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ABSTRACT Cryptococcus neoformans strains isolated from patients with AIDS secrete acid phosphatase, but the identity and role
of the enzyme(s) responsible have not been elucidated. By combining a one-dimensional electrophoresis step with mass spec-
trometry, a canonically secreted acid phosphatase, CNAG_02944 (Aph1), was identified in the secretome of the highly virulent
serotype A strain H99. We created an APH1 deletion mutant (�aph1) and showed that �aph1-infected Galleria mellonella and
mice survived longer than those infected with the wild type (WT), demonstrating that Aph1 contributes to cryptococcal viru-
lence. Phosphate starvation induced APH1 expression and secretion of catalytically active acid phosphatase in the WT, but not in
the �aph1 mutant, indicating that Aph1 is the major extracellular acid phosphatase in C. neoformans and that it is phosphate
repressible. DsRed-tagged Aph1 was transported to the fungal cell periphery and vacuoles via endosome-like structures and was
enriched in bud necks. A similar pattern of Aph1 localization was observed in cryptococci cocultured with THP-1 monocytes,
suggesting that Aph1 is produced during host infection. In contrast to Aph1, but consistent with our previous biochemical data,
green fluorescent protein (GFP)-tagged phospholipase B1 (Plb1) was predominantly localized at the cell periphery, with no evi-
dence of endosome-mediated export. Despite use of different intracellular transport routes by Plb1 and Aph1, secretion of both
proteins was compromised in a �sec14-1 mutant. Secretions from the WT, but not from �aph1, hydrolyzed a range of physiolog-
ical substrates, including phosphotyrosine, glucose-1-phosphate, �-glycerol phosphate, AMP, and mannose-6-phosphate, sug-
gesting that the role of Aph1 is to recycle phosphate from macromolecules in cryptococcal vacuoles and to scavenge phosphate
from the extracellular environment.

IMPORTANCE Infections with the AIDS-related fungal pathogen Cryptococcus neoformans cause more than 600,000 deaths per
year worldwide. Strains of Cryptococcus neoformans isolated from patients with AIDS secrete acid phosphatase; however, the
identity and role of the enzyme(s) are unknown. We have analyzed the secretome of the highly virulent serotype A strain H99
and identified Aph1, a canonically secreted acid phosphatase. By creating an APH1 deletion mutant and an Aph1-DsRed-
expressing strain, we demonstrate that Aph1 is the major extracellular and vacuolar acid phosphatase in C. neoformans and that
it is phosphate repressible. Furthermore, we show that Aph1 is produced in cryptococci during coculture with THP-1 monocytes
and contributes to fungal virulence in Galleria mellonella and mouse models of cryptococcosis. Our findings suggest that Aph1
is secreted to the environment to scavenge phosphate from a wide range of physiological substrates and is targeted to vacuoles to
recycle phosphate from the expendable macromolecules.
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Cryptococcus neoformans is an opportunistic fungal pathogen
that predominantly infects immunocompromised hosts, is re-

sponsible for more than 600,000 deaths per year, and is the most
common cause of fungal meningitis worldwide. Infection is estab-
lished in the lung following inhalation of infectious propagules
and spreads to the central nervous system (CNS) via the blood-
stream, causing life-threatening meningoencephalitis.

Proteins secreted by C. neoformans are key mediators of host-
pathogen interactions during the various stages of infection and

represent potential diagnostic markers and/or therapeutic targets.
Phospholipase B1 (Plb1) and laccase are two well-characterized
virulence factors that are canonically secreted by C. neoformans
but also reside at the membrane and/or cell wall following their
transport through the secretory pathway (1–6). Extracellular acid
phosphatase (APase) is produced by a large majority of C. neofor-
mans strains (predominantly serotype A) isolated from patients
with AIDS (7), by other fungal pathogens, including Candida spe-
cies (8, 9), Sporothrix schenckii (10), and Aspergillus fumigatus
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(11), by pathogenic bacteria (12), and by protozoa (13, 14). Acid
phosphatases have also been reported to facilitate adhesion of
C. neoformans to host cells (15). However, the enzyme(s) respon-
sible for this activity in C. neoformans has not been identified.

Secreted acid phosphatases hydrolyze phosphomonoester me-
tabolites, releasing inorganic phosphate (Pi). The subsequent up-
take of Pi by fungal cells is then used to maintain intracellular
phosphate homeostasis (11, 16–18). Intracellular Pi is essential for
the synthesis of macromolecules, including ATP, phospholipids,
and proteins, and is involved in numerous signaling and meta-
bolic processes (for a review, see reference 19). In Saccharomyces
cerevisiae, Pi homeostasis is regulated by the Pi signal transduction
(PHO) pathway, which is comprised of multiple Pi-responsive
enzymes, including extracellular acid phosphatase Pho5, Pi trans-
porters, and alkaline phosphatases. Pho5 has been used exten-
sively as a reporter to study the mechanism of Pi sensing in
S. cerevisiae (20, 21). The genome of C. neoformans contains ho-
mologues of the S. cerevisiae PHO pathway components, includ-
ing a putative secreted Pho5 homologue, CNAG_02944. How-
ever, the regulation and function of this enzyme are still unknown.

