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The 3-Hydroxy-Methylglutaryl Coenzyme A Lyase HCLI Is Required
for Macrophage Colonization by Human Fungal Pathogen
Histoplasma capsulatum

Dervla T. Isaac,® Alison Coady,® Nancy Van Prooyen,® Anita Sil**

Department of Microbiology and Immunology® and Howard Hughes Medical Institute,” University of California San Francisco, San Francisco, California, USA

Histoplasma capsulatum is a fungal respiratory pathogen that survives and replicates within the phagolysosome of macro-
phages. The molecular factors it utilizes to subvert macrophage antimicrobial defenses are largely unknown. Although the abil-
ity of H. capsulatum to prevent acidification of the macrophage phagolysosome is thought to be critical for intracellular survival,
this hypothesis has not been tested since H. capsulatum mutants that experience decreased phagosomal pH have not been iden-
tified. In a screen to identify H. capsulatum genes required for lysis of bone marrow-derived macrophages (BMDMs), we identi-
fied an insertion mutation disrupting the H. capsulatum homolog of 3-hydroxy-methylglutaryl coenzyme A (HMG CoA) lyase
(HCL1). In addition to its inability to lyse macrophages, the hcll mutant had a severe growth defect in BMDMs, indicating that
HMG CoA lyase gene function is critical for macrophage colonization. In other organisms, HMG CoA lyase catalyzes the last step
in the leucine catabolism pathway. In addition, both fungi and humans deficient in HMG CoA lyase accumulate acidic interme-
diates as a consequence of their inability to catabolize leucine. Consistent with observations in other organisms, the H. capsula-
tum hcll mutant was unable to grow on leucine as the major carbon source, caused acidification of its growth medium in vitro,
and resided in an acidified vacuole within macrophages. Mice infected with the hcll mutant took significantly longer to succumb
to infection than mice infected with the wild-type strain. Taken together, these data indicate the importance of Hcll function in

H. capsulatum replication in the harsh growth environment of the macrophage phagosome.

NI acrophages possess an arsenal of antimicrobial defenses that
are designed to neutralize and exterminate invading mi-
crobes (reviewed in reference 1). During phagocytosis by macro-
phages, microbes are exposed to highly reactive and toxic radicals.
As the phagosome matures, it progressively acidifies due to the
activity of host vacuolar ATPases that pump protons into the
phagosome. Ultimately, the phagosome fuses with the lysosome,
allowing maximal acquisition of lysosomal hydrolases in the re-
sultant compartment. In addition, the phagosome is thought to be
a glucose-poor environment, necessitating that phagosomal
pathogens utilize alternate nutrient acquisition pathways to sur-
vive intracellularly. In the present study, we examine the role of a
metabolic enzyme, 3-hydroxy-methylglutaryl coenzyme A (HMG
CoA) lyase, in promoting the survival and replication of the fungal
pathogen Histoplasma capsulatum within the macrophage phago-
some.

H. capsulatum is a dimorphic intracellular fungal pathogen
that parasitizes macrophages. Endemic to the Ohio and Missis-
sippi Valley regions of the United States, H. capsulatum is one of
the most common causes of fungal respiratory infection, with up
to 500,000 new cases arising each year (2). Infection is initiated
when mammalian hosts inhale infectious spores and mycelial
fragments that have aerosolized from the soil. Upon entering the
alveolar space of the lung, these infectious particles undergo a
morphological conversion to budding yeast cells, which parasitize
alveolar macrophages. Remarkably, these yeast cells are able to
survive and replicate to high levels intracellularly, ultimately lys-
ing host immune cells.

Much of the previous work examining the interactions be-
tween H. capsulatum yeast cells and the host has characterized
fungal survival strategies that promote colonization of its intracel-
lular niche. For example, H. capsulatum yeast cells fail to stimulate

February 2013 Volume 81 Number 2

Infection and Immunity p. 411-420

the production of toxic reactive oxygen species during phagocy-
tosis by resting murine macrophages (3). The phagolysosome
containing H. capsulatum does not acidify and instead remains at
anear-neutral pH of 6.5 (4, 5). Presumably, lysosomal hydrolyases
are not maximally active at this pH, allowing survival and growth
of H. capsulatum within the phagolysosome. In addition, the near-
neutral pH of the H. capsulatum phagolysosome is thought to
promote release of iron from host transferrin, thereby facilitating
iron acquisition by the pathogen during its intracellular growth
(6,7).

To identify molecular factors that mediate H. capsulatum sur-
vival, growth, and pathogenesis, we performed an unbiased ge-
netic screen for H. capsulatum insertion mutants that were unable
to lyse host macrophages. One of the lysis-defective mutants iden-
tified in this screen contained an insertion in an H. capsulatum
gene that encodes the metabolic enzyme HMG CoA lyase. This
protein has been studied in Pseudomonas species, Aspergillus spe-
cies, and humans and is known to catalyze the last step in leucine
catabolism. Here, we show that the H. capsulatum HMG CoA lyase
(HCL1) is required for full virulence of H. capsulatum in host
macrophages and in mice.
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MATERIALS AND METHODS

Strains and culture conditions. A. tumefaciens strain LBA1100 was kindly
provided by Thomas Sullivan and Bruce Klein with permission from Paul
Hooykas (Leiden University, Leiden, Netherlands). H. capsulatum strain
G217B ura5A (WU15) was kindly provided by William Goldman (Uni-
versity of North Carolina, Chapel Hill). The wild-type, hcll mutant, and
complemented strains were generated in the present study as described
below in Materials and Methods. Yeast cells were grown in either Histo-
plasma macrophage medium (HMM) or minimal medium (3M) (8). Lig-
uid cultures were grown in an orbital shaker at 37°C with 5% CO,. Stock
cultures were maintained by passaging every 2 to 3 days with a 1:25 dilu-
tion. HMM agarose or 3M agarose plates were incubated in a humidified
chamber at 37°C with 5% CO,,.

For both macrophage and mouse infections, an overnight, mid-log
culture of yeast cells (optical density at 600 nm [ODgy,] = 5 to 7) was
prepared. Approximately 18 h prior to the infection, a 2-day late log/
stationary phase culture (ODg,, = 10 to 12) was diluted 1:5 into HMM
media. The diluted cells were then incubated at 37°C with 5% CO, over-
night to obtain mid-log cultures at the time of infection. Culture ODs
were measured using an Eppendorf BioPhotometer.

