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The export of virulence factors, such as the capsule polysaccharide, to the cell surface is a critical aspect of
the pathogenicity of Cryptococcus neoformans. A view of capsule export via exocytosis and extracellular vesicles
is emerging, but the molecular mechanisms underlying virulence factor transport pathways remain to be
established. In this study, we characterized the APT1 gene, which encodes a predicted integral membrane
P-type ATPase belonging to the type IV, Drs2 family of aminophospholipid translocases (flippases) (APTs).
APTs maintain the phospholipid asymmetry that is critical in membrane fusion events for trafficking and in
establishing cell polarity. Deletion of the APT1 gene resulted in phenotypes consistent with similar roles in C.
neoformans. These included altered actin distribution, increased sensitivity to stress conditions (oxidative and
nitrosative stress) and to trafficking inhibitors, such as brefeldin A and monensin, a reduction in exported acid
phosphatase activity, and hypersensitivity to the antifungal drugs amphotericin B, fluconazole, and cinnamy-
cin. However, there was no difference in growth, capsule size, or melanin production between the wild type and
the apt]1 mutant strains at either 30°C or 37°C. Despite the absence of an influence on these major virulence
factors, Aptl was required for survival during interactions with macrophages, and apt/ mutants exhibited
attenuated virulence in a mouse inhalation model of cryptococcosis. Therefore, Aptl contributes to virulence
and the stress response in C. neoformans through apparent functions in membrane fusion and trafficking that
do not influence the deposition of major virulence factors, such as capsule and melanin, outside the cell.

The opportunistic fungal pathogen Cryptococcus neoformans
causes life-threatening meningoencephalitis in immunocom-
promised individuals (44). One million cases of cryptococcosis
are estimated to occur each year, and approximately two-thirds
of these are fatal (43). Key virulence traits for the fungus
include growth at the mammalian host temperature, produc-
tion of a polysaccharide capsule, deposition of laccase-synthe-
sized melanin in the cell wall, secretion of enzymes, and resis-
tance to host defenses, such as oxidative and nitrosative killing
(44).

The polysaccharide capsule is a key virulence factor and is
both cell associated and released during infection (4). The
two species of polysaccharide in the capsule, an abundant
glucuronoxylomannan (GXM) and a minor galactoxyloman-
nan (GalXM), cause a number of deleterious effects in mam-
malian hosts (4, 44). Extracellular vesicles (exosomes) contain-
ing capsule polysaccharide are present in culture supernatants,
in lysates of macrophages containing C. neoformans, and in
association with fungal cells during murine infection (41, 49,
50, 54). These so-called “virulence factor delivery bags” are
thought to pass through the cell wall to deliver material outside
the cell (50). Proteomic analysis of the vesicles identified 76
proteins, and many of these are associated with virulence,
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including urease, laccase, heat shock proteins, superoxide dis-
mutase, thiol-specific antioxidants, and catalases (49).

The mechanisms of trafficking of capsule polysaccharide and
laccase are being actively pursued. For example, analysis of a
mutant with a defect in the exocyst GTPase Sec4/Rab8 (des-
ignated Savl) revealed the accumulation of intracellular vesi-
cles containing capsule polysaccharide, thus providing support
for intracellular synthesis and secretion via exocytosis (60). In
addition, reduced expression of the exocyst protein Sec6 due to
RNA interference (RNAI) resulted in partial attenuation of
virulence as well as defects in melanin production and the
export of urease and soluble capsule polysaccharide (42). The
RNAI strains were also completely defective in the production
of extracellular exosomes but retained wild-type (WT) levels of
cell-associated capsule. Trafficking of the laccase required for
melanin production and virulence has also been examined. Hu
et al. (25) showed that C. neoformans lacking Vps34 (vacuolar
protein sorting 34) had a marked reduction in melanin forma-
tion, suggesting that laccase-containing vesicles are derived
from the endocytic pathway. Overall, the current evidence sug-
gests that exocytic, endocytic, and specialized extracellular ves-
icles mediate the export of capsule and other virulence factors
in C. neoformans (42, 49, 60).

We demonstrated previously that vesicle trafficking func-
tions in C. neoformans are regulated by the cAMP signal trans-
duction pathway, which also controls the elaboration of both
the capsule and melanin (28). We found that treatment of C.
neoformans with inhibitors of Golgi apparatus-mediated trans-
port (e.g., brefeldin A or monensin) or with lithium chloride
results in inhibition of capsule expression (28). In addition, we
found that cAMP-dependent protein kinase regulated the ex-
pression of a predicted phospatidylethanolamine binding pro-
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tein, Oval, which negatively influences capsule and melanin
formation. These findings focused our attention on the roles of
intracellular trafficking functions and phospholipids in viru-
lence factor expression.

In the context of phospholipid trafficking, some aminophos-
pholipid translocases within the P-type ATPases are known to
play roles in fungal virulence. For example, the aminophos-
pholipid translocase MgApt2 is required for exocytosis during
plant infection by the rice blast pathogen Magnaporthe grisea
(18). P-type ATPases are a large family of multitransmem-
brane domain, ATP-dependent transporters, and three sub-
families are found in eukaryotes (29): (i) heavy metal ion
ATPases (e.g., copper transporters), (ii) non-heavy-metal ion
ATPases (e.g., Ca**, H', Na', and K* ATPases), and (iii)
aminophospholipid translocases (APTs/flippases of the type IV
or Drs2 family). APTs maintain the asymmetrical distribution
of aminophospholipids in membranes by translocating phos-
phatidylserine (PS) and/or phosphatidylethanolamine (PE)
from one leaflet of the bilayer to the other. Phospholipid asym-
metry is important in membrane fusion events (vesicle budding
and docking) at the plasma membrane and in the trans-Golgi
network (3). Thus, APTs are required for efficient Golgi func-
tion and play roles in both endocytosis and exocytosis. Some
disorders in humans have been linked or attributed to genes
from the APT subfamily, including familial intrahepatic cho-
lestasis and Angelman syndrome (32, 55).