In all eukaryotes, secretion occurs via canonical and nonca-
nonical pathways, although in fungi, distal convergence of these
pathways may occur (22). Noncanonical secretion routes bypass
the Golgi apparatus, with some relying on multivesicular bodies
for externalization of cargo packaged into exosome-like vesicles
(23). In the secretomes of several pathogenic fungi, including
Candida albicans and Paracoccidioides species, noncanonically se-
creted proteins represent a significant proportion of the total se-
creted protein pool (24, 25).

Canonically secreted proteins contain a signal peptide (SP),
which targets them to the endoplasmic reticulum (ER) for folding
and glycosylation and acquisition of a glycosylphosphatidylinosi-
tol (GPI) anchor (as in the case of Plb1 [2, 3]). From the ER, these
proteins are transported to the trans-Golgi-network (TGN),
where their sugar chains are modified. From the TGN, protein
cargo is packaged within secretory vesicles. These secretory vesi-
cles are then transported directly to the plasma membrane or in-
directly via endosomes to the plasma membrane or vacuoles (e.g.,
hydrolytic enzymes).

In Saccharomyces cerevisiae, the formation of secretory vesicles
in the TGN involves coordination of the activity of proteins in-
volved in vesicle formation with lipid metabolism by an essential
phosphatidylinositol (PI) transfer protein, Sec14 (for review, see
reference 26). Sec14 has been reported to regulate the vesicular
traffic of enzymes with acid phosphatase activity from the Golgi
apparatus to the plasma membrane via endosomes and of car-
boxypeptidase Y from the Golgi apparatus to the vacuole (27). We
recently identified a functional homologue of Sec14 in C. neofor-
mans, designated CnSec14-1 (28). Deletion of CnSEC14-1 led to
attenuated virulence in mice and reduced secretion of canonically
secreted Plb1 (28).

To date there have been only three published reports, all using
acapsular C. neoformans serotype D mutant strains, for which pro-
teomic analysis was utilized to identify the composition of the
C. neoformans secretome: Eigenheer et al. (29) and Biondo et al.
(30) identified 29 and 12 extracellular proteins, respectively, while
Rodrigues et al. (23) identified 76 proteins that were specifically
associated with exosome-like vesicles. We performed a proteomic
analysis on secretions obtained from the more-virulent encapsu-
lated serotype A strain of C. neoformans, H99, and identified

CNAG_02944 (designated Aph1) as the acid phosphatase respon-
sible for the extracellular acid phosphatase activity previously ob-
served by others (7, 15). Via the creation of an APH1 deletion
mutant (�aph1) and a wild-type (WT) strain expressing DsRed-
tagged Aph1, we characterized the mode of Aph1 induction and
secretion, the substrate specificity of the enzyme, and its contri-
bution to cellular function and virulence by using well-accepted
models of cryptococcosis.

RESULTS
Acid phosphatase Aph1 is a component of the secretome of
strain H99. We identified 105 proteins in the H99 secretome by
using mass spectrometry (see Table S1 in the supplemental mate-
rial). This is a higher number than reported previously (29, 30);
using a shotgun approach, our group similarly identified only 26
proteins, none of which was an acid phosphatase. We attribute the
greatly improved protein discrimination in the present study to
removal of interfering free capsular polysaccharides from protein
preparations by the inclusion of an SDS-PAGE purification step.
Twenty-seven proteins (26%) identified in the H99 secretome
were predicted to follow the canonical route of export from the
cell (see Table S1), including three associated with virulence,
which have never been directly identified in cryptococcal secre-
tomes via mass spectrometry: Plb1, laccase, and �-1,3-glucan syn-
thase. Some proteins, including �-amylase, chitin deacetylase,
glyoxal oxidase, 1,3-�-glucanosyltransferase, carboxylesterase,
and aspartic protease, were previously identified as extracellular
proteins of a serotype D acapsular mutant (29). All proteins were
categorized according to function and mode of secretion (see
Fig. S1 in the supplemental material). A canonically secreted acid
phosphatase encoded by CNAG_02944 was also identified for the
first time in a serotype A secretome, and this protein was named
Aph1.

Characterization of extracellular Aph1. The genome of
C. neoformans var. grubii encodes four predicted acid phospha-
tases (CNAG_02944 [APH1], CNAG_02681, CNAG_06967, and
CNAG_06115). Only one of these enzymes, Aph1, is predicted to
be secreted and was identified in our proteomic analysis (see Ta-
ble S1 in the supplemental material). Sequence analysis and in
silico structural modeling suggested that Aph1 belongs to branch 2
of the histidine acid phosphatases and is most similar to fungal
phytases (phytic acid-degrading enzymes) (31). CNAG_02681
and CNAG_06967 also belong to the same branch, despite the
absence of a leader peptide. Aph1 and its closest homologue,
CNAG_06967, share 33% identity at the amino acid level. To in-
vestigate the contribution of Aph1 to the total pool of extracellular
acid phosphatase activity in the WT and to cryptococcal pathoge-
nicity, an APH1 gene deletion mutant (�aph1) was created.

Role of extracellular Aph1 in fungal virulence. In vitro,
growth of �aph1 was similar to that of WT at 30°C and 37°C and
in the presence of cell wall-perturbing agents. In addition, similar
levels of melanization and capsule were produced (data not
shown). Despite the WT-like phenotype in vitro, APH1 deletion
affected survival when tested in a Galleria mellonella infection
model. G. mellonella larvae were inoculated with WT and two
independent �aph1 mutants (�aph1-1 and �aph1-2) by using an
infection dose of 106 fungal cells per larva. Larvae infected with
�aph1-1 or �aph1-2 mutant strains survived longer (median sur-
vival of 6 and 5 days, respectively) than WT-infected larvae (me-
dian survival of 3 days) (Fig. 1A). Although survival curves of both
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�aph1 strains in G. mellonella were similar, only the difference in
survival of �aph1-1 (n � 20) and WT-infected larvae (n � 10) was
statistically significant (P � 0.028). The P value for the �aph1-2 (n
� 10) and WT (n � 10) comparison was 0.062.