Genetic screen of H. capsulatum lysis defective mutants. Mutant
FE6-C3 (the hcll mutant) was initially identified in a genetic screen for
mutants that did not lyse macrophages (D. T. Isaac et al., unpublished
data). Briefly, H. capsulatum insertion mutants were generated using
Agrobacterium-mediated transformation of G217B ura5A (WU15) as pre-
viously described (9). We selected for hygromycin-resistant transfor-
mants on HMM plates containing 400 pg of uracil/ml, 200 g of hygro-
mycin B/ml, and 200 M cefotaxime. A total of 14,000 insertion mutants
were screened for their ability to lyse BMDMs and J774.1 macrophages.
Forty-seven mutants were defective for macrophage lysis, including mu-
tant FE6-C3.

Complementation of the hcll mutant. pAC04, an integrating com-
plementation plasmid, was generated. This complementation construct
contained the HCLI open reading frame (ORF), 900 bp of 5" flanking
sequence, and 886 bp of 3’ flanking sequence. pAC04 was transformed
into the hcll mutant using Agrobacterium-mediated gene transfer as pre-
viously described (9), generating the hclI+HCLI strain that is designated
as the “complemented strain” for the experiments described here. Briefly,
the A. tumefaciens strain LBA1100 was transformed with pAC04 and in-
duced overnight with 200 wM acetosyringone (AS; Sigma-Aldrich). H.
capsulatum yeast cells were harvested from 4-day patches on
HMM +uracil agarose plates and diluted to 5 X 10® cells/ml. Equal vol-
umes of the H. capsulatum and A. tumefaciens cultures were mixed, and
400 pl of the mix was spread onto Biodyne A nylon membranes on IM
agarose plates containing 200 uM AS and 200 pg of uracil/ml. Cocultiva-
tion plates were incubated at 28°C for 3 days. The membranes were then
transferred onto HMM plates with no added uracil and incubated at 37°C
for 2 to 3 weeks. The hcll mutant was also transformed with pVN47, the
parental plasmid for pACO04, which contains the URA5 gene but does not
carry HCLI. The resultant strain is designated as the “hc/I mutant” for the
experiments described in the present study. The G217B ura5A parental
strain, WU15, was also transformed with pVN47, generatinga Ura™ wild-
type control, which is the strain designated as “wild-type” for the experi-
ments described in this study. Several wild-type, mutant, and comple-
mented transformants were analyzed in each experiment, but only one
representative strain is shown.

HCLI expression analysis. (i) Northern blot. Total RNA was iso-
lated from logarithmically growing yeast cells using a guanidinium
thiocyanate lysis protocol as previously described (10). A total of 4 g
of total RNA from all strains was separated on a 1.5% formaldehyde
agarose gel and transferred to a positively charged nylon membrane
(Roche 11209299001). The membrane was then subjected to Northern
blot analysis according to the digoxigenin (DIG) Northern blot pro-
tocol (Roche Applied Sciences). DIG-labeled probes were generated
from WU15 genomic DNA using the PCR DIG probe synthesis kit
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(Roche, catalog no. 11636090910). The membrane was then exposed
to film and developed.

(ii) Quantitative reverse transcription-PCR (qQRT-PCR). Total RNA
was treated with DNase I (Promega) and cDNA was synthesized using
Stratascript reverse transcriptase (Stratagene) and oligo(dT). Quantita-
tive PCR was performed using SYBR green PCR Master Mix (Applied
Biosystems) and 200 nM primer on the Mx3000P QPCR system (Strat-
agene) with Comparative Quantitation program, using actin (ACT1) as
the normalizing transcript. Primer sequences used are as follows: HCL1
(HCL1 sense, 5'-AAGACGGGATTGACCACGATTGAG; HCLI anti-
sense, 5'-ATGCGATCGAGTGAGATGACTTGG) and ACTI (ACTI
sense, 5'-GAAGGAGATTACCGCTCTCG; and ACT1 antisense, 5'-CGA
CAACAACGAAAACCTTAGA). All primers spanned an exon-exon
boundary.

Cytotoxicity/LDH release assay. Bone marrow-derived macrophages
(BMDMs) were isolated as described previously (11). In 24-well tissue-
culture treated dishes, 2 X 10° BMDMs were infected, in duplicate, with
H. capsulatum strains at a multiplicity of infection (MOI) = 2 yeasts per
macrophage. In preparation for the infections, logarithmically growing H.
capsulatum cultures were pelleted, resuspended in Dulbecco modified Ea-
gle medium (DMEM) without phenol red, sonicated for 3 s on setting 2
using a Fisher Scientific Sonic Dismembrator Model 100, and counted by
hemacytometer. The colony-forming units (CFU) were enumerated be-
fore and after sonication to confirm that sonication did not affect yeast-
cell viability (data not shown). After a 2-h incubation period, the medium
was removed from the infected BMDMs and the monolayers were washed
twice with DMEM without phenol red. A total of 750 p.l of bone marrow
macrophage medium (BMM) without phenol red (consisting of DMEM
high glucose without phenol red (UCSF Cell Culture Facility), 20% fetal
bovine serum (FBS), 10% (vol/vol) CMG supernatant (conditioned me-
dium obtained from CMG cells [3T3 fibroblasts transfected with the mu-
rine CSF-1 ¢cDNA, kindly provided by Mary Nakamura, UCSF]), 2 mM
glutamine, and 110 mg of sodium pyruvate, penicillin, and streptomycin/
ml) was added to each well. The infected macrophages were then incu-
bated at 37°C with 5% CO, Approximately 48 h postinfection (hpi), 250
wl of fresh BMM was added to each well. At various time points postin-
fection, lactate dehydrogenase (LDH) levels in the infected-macrophage
supernatants were measured to monitor BMDM lysis. At each time point,
the volume in each well was brought up to 1 ml with BMM. A total of 200
wl of the culture supernatant from the infected macrophages was trans-
ferred to two wells of a 96-well plate. To measure the total LDH, two
mock-infected BMDM monolayers were lysed at 2 hpi with 1 ml of lysis
solution (1% Triton X-100 in DMEM without phenol red). A total of 200
wl of this mock-infected macrophage lysate was transferred to two wells of
the 96-well plate, which was then centrifuged to pellet any cells or debris
that might be present in the supernatants or lysate. A total of 20 .l of the
clarified culture supernatant was transferred to a fresh 96-well plate con-
taining 30 pl of DMEM-phenol red in each well. A total of 60 pl of
complete LDH solution was then added to each well. Complete LDH
solution is made from equal volumes of the following solutions: (i) 2 mg
of INT (IodoNitroTetrazolium chloride)/ml in phosphate-buffered saline
(PBS), (ii) 36 mg of lithium r-lactate/ml in 10 mM Tris (pH 8.5), and (iii)
1X NAD™/diaphorase in PBS containing 1% bovine serum albumin
(BSA), diluted from a 10X stock solution (13.5 U of diaphorase/ml, 3 mg
of NAD " /ml, 0.03% BSA, and 1.2% sucrose in PBS). The plate was then
incubated for 30 min in the dark. A total of 40 pl of 1 M acetic acid was
added to stop the reaction. The OD,, was then measured using a Molec-
ular Devices Spectramax Plus 384 plate reader. The percent BMDM lysis
at each time point was calculated as the percentage of the total LDH from
lysed uninfected cells at 2 hpi. Since wells of infected macrophages also
contain uninfected BMDMs that continue to replicate over the course of
the experiment, the total LDH at later time points is greater than the total
LDH from the 2-h time point. This increase in total LDH results in an
apparent percent lysis that is >100% when normalized to the total LDH
from the 2-h time point. We confirmed that H. capsulatum G217B cells
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did not give rise to any LDH activity when subjected to this LDH release
assay (data not shown).

