary transcription
factor downstream of the Styl stress response pathway
(Chen et al., 2003). This pathway operates through Wislp, a
mitogen-activated protein kinase kinase. We also observed
that the H. capsulatum homologue of WISI is induced by
RNS (Figure 5). In S. pombe, this pathway responds to a
variety of stresses, including DNA damage, heat shock,
oxidative stress, and high osmolarity (Hohmann, 2002).
Atflp induces transcription of a significant fraction of the
core environmental stress response in S. pombe (Chen et al.,
2003). We observed induction of H. capsulatum ATF1 in
response to all stresses tested, including RNS exposure (Fig-
ure 6). This uniform pattern of induction suggests that the H.
capsulatum Atflp may function in a core environmental
stress response.
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Protein Folding and Degradation

A gene cluster with many homologues of genes involved in
protein folding and degradation is also induced in response
to RNS (cluster D; Figures 2 and 7). We have identified
homologues of S. cerevisine CDC37, STI1, YD]1, and YMET as
well as the Arabidopsis thaliana UFD]1-like protein. S. cerevi-
sine Cdc37p, Stilp, and Ydjlp are known to associate with
heat-shock protein (Hsp)70p and Hsp90p to assist protein
folding (Cyr et al., 1994; Bohen et al., 1995; Lee et al., 2004).
We also observed induction of an Hsp70 family member
(H.c. HSP70) in response to nitrosative stress, although this
gene was located in a different cluster. S. cerevisiae Ydjlp also
is involved in endoplasmic reticulum (ER)-associated deg-
radation (ERAD), the process whereby misfolded proteins in
the ER are removed to the cytoplasm for degradation by the
proteasome (Huyer et al., 2004; Youker ef al., 2004). Whereas
the function of the A. thaliana UFD1-like protein has not been
elucidated, S. cerevisiae Ufd1p also participates in ERAD by
recognizing polyubiquitinated proteins and targeting them
to the proteasome (Ye et al., 2001; Bays and Hampton, 2002).
S. cerevisize Ymelp functions in mitochondrial degradation
of misfolded proteins (Nakai et al., 1995). Homologues of
other RNS-induced genes outside this cluster also seem to be
involved in proteasomal degradation (Table 1). For example,
the homologue of H.c. CUTS targets proteins to the protea-
some for degradation in S. pombe (Tatebe and Yanagida,
2000). We also observed induction of ubiquitin (H.c. UBII)
and a ubiquitin-conjugating enzyme (H.c. UBC1) in response
to RNS. Interestingly, the protein degradation cluster shows
little induction in response to stresses other than RNS with
the only exception being diamide, a stress known to induce
protein unfolding (Figure 7). Thus, induction of these genes
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CLUSTER D - Protein Folding / Degradation
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Figure 7. Protein folding and degradation cluster. Cluster D from Figure 2 is expanded to show the characteristics of the protein folding
and degradation cluster. Protein folding and degradation genes discussed in the text are highlighted in orange. The energy production gene
FAAL1 is highlighted in blue. The graph below the cluster diagram shows the average log, fold change for all the genes in the cluster over

each of the experimental conditions. In the DPTA NONOate and GSNO dose-response experiments, control treatments are represented by
the gray bars.
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is relatively specific to RNS exposure in H. capsulatum, and
likely reflects the cell’s attempt to deal with unfolded pro-
teins generated by nitrosative stress.

Regulation of RNS-induced Genes in Other Stresses

Large-scale gene expression profiling over a variety of con-
ditions allowed us to identify clusters of genes that were
induced in nitrosative stress, as described above. In addi-
tion, we also were able to examine the response of these
clusters under other stresses. Notably, two of the RNS-
response clusters, iron acquisition and energy production,
were down-regulated upon oxidative treatment (Figures 4
and 5). This transcriptional regulation is consistent with the
known roles these proteins play in the production of oxida-
tive species. Iron produces reactive oxygen species (ROS) by
reaction with oxygen and hydrogen peroxide (De Luca and
Wood, 2000), and respiration produces low concentrations
of the ROS superoxide (Liu, 1997). Down-regulation of these
two classes of genes under oxidative stress may help H.
capsulatum avoid damage by limiting ROS production.