Previously, we constructed a deletion of the APT1 gene,
encoding a putative aminophospholipid translocase, as part of
a study to examine disomy at chromosome 13 in C. neoformans
(27). Our preliminary phenotypic analysis suggested a connec-
tion to nitrosative stress and prompted further investigation of
virulence-related functions. In the present study, we show that
Aptl is functionally related to Drs2 in Saccharomyces cerevisiae
and has roles in membrane trafficking and sensitivity to stress
(oxidative and nitrosative) and drugs targeting ergosterol bio-
synthesis and secretion. Importantly, loss of Aptl does not
influence capsule and melanin formation, but the protein is
required for intracellular growth in macrophages and for full
virulence in mice.

MATERIALS AND METHODS

Fungal strains, plasmids, and media. Serotype A strains H99 and CBS7779
(C. neoformans var. grubii) and S. cerevisiae strains BY4742 (MATo his3 ura3 leu2
lys2), ZHY615M2D (MAT« his3 ura3 leu2 lys2 drs2A), and PFY3273A (MATo
his3 ura3 leu2 metl5 dnfl A dnf2A dnf3A) (29) were employed. The strains were
maintained on YPD medium (1% yeast extract, 2% peptone, 2% dextrose, and
2% agar). Plasmid pCH233 was the source of a nourseothricin resistance cas-
sette, and pJAF1 was the source of a neomycin resistance cassette. Plasmid
pBPH618 was used for yeast transformation. YPD plates containing neomycin
(200 p.g/ml) were used to select C. neoformans aptl deletion transformants. YNB
agar without uracil (yeast nitrogen base without amino acids; 6.7% g/liter) sup-
plemented with 2% glucose and other nutrients as needed was used to select the
S. cerevisiae transformants. YPD and/or YNB plates (YNB with amino acids)
supplemented with different inhibitors or chemicals were used for phenotypic
characterization. Escherichia coli was grown at 37°C in LB broth or on agar
supplemented with 100 wg/ml of ampicillin.

Complementation of S. cerevisiae drs2 mutation with C. neoformans APTI gene.
To obtain an APTI cDNA from C. neoformans, total RNA was isolated and
c¢DNA was synthesized using random hexamers and Superscript transcriptase II
(Invitrogen Canada). A 4,686-bp PCR product was obtained using primers Apt1-
c¢DNA-5 and Aptl-cDNA-3 (see Table S1 in the supplemental material) and
cloned into pBPH618 to create pCnAPT1c. To complement the yeast drs2A
single mutant and the dnfIA dnf2A dnf3A triple mutant with the C. neoformans
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APTI gene, pCnAPT1c and pBPH618 (empty vector) were transformed into
yeast strains (ZHY615M2D and PFY3273A) by polyethylene glycol (PEG) and
lithium acetate treatment. Transformants were selected on synthetic complete
(SC) dextrose-URA medium and 5-fluoroorotic acid (5-FOA) plates for uracil
prototrophy and on SC medium supplemented with calcofluor white (0.5 mg/ml)
for growth assays.

Deletion of APTI in C. neoformans. The APTI gene in strains H99 and
CBS7779 was replaced with a neomycin resistance cassette to examine the dis-
omy of chromosome 13 in C. neoformans serotype A strains, as previously
described (27). In the present study, two additional biolistic transformations were
performed to obtain a larger number of independent deletion mutants. An
aptl::NEO disruption allele was constructed using a modified overlap PCR
procedure (10, 61) and the primers listed in Table S1 in the supplemental
material. Briefly, the primers aptl-1/aptl-3 and aptl-4/aptl-6 were used with
genomic DNA to obtain the left and right arms for the deletion construct. The
selectable marker NEO was amplified from the plasmid pJAF1 using the primers
apt1-2/aptl1-5. Overlap PCR was performed using the primers aptl-1/apt1-6 to
yield an apt1::NEO allele that lacks the entire open reading frame of APT1 (4,888
bp). The resulting PCR product (3.9 kb) was used to transform strain H99 by
biolistic transformation (11). Transformants were screened by colony PCR with
Extaq polymerase (Takara) using the primers aptl-7/apt1-8 (negative screen)
and apt1-9/hug-Neo (positive screen). Primer aptl-9 was designed from the
region upstream of APT1, and hug-Neo was designed for the NEO gene. Trans-
formants in which the wild-type (WT) allele was replaced were confirmed by
genomic hybridization analysis as described previously (26). Three independent
mutants in the H99 background were designated the apti-3, apt1-22, and apt1-40
strains and were studied further. In addition, two apt/ mutants, the apt/-6 and
aptl-16 strains, from the CBS7779 strain (27) were included in some phenotypic
assays.

Complementation of C. neoformans aptl mutation. The APTI gene for comple-
mentation was amplified from strain H99 with the primers Aptl-rec-Nhel-5 and
Aptl-rec-Nhel-3 (see Table S1 in the supplemental material). The ~6-kb prod-
uct was digested with Nhel and cloned into the Spel site of pCH233, creating the
plasmid pAPT1rec. The aptI-3 strain was transformed with pAPT1rec by biolistic
transformation with selection on nourseothricin (100 wg/ml). Reintroduction of
APTI was confirmed by colony PCR and genomic hybridization. The two com-
plemented strains are designated the aptl +APTI-1 and aptl +APTI-25 strains.