Intracellular replication assay. In 24-well tissue culture treated
dishes, 2 X 10° BMDMs were infected, in duplicate, with H. capsulatum
strains at an MOI of 2. After a 2-h incubation period, the culture super-
natants were removed, the monolayers were washed twice with DMEM
and then 1 ml of BMM was added to each well. The infected macrophages
were then incubated at 37°C with 5% CO,. The medium was changed at 48
hpi and every day thereafter. At various time points postinfection, the
medium was removed from each well and 500 pl of double-distilled H,O
was added. After a 5-min incubation at room temperature, the infected
macrophages were mechanically lysed by vigorous pipetting. The lysate
was collected, sonicated, diluted in HMM, and plated for H. capsulatum
CFU on HMM-agarose plates at 37°C. CFU were counted 14 days later.

Microscopic analysis of intracellular growth. A total of 2 X 10°
BMDMs per well were seeded in 24-well tissue-culture treated dishes con-
taining 12-mm glass coverslips. Approximately 18 h later, these BMDMs
were infected with yeast cells at an MOI of 0.1, centrifuged for 5 min at
800 X g, and incubated for 2 h. The media was then removed from the
infected BMDMs, the monolayers were washed twice with DMEM, and
500 .l of BMM was added to each well. The infected macrophages were
then incubated at 37°C with 5% CO, The media was changed at 48 hpi
and every day thereafter. At various time points postinfection the medium
was removed from each well and the monolayers were fixed with 1 ml of
3.7% formaldehyde in 100% ethanol for 1 min. The fixative was then
removed, and the cells were washed twice with PBS before being stored in
1 ml of PBS at 4°C. Coverslips were then stained with periodic acid-Schiff
reagent (to highlight fungal cells) and methyl green (to counterstain mac-
rophage nuclei) as previously described (12). Microscopic images were
taken with the Leica DM 1000 microscope.

Bioinformatics analysis. The protein sequence of the predicted gene
that was disrupted in mutant FE6-C3 was searched against the nonredun-
dant (nr) protein database with the BLASTP program (http://blast.ncbi
.nlm.nih.gov/Blast.cgi) (13). Upon identification as an HMG CoA lyase
homolog, the corresponding H. capsulatum protein, designated Hcll, was
aligned using CLUSTAL W2 (http://www.clustal.org/clustal2/) (14) with
its homologs in Aspergillus fumigatus, Pseudomonas aeruginosa, Pseu-
domonas mevalonii, Bacillus subtilis, Brucella melitensis, and Homo sapiens.

Analysis of growth in leucine. To monitor growth in the presence of
leucine on solid medium, stationary-phase yeast cells from a 4-day culture
were washed and resuspended in PBS. Portions (2 pl) of 10-fold serial
dilutions, in PBS, were plated on agarose plates containing either HMM,
3M with glucose, or 3M without glucose supplemented with 10 mM leu-
cine. Plates were then incubated at 37°C and 5% CO, for 16 days. Images
were taken with a Nikon digital camera. To monitor growth in liquid
culture, yeast cells were washed, pelleted, and resuspended to an ODy, of
0.01 to 0.05 in either HMM, 3M (with glucose), 3M-glu, or 3M-
glucose+leucine. Samples (500 pl) were removed from each culture, vor-
texed for 30 s to break up clumps, and analyzed to determine their OD,
using the Molecular Devices Spectramax Plus 384 plate reader. Of note, as
cultures go from early logarithmic growth to stationary phase, an increase
in ODg, is observed with both the Spectramax plate reader and the Ep-
pendorf Biophotometer described above. However, the absolute ODy,
numbers differ for the two instruments, with stationary phase registering
as an OD of 12 on the Biophotometer and an OD of approximately 2 to 3
on the plate reader.