Homologues of Known RNS-Response or
Stress-Response Genes

Some of the interesting RNS-response genes did not fall into
specific clusters, yet still had intriguing connections to ni-
trosative stress response, as described below. Additionally,
novel genes and genes with homologues of unknown func-
tion also were identified. Table 1 lists all of the identified
RNS-induced transcripts that have named homologues.
These transcripts are grouped according to the function of
their homologous gene. RNS-induced transcripts homolo-
gous to “hypothetical” genes in other organisms are listed in
Supplemental Table 2, and novel RNS-induced transcripts
(with no homologues) are listed in Supplemental Table 3.

Some of the transcripts in Table 1 have homologues that
have been observed to be necessary for or up-regulated
during RNS response in other organisms. For example,
the C. albicans transcriptional response to RNS stress in-
cludes up-regulation of a copper transporting P-type AT-
Pase and an alternative oxidase (Hromatka ef al., 2005),
which we also observed. A copper transporting P-type
ATPase also was induced in the E. coli response to RNS
(Mukhopadhyay et al., 2004). In addition, the C. albicans as
well as the S. cerevisine RNS-induced transcriptional re-
sponse includes up-regulation of a catalase (Hromatka et
al.; 2005; Sarver and DeRisi, 2005). Screens in Mycobacte-
rium tuberculosis for mutants unable to grow after RNS
exposure identified proteins involved in proteasomal deg-
radation (Darwin et al., 2003). Moreover, treatment of M.
tuberculosis with inhibitors of the proteasome resulted in
increased susceptibility to RNS, suggesting that protein
degradation is necessary for the response of M. tuberculo-
sis to nitrosative stress. Finally, the mammalian homo-
logue of H.c. DBP2, p68, was strongly induced in human
and murine keratinocytes upon ‘NO stimulation (Kahlina
et al., 2004).

Homologues of other genes in Table 1 have intriguing
connections to RNS stress. First, response to DNA damage is
likely to be a key element of response to nitrosative stress.
We observed that homologues of S. cerevisine WSS1 (H.c.
NIT2) and YNG2 (H.c. YNG2) were induced in response to
RNS. In S. cerevisine, disruption of these genes results in
increased sensitivity to DNA damage, suggesting they have
a role in DNA repair (Choy and Kron, 2002; O’Neill et al.,
2004). A homologue of U. maydis Hmp1 (H.c. HMP1) also is
induced. This protein exhibits cruciform binding activity
thought to be necessary for the resolution of Holliday struc-
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tures during homologous recombination (Dutta et al., 1997),
which can be important for DNA repair. Second, we ob-
served induction of a homologue of indoleamine-2,3-dioxy-
genase (H.c. IDO1), an enzyme in the kynurenine pathway.
This protein modifies tryptophan during the first step in
NAD™ synthesis (Panozzo et al., 2002). NAD™ is required for
energy production and DNA repair, among other cellular
processes. The up-regulation of IDO1 may allow H. capsula-
tum to increase levels of NAD™ during nitrosative stress.
Alternatively, H. capsulatum could be using IDO1 to deplete
tryptophan and thereby impair macrophage 'NO produc-
tion: in culture, depletion of tryptophan prevents NOS2
induction by IFN-vy in macrophages (Chiarugi et al., 2003).
Additionally, a metabolite of indoleamine-2,3-dioxygenase
has been shown to down-regulate NOS2 expression and
inhibit Nos2p activity in a macrophage cell line (Sekkai et al.,
1997; Oh et al., 2004). Finally, whereas homologues of H.
capsulatum arginase (H.c. CARI) are part of the glutamine
biosynthesis pathway, other interesting possibilities exist for
the role of arginase in RNS response. One of the products of
the arginase reaction is L-ornithine (http://www.genome.
jp/dbget-bin/www_bget?enzyme + 3.5.3.1). L-ornithine is
utilized by Lom1p during siderophore biosynthesis as dis-
cussed previously. By producing L-ornithine, arginase could
facilitate siderophore biosynthesis and iron acquisition. Al-
ternatively, because Nos2p uses arginine as a substrate to
produce 'NO, reduction of environmental levels of arginine
by arginase could reduce macrophage Nos2p activity. Stud-
ies in Helicobacter pylori suggest that H. pylori arginase inhib-
its 'NO production by macrophages by depleting extracel-
lular arginine concentrations (Gobert et al., 2001). It is
possible that H. capsulatum induces arginase in response to
nitrosative stress to reduce further ‘'NO production by host
cells.