To further test the contribution of Aph1 to virulence, mice
were inoculated intranasally with �aph1-1 (n � 20) or WT (n �
10) and monitored for 20 days. We observed an increase in me-
dian survival time for the �aph1-1-infected mice (17 days) com-
pared to the WT (14 days). The resulting P value of the log rank
test failed to reach statistical significance (P � 0.16). We therefore
combined the larval and mouse studies (strains �aph1-1 and WT)
and performed a log rank test stratified by species. This combined
analysis demonstrated statistical significance for the difference in
virulence between WT and �aph1 when both models of crypto-
coccosis were taken into account (P � 0.012) (Fig. 1B). Taken
together, these findings suggest that Aph1 contributes to crypto-
coccal virulence.

Aph1 production is regulated by phosphate availability. Next
we compared the extent of extracellular acid phosphatase activity
in WT and �aph1. Initially, we established the conditions required
for Aph1 production in the WT, based on information obtained
from studies of the major secreted acid phosphatase in S. cerevi-
siae, Pho5. PHO5 gene expression is induced under conditions of
limited phosphate availability. Pho5 is exported to the periplasmic
space and/or cell wall and excreted into the medium (20, 21). To
determine whether cryptococcal Aph1 production is also regu-
lated by phosphate availability, we compared APH1 gene expres-
sion (Fig. 2A) and extracellular acid phosphatase activity (Fig. 2B)
in WT cells grown in the presence and absence of phosphate.
Consistent with the phosphate-repressible expression of PHO5,
APH1 expression in WT was upregulated 100-fold in the absence
of phosphate (Fig. 2A). Under the same growth conditions, the
extracellular acid phosphatase activity of intact WT and �aph1
cells was measured using the chromogenic acid phosphatase sub-

strate, p-nitrophenyl phosphate (pNPP). The graph in Fig. 2B
shows that only WT, induced for 3 h in phosphate-deficient me-
dium, hydrolyzed pNPP at a significant rate over the 80-min time
course; �aph1 exhibited negligible extracellular acid phosphatase
activity over this time period in either the presence or absence of
phosphate. These results confirm that the majority of extracellular
acid phosphatase activity in the WT results from canonically se-
creted Aph1 and that production of Aph1 is regulated by phos-
phate availability.

Identification of physiological substrates of Aph1. To iden-
tify potential physiological substrates of Aph1, we compared the
abilities of WT and �aph1 culture supernatants to hydrolyze sev-
eral candidate macromolecules following growth of WT and
�aph1 cells under phosphate-deficient conditions. The phosphate

FIG 1 Aph1 contributes to cryptococcal virulence in G. mellonella and mouse infection models. (A) G. mellonella larvae were inoculated with 106 cells of WT
and �aph1-1 and �aph1-2 mutant strains. Uninjected larvae and those injected with water served as controls. The larvae were incubated at 30°C for 10 days, and
their health was monitored and deaths were recorded. The difference in survival of �aph1-1-infected larvae (n � 20) and WT-infected larvae (n � 10) was
statistically significant (P � 0.028). The P value for �aph1-2-infected larvae (n � 10) versus WT-infected larvae was 0.062. (B) Mice were inoculated intranasally
with C. neoformans WT (n � 10) or �aph1-1 (n � 20) (5 � 105 yeast cells in 20 �l PBS) and observed daily for signs of ill health. Mice which had lost 20% of their
preinfection weight, or which showed debilitating clinical signs, were deemed to have succumbed to the infection and were euthanized. A log rank test stratified
by species was then performed using WT and �aph1-1 data from the larval and mouse study, and this combined analysis demonstrated statistically significant
differences between WT and �aph1-1 (P � 0.012).

FIG 2 Extracellular acid phosphatase Aph1 is induced under phosphate-
deficient conditions and is regulated at the transcriptional level. (A) Expres-
sion of APH1 was quantified under inducing (Ind.; MM-KCl) and repressing
(Suppr.; MM-KH2PO4) conditions by qPCR using ACT1 expression for nor-
malization. (B) WT and �aph1 were incubated for 3 h under suppressing or
inducing conditions. Extracellular acid phosphatase activity of WT and �aph1
cells was assessed by measuring the hydrolysis of pNPP to pNP at 420 nm,
every 5 min, for 80 min. Bars indicate ranges (n � 2).
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released from each substrate as a result of Aph1-mediated hydro-
lysis was quantified spectrophotometrically using a malachite
green assay. Culture supernatant of the WT, but not of �aph1,
hydrolyzed a wide range of macromolecules, including phospho-
tyrosine, glucose-1-phosphate, �-glycerol phosphate, and AMP
(Fig. 3A and B). ATP was also hydrolyzed by WT culture super-
natants, but to a lesser extent than AMP (data not shown). No
difference was detected between WT and �aph1 supernatants
when phosphothreonine or phosphoserine was used as the sub-
strate (Fig. 3A). Mannose-6-phosphate, which serves as a marker
for targeting mammalian proteins to lysosomes, was also hydro-
lyzed by Aph1 (Fig. 3A).