In vitro pH modulation. To monitor the ability of the H. capsulatum
strains to modulate the pH of culture broth, stationary-phase yeast cells
from a 4-day culture were washed and resuspended in PBS. Cells were
diluted to an ODg, of 2 in 30 ml of pH-HMM (HMM without HEPES,
containing 40 g of bromocresol purple/ml [pH 4.5]). Cultures were
incubated at 37°C with 5% CO, in an orbital shaker. At each time point,
three 1-ml samples were removed from each culture, and the pH was
measured using a digital pH meter. The OD of each culture was measured
using the Molecular Devices Spectramax Plus 384 plate reader.
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Monitoring of phagosomal pH. Acidification of the phagosome was
assessed by use of the acidotropic dye LysoSensor Green DND-189 (In-
vitrogen; pK, = 5.2). In a 12-well plate, 2 X 10> BMDMs per well were
infected in duplicate with mid-logarithm-phase H. capsulatum strains
(wild-type, the hell mutant, the complemented strain, or fixed wild-type
cells [the wild-type strain fixed with 4% paraformaldehyde]) atan MOI of
2 in the presence or absence of 50 nM bafilomycin Al (Sigma), an inhib-
itor of the vacuolar ATPase. Cells were slowly centrifuged at 1,200 rpm for
5 min at room temperature. At 1 hpi, extracellular yeast cells were re-
moved by washing. At 30 min prior to each time point (3, 6, 12, and 24
hpi), infected BMDMs were loaded with LysoSensor (1 wM) at 37°C. After
this 30-min incubation, macrophages were washed with PBS and fixed in
4% paraformaldehyde for 30 min. Fixed macrophages were blocked with
2% FBS and 0.2% saponin in PBS for 1 h at room temperature and then
stained at 37°C for 1 h with rabbit anti-Hc (a kind gift from Joe Wheat),
which detects H. capsulatum yeast cells, and rat anti-LAMP-1 (Invitrogen,
catalog no. 1D4B). The cells were then washed and stained with rabbit
Alexa Fluor 405 and rat Alexa Fluor 546 secondary antibodies for 1 h at
37°C. Cells were mounted in Gel-Mount (Biomedia) and imaged using a
Nikon TiE inverted microscope with Yokogawa spinning disk CSU-X1.
Images were taken using Nikon Perfect Focus and unbiased gridding of 50
points per samples of 0.11 wm/pixel. Images were brightened in Adobe
Photoshop by applying the identical adjustments to all images.

Mouse infections. Nine-week-old female C57BL/6 mice (Charles
River Laboratories) were anesthetized with isoflurane and infected intra-
nasally with wild-type H. capsulatum, the hcll mutant, or the comple-
mented stain. In preparation for infection, mid-logarithmic-phase cul-
tures of these H. capsulatum strains were washed once with PBS, sonicated
for 3 s on setting 2 using a Fisher Scientific Sonic Dismembrator Model
100, and counted by using a hemacytometer to determine the cell concen-
tration. The CFU before and after sonication were enumerated to deter-
mine that sonication did not affect yeast cell viability (data not shown). To
monitor mouse survival, 15 mice were infected intranasally with 1.25 X
10° yeast cells in approximately 25 pl of PBS. At 4 hpi, the lungs were
harvested and homogenized from 5 mice infected with each strain. These
homogenates were plated for H. capsulatum CFU on brain-heart infusion
agar (BHI) plates and incubated at 30°C. The remaining mice were mon-
itored daily for symptoms of disease (i.e., weight loss, lack of activity/
response to stimulus, panting, lack of grooming). Mice were sacrificed
after they exhibited 3 days of sustained weight loss >15% of their maxi-
mum weight in conjunction with one other symptom of disease. To de-
termine the fungal burden of infected mice when they succumbed to the
infection, lungs and spleens were harvested from four mice infected with
each H. capsulatum strain. In addition, lungs and spleens were harvested
from three mice infected with the hc/I mutant strain at 7 days postinfec-
tion to determine the fungal burden. Lung homogenate was plated for
CFU on BHI plates at 30°C. Statistical analysis for survival and coloniza-
tion experiments was performed using Prism (GraphPad Software, San
Diego, CA). Survival curves were compared using the log rank (Mantel-
Cox) test. The in vivo fungal burden of different H. capsulatum strains was
compared using the Mann-Whitney-Wilcoxon test. Two-tailed P values
were calculated.

All mouse experiments were performed in compliance with the Na-
tional Institutes of Health Guide for the Care and Use of Laboratory Ani-
mals and were approved by the Institutional Animal Care and Use Com-
mittee at the University of California San Francisco.

RESULTS

The HMG CoA lyase HCLI was identified in a genetic screen for
lysis-defective mutants. Wild-type H. capsulatum is able to rep-
licate within the macrophage phagosome, ultimately triggering
host cell lysis. We performed a genetic screen to identify H. cap-
sulatum genes that are important for intracellular pathogenesis. A
library of 14,000 H. capsulatum insertion mutants generated by
Agrobacterium-mediated transformation (15) was screened to

iai.asm.org 413


http://blast.ncbi.nlm.nih.gov/Blast.cgi
http://blast.ncbi.nlm.nih.gov/Blast.cgi
http://www.clustal.org/clustal2/
http://iai.asm.org

Isaac et al.

A
N
/)c — HC11 f———ry /A

I Complementation

| |
s Northern probe
i 1

B 2.0
<
9
g 1.5 =
[}
X
[}
.g 1.0 4 =t
s
©
= 0.5 - 25
3]
RS
0.0 T
WT hcl1 htil1
HCI1
C h¢_:+I1
WT hcl1 HCI1
HCI1

ACT1 “ . -

FIG 1 The FE6-C3 mutant contains an insertion in the HCL1 ORF. (A) Sche-
matic of the HCLI genomic locus showing the site of the TDNA insertion in
the hcll mutant, the region of the HCLI locus that was used to generate the
complementation construct, and the region of the HCLI gene that was used to
probe transcript levels. Tick marks are 1 kb apart. (B and C) Total RNA was
isolated from wild-type (WT), the hcll mutant, and the complemented strain
(hcll+HCLI) grown in broth culture at 37°C. HCLI mRNA levels were mon-
itored by quantitative RT-PCR (B) and Northern blot analysis (C). Primers for
qRT-PCR analysis are described in Materials and Methods and located in the
coding sequence of HCLI.

identify those mutants with defects in lysis of primary murine
bone marrow-derived macrophages (BMDMs) and the macro-
phage-like cell line, J774. One of the mutants, FE6-C3, was unable
to lyse both BMDMs and J774 cells and was subjected to further
study.