Stress and drug response assays. Exponentially growing cultures of wild-type,
apt] mutant, and reconstituted strains were washed, resuspended in H,O, and
adjusted to 2 X 10* cells/ul. The cell suspensions were serially diluted 10-fold,
and 5 pl of each dilution was spotted onto YPD and/or YNB plates supple-
mented with or without 1.5 M KCI, 1.5 M NaCl, 0.1% SDS, 0.5 mg/ml Congo
Red, 0.5 mg/ml calcofluor white, 0.5 mg/ml caffeine, 5 mM H,O,, 50 wM or 100
M tBOOH (fert-butylhydroperoxide), 2 mg/ml or 4 mg/ml sodium nitrite
(NaNO,) (pH 4), 20 pg/ml or 40 pg/ml brefeldin A, 0.5 mg/ml monensin, 5 pug/ml
fluconazole, or 0.2 pg/ml amphotericin B. Plates were incubated for 2 to 5 days
at 30°C or 37°C and photographed. To assess the sensitivity of WT and apt!
mutant strains to cinnamycin (Ro09-0198), the fungal cells were seeded in mi-
crotiter wells in YNB at 1 X 10° cells/ml (~0.08 optical density at 600 nm
[ODgq0]) in triplicate with or without the drug and grown for 72 h at 30°C. For
each concentration of the drug and for each strain, the increase in ODjq, for
treated samples was divided by that for the untreated control to determine the
percent growth (6).

Capsule formation and melanin production. Capsule formation was examined
by differential interference microscopy (DIC) after incubation for 24 h at 30°C in
low-iron medium (LIM) and staining with India ink. Melanin production was
examined on L-3,4-dihydroxyphenylalanine (L-DOPA) plates containing 0.1%
glucose.

Visualization of endocytosis and the vacuolar membrane. An FM4-64 inter-
nalization assay was performed to assess endocytosis. The lipophilic dye FM4-64
[N-(3-triethylammoniumpropyl)-4-(6-(4-(diethylamino) ~ phenyl) hexatrienyl)
pyridinium dibromide] (T-3166; Invitrogen Canada) was used at a final concen-
tration of 20 wM. Cells were harvested after overnight growth, stained with
FM4-64 for 2 or 30 min, washed, and transferred to fresh medium without stain.
The cells were viewed at 5 and 30 min.

F-actin and DNA staining. The WT and apt/ mutant cells were cultured
overnight in YPD at 30°C. The cells were then fixed with 4% paraformaldehyde
for 20 min, washed twice with phosphate-buffered saline (PBS) (pH 7.4), and
permeabilized with 1% Triton X-100 for 5 min. The F-actin in the cells was
labeled with Alexa Fluor 568 phalloidin (Invitrogen), and 1 ul of stained cells was
mixed with 1 pl of mounting medium (Prolong Gold Antifade reagent with
4',6'-diamidino-2-phenylindole [DAPI]) on a slide. The cells were visualized
using an Axioplan 2 imaging microscope (Zeiss) with magnification X1,000. The
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software program Metamorph, version 6.1r6 (Universal Imaging Corp.), was
used to process images.

Enzyme assays. Urease activity was measured with the BBL Taxo urease
differentiation disk (BD Bioscience, Sparks, MD) as described previously (47).
Briefly, one colony of WT or apt] mutant strains was added to sterile, deionized
H,O0 in an Eppendorf tube and vortexed vigorously. One disk was added to each
tube, incubated at 30°C for 30 min, and then checked for urease activity accord-
ing to the manufacturer’s instructions. To measure superoxide dismutase (SOD)
activity, cells of WT and apt! mutant strains were cultured in YPD at 30°C
overnight and washed with PBS (7). Subsequently, 2 X 107 cells were tested for
SOD activity using the SOD determination kit (S7571; Sigma-Aldrich, St. Louis,
MO) according to the manufacturer’s instructions. To measure acid phosphatase
activity, cells of WT and apt] mutant strains were cultured in YPD at 30°C
overnight and washed with PBS. A total of 2 X 107 fungal cells were used in each
sample, and acid phosphatase activity was measured using an acid phosphatase
assay kit (CS0740; Sigma-Aldrich, St. Louis, MO) according to the manufactur-
er’s instructions. Acid phosphatase was used previously as a marker of exocytosis
in C. neoformans (60).

Macrophage assay. The effect of APTI deletion on fungal survival during
incubation with macrophages was assessed as previously described (7, 8). Briefly,
the murine macrophage-like cell line J774A.1 was maintained at 37°C in 10%
CO, in Dulbecco’s modified Eagle’s medium (DMEM) supplemented with 10%
heat-inactivated fetal calf serum (FBS), 1% nonessential amino acids, 100 p.g/ml
penicillin-streptomycin, and 4 mM L-glutamine (Invitrogen). The cell line was
used between passages 5 and 10. Cells of the WT, two apt] mutants, and a
complemented mutant were opsonized with monoclonal antibody 18B7 against
capsule (1 wg/ml) (a generous gift from Arturo Casadevall), and macrophages
were treated with recombinant mouse gamma interferon (IFN-y) (50 U/ml) and
lipopolysaccharide (LPS) (0.3 pg/ml) prior to coincubation at a multiplicity of
infection (MOT) of 2:1. The pkal mutant (9, 15) was also included in the tests.
Macrophages were inoculated at 1 X 10° cells and washed after 1 h of inoculation
to remove unattached, extracellular fungal cells. After 24 h of incubation, sterile,
ice-cold distilled H,O was applied to each well to lyse the macrophages (con-
firmed microscopically). Fungal growth was measured by plating on YPD and
determining CFU. The assay was performed in triplicate wells for each strain,
and the experiment was repeated three times with consistent results. Student’s ¢
test was used to determine the statistical significance of differences in fungal
survival.

Assessment of virulence in a murine model. For an initial virulence assay,
three female A/Jcr mice obtained from Jackson Laboratories (Maine) were used
for each cryptococcal strain. Fungal cells were cultured in 5 ml YPD at 30°C
overnight, washed twice with PBS, and resuspended in PBS (pH 7.4). A cell
suspension of 5 X 10* cells in 50 ul was intranasally instilled. The virulence of the
strains was also tested with female BALB/c mice. Female BALB/c mice, 4 to 6
weeks old, were obtained from Charles Rivers Laboratories (Pointe-Claire, Que-
bec, Canada). The fungal cells were cultured and washed as described. A cell
suspension of 1 X 10° cells in a 50-ul volume was used for intranasal instillation.
The status of the mice was monitored twice per day postinoculation. Differences
in virulence were statistically assessed by log rank tests using the GraphPad
Prism 4 for Mac software program (GraphPad Software, San Diego, CA). The
protocols for the virulence assays (protocol A99-0252) were approved by the
University of British Columbia Committee on Animal Care.