Visualizing intracellular Aph1. To visualize the subcellular
location of Aph1 in C. neoformans, Aph1 was tagged with a red
fluorescent protein (DsRed) by replacing the endogenous APH1
gene with an APH1-dsRED gene fusion construct, using homolo-
gous recombination (see Fig. S2A and B in the supplemental ma-
terial). To ascertain that enzymatic activity of Aph1 was not com-
promised by the addition of DsRed, the extracellular APase
activities of Aph1- and Aph1-DsRed-expressing strains were com-
pared in phosphate-free medium (see Fig. S2C). As expected, ex-
tracellular APase activity was markedly increased in both strains

under inducing conditions. However, the activity of Aph1-
DsRed-expressing cells was consistently ~2-fold less than that of
WT. This was most likely due to delayed maturation and/or export
of the Aph1-DsRed fusion protein.

In cells incubated under inducing conditions (MM-LG) for 3
to 6 h, Aph1-DsRed was visible at the cell periphery and in spher-
ical cytoplasmic structures (Fig. 4A). Some of these Aph1-
containing cytoplasmic structures, particularly the larger ones,
were identified as vacuoles, since they were costained by carboxy-
dichlorofluorescein diacetate (carboxy-DCFDA) (Fig. 4A, arrow).
The smaller, non-carboxy-DCFDA-stained structures containing
Aph1 were tentatively identified as endosomes (Fig. 4A, arrow-
head). Aph1-DsRed was also enriched in emerging bud apices and
bud necks (Fig. 4A, asterisk; see also Movie S1 in the supplemental
material).

Since formation of DsRed tetramers can potentially alter the
localization of the tagged protein (32), APH1 was also fused with
GFP and visualized by fluorescence microscopy. Figure 4B dem-
onstrates that Aph1-GFP had a similar distribution to Aph1-
DsRed, confirming that the DsRed tag does not alter Aph1 target-
ing. Notably, the lipophilic dye FM 4-64, used to visualize the
endocytic route from the plasma membrane to vacuoles via endo-

FIG 3 Aph1 catalyzes hydrolysis of �-glycerol phosphate, glucose-1-phosphate, mannose-6-phosphate, phosphotyrosine, and AMP. Phosphate released as a
result of hydrolysis of the indicated substrates by WT or �aph1 culture medium was monitored spectrophotometrically using a malachite green phosphate assay
kit. (A) The reaction mixtures were incubated for 40 min, and the released phosphate was quantified. (B) The reaction mixtures were incubated for 60 min, and
the phosphate was quantified for every 10-min time point, as indicated.
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somes, occasionally colocalized with small endosome-like struc-
tures containing Aph1-GFP, supporting our identification of
these organelles as endosomes. Localization of Aph1-GFP in vac-
uoles was confirmed by the observation that FM 4-64 was often
observed in the vacuolar membranes surrounding the Aph1-GFP-
containing lumen (Fig. 4B, arrows). We used Western blot analy-
sis to further confirm that the localization of Aph1-GFP in vacu-
oles was due to the specific targeting of Aph1-GFP to this
organelle, rather than nonspecific targeting of the cleaved GFP
moiety from a potentially unstable fusion protein. After 4 h of
induction in phosphate-free medium (MM-LG), cell-associated
Aph1-GFP was detected in Aph1-GFP-expressing cells as a single
band with a mass of 115 kDa, using anti-GFP antibody (Fig. 4C).
As expected, the band was absent in WT. The mass of Aph1-GFP
(115 kDa) is larger than the expected 85-kDa size of the fusion
protein, as the mass of Aph1 (after SP cleavage) and GFP are 58
and 27 kDa, respectively. Glycosylation most likely accounts for
the increase in the observed mass. Similarly, the size of fully gly-
cosylated Pho5 in S. cerevisiae is more than 100 kDa, while ungly-
cosylated protein without SP is predicted to be 51 kDa. The nas-
cent Pho5 protein is core glycosylated at approximately 12 sites,
and proper glycosylation is important for folding and secretion of
the enzyme (33).

Aph1 is transported to the periphery and vacuoles via
endosome-like structures. Aph1 is predicted to be transported to
the cell periphery from the Golgi apparatus: it contains an SP, and
its size indicates that it is glycosylated like its Pho5 homologue in
S. cerevisiae. Aph1 could be transported from the Golgi apparatus
via three possible routes: (i) exclusively via endosome-like struc-
tures, with part of the endosomal pool directed to the vacuole and
the other part to the plasma membrane; (ii) partly via endosome-

like structures (for delivery to vacuoles) and partly via secretory
vesicles (transported directly to the plasma membrane; secretory
vesicles are smaller than endosomes and not discernible by fluo-
rescence microscopy); (iii) exclusively via secretory vesicles,
which are then recycled from the plasma membrane and delivered
to vacuoles via endosome-like structures. To rule out the third
possibility, Aph1-DsRed-expressing cells were treated with the
actin-depolymerizing agent latrunculin B (LatB) to inhibit endo-
cytosis. After 3 h of incubation with LatB, the cells displayed mark-
edly reduced endocytosis, as evidenced by diminished internaliza-
tion of the lipophilic dye FM 4-64 (Fig. 5). Despite the inhibition
of endocytosis, Aph1-DsRed still accumulated in endosome-like
structures and vacuoles, ruling out the possibility that Aph1 is
recycled to endosomes from the plasma membrane and suggest-
ing direct transport of Aph1 to endosome-like structures from the
Golgi apparatus (Fig. 5).