To determine which H. capsulatum gene was disrupted in the
FE6-C3 insertion mutant, we isolated genomic DNA from the
mutant strain and performed inverse PCR from the left and right
borders of the Agrobacterium T-DNA insertion. Sequence analysis
of the resulting PCR products indicated that the H. capsulatum
gene “HISTO_DA.Contig93.Fgenesh_histo.97.final_new” con-
tained an insertion in the ORF, approximately 300 bp down-
stream from the predicted translational start site (Fig. 1A). A
BLAST search of the corresponding protein sequence against the
nr protein database revealed strong similarity to the HMG CoA
lyase enzyme from multiple organisms (Fig. 2). We named the
corresponding gene HCLI (HMG CoA Lyase 1) and hereafter re-
fer to mutant FE6-C3 as the hcll mutant. Quantitative reverse
transcription-PCR (qRT-PCR) and Northern blot analysis of fun-
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gal cells grown in vitro confirmed the loss of HCLI expression in
the hcll mutant and the restoration of HCLI expression when the
wild-type gene was reintroduced into the insertion mutant (Fig.
1B and C).

HMG CoA lyase enzymes have been studied in several organ-
isms, including humans. Biochemical characterization of the hu-
man HMG CoA lyase, HMGCL, has identified several active-site
residues that are critical for enzymatic activity, including Arg-41,
Asp-42, Glu-72, His-233, and Cys-266 (16-19). Using CLUSTAL
W, we aligned the H. capsulatum Hcll sequence with the unchar-
acterized HMG CoA lyase for the fungus Aspergillus fumigatus
(which shares 80% amino acid sequence identity with H. capsula-
tum Hcll), as well as the functionally characterized enzyme from
Pseudomonas aeruginosa (47%), Pseudomonas mevalonii (46%),
Bacillus subtilis (36%), Brucella melitensis (42%), and Homo sapi-
ens (44%) (numbers in parentheses indicate shared sequence
identity with H. capsulatum Hcll). We found that these catalytic
active-site residues were conserved in all examined HMG CoA
lyases, including H. capsulatum Hcll (Fig. 2).

The hcll mutant has severe lysis and intracellular growth de-
fects in macrophages. To quantify the severity of the lysis defect of
the hcll insertion mutant, we infected BMDM:s with wild-type H.
capsulatum (WT), the hcll insertion mutant (hclI), or the com-
plemented strain (hcll +HCLI), where the wild-type HCLI gene
was reintroduced into the mutant strain. (The precise genotypes
of these strains are described in Materials and Methods.) We then
monitored the kinetics of host cell lysis by measuring release of the
cytosolic enzyme lactate dehydrogenase (LDH) from host macro-
phages into the supernatant at the indicated time points after in-
fection (Fig. 3A). Whereas a considerable amount of LDH was
present in the culture supernatant of BMDMs infected with wild-
type H. capsulatum and the complemented strain, no LDH release
was observed in supernatants from macrophages infected with the
hcll mutant.

To further explore the role that HCLI plays in H. capsulatum
pathogenesis, we examined the intracellular growth of the hcll
mutant during macrophage infection. BMDMs were infected with
wild-type H. capsulatum, the hcll mutant, or the complemented
strain. At various time points postinfection, intracellular yeasts
were released from BMDMs by osmotic lysis and CFU were enu-
merated. Wild-type H. capsulatum and the complemented strain
showed a 16-fold increase in the intracellular CFU within 48 h of
infection, after which host cell lysis ensued. In contrast, the hcll
mutant only grew a modest 4- to 5-fold over the entire 5-day
infection, which was indicative of a strong intracellular growth
defect (Fig. 3B). Microscopic examination of infected macro-
phages corroborated the growth defect observed by CFU enumer-
ation. In these experiments, BMDMs were infected at a very low
MOI to maximize the period of intracellular growth before wild-
type cells lysed the macrophages. Macrophage monolayers were
stained with periodic acid-Schiff (PAS) reagent at 2 h and 5 days
postinfection to reveal intracellular H. capsulatum yeasts (Fig.
3C). At 5 days postinfection, macrophages infected with the hcll
mutant contained significantly fewer yeast cells than macrophages
infected with wild-type H. capsulatum. Notably, the growth kinet-
ics of the hcll mutant were indistinguishable from that of wild-
type H. capsulatum when it was cultured in vitro in standard me-
dium (Fig. 3D).

HCLI is required for growth when leucine is the major car-
bon source. HMG-CoA lyases are metalloenzymes that catalyze
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FIG 2 Key catalytic residues are conserved in the H. capsulatum HMG CoA lyase homolog Hcll. CLUSTAL W alignment of H. capsulatum Hcll with HMG CoA
lyases from bacterial and mammalian species. Conserved catalytic residues are marked in red. The asterisk symbol indicates that the residues in that column are
identical in all sequences in the alignment, the colon indicates that conserved substitutions between the sequences are observed, and the period indicates that

semiconserved substitutions are observed.

the final step in the breakdown of leucine, cleaving HMG-CoA
into acetyl-CoA and acetoacetate. Since fungi can then assimilate
acetyl-CoA into carbohydrates through the glyoxylate cycle, leu-
cine can be utilized as the sole carbon source for growth. Mutants
that lack HMG-CoA lyase in several bacterial and fungal species,
including Pseudomonas aeruginosa and Aspergillus nidulans, are
unable to grow when leucine is the sole carbon source (20, 21). We
tested the ability of the hcll mutant to utilize leucine by replacing
glucose with leucine in minimal media (Fig. 4). The growth of the
hell mutant was comparable to that of wild-type H. capsulatum
and the complemented strain when it was grown on rich medium
(HMM) and on minimal medium (3M) where glucose is the main
carbon source (Fig. 4A and B). In minimal medium that lacks
glucose (3M-glu), cells of all three genotypes showed limited
growth (Fig. 4C). However, only the hcll mutant showed severe
growth restriction when leucine was substituted for glucose in
minimal medium (Fig. 4A and D). Taken together, with the mac-
rophage infection data, these in vitro data suggest that HCLI could
contribute to the ability of H. capsulatum to replicate in the glu-
cose-poor nutritional environment of the phagosome.