H. capsulatum P450 Nitric Oxide Reductase (P450nor) Is
Sufficient to Provide Increased RNS Resistance In Vitro

In other organisms, genes involved in 'NO detoxification
have been observed to be up-regulated during nitrosative
stress and to be required for RNS resistance. For example,
flavohemoglobins, such as E. coli Hmp, are able to convert
‘NO into nitrate under aerobic conditions and into nitrous
oxide under anaerobic conditions (reviewed in Poole and
Hughes, 2000). Studies in a range of organisms including E.
coli, S. typhimurium, S. cerevisiae, C. albicans, and C. neofor-
mans have shown that deletion of flavohemoglobin results in
'NO sensitivity (Crawford and Goldberg, 1998; Membrillo-
Hernandez et al., 1999; Liu et al., 2000; de Jesus-Berrios et al.,
2003; Ullmann et al., 2004; Hromatka ef al., 2005; Sarver and
DeRisi, 2005). Flavorubredoxin and NADH:(flavo)rubre-
doxin oxidoreductase, exemplified by E. coli NorVW, are
capable of reducing 'NO under anaerobic conditions (Gard-
ner ef al., 2002). Deletion of these enzymes in E. coli also
results in RNS sensitivity (Gardner et al., 2002; Hutchings et
al., 2002; Justino et al., 2005). BLASTX searches of the recently
assembled H. capsulatum genome sequence failed to identify
homologues to either of these classes of enzymes. H. capsu-
latum does have a homologue to GSNO reductase, an en-
zyme that contributes to the nitrosative stress response in
other organisms by detoxifying GSNO (Liu et al., 2001; de
Jesus-Berrios et al., 2003). Although the H. capsulatum GSNO
reductase is transcriptionally induced upon GSNO addition
(our unpublished data), the H. capsulatum gene has no ap-
parent start codon, and thus its role in combating nitrosative
stress is unclear. The only obvious candidate for a 'NO
detoxifying enzyme observed in these experiments was a
P450nor (Figure 8A). P450nor was originally identified in F.
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oxysporum where it detoxifies 'NO to nitrous oxide (N,O)
during the process of denitrification (Shoun and Tanimoto,
1991; Nakahara et al., 1993).

We chose to use H. capsulatum P450nor (H.c. NOR1) to
illustrate how future experiments will determine the role of
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Figure 8. Nitric oxide reductase (NORI) confers increased resis-
tance to nitrosative stress. (A) The log, fold change for NORI is
shown for each of the experimental conditions from Figure 2. In the
DPTA NONOate and GSNO dose-response experiments, control
treatments are represented by the gray bars. (B) Northern blot anal-
ysis of NOR1 transcripts at 0 and 2 h after DPTA NONOate treatment.
These samples are identical to those used for gene expression profil-
ing in dose-response experiment 2. This blot was stripped and re-
probed for the ACT1 transcript as shown (bottom). An RNA ladder is
shown to the left of the gel. (C) An alignment between the predicted
H.c. Norlp and F. oxysporum P450nor protein (Fo P450nor). Identical
amino acids are shaded in black. The first ATG after the transcription
start site was designated as the starting methionine of each of the two
mapped NORTI transcripts. The red arrowhead marks the start of the
smallest predicted Norl protein. (D) Ectopic expression of NOR1
enhances growth in the presence of RNS. H. capsulatum G217B ura5~
cells transformed with either a vector control or NORI under the
control of a copper-inducible promoter (P p;-NORI) were grown in
10 uM copper sulfate for 1 h and then subjected to RNS stress by the
addition of 0, 1, or 2 mM DPTA NONOate. Spectrophotometric
readings at ODgy, were taken at 0 and 25 h after treatment was
initiated. The starting OD was set at 100% growth. SD is indicated for
each measurement