We then tracked movement of the Aph1-DsRed-containing
organelles by using time-lapse photography. As demonstrated in
the movie (see Movie S1 in the supplemental material), Aph1-
containing endosome-like structures were often observed to tran-
siently localize at the cell periphery and with vacuoles. This finding
suggests that Aph1 is delivered to the plasma membrane and to
vacuoles via endosomes and is consistent with the reports of
endosome-mediated transport of acid phosphatase to the cell pe-
riphery in S. cerevisiae (27, 34). The movie also demonstrates ac-
cumulation of Aph1 at the apical regions of emerging buds as well
as at the bud necks.

Aph1 and Plb1 secreted via canonical pathways are trans-
ported by different routes. Next, we compared the mode of in-
tracellular transport of Aph1-dsRed with that of Plb1-GFP. Con-
struction and validation of the PLB1-GFP-expressing

FIG 4 Fluorescent-tagged Aph1 is targeted to the cell periphery, vacuoles, and endosome-like structures. (A) Subcellular distribution of Aph1-DsRed in WT
cells following a 3-h incubation in phosphate-deficient medium (MM-LG). Aph1-DsRed-expressing cells were stained with carboxy-DCFDA and calcofluor
white to visualize vacuoles and cell walls, respectively. Aph1-DsRed in a vacuole and an endosome-like structure are indicated by the arrow and arrowhead,
respectively. Enrichment of Aph1-DsRed in the bud neck is marked by the asterisk. DIC, differential interference contrast image. (B) WT cells expressing
Aph1-GFP were grown in YNB overnight, washed, incubated in phosphate-deficient medium (MM-LG) for 6 h, and then stained with FM 4-64 for 15 min.
Arrows indicate large vacuoles with FM 4-64 incorporated into the membrane and green Aph1-GFP filling the lumen. (C) TRIzol-extracted proteins from
Aph1-GFP-expressing and WT cells grown under inducing conditions (MM-LG) were analyzed by Western blotting using anti-GFP antibody. Intact Aph1-GFP
(115 kDa) was detected in Aph1-GFP-expressing cells but not in WT (Aph1-expressing) cells.
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cryptococcal strain is described in Fig. S3A and B in the supple-
mental material. In contrast to Aph1, Plb1 is GPI anchored and
localizes in membrane and cell wall fractions prior to secretion/
excretion (3, 4, 28). Furthermore, GPI-anchored proteins have
never been reported to undergo endosome-dependent trafficking
to the cell periphery. In contrast to Aph1-DsRed, Plb1-GFP was
predominantly localized to the cell periphery and colocalized with
both the membrane (FM 4-64)- and cell wall (calcofluor white)-
stained areas, consistent with our previous findings. Similar to our
findings with Aph1-DsRed, bud necks were enriched in Plb1-GFP
(Fig. 6A). Direct comparison of the subcellular localization of
Aph1 and Plb1 under the conditions used in our secretome anal-
ysis (YNB broth) provided further confirmation of their different
intracellular locations (Fig. 6B). The localization of Plb1-GFP at
the cell periphery, rather than in intracellular structures, implies
that it is transported directly from the Golgi apparatus to the
plasma membrane.

Aph1 secretion is compromised in the �sec14-1 mutant. We
previously determined that secretion of cryptococcal Plb1 re-

quires the lipid transfer protein Sec14-1 (28). In S. cerevisiae,
Sec14 deficiency selectively affects endosome-mediated export of
acid phosphatase. To gain insight into the mechanism of Aph1
trafficking, we tested whether Sec14-1 affects secretion of
CnAph1. Comparison of the extracellular APase activity (excreted
and cell associated) produced by WT and the Sec14-1 deletion
mutant �sec14-1 (Fig. 7) demonstrated that, following the switch
to phosphate-free medium, secretion of Aph1 was consistently
lower in �sec14-1 than in the WT.

Aph1 is produced during interaction with activated human
monocytes and is active at physiological pH. Since acid phospha-
tases are implicated in the interactions of microbial pathogens
with the mammalian host, we tested whether Aph1 was expressed
during the interaction of C. neoformans with the human mono-
cytic cell line THP-1. After 7 h of coculture with gamma interferon
(IFN-�)-activated THP-1 cells, Aph1-DsRed was shown to be ex-
pressed in C. neoformans at different stages of phagocytosis, in-
cluding adhesion to the host cells, invagination of the mammalian
cell membrane, and complete enclosure of the pathogen. Subcel-

FIG 5 Aph1 is not recycled to endosomes from the plasma membrane. Aph1-DsRed-expressing cells were treated with the actin-depolymerizing agent and
inhibitor of endocytosis, LatB, during the 3-h incubation in MM-LG. Abrogated internalization of the lipophilic dye FM 4-64 by LatB-treated cells confirmed that
endocytosis was inhibited. Arrows indicate vacuoles and arrowheads indicate endosome-like structures in control (DMSO-treated) and LatB-treated cells. The
results confirm the anterograde movement of Aph1 via endosomes. DIC, differential interference contrast images.