RESULTS

Aptl in C. neoformans is functionally related to Drs2 in S.
cerevisiae. Five genes encoding APTs (DRS2, DNF1, DNF2,
DNF3, and NEOI) have been characterized for S. cerevisiae
(29). BLASTp scarches of the genome of C. neoformans
strain H99 (www.broad.mit.edu/annotation/genome/cryptococcus
_neoformans/Info.html) with the yeast sequences identified
four putative APTs. These were designated APTI (CNAG_
06469.2), APT2 (CNAG_01278.2), APT3 (CNAG_00383.2),
and APT4 (CNAG_05282.2). Phylogenetic analysis revealed
that Aptl from C. neoformans is closely related to P-type
ATPase of the Drs2 family of APTs (P4 type) but clearly
distinct from the other main classes of P-type ATPases iden-
tified so far in C. neoformans. These include the P2 types, such
as the sarcoplasmic/ER Ca*>* ATPase Ecal (14), the sodium/
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FIG. 1. C. neoformans APTI restores the growth of an S. cerevisiae
drs2 mutant. The C. neoformans APT1 (CnAPTI) gene was expressed
in the drs2 mutant of S. cerevisiae (drs2 + CnAPTI). The drs2 mutant
is able grow at 30°C but not at 18°C. Tenfold serial dilutions of yeast
cells were plated on YPD or YPD with calcofluor white (CFW) and
cultured at 18°C or 30°C. The plates were incubated for 3 days.

potassium P-type ATPase Enal (30), the H" ATPases Pmal
and Pma2 (21, 53), the Ca®*/Mg*"-transporting ATPase
Pmrl, and a P1-type copper-exporting ATPase, Atu2/Ccc2 (57)
(see Fig. S1 in the supplemental material). Alignments of the
Aptl amino acid sequence with the Apts of S. cerevisiae re-
vealed similar degrees of sequence similarity (47 to 55%) and
identity (27 to 36%) with the closest matches to Dnfl (see
Table S2 in the supplemental material). We focused on the
characterization of Aptl because our previous study suggested
a role in the response to nitrosative stress (27).

We initially determined whether the C. neoformans APTI
gene could functionally complement S. cerevisiae strains with
defects in the Drs2 family of APTs. In yeast, the dnfIA dnf2A
dnf3A and drs2A mutants exhibit hypersensitivity to calcofluor
white and growth defects at lower temperatures (<18°C) (16,
29). A C. neoformans cDNA for APTI (CnAPTI) was ex-
pressed in the drs2A and dnfI A dnf2A dnf3A mutants under the
control of the MET! promoter (40). Expression of CnAPTI in
two independent transformants partially restored the growth of
the drs2A strain, ZHY615M2D, at 18°C, as well as growth in
the presence of 0.5 mg/ml calcofluor white at both 18°C and
30°C (although complementation was more pronounced at
30°C) (Fig. 1). In contrast, expression of C. neoformans APTI
from the same plasmid in three independent transformants
failed to restore the growth phenotype of the dnflA dnf2A
dnf3A triple mutant (strain PFY3273A) at both 18°C and 30°C
or in the presence of calcofluor white (see Fig. S2 in the
supplemental material). Overall, our data suggest that C. neo-
formans can partially fulfill the functions of Drs2 in S. cerevisiae
with respect to growth.

Loss of APTI does not influence major virulence traits or
cell wall integrity but increases sensitivity to nitrosative and
oxidative stress. Given the complementation of the drs2 dele-
tion in yeast, we proceeded to construct additional apt/ mu-
tants in C. neoformans in order to assess the role of the gene in
virulence. Previously, we deleted the APT1 gene in strains H99
and CBS7779 to examine chromosome copy number variation
(27). To obtain additional independent mutants, we performed
biolistic transformations and generated eight additional dele-
tion strains in the H99 background. Deletion of the APT gene
was monitored by colony PCR and confirmed by Southern blot
analysis (27). We also constructed reconstituted strains in
which the apt] mutation was complemented with the wild-type
gene. Initially, we tested the mutants for their ability to grow at
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aptl-22
aptl-40
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FIG. 2. Deletion of APTI in C. neoformans does not influence the
three major virulence factors. The apt! mutants did not shown differ-
ences in capsule size (A), melanin production (B), or high-temperature
growth (C) compared to the WT strain. Capsule size was evaluated for
cells grown overnight in low-iron medium at 30°C. To examine melanin
production, serial 10-fold dilutions of each strain were spotted on
L-DOPA plates and incubated for 2 days at 30°C before being photo-
graphed. The sensitivity of WT and apt/ mutant strains to tempera-
tures (30°C and 37°C) was tested on both YPD and YNB plates. The
bar in panel A represents 10 wM. For the evaluation of capsule size,
the same results were found for the apt/-22 mutant (data not shown).

37°C, for capsule size, and for melanin production because
these traits are the major virulence factors in C. neoformans.
No significant defects were observed for these factors or for
two other virulence-associated activities, superoxide dismutase
and urease (Fig. 2 and data not shown). Deletion of APT1 also
did not cause growth defects on a range of carbon sources,
including acetate, sucrose, ethanol, glycerol, and raffinose
(data not shown). In contrast to the temperature sensitivity of
the drs2 mutant in yeast, we did not observe growth differences
between the WT strain and the apt/ mutants on YPD or YNB
at 15°C, 20°C, 25°C, 30°C, or 37°C (data not shown). Further-
more, the apt] mutants grew as well as the WT strains on YPD
plates supplemented with agents that perturb cell wall integrity
(calcofluor white, caffeine, SDS, and Congo Red) (data not
shown). The same results were found with the apt/ mutants
(aptl-6 and aptl-16) of strain CBS7779 (data not shown).
These results indicated that Apt1 does not have a major role in
the production of the known virulence factors in C. neoformans
and that loss of the gene does not influence sensitivity to
growth temperature or agents that influence the cell wall.
We next examined the response of the apt/ mutants to
nitrosative stress by growing the strains on YNB medium in the
presence of 2 mM and 4 mM sodium nitrite (NaNO,, pH 4). As
found previously (27), the apt! mutants exhibited increased
sensitivity to sodium nitrite (Fig. 3A). We established that the
phenotype resulted from the deletion of APT1 by demonstrat-
ing that reintroduction of APTI restored the wild-type level of
sensitivity. We extended the characterization to include oxida-
tive stress by growing the cells on YNB medium supplemented
with either 50 or 100 uM tBOOH. Again, deletion of APTI
resulted in increased sensitivity, and complementation re-
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WT
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aptl-40
aptI+APTI-1
aptl+APTI-25