RNS-induced genes in the nitrosative stress response. First,
to verify the induction results seen by microarray, Northern
analysis using a probe against NORI was performed on
RNA extracted from DPTA NONOate treated H. capsulatum
cultures (Figure 8B). Three NOR1 transcripts were observed;
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Figure 9. A model for how gene induction in nitrosative stress
causes enhanced survival in the host. A macrophage phagosome
containing an H. capsulatum yeast cell is depicted. Pathways that
were induced in nitrosative stress are shown. See text for details.

the largest transcript seemed to be constitutive, whereas two
smaller transcripts were induced upon RNS stimulation
with 0.1, 0.5, 0.8, and 1 mM DPTA NONOate. For unknown
reasons, the cells treated with 5 mM DPTA NONOate did
not show detectable transcript by Northern analysis. A com-
bination of 5" RACE, 3'RACE, and cDNA sequencing al-
lowed mapping of two potential NOR1 transcripts that cor-
respond in size to the two induced transcripts observed by
Northern. The smallest of these transcripts initiates in the
coding sequence. Figure 8C shows an alignment between F.
oxysporum P450nor protein and the H. capsulatum Norlp-
predicted protein sequence.

To determine whether NOR1 plays a role in H. capsulatum
RNS resistance, we attempted to disrupt the NORI gene.
Unfortunately, we were unable to do so, likely because gene
disruption technology in H. capsulatum still requires optimi-
zation. However, we were able to test whether ectopic ex-
pression of NORI could confer RNS resistance. NOR1 was
expressed under the control of the CRP1 copper-inducible
promoter (Gebhart ef al., unpublished data), and copper-
induced expression was verified by Northern blot analysis
(our unpublished data). The growth of H. capsulatum strains
bearing either a vector control or the ectopic expression
construct (Perp;-NOR1T) was compared after DPTA NONO-
ate treatment. Whereas both strains grew similarly in the
absence of RNS, we reproducibly observed that the ectopic
expression strain grew better than the vector control in the
presence of DPTA NONOate. Specifically, spectrophotomet-
ric analysis showed that the NOR1 ectopic expression strain
had a comparable increase in growth relative to the control
culture in NaOH (75 vs. 72%) but had a significantly larger
increase in growth relative to the control culture (55 vs. 23%)
in 1 mM DPTA NONOate (Figure 8D). A corresponding
increase in the long-term viability of cells, as judged by
CFUs, also was observed (our unpublished data). Thus,
expression of NORI is sufficient to increase RNS resistance
in H. capsulatum.

4810

DISCUSSION

Using a combination of shotgun genomic and tiling microar-
rays, we have identified 153 H. capsulatum transcripts that
are induced in response to RNS. Even though our genomic
microarray does not represent the entire genome, this anal-
ysis represents the first large-scale study of RNS response in
a systemic dimorphic fungus. We identified RNS-induced
genes that are implicated in many cellular processes, includ-
ing iron acquisition, energy production, stress response, pro-
tein folding/degradation, DNA damage repair, and 'NO
detoxification (Figure 9). Any or all of these pathways may
be required for resistance to RNS and fungal pathogenesis.
We tested whether one identified gene, H. capsulatum NORI,
plays a role in RNS resistance. Ectopic expression of NOR1 is
sufficient to provide increased RNS resistance in vitro, thus
validating this approach for identifying genes involved in
the RNS response. Future experiments will explore the role
of genes and pathways identified in this work in host-
microbe interactions and pathogenesis.