FIG 6 Aph1 and Plb1 follow endosome-dependent and non-endosome-dependent trafficking routes to the periphery, respectively. (A) WT cells expressing
Plb1-GFP were stained with the lipophilic dye FM 4-64 (red) to visualize the plasma membrane and with calcofluor white (blue) to visualize cell walls. Plb1-GFP
(green) was present at the cell periphery and was also concentrated in bud necks (arrows). (B) Aph1-DsRed- and Plb1-GFP-expressing cells were grown under
the same conditions as those used for the proteomic analysis (YNB broth) to confirm the differences in trafficking routes of these enzymes.
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lular localization of Aph1-DsRed under these conditions (Fig. 8A)
was similar to its localization in cryptococci cultured in low-
phosphate medium (Fig. 4A). Although Aph1 was expressed in
cryptococcal cells during interaction with THP-1 cells, there was
no difference in adhesion/uptake of �aph1 and WT after 4 h of
coincubation (data not shown).

To test whether Aph1 is catalytically active over the acidic pH
range encountered by the pathogen in the mammalian host, we
quantified the hydrolysis of pNPP by cryptococcal cells between

pH 5.4 and 6.9 (Fig. 8B). The activity of Aph1 dropped as the pH
increased and was 60% lower at pH 6.9 compared to that at
pH 5.4. These findings suggest that secreted Aph1 is highly active
in macrophage phagolysosomes (pH 4 to 5) and that it is likely to
retain significant activity in inflamed lung tissue, where the pH is
approximately 6.9 (35, 36), and in cryptococcomas, where the
extracellular pH is 5.5 due to high acetic acid production (37).
Thus, by providing a source of inorganic phosphate, it could po-
tentially contribute to fungal growth in these microenvironments.

DISCUSSION

In this study, we performed a proteomic analysis of the secretome
of the C. neoformans serotype A strain H99 and identified canon-
ically secreted Aph1 as the enzyme responsible for extracellular
acid phosphatase activity. Aph1 was not detected in previous anal-
yses of cryptocococcal secretomes (29, 30). We suggest that our
ability to do so resulted from (i) the incorporation of an SDS-
PAGE purification step to remove contaminating soluble capsular
material, and (ii) the possibility that the other studies were done
using standard growth media, most of which contain phosphate,
which represses APH1 expression. To understand the role of Aph1
in cryptococcal cellular function, we characterized its enzymatic
activity, mode of regulation, and route of intracellular traffic by
using an APH1 deletion mutant and an Aph1-DsRed-expressing
strain.

Overview of the WT secretome. Many of the canonically se-
creted proteins identified in the WT secretome are predicted to
have roles in cell wall biosynthesis and remodeling, iron acquisi-
tion, and virulence (see �Fig. S1 in the supplemental material).
Cda1, Cda2, and Cda3 (CNAG_05799, CNAG_01230, and
CNAG_01239) are chitin deacetylases involved in the conversion
of chitin to chitosan, which is essential for cell wall integrity, bud
separation, and melanin retention (38). Ags1 is the major �-1,3-
glucan biosynthesis enzyme in C. neoformans and is essential for
cell wall integrity and retention of capsular material to the cell wall
(39). Kre61 is one of seven genes in the KRE family and is puta-
tively involved in the synthesis of �-1,6-glucan (40). The com-
bined deletion of KRE61 and another family member, SKN1, is
thought to be lethal in C. neoformans (41). Gas1 (CNAG_06501),
the homologue of Gas1 from S. cerevisiae, is a �-1,3-
glucanosyltransferase thought to elongate and rearrange the side
chains of the 1,3-�-glucan polymers (42). GAS1 deletion results in
enlarged cells, weakened cell walls, and a cell separation defect (43,
44). Three GPI-anchored H2O2-producing glyoxal oxidases
(CNAG_05731, CNAG_00407, and CNAG_02030) were also
identified in the H99 secretome. In the phytopathogenic basidi-
omycete Ustilago maydis, the membrane-bound glyoxal oxidase
Glo1 is required for filamentous growth and pathogenesis, and a
cell wall defect in �glo1 indicates a potential role for Glo1 in cell
wall maturation (45). The secreted mannoprotein Cig1
(CNAG_01653) mediates iron uptake via the binding and trans-
port of heme (46, 47). Finally, the two well-characterized viru-
lence determinants laccase 1 and Plb1 were also identified. Laccase
(CNAG_03465) is targeted to the cell wall via a unique C-terminal
sequence (5), while Plb1 associates with the cell membrane and
cell wall via a GPI anchor.

A large proportion of the WT secretome (74%) consists of
proteins that are not trafficked via the canonical ER/Golgi appa-
ratus route. In agreement with our findings, 87.5% and 35% of the
proteins identified in the secretomes of pathogenic Paracoccid-

FIG 7 Extracellular Aph1 activity is reduced in the sec14-1 mutant. Extracel-
lular acid phosphatase activity of WT and sec14-1 cells (excreted and cell wall
associated) was assayed following a shift to inducing medium (MM-LG). APH
activity was measured over 6 h at the indicated time points by monitoring
pNPP hydrolysis. Error bars indicate standard deviations of at least three mea-
surements.