YNB t-BOOH

NaNO,

FIG. 3. Deletion of APTI caused hypersensitivity to oxidative and
nitrosative stress. (A) Serial 10-fold dilutions of the WT (H99), two
independent apt] mutants, and two reconstituted strains were spotted
on YNB or YNB supplemented with tBOOH (100 uM) or NaNO, (2
mM, pH 4.0). The aptl +APTI-1 and apt] +APTI-25 strains contain
the WT gene in the aptl-3 mutant background. (B) Serial 10-fold
dilutions of the WT (CBS7779) and the aptI-6 apt] mutant strain in the
CBS7779 background were spotted onto YNB or YNB supplemented
with tBOOH (100 wM) or NaNO, (2 mM, pH 4.0). All of the plates
were incubated at 30°C for 3 days.

stored the growth to wild-type levels. Similarly, loss of Aptl
also increased sensitivity to hydrogen peroxide and diamide
(see Fig. S3 in the supplemental material). We also found that
two independent apt] mutants of strain CBS7779 displayed
similar responses to oxidative and nitrosative stresses (Fig. 3B).
The apt] mutants in either strain background did not show
increased sensitivity to osmotic and salt stress, as determined
by growth in the presence of 1.5 M KCl, 1.5 M NaCl, or 1.2 M
sorbitol. Overall, we conclude that Aptl is required for C.
neoformans to respond to oxidative and nitrosative stress.

APT1 is required for survival during interactions with mac-
rophages. The ability of C. neoformans to withstand oxidative
and nitrosative stress upon phagocytosis is an important viru-
lence attribute (12, 38). We therefore examined the survival of
the apt! mutant during interactions with a murine macro-
phage-like cell line. Cells of the WT (H99), two independent
apt] mutants (apt!-3 and apt1-22 strains), and a complemented
mutant were coincubated with the J774A.1 cell line. The pkal
mutant was included as a control because PKAI was shown
previously to play a role in intracellular growth in macrophages
(15). As shown in Fig. 4, the CFU numbers of the apt! and
pkal deletion mutants were lower than those of the WT strain,
indicating a reduced ability to survive and proliferate during
interactions with macrophages. A control inoculation of the
strains into macrophage-free DMEM precluded the possibility
that the reduced number of apt! cells was due to poor growth
in the medium (data not shown).

Loss of APTI results in attenuated virulence. The in vitro
phenotypes of the apt! mutants prompted us to assay their
virulence in a mouse inhalation model of cryptococcosis. In an
initial experiment, three AJ/cr mice were employed for each
strain (WT and the apt-3 mutant), and we found that deletion
of APTI resulted in attenuation of virulence (Fig. 5SA). In the
second experiment, 10 BALB/c mice were challenged with the
WT strain (H99) and two independent apt! mutant strains
(aptl-3 and aptl-40 strains). All mice infected with the WT
strain succumbed by days 12 to 15, while the mice infected with
the apt] mutant strains survived to day 31 after inoculation
(Fig. 5B). The virulence assays with the two different mouse
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FIG. 4. Aptl is required for survival during interactions with mac-
rophages. Cells of the WT strain H99, two apt!/ mutants, and the
complemented strain were incubated with macrophage J774A.1 cells at
an MOI of 2:1. The pkal mutant was also compared in the tests
because of its known growth defect in macrophages (15). C. neofor-
mans was inoculated at 1 X 10° cells, and the wells were washed after
1 h of incubation to remove extracellular fungal cells. After 24 h of
incubation, growth was measured by plating on YPD and counting
CFU. The experiment was repeated three times, and similar results
were also obtained with a third independent apt/ mutant.

strains therefore produced similar results, and we concluded
that APT1I is required for full virulence in C. neoformans.
Deletion of APT1 influences actin polarization, endocytosis,
and acid phosphatase activity. In S. cerevisiae, the Drs2 protein
is localized to the trans-Golgi network and loss of the protein
results in a decrease in clathrin-coated vesicle budding (5, 16,
29). The protein appears to play a role in the transport of
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FIG. 5. Aptl is required for virulence in a mouse inhalation model.
(A) Three female A/Jcr mice were inoculated intranasally with each of
the strains indicated, and the survival of the mice was monitored twice
per day. The apt] mutants showed a difference in virulence from the
WT strain, H99 (P = 0.0246), by the log rank test. (B) Ten female
BALB/c mice were challenged by intranasal inoculation with 10° cells
of either the WT strain, H99, or two independent apt/ mutant strains.
The survival of the mice was monitored twice per day. The apt/ mu-
tants showed a difference in virulence from the WT strain (P < 0.001)
by the log rank test.
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DIC ACTIN DAPI

FIG. 6. F-actin distribution is altered in apt/ mutant cells. Cells of
the WT (H99) and apt mutant strains were grown to mid-log phase in
YPD medium at 30°C. After harvest, the cells were fixed and stained
with Alexa Fluor 568 phalloidin and DAPI. One hundred budded cells
for each strain were examined using fluorescence microscopy and
scored for actin distribution in buds. Bar = 10 pM.

dense vesicles containing both invertase and acid phosphatase
and in exocytosis (16, 22). Moreover, deletion of DRS?2 results
in endocytosis defects, in particular, in endosome-vacuole dock-
ing (5, 6, 16, 22, 29, 35). Finally, we noted that the S. cerevisiae drs2
mutant also exhibits defects in the establishment of cell polarity
(52). In this context, we examined the phenotypes of apt/ mutants
of C. neoformans with regard to actin polarization, endocytosis,
and sensitivity to trafficking inhibitors.