Hcll deficiency results in acidification of H. capsulatum cul-
ture medium and the H. capsulatum-containing phagosome. In
humans, HMG CoA lyase deficiency results in the accumulation
of upstream acidic intermediates in the leucine catabolic pathway,
causing concomitant metabolic acidosis and aciduria (22). Similar
effects are observed in fungi, where acidic intermediates accumu-
late in culture supernatants of cells that lack HMG CoA lyase (21).
We were particularly interested in this phenotype, since inhibition
of phagosome acidification is thought to be vital for the survival of
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H. capsulatum within macrophages. Unlike many microbes, wild-
type H. capsulatum is able to neutralize the pH of culture medium
(23). We predicted that the hcll mutant would be able to neutral-
ize acidic medium i vitro but might be unable to maintain neutral
pH due to the accumulation of acidic species. To test this hypoth-
esis, we transferred the wild-type, hcll mutant, and comple-
mented strains into unbuffered, acidic medium (pH 4.5). We then
allowed the cells to grow and monitored the pH over time (Fig. 5).
Within 24 h, all three strains had neutralized the culture medium
to pH 7, indicating that Hcll is not required for the establishment
of neutral pH. Wild-type and complemented strains maintained a
near-neutral pH (pH 6.2 to 6.5) for the duration of the experi-
ment. However, the pH of the culture medium of the hcll mutant
dropped to 5.6 after 120 h. The three strains displayed identical
growth kinetics during this experiment, as determined by moni-
toring the optical density (data not shown). These data indicate
that Hcll is required for maintenance of a neutral culture envi-
ronment by H. capsulatum.

Wild-type H. capsulatum is known to inhibit phagolysosome
acidification during infection of macrophages (4, 5). Acidification
of the phagolysosome is thought to be important to activate lyso-
somal hydrolases, which have potent degradative and antimicro-
bial activities. Since the hcll mutant acidifies its surroundings, we
hypothesized that the macrophage phagolysosome containing the
mutant cells might also acidify with time. To monitor acidification
of the phagolysosome during infection, we used the acidotropic
dye LysoSensor Green DND-189, which has a pK, of 5.2 and ac-
cumulates within acidic compartments. We first determined that
mid-logarithmic cells from the wild-type, hcll mutant, and com-
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FIG 3 Hcll is required for macrophage colonization and lysis during H. capsula-
tum infection. (A) BMDMs were mock infected or infected with either wild-type
(WT), the hcll mutant, or the complemented strain (hell+HCLI) atan MOl of 2.
At 2, 24, 48, 72, 96, and 120 hpi, supernatants were removed from the infected
monolayers and lactate dehydrogenase activity was assessed to monitor BMDM
lysis. The average percent BMDM lysis of four measurements * the standard
deviation (from one representative experiment) is shown. (B) BMDMs were in-
fected with wild-type (WT), the hcll mutant, or the complemented strain
(hcll+HCLI) atan MOI of 2. At 3, 12, 24, 36, 48, 72, and 144 hpi, BMDMs were
osmotically lysed, and the lysates were plated for H. capsulatum CFU. Each mea-
surement is the average of four platings (duplicate infections/duplicate platings) +
the standard deviation from one representative experiment. In some cases, the
standard deviation is negligible and is obscured by strain symbols. (C) BMDMs
were infected with either wild-type H. capsulatum or the hcll mutant at an MOI of
0.1. At 2 and 120 hpi, the infected monolayers were fixed and H. capsulatum yeast
cells (arrowhead) were stained with periodic acid-Schiff (PAS) reagent. Macro-
phage nuclei were counterstained with methyl green. Representative images
at X100 magnification are shown. (D) In vitro growth of wild-type (WT), the hcll
mutant, and the complemented strain (hclI+HCLI) was examined in broth
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plemented strains did not stain with LysoSensor Green (data not
shown). We then infected BMDMs with fixed wild-type cells or
live, mid-logarithmic wild-type, hcll mutant, or complemented
cells and assessed acidification of the phagosome at 3, 6, 12, and 24
hpi. At each time point, the macrophages were pretreated for 30
min with LysoSensor Green and then washed, fixed, permeabil-
ized, and subjected to confocal immunofluorescence microscopy
to detect internalized H. capsulatum, the lysosomal protein
LAMP-1, and LysoSensor Green accumulation (Fig. 6A). By 3 hpi,
we observed that virtually all internalized H. capsulatum cells (in
all samples) localized to a LAMP1-positive compartment. In the
case of fixed wild-type cells, 75% colocalized with LysoSensor
Green by 3 hpi (Fig. 6B), indicating that they were present in an
acidic compartment. By 6 hpi, nearly 100% of fixed wild-type cells
colocalized with LysoSensor Green, indicating that, as expected,
fixed H. capsulatum cells could not counter the ability of macro-
phages to acidify the phagolysosome. (At subsequent time points,
fixed wild-type cells were degraded by macrophages and could no
longer be assessed.) In contrast to fixed wild-type H. capsulatum
cells, only 25% of live wild-type H. capsulatum cells colocalized
with LysoSensor Green at 3 and 6 hpi. By 12 and 24 hpi, this
number dropped to ca. 10%. Notably, 60% of the hcll mutant
cells, but not the complemented cells, colocalized with LysoSensor
Green by 3 hpi, and upward of 85 to 90% of the mutant cells
colocalized with LysoSensor Green in subsequent time points.
LysoSensor Green appeared to accumulate within and around the
hell mutant cells. These data indicate that the hcll mutant cells
were present in an acidified environment within the macrophage,
whereas wild-type cells were not. Since the hcll mutant can accu-
mulate acidic species in culture (Fig. 5), we suspected that acidifi-
cation of phagosomes containing the hcll mutant was driven by
the mutant itself rather than by the host vacuolar ATPase, which
promotes phagosome acidification. Treatment of macrophages
with bafilomycin Al, an inhibitor of the host vacuolar ATPase,
abrogated acidification of the phagosomes containing fixed H.
capsulatum cells but only had a mild effect on the percentage of hcll
mutant cells that colocalized with LysoSensor Green (Fig. 6B). Sim-
ilarly, the ura5 mutant parental strain lacking a complementing
URAS5 gene did not grow in macrophages (data not shown) and
accumulated in acidic phagosomes over time, but, unlike phago-
somes containing the hc/I mutant, phagosome acidification was
inhibited by treatment with bafilomycin (Fig. 6C). These data in-
dicate that acidification of the vacuole containing hcll mutant
cells was not dependent on the host vacuolar ATPase and strongly
suggest that the hcll mutant itself was promoting vacuolar acidi-
fication.