FIG 8 Aph1 is produced by C. neoformans during coculture with THP-1
monocytes and is active over an acidic pH range. (A) C. neoformans cells
harboring the APH1-dsRED gene fusion were cocultured with the human
monocytic cell line, THP-1, for 7 h. Red fluorescence due to Aph1-dsRed is
visible at the fungal cell periphery and in endosome-like structures and vacu-
oles (C. neoformans cells are indicated by arrows). (B) Aph1 catalytic activity
was quantified spectrophotometrically over the range of pH indicated, by mea-
suring hydrolysis of pNPP.
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ioides species (25) and Candida albicans (24), respectively, were
secreted via noncanonical pathways. One mechanism of secretion
via noncanonical pathways involves multivesicular bodies
(MVBs), which contain vesicles enclosing cytoplasmic contents.
These vesicles are derived from an invaginated MVB membrane
and can be released into the extracellular milieu as exosomes fol-
lowing the fusion of MVBs with the plasma membrane. Rodrigues
et al. (23) observed extracellular exosome-like vesicles in the se-
cretions and cell walls of C. neoformans, and they identified 76
proteins, mainly of cytosolic origin, associated with them. Sixteen
out of 76 proteins identified in these exosomes were ribosomal
proteins. These, and other, cytosolic proteins are thought to be
present in exosomes due to the random sampling of cytosolic
content during invagination of the MVB to form exosomes (48).
Many proteins identified in our study, including ribosomal pro-
teins, were previously found in association with fungal exosomes
(see Table S1 in the supplemental material) (23, 49). This finding
suggests that the trichloroacetic acid (TCA) precipitation step
used in our method caused the precipitation of both soluble pro-
teins and exosomes. In support of this, TCA has been used to
precipitate extracellular vesicles in a number of other studies (50,
51).

Interestingly, Aph1 was also detected in association with exo-
somes, despite the presence of the signal peptide (23). It is possible
that APase activity detected in association with exosomes was due
to the binding of soluble enzyme to the external surface of exo-
somes, since pNPP substrate is not membrane permeable. The
Aph1 detected in the H99 secretome in our study most likely rep-
resents soluble enzyme, since the short Aph1 induction time re-
quired for quantification of APase activity would be insufficient
for substantial exosome production (Fig. 7; see also Fig. S2 in the
supplemental material).

Phosphate-repressible Aph1 is the major secreted acid phos-
phatase in C. neoformans. Extracellular acid phosphatase activity
has been detected in multiple fungal species, including C. neofor-
mans (8, 17, 52). Extracellular APases provide fungal cells with a
source of inorganic phosphate, as evidenced by phosphate-
dependent expression of these enzymes (11, 16–18). Coordinated
regulation of genes involved in inorganic phosphate uptake, in-
cluding permeases and acid and alkaline phosphatases, was exten-
sively studied in the nonpathogenic yeast S. cerevisiae (for review,
see reference 20). By creating the �aph1 mutant, we confirmed
that Aph1 is the main acid phosphatase secreted by C. neoformans,
and we demonstrated the absence of extracellular acid phospha-
tase activity in this mutant. Expression of APH1 was suppressed in
the presence of phosphate and induced when phosphate was de-
pleted, similar to Pho5 in S. cerevisiae (21). This observation sug-
gests that Aph1 plays a role in scavenging phosphate when the
pool of intracellular phosphate is diminished.

Aph1 also accumulates in cryptococcal vacuoles and bud
necks. As with acid phosphatases produced by S. cerevisiae and
Colletotrichum graminicola (53, 54), Aph1 is transported to vacu-
oles. In plants, phosphate starvation triggers de novo biosynthesis
of secreted and intracellular acid phosphatases (55). One of the
Arabidopsis thaliana acid phosphatases, AtPAP26, which, like
CnAph1, is both secreted and targeted to the vacuoles, recycles
phosphate from nonessential phosphate monoesters (56). The
likely activity of CnAph1 in vacuoles is supported by our findings
that Aph1 has an acidic pH optimum (Fig. 8B) and that phospho-

tyrosine is one of its substrates. Phosphotyrosine is likely to be
present on proteins targeted to vacuoles for turnover.

The enrichment of Aph1 at buds and bud necks suggests that
Aph1 plays a role in bud formation and/or septation (Fig. 4).
However, this function seems to be redundant, since we did not
observe any obvious growth defects in �aph1 on standard yeast
medium or even in the presence of �-glycerol phosphate as a sole
phosphate source (unpublished observation). Acid phosphatase
activity has been detected in glucanase-containing vesicles tar-
geted to the buds and bud necks in S. cerevisiae (53). Bud necks are
the most actively growing areas of the cell wall, and it is possible
that acid phosphatase activity affects cell wall growth and struc-
tural properties, for example, via dephosphorylation-mediated
activation of enzymes involved in cell wall biosynthesis or dephos-
phorylation of cell wall building blocks (57, 58).

While Aph1 was identified extra- and intracellularly, Plb1 was
predominantly localized at the cell periphery. Peripheral localiza-
tion of Plb1 is consistent with our previous work, where we dem-
onstrated its association with membrane and cell wall fractions via
a GPI anchor (2–4). Interestingly, Plb1 was also enriched in bud
necks, suggesting that it also has a role in bud formation and/or
release. In support of this, the PLB1 deletion mutant has a cell wall
integrity defect (3) and grows more slowly than WT in some me-
dia (unpublished observation), but not in yeast extract-peptone-
dextrose (YPD) medium (1).