To examine actin polarization, we stained cells of the WT
and apt] mutant strains with phalloidin and compared cellular
morphology and the distribution of F-actin. We did not ob-
serve notable morphological differences between the strains,
but we did find reduced accumulation of actin patches in the
buds of apt] mutant cells compared to WT cells (Fig. 6).
Specifically, ~60% of the mutant buds did not contain an
accumulation of actin patches, compared with ~7% of the WT
buds. Staining DNA with DAPI revealed that the cells of the
WT strain and the apt/ mutants contained a single nucleus
(Fig. 6).

To examine endocytosis, we tested the uptake of the li-
pophilic styryl dye FM4-64, a fluorescent endocytic marker
(56), in both WT and apt!/ mutant strains at different times
after exposure to the dye. The aptl mutants exhibited less-
apparent uptake and a more diffuse staining of punctate struc-
tures in the cytoplasm upon a short (2-min) exposure to the
dye (Fig. 7). That is, the punctate pattern of staining in the
wild-type cells (presumably endosomal vesicles) was not as
readily apparent in the mutant (Fig. 7). Upon longer exposure
to the dye (30 min), the apt mutant cells displayed a more
obvious staining of internal punctate structures while the WT
cells continued to exhibit pronounced staining of internal ves-
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FIG. 7. Deletion of APTI results in altered staining with FM4-64. Cells of the WT (H99) strain and the apt/-3 mutant were grown to mid-log
phase in YPD medium at 30°C. As indicated, the cells were stained with FM4-64 for 2 min or 30 min, washed with water, and viewed by
fluorescence microscopy (magnification, X100) after 5 and 30 min. Bar = 10 pM.

icles and the presumed vacuolar membrane (Fig. 7). In yeast,
the defect in exocytosis in a drs2 mutant occurred at a lower
temperature (15°C). In light of this observation, we compared
FM4-64 uptake by the strains at two temperatures: 15°C and
25°C. Interestingly, we did not observe the effect of tempera-
ture on FM4-64 uptake in both the WT and the apt/ mutants
(data not shown). Overall, these experiments suggested that
APTI in C. neoformans is required for endocytosis without the
temperature influence seen in S. cerevisiae.

We next examined the sensitivity of apt] mutants to drugs
that interfere with vesicle trafficking (28). These drugs in-
cluded brefeldin A, which arrests the anterograde transport of
proteins between the endoplasmic reticulum (ER) and the
Golgi apparatus, and monensin, a Na*/H" ionophore that
blocks intracellular transport in both trans-Golgi and Golgi
compartments. We previously found that these drugs reduced
capsule size in C. neoformans (28). As shown in Fig. 8A, de-
letion of APTI caused an increased sensitivity to these two
drugs, thus indicating a role for Aptl in ER-Golgi trafficking
and in both trans-Golgi and post-Golgi complexes. Reintro-
duction of APTI in the reconstituted strain restored growth,
thus confirming that the phenotype was due to deletion of
APTI. We also confirmed that the two independent apt! mu-
tants from strain CBS7779 (27) showed the increased sensitiv-
ity to the drugs (Fig. 8B).

Finally, we measured the acid phosphatase activity of the
WT and apt! mutant strains to examine the influence of the
APT]I deletion on exocytosis. We postulated that, like Drs2 in
S. cerevisiae (16), Aptl may play a role in the trans-Golgi
network to produce exocytic vesicles for the delivery of en-
zymes to the cell surface. Acid phosphatase activity has previ-
ously been shown to be dependent on exocytosis in C. neofor-
mans (60). As predicted, loss of APTI resulted in reduced acid
phosphatase activity at the cell surface (Fig. 8C), thus support-
ing the hypothesis of Aptl involvement in exocytosis. In further
support, we found that addition of vesicle trafficking inhibitors
(brefeldin A and monensin) in the growth medium also re-
duced acid phosphatase activity to the level seen in the apt!
mutant. The inhibitors provided a means to identify the pro-
portion of activity that was dependent on vesicle trafficking
relative to the overall background level of activity (Fig. 8C).

Deletion of APT1 caused increased sensitivity to cinnamy-
cin, fluconazole, and amphotericin B. The transbilayer distri-
bution of lipids across biological membranes is asymmetric,
and both phosphatidylethanolamine (PE) and phosphatidyl-
serine (PS) are located preferentially on the cytoplasmic leaflet
(36). Disruption of endocytosis in S. cerevisiae causes a loss of
plasma membrane asymmetry and exposure of PS and PE on
the outer leaflet (6). To probe changes in phospholipid asym-
metry, we examined the sensitivity of WT and apt/ mutant
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aptl + APT1-1
aptl + APT1-25

YNB Brefeldin A Monensin
C 1
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FIG. 8. The apt] mutants are sensitive to secretion inhibitors and
have reduced acid phosphatase activity. (A) Serial 10-fold dilutions of
the WT (H99), two independent apt! mutants, and two reconstituted
strains were spotted on YNB or YNB supplemented with the drugs
brefeldin A (25 or 40 pg/ml) or monensin (0.5 pg/ml). The
aptl +APTI-1 and apt] +APTI-25 strains contain the WT gene in the
apt1-3 mutant background. (B) Serial 10-fold dilutions of the WT
(CBS7779) and two independent apt! mutants were spotted on YNB
or YNB supplemented with the inhibitors. Plates were incubated at
30°C for 3 days. (C) Acid phosphatase activity was measured for 2 X
107 intact cells of each strain after growth to mid-log phase in YPD
medium. As indicated, the concentrations of monensin and brefeldin A
used in the acid phosphatase assays were 0.5 mg/ml and 20 wg/ml,
respectively. The inhibitors were added during the growth of the cells.
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strains to cinnamycin (previously named Ro09-0198), a cyclic
antifungal peptide that targets PE exposed on the outer leaflet
of the plasma membrane. The toxicity of this peptide is thought
be mediated by its influence on transbilayer lipid movement.
Similar to the yeast drs2 mutant (6, 46, 52), apt] mutants
(apt1-3 and aptl-40 strains) displayed increased sensitivity to
cinnamycin, suggesting that deletion of APT7 resulted in a loss
of membrane asymmetry and exposure of PE on the outer
leaflet. A reconstituted strain with the APTI gene partially
restored the growth defects of the mutants on the peptide,
indicating that the phenotype was due to deletion of APTI
(Fig. 9A).