Several hypotheses might explain why specific transcripts
are induced upon exposure to RNS. First, induced genes
may represent repair or response pathways activated to
cope with RNS-induced damage. RNS are known to cause
damage to many cellular components, including DNA, pro-
teins, and lipids. We observed up-regulation of proteins
involved in DNA repair, which could facilitate repair of
RNS-induced DNA lesions. Similarly, induction of protein
folding and degradation pathways may help cells cope with
proteins damaged by RNS. Additionally, RNS are known to
inhibit respiration by modifying proteins of the electron
transport chain (Brown, 1999), which results in increased
ROS generation due to excess reduction of ubiquinone and
reduced ATP synthesis due to decreased proton flux across
the mitochondrial inner membrane. Induction of alternative
components of the electron transport chain, such as AOX1,
may allow H. capsulatum to generate limited quantities of
ATP and reduce ROS production. Significantly, H. capsula-
tum AOX1 is induced in the presence of electron transport
chain inhibitors, as well as in the presence of the ROS
hydrogen peroxide (Johnson ef al., 2003). Induction of cata-
lase, which also reduces ROS levels, may provide additional
protection from increased oxidative stress caused by inhibi-
tion of respiration. We also observed induction of genes
involved in lipid oxidation and metabolism. This induction
may reflect a need for alternate pathways for energy pro-
duction or a need to replace damaged lipids.

Second, RNS-induced genes may be targets of RNS dam-
age. We observed induction of homologues of glutamine
synthetase (H.c. GLN1), catalase (H.c. CATA), and fatty acid-
coA ligase (H.c. FAAT). Homologues of these genes are
S-nitrosylated in M. fuberculosis upon RNS treatment (Rhee
et al., 2005). Because S-nitrosylation can inhibit protein func-
tion (Rhee et al., 2005), some genes may be induced to
up-regulate levels of proteins that are directly compromised
by RNS-induced modifications. This hypothesis may explain
why we observe the induction of standard components of
the electron transport chain, such as cytochrome c and cy-
tochrome ¢ oxidase subunit VIb.

Third, because H. capsulatum is likely to encounter RNS
during its sojourn in host macrophages, RNS might be in-
terpreted as a host-specific signal, especially in conjunction
with additional host signals, such as growth at 37°C. Thus,
exposure to RNS in culture at 37°C may cause induction of
genes normally required for survival in the host. An exam-
ple of this type of regulation is seen in M. tuberculosis, where
‘NO exposure in culture triggers expression of genes in-
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volved in dormancy that are normally induced in the host
(Ohno et al., 2003; Voskuil et al., 2003). In H. capsulatum, we
observed induction of putative iron acquisition genes in
response to RNS treatment. Because iron restriction by the
host limits H. capsulatum replication (Lane ef al., 1991; New-
man et al., 1994), up-regulation of iron acquisition genes in
response to RNS exposure may facilitate intracellular
growth of H. capsulatum in host cells. Similarly, other RNS-
induced genes may contribute to intracellular survival. To
cope with the carbon-poor environment found in the host,
some pathogens alter nutrient acquisition and metabolism
pathways (Lorenz and Fink, 2002). On exposure to macro-
phages, C. albicans and M. tuberculosis up-regulate genes
involved in the glyoxylate pathway and gluconeogenesis. If
RNS is interpreted by H. capsulatum as a signal that it is in
host cells, up-regulation of lipid metabolism and oxidation
genes may reflect an attempt to shift to nutrient acquisition
pathways that are appropriate for an intracellular lifestyle.