HCLI is required for maximal virulence in the mouse model
of histoplasmosis. To determine whether HCLI is required for
virulence of H. capsulatum in the mouse model of histoplasmosis,
we infected female C57BL/6 mice intranasally with a lethal dose
(1.25 X 10°yeast cells/mouse) of wild-type H. capsulatum, the hcll
mutant, or the complemented strain (Fig. 7A). Mice were moni-
tored daily for symptoms of disease, including weight loss, pant-

culture. Yeast cells were inoculated into HMM at a starting ODy,, of 0.01 and
subsequent ODj,, was monitored over time. The average of three measure-
ments * the standard deviation is shown from one representative experiment.
In some cases, the standard deviation is negligible and is obscured by strain
symbols.
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FIG 4 H. capsulatum HCLI is required for growth on leucine as the major
carbon source. (A) Four-day cultures of wild-type H. capsulatum (WT), the
hcll mutant, and the complemented strain (hclI+HCLI) were pelleted,
washed with PBS, and resuspended in PBS. Tenfold serial dilutions were then
made on the indicated medium. In the case of 3M-glu+leu, medium was
supplemented with 10 mM leucine. Plates were incubated at 37°C and 5% CO,
for 16 days. For the HMM plates, the 10> to 10 dilutions are shown (due to
the enhanced growth on this rich medium). On all other plates, undiluted,
10~ ', and 102 dilutions are shown. (B to D) Four-day cultures of wild-type H.
capsulatum (WT), the hcll mutant, and the complemented strain
(hcll+HCLI) were pelleted, washed with PBS, and resuspended in either min-
imal media (3M) (B), minimal medium without glucose (3M-glu) (C), or
minimal media without glucose, supplemented with 5 mM leucine (3M-
glu+leu). At the indicated time points, the ODg,, was measured in triplicate to
monitor growth. The average OD and standard deviation from one represen-
tative experiment are plotted, but the standard deviation is negligible and is
obscured by strain symbols.
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FIG 5 Hcll is required for maintenance of neutral pH in culture. Four-day
cultures of wild-type H. capsulatum (WT), the hcll mutant, and the comple-
mented strain (hcll+HCLI) were pelleted, washed, resuspended in PBS, and
diluted into 30 ml of unbuffered pH-HMM at ODy, of 2.0. The pH of the
culture medium was measured at the indicated time points. The average of
three pH measurements = the standard deviation is shown from one repre-
sentative experiment. In most cases, the standard deviation is negligible and is
obscured by strain symbols.

ing, and lack of grooming. Mice infected with the wild-type or
complemented strains became symptomatic by day 3, and the ma-
jority succumbed to infection between days 7 and 8. In contrast,
mice infected with the hcll mutant strain started to show mild
symptoms at day 7, and the majority of the mice succumbed to
infection by days 10 and 11. The overall median survival times for
each group were 7.5 days (wild type), 7 days (complemented
strain), and 10 days (hcll mutant), yielding a statistically signifi-
cant difference in virulence for the hcll mutant compared to wild-
type (P < 0.0001). CFU were enumerated from the lungs (Fig. 7B)
and spleens (Fig. 7C) of mice infected with the wild-type, hcll
mutant, and complemented strains at day 7. Surprisingly, even
though the hcll-infected mice were only mildly symptomatic,
their pulmonary fungal burden was not significantly different
from mice infected with the wild-type strain at day 7 (P = 0.4). At
day 10, when mice infected with the hcll mutant were succumbing
to infection, the fungal burden was not significantly different from
the fungal burden in wild-type mice at time of death (day 7, P =
0.5), or hcll-infected mice at day 7 (P = 0.4). These data con-
firmed that the hcll mutant was able to grow in vivo despite its
severe restriction within BMDMs in vitro and suggested that some
other aspect of infection, such as host response, might contribute
to the decreased virulence of the hcll mutant. In sum, these data
highlight that Hcll function is required for full virulence in the
mouse model of H. capsulatum infection.

DISCUSSION

H. capsulatum is an intracellular fungal pathogen that colonizes
the macrophage phagolysosome, ultimately triggering host cell
lysis. Here, we used a forward genetic approach to identify an
enzyme, HMG CoA lyase, which is required for growth within
macrophages and host cell lysis. Interestingly, due to the meta-
bolic defects that ensue in response to HMG CoA lyase deficiency,
it is indirectly required for maintenance of phagolysosomal pH.
Studies in other organisms have shown that HMG CoA lyase cat-
alyzes the final step in leucine catabolism; thus, HMG CoA lyase
deficiency results in the inability of microbes to grow when leucine
is the sole carbon source. In addition, both microbes and humans
with HMG CoA lyase deficiency accumulate acidic species that
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arise due to the block in leucine metabolism. In the case of H.  the phagosome and a variety of intracellular organelles, ultimately
capsulatum, we observed that Hcll is dispensable for growth in  culminating in fusion with lysosomes. As this maturation process
standard laboratory medium supplemented with glucose but re-  occurs, phagosomal pH drops and the phagosome acquires lyso-
quired for growth on minimal medium when leucine is substi-  somal hydrolases that are active at acidic pH. H. capsulatum coun-
tuted for glucose as the major carbon source. In addition, growth  ters normal phagosome function and maturation in at least two
of H. capsulatum in unbuffered medium revealed that Hcll is  key ways. First, H. capsulatum fails to trigger a superoxide burst in
required to prevent the accumulation of acidic species in the cul-  resting macrophages (3) and produces an extracellular superoxide
ture supernatant. During colonization of the phagolysosome of  dismutase for protection against the reactive oxygen species gen-
macrophages, the hcll mutant is present in an acidified compart-  erated upon phagocytosis by activated macrophages and poly-
ment, suggesting that these acidic species can lower the pH of the  morphonuclear leukocytes (24). Second, although the H. capsula-
phagolysosome, which, in turn, could potentially activate lyso-  tum phagosome undergoes fusion with the lysosome (in murine
somal hydrolases and restrict microbial growth. macrophages), the fungus uses unknown means to block acidifi-