Drs2 in yeast also plays a role in vesicle budding from the
trans-Golgi network (35). Furthermore, although transport
vesicles are moving between various compartments, sterols are
heterogeneously distributed across the secretory and endocytic
pathways; for example, cholesterol in mammalian cells is rel-
atively low in the ER and higher in the trans-Golgi network
(48). We hypothesized that loss of Aptl might perturb these
processes in C. neoformans, leading to changes in sterol func-
tions or distribution. As an indirect measure of these changes,
we examined the sensitivity of WT and apt] mutant strains to
fluconazole, a drug that targets the Ergl1 enzyme in ergosterol
biosynthesis, and to amphotericin B, a drug that binds irrevers-
ibly to ergosterol, resulting in disruption of membrane integ-
rity. Both of these drugs are currently used to treat cryptococ-
cosis. The apt] mutants displayed a pronounced growth defect
on the plates supplemented with fluconazole, and reintroduc-
tion of APTI to the mutant strain restored growth (Fig. 9B).
Moreover, the apt] mutants from the CBS7779 background
also exhibited increased sensitivity to fluconazole, further in-
dicating a role for Aptl (Fig. 9C). The apt! mutant exhibited
increased sensitivity to amphotericin B, and reintroduction of
APTI to the mutant restored WT growth (Fig. 9D). Taken
together, the phenotypes of the apt/ mutant on cinnamycin,
fluconazole, and amphotericin B are consistent with a role for
Aptl in lipid trafficking and membrane composition.

DISCUSSION

Apt1 plays a role in virulence that is distinct from capsule-
and melanin-related transport. Aminophospholipid translo-
cases play important roles in maintaining phospholipid asym-
metry in membranes and in vesicle-mediated transport. In this
study, we characterized the gene APTI, which encodes a pu-
tative APT in C. neoformans, to further investigate trafficking
pathways for virulence factor elaboration. We found that APT1
is required for membrane trafficking during endocytosis, for
exocytic export of acid phosphatase, for the response to oxi-
dative and nitrosative stresses, and for full virulence. Interest-
ingly, APTI was not required for melanin deposition in the
cell wall, for the production of cell-associated capsule, or for
growth at the host temperature. In addition, the apt/ mutant
still produced extracellular vesicles (data not shown), and these
vesicles are known to be associated with capsule transport (42,
49, 50, 60). It is possible that a more detailed examination of
phospholipid composition and content in the vesicles may re-
veal an influence of Aptl. Overall, these results suggest that
Aptl acts in a distinct trafficking pathway, one that may con-
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FIG. 9. Deletion of APTI causes increased sensitivity to the anti-
fungal peptide cinnamycin (R0o09-0198) and the antifungal drugs flu-
conazole and amphotericin B. (A) The sensitivities of WT (H99), apt1
mutant, and reconstituted strains to the PE-binding peptide cinnamy-
cin are shown at a range of indicated concentrations. After 72 h of
incubation at 30°C, ODg,s were measured and the values of cultures
incubated without the peptide were normalized to 100% growth.
(B) Serial 10-fold dilutions of the WT (H99), two independent apt!
mutant strains, and two reconstituted strains were spotted on YNB or
YNB supplemented with fluconazole. (C) Serial 10-fold dilutions of
the WT (CBS7779) and the apt] mutant strains were spotted on YNB
or YNB supplemented with fluconazole. (D) Serial 10-fold dilutions of
the WT (H99), two independent apt]/ mutant strains, and two recon-
stituted strains were spotted on YNB or YNB supplemented with
amphotericin B. The apt! +APTI-1 and apt] +APTI-25 strains contain
the WT gene in the apt/-3 mutant background. For all assays, the
plates were incubated at 30°C for 3 days.

Amphotericin B

tribute to the function of stress response factors needed to
protect C. neoformans from host defense mechanisms.

Aptl from C. neoformans is functionally related to the Drs2
family of APTs in S. cerevisiae based on sequence analysis and
complementation of an S. cerevisiae drs2 mutation. We found
that Aptl shares similar levels of sequence identity with Drs2
and other APTs in yeast (Dnfl, Dnf2, and Dnf3), but Aptl was
unable to complement the growth defects of a dnfIA dnf2A
dnf3A triple mutant. This suggests that Aptl only partially
fulfils the functions of the Drs2 family of APTs, although it is
possible that poor heterologous expression interfered with full



VoL. 9, 2010

complementation. Moreover, the drs2 mutant in S. cerevisiae
exhibited temperature-dependent growth defects and increased
sensitivity to calcofluor white. However, deletion of APT1 in C.
neoformans caused neither temperature-dependent growth de-
fects nor increased sensitivity to calcofluor white, although
APTI successfully restored those phenotypes in the yeast drs2
mutant. It is possible that redundancy with other APT genes
(APT2-APT4) contributed to the absence of temperature or cal-
cofluor sensitivity phenotypes in C. neoformans. Partial comple-
mentation has also been observed for another fungal APT
gene (18). Specifically, the MgAPT2 gene from the rice blast
fungus M. grisea restored the temperature-sensitive growth
phenotype of the S. cerevisiae dnflA dnf2A dnf3A triple mutant
but not that of a drs2A mutant (18).