Finally, RNS may up-regulate genes required for detoxi-
fication of RNS. The clearest example of this type of gene is
NOR1, which encodes a homologue of the F. oxysporum
P450nor. F. oxysporum P450nor was originally identified as
having a role in denitrification, a process used by soil mi-
crobes to generate energy under anaerobic conditions
(Zumft, 1997). P450nor reduces 'NO to the nontoxic nitrous
oxide during fungal denitrification (Shoun and Tanimoto,
1991; Nakahara et al., 1993). Because H. capsulatum grows in
the soil in the mycelial form, it also may perform NORI-
dependent denitrification. Interestingly, when H. capsulatum
is grown in the yeast form, NORI is induced only in the
presence of RNS; however, in the mycelial form, NOR1 is
expressed in the absence of RNS (YvM; Figure 8A). It is
tempting to hypothesize that H. capsulatum has co-opted an
enzyme normally used during denitrification in the soil to
overcome antimicrobial defenses in the host. To elucidate
the role of NORI1 in virulence, we are continuing to try a
number of different approaches to disrupt this gene. Once
we have successfully inactivated NOR1, we will determine
whether it contributes to H. capsulatum pathogenesis in both
a macrophage model and a mouse model of disease. To our
knowledge, H.c. NORI is the first P450nor homologue iden-
tified in a fungal pathogen of humans. Flavohemoglobins,
which detoxify ‘NO, have been identified in the fungal
pathogens C. neoformans and C. albicans; however, these
organisms do not have homologues of P450nor. Because H.
capsulatum has no obvious flavohemoglobin homologue in
its genome, it may rely on a novel flavohemoglobin-inde-
pendent mechanism for survival in host cells.

Importantly, several of the genes identified in this work
have previously been implicated in pathogenesis in other
organisms. H. pylori arginase mutants show decreased via-
bility in murine macrophages (Gobert et al., 2001). Mutants
in M. tuberculosis glutamine synthetase and C. neoformans
alternative oxidase have been reported to have virulence
defects in mouse models (Akhter et al., 2003; Tullius ef al.,
2003). Preliminary experiments with C. albicans fox2 mutants
also suggest that FOX2 is required for pathogenesis (Lorenz,
personal communication). Additionally, catalase mutants in
M. tuberculosis, H. pylori, and C. albicans show decreased
virulence in mice (Wysong et al., 1998; Harris et al., 2003; Ng
et al., 2004). These findings further encourage us that the
genes identified in this study will be relevant for H. capsu-
latum pathogenesis.

Many of the H. capsulatum RNS-induced transcripts either
do not have homologues in other organisms (34 transcripts)
or have homologues that are uncharacterized (38 tran-
scripts). A number of transcripts in the latter category have
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homologues only in the closely related fungi A. nidulans, F.
graminearum, M. grisea, and N. crassa. These data suggest that
these transcripts and the novel transcripts with no homology
represent a group of RNS-response genes that do not have
counterparts in other well-studied fungi such as S. cerevisiae
and C. albicans. Characterizing the functions of these genes
will provide further insight into the unique response of H.
capsulatum and closely related fungi to RNS.

While examining the regulation of H. capsulatum RNS-
induced genes in other stresses, we did not see much evi-
dence of a common environmental stress response. As dis-
cussed previously, global transcriptional profiling in S.
cerevisine and S. pombe revealed a core set of genes that
changes in expression in all stresses tested (Gasch et al., 2000;
Causton et al., 2001; Chen ef al., 2003). We observed induc-
tion of the H. capsulatum homologue of atfl, a key transcrip-
tion factor of the S. pombe environmental stress response
(Chen et al., 2003), in all stresses examined. However, unlike
S. cerevisiae and S. pombe, we do not observe changes in gene
expression for a core set of genes (other than the repetitive
sequence/transposon cluster), suggesting that the stress re-
sponse in H. capsulatum may be fundamentally different
from the response of previously characterized fungi.
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