These studies highlight the challenges faced by intracellular cation of phagolysosomes (4, 5). It has been assumed that the
microbes that grow within the phagosome of host cells (reviewed  ability of H. capsulatum to inhibit phagolysosome acidification is
inreference 1). The initiation of phagocytosis of microbes by mac-  critical for survival of the fungus within host cells. Our data dem-
rophages is normally accompanied by a superoxide burst cata-  onstrate that the /icll mutant is competent to neutralize acidic pH
lyzed by the NADPH complex. Subsequently, the normal course in vitro but cannot maintain neutral pH as it grows, presumably
of phagosome maturation involves transient interactions between  due to the production of acidic species. Correspondingly, in the
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FIG 7 The hell mutant exhibits decreased virulence in vivo. Female C57BL/6 mice were infected intranasally with 1.25 X 10° CFU of either the wild-type (WT)
(n = 15), the hcll mutant (hcll) (n = 15), or the complemented strain (hcll+HCLI) (n = 15) strain. (A) Kaplan-Meir plots/survival curve. P < 0.0001 (log rank
test, WT versus hcll). (B) In the case of all three cohorts of mice, lungs were harvested from infected mice and lung homogenates were plated to enumerate H.
capsulatum CFU at 4 hpi and at 7 days postinfection, which was time of death for mice infected with the wild-type strain. Lung CFU were also enumerated at time
of death (10 days postinfection) for mice infected with the hcll mutant. Average CFU/group is plotted. (C) Spleen CFU were enumerated from all three cohorts

of mice at 7 days postinfection. The average CFU/group is plotted.

macrophage we observed that the hcll mutant, unlike wild-type
cells, is present in an acidified phagosome, suggesting that the
phagosome containing the mutant cells may be more hydrolyti-
cally competent than the phagosome containing wild-type H. cap-
sulatum. Consistent with this model, the hcll mutant is clearly
restricted for growth within macrophages. We hoped to deter-
mine whether neutralization of the phagosome with the weak base
chloroquine (7) could rescue the intracellular growth defect of the
hell mutant; if so, these results would strongly suggest that the
intracellular growth deficiency of the mutant is due to acidifica-
tion of the phagosome. However, these experiments were not pos-
sible in BMDMs for technical reasons (data not shown).

The inability of the hcll mutant to grow within macrophages
may also reflect the nutritional environment of the phagosome.
Studies of other phagosomal pathogens such as Leishmania major
and Mycobacterium tuberculosis have shown that enzymes re-
quired for gluconeogenesis or the glyoxylate shunt, respectively,
are required for colonization or persistence in macrophages and
mice, suggesting that the phagosome is a glucose-poor environ-
ment (25, 26). Similarly, the fungal pathogen Candida albicans
upregulates its expression of isocitrate lyase, a key glyoxylate cycle
enzyme, after phagocytosis by host cells and requires this enzyme
for full virulence in the mouse model of pathogenesis (27). HMG
CoA lyase in other organisms is required for growth when leucine
is the sole carbon source, since HMG CoA lyase is a key enzyme in
leucine catabolism. A similar result was observed for H. capsula-
tum, since the hcll mutant could not grow in vitro when leucine
was substituted for glucose. The levels of leucine or other amino
acids in the Histoplasma-containing phagolysosome is unknown,
although the inability of the hcll mutant to grow within macro-
phages leads us to speculate that the phagolysosome is a glucose-
poor, leucine-replete environment. Interestingly, leucine catabo-
lism generates acetyl-CoA, which can be used as a carbon source
when assimilated through the glyoxylate cycle (bypassing the cat-
abolic steps of the standard tricarboxylic acid cycle). Thus, the
requirement for Hcll in macrophage colonization and virulence
may correlate with its link to carbohydrate metabolism.

Whether Hcll affects other metabolic processes in the H. cap-
sulatum cell is unknown. In vertebrates, HMG CoA lyase plays
additional roles in energy transfer within and between cells. For
example, HMG CoA lyase is required to link fatty acid oxidation in
the mitochondria to ketogenesis, which is a critical mode of energy
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transport in higher eukaryotes (28). Fatty acid oxidation produces
acetoacetyl CoA, which is then converted into HMG CoA by mi-
tochondrial HMG CoA synthase. HMG CoA lyase then converts
HMG CoA into acetoacetate, which is a “ketone body” that is
produced in the liver and used to transport energy to other organs
when glucose is not available. However, lower eukaryotes lack
mitochondrial HMG synthase, and thus there is no known direct
link between fatty acid oxidation and HMG CoA lyase-dependent
metabolism in fungi.

Despite the profound growth defect of the hcll mutant in
BMDMs and the J774 macrophage-like cell line, the mutant was
able to replicate in the mouse model of pathogenesis. However,
mice infected with the hcll mutant took significantly longer to
succumb to infection than wild-type mice, indicating that the mu-
tant is partially attenuated for virulence. Interestingly, the fungal
burden in the lungs of mice infected with the wild-type strain at
time of death (day 7, Fig. 7B) was indistinguishable from the fun-
gal burden in the lungs of mice infected with the hcll mutant at the
same day postinfection (Fig. 7B), but mice in the hcll-infected
cohort did not succumb to infection for another 3 days (Fig. 7A).
In addition, there was no significant increase in CFU between day
7 and day 10 for mice infected with the hcll mutant (Fig. 7B).
Finally, fungal burden in the spleens of mice infected with either
wild-type H. capsulatum or the hcll mutant at day 8 was not sig-
nificantly different (P = 0.4, Fig. 7C), indicating that the mutant
does not have a gross dissemination defect. These data evoke the
hypothesis that an aspect of infection other than fungal burden,
such as the host inflammatory response, could differ in mice in-
fected with the wild-type versus mutant strains. Alternatively, it
could be the case that in vivo growth kinetics of the wild-type and
mutant strains differ at earlier time points in infection not exam-
ined in this study, which could affect subsequent symptomatology
and disease progression. In addition, these data suggest that de-
spite its profound growth defect in BMDMs, the hcll mutant rep-
licates well within an unknown cell type in vivo, such as alveolar
macrophages and/or inflammatory monocytes. Future studies of
the role in Hcll in fungal pathogenesis will continue to utilize the
mutant as an informative tool to dissect the nutritional and met-
abolic requirements of life in the Histoplasma phagosome, as well
as the relationship between intracellular growth and immune re-
sponse during infection of the host.
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