Role for Aptl in transport and membrane function. APT]
complementation of the yeast drs2 mutation is interesting
given the role of Drs2 in protein transport. Drs2 was originally
thought to encode a plasma membrane ATPase, but the pro-
tein was subsequently found to reside in the trans-Golgi net-
work and to participate in multiple vesicle transport pathways
(5). Moreover, loss of Drs2 is synthetically lethal with muta-
tions in the genes for clathrin heavy chain (Chcl) and the ADP
ribosylation factor (Arfl) (5). Arfl is a small GTPase involved
in formation of COPI-coated and clathrin-coated vesicles in S.
cerevisiae. Several lines of evidence support a role for Aptl in
similar functions in C. neoformans. First, the increased sensi-
tivity of apt] mutants to brefeldin A and monensin indicated
that Aptl is involved in the secretion pathway. More specifi-
cally, Aptl may have a role in late Golgi function and/or
ER-Golgi trafficking, since these drugs target such machinery.
Of course, it is also possible that Aptl functions in another
pathway that is sensitive to the drugs. Second, the apt] mutant
was defective in cell-associated acid phosphatase activity, sug-
gesting a defect in exocytosis. In S. cerevisiae, at least two types
of vesicles (light and dense) are involved in protein trafficking
from the ER to the Golgi apparatus and subsequently to the
cell surface; some of the vesicles that bud from the Golgi
apparatus require Drs2 (5, 16, 29). Deletion of APTI also
caused defects in the normal distribution of actin patches in
the developing buds of cells, although growth arrest was not
observed. Actin patches and filaments and associated proteins
participate in the establishment of regions of polarized growth
and are also required during endocytosis for membrane inter-
nalization (17, 59).

The increased sensitivity of apt/ mutant strains to cinnamy-
cin (R009-0198), a tetracyclic peptide that specifically binds to
phosphatidylethanolamine (PE) (13, 31, 52), suggested that
loss of Aptl affects the distribution of PE across the plasma
membrane. This is consistent with Aptl playing a role in main-
taining the lipid asymmetry in C. neoformans. Similar defects
are found in drs2 and dnfl dnf2 mutants in yeast (46, 52). In S.
cerevisiae, deletion of DRS2 caused increased amount of sur-
face-exposed PE, which likely reflects an altered aminophos-
pholipid distribution across the bilayer of the plasma mem-
brane (45, 46). A breakdown of lipid asymmetry in the plasma
membrane could result from the incoming flow of secretory
vesicles with aberrant lipid orientation from the Golgi appa-
ratus in the drs2 mutant (46). Furthermore, a defect in lipid
asymmetry in the plasma membrane may conceivably affect the
membrane features, for example, the binding properties and
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sensitivities to drugs. In this regard, the apt/ mutants displayed
increased sensitivity to fluconazole and amphotericin B, two
drugs that act on ergosterol biosynthesis and function in the
plasma membrane, respectively. Defects in iron uptake func-
tions also increase fluconazole sensitivity in C. neoformans (33,
34). In this case, we found that heme and siderophores restore
the wild-type level of fluconazole sensitivity by providing iron
for enzymes in the ergosterol biosynthetic pathway (33). In the
current study, heme did not influence the fluconazole sensitiv-
ity of the aptl mutant (see Fig. S4 in the supplemental mate-
rial), suggesting that Aptl has a distinct role, perhaps by in-
fluencing membrane permeability to the drug or membrane
function.

Virulence defect in aptl mutants. In pathogenic fungi such
as C. neoformans, tolerance to nitrosative and oxidative stress
is critical to survival in the presence of phagocytic cells. Mu-
tants defective in the response to the oxidative and nitrosative
stresses show attenuated virulence. Examples include mutants
lacking superoxide dismutase Sod1 or Sod2 (7, 19), alternative
oxidase Aoxl (1), flavohemoglobin denitrosylase Fhbl (12),
thiol peroxidase Tsal (39), thioredoxin Trx1 (37), or the nu-
trient/stress response protein kinase Snfl (24). Moreover, tran-
scriptome analysis revealed a connection between oxidative
stress and the mechanisms of action of fluconazole (51). The
increased stress sensitivity of the apt/ mutant suggests an ex-
planation for the attenuated macrophage survival and viru-
lence of the mutant. In terms of the other stresses, such as
thermotolerance, the apt/ mutant grew at the level of the wild
type at all temperatures that we examined (Fig. 2 and data not
shown). As mentioned above, APT mutants in S. cerevisiae are
cold sensitive, and a connection between APTs and low tem-
perature acclimation has been described for plants (20).

Roles for APTs in other pathogenic fungi. Interestingly,
MgAPT?2 and MgPDE]I, two putative APTs, are implicated in
virulence in the plant pathogen M. grisea. The Drs2 homologue
MgApt2 is needed for exocytosis to secrete a set of extracel-
lular enzymes that enable the fungus to grow on a range of
substrates when provided as sole carbon sources (18). Further-
more, MgApt2 is also required for secretion of fungal proteins
perceived by the host rice plant during a resistance response. A
gene-for-gene interaction is present between rice and M. grisea,
in which single major resistance genes are required for the
recognition of pathogen-derived molecules encoded by fungal
avirulence genes (18). The MgApt2 gene therefore influences
the rapid induction of host defense responses in an incompat-
ible reaction (18). Disruption of MgPDEI resulted in impaired
penetration by hyphae and the proliferation of the fungus
beyond colonization of the first epidermal cells of the host (2).
It is likely that similar functions for exocytosis and endocytosis
contribute to virulence in other plant pathogens, such as Usti-
lago maydis (58) and Uromyces fabae (23).

In conclusion, we have shown that Aptl, a predicted APT in
C. neoformans, is critical for survival during interactions with
macrophages and for virulence, although it is not required for
the production of the major virulence factors. It is likely that
Aptl functions in the maintenance of phospholipid asymmetry
and in endocytosis and exocytosis; the latter functions may
contribute to the export of factors to protect the fungus from
oxidative and nitrosative challenges in mammalian hosts.
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