Transport of Aph1 is mediated by endosomes and requires
functional Sec14-1. In phosphate-deficient medium, DsRed-
tagged Aph1 accumulated rapidly in subcellular compartments
that did not stain with the vacuolar marker DCFDA (Fig. 4). We
tentatively identified these organelles as endosomes. To support
this identification, Aph1-DsRed-enriched structures occasionally
costained with the endocytic system marker FM 4-64, which has
been used to visualize endosomes (Fig. 4) (59). Transport of acid
phosphatase via endosomes has been documented for S. cerevisiae
(27). In rat hepatocytes, newly synthesized acid phosphatase is
transported to lysosomes via endosomes (60). Time-lapse micros-
copy (see Movie S1 in the supplemental material) and our endo-
cytosis inhibition experiment (Fig. 5) suggested that cryptococcal
endosome-like structures mediate transport of newly synthesized
Aph1 to both the cell surface and to vacuoles.

Similar to the secretion of Plb1, which is transported directly to
the plasma membrane, we also observed that secretion of Aph1 is
reduced in the absence of the CnSEC14-1 gene. In S. cerevisiae,
Sec14 is a phosphatidylinositol/phosphatidylcholine transfer pro-
tein that regulates both endosome-dependent (invertase and acid
phosphatase) and endosome-independent (cell wall enzyme Bgl2)
protein traffic (27), implying that similar secretion regulatory
mechanisms operate in S. cerevisiae and C. neoformans.

Contribution of Aph1 to pathogenicity. Using two well-
accepted models of cryptococcosis, we demonstrated that Aph1
contributes to pathogenicity (Fig. 1). We also demonstrated that
Aph1 is produced by cryptococci during contact with, and uptake
by, human monocytes, suggesting that Aph1 is active in the host
environment (Fig. 8A). The modest impact of Aph1 on cryptococ-
cal pathogenicity in experimental animals may be the result of
compensation for Aph1 deficiency by one or more of the other
three acid phosphates, particularly the closest Aph1 homologue,
CNAG_06967. Since these acid phosphatases are not predicted to
be secreted, we conclude that the absence of extracellular APase
activity does not significantly affect cryptococcal virulence. It is
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possible that intracellular APase activity is more important for
fungal homeostasis and virulence, with phosphate recycling in
cryptococcal vacuoles contributing more significantly to intracel-
lular phosphate homeostasis than phosphate scavenged from the
extracellular milieu, including host phagolysosomes.

Surface and/or secreted phosphatase activity contributes to ad-
hesion of fungal pathogens, including Candida parapsilosis (9, 61),
Fonsecaea pedrosoi (18, 62), Rhinocladiella aquaspersa (17), and
C. neoformans (52) to host tissue. Interestingly, we did not observe
any differences in the adherence of WT and �aph1 to the human
monocytic cell line THP-1. A possible reason is that the adhesion
assay was performed under pH conditions (pH ~7.4) which are
not conducive to optimal catalytic activity of Aph1. The adhesion
and activity assays performed by Collopy-Junior et al. (52), who
used a range of phosphatase inhibitors, were performed at pH 7.4
and pH 7, respectively, suggesting that some of the activity de-
tected in this study may be attributable to alkaline phosphatases.
Extracellular Aph1 produced in vivo is unlikely to play a role in
adhesion. However, it may promote the interaction of cryptococci
with host cells, particularly in the fluid constituting the lung lin-
ing, which is more acidic than blood, especially during inflamma-
tion (36), and in cryptococcomas (pH 5.5) (35, 37, 63). Secreted
Aph1 may facilitate the recycling of free phosphate from these
acidic microenvironments, including phagolysosomes. However,
as mentioned above, our results suggest that the recycling of phos-
phate in the cryptococcal vacuole by intracellular acid phospha-
tases is more likely to contribute to fungal homeostasis and viru-
lence.

In summary, we have identified Aph1 as a component of the
secretome of C. neoformans and as a major phosphate-repressible
acid phosphatase with a broad substrate specificity. We also estab-
lished that Aph1 is transported to the cryptococcal cell periphery
and vacuoles via endosome-like structures and that its transport is
compromised in the absence of Sec14-1. Our findings suggest that
the main function of Aph1 in cryptococci is within vacuoles rather
than in secretions, where it recycles phosphate from a variety of
macromolecules. We also demonstrated that Aph1 is expressed
under physiological conditions and contributes to cryptococcal
pathogenicity.

MATERIALS AND METHODS
Fungal strains and growth media. Wild-type C. neoformans var. grubii
strain H99 (serotype A, MATa) and the SEC14-1 deletion mutant (28)
were used in this study. Routinely, the cells were grown in YNB (6.7 g/liter
yeast nitrogen base, 0.5 to 2% glucose) or YPD (1% yeast extract, 2%
peptone, and 2% dextrose), as indicated. Phosphate-deficient minimal
medium with low glucose (MM-LG; 0.1% glucose, 10 mM MgSO4, 0.5%
KCl, 13 mM glycine, 3 �M thiamine, 10 �M CuSO4) or MM-KCl medium
(0.5% KCl, 15 mM glucose, 10 mM MgSO4·7H2O, 13 mM glycine, 3.0 �M
thiamine) were used to induce acid phosphatase activity. MM-KH2PO4

(0.5% KH2PO4, 15 mM glucose, 10 mM MgSO4·7H2O, 13 mM glycine,
3.0 �M thiamine) was used as a control medium in which APase activity
was suppressed. Plasmids pJAF and pCH233 were a gift from John Perfect
(Duke University, NC).

Purification and identification of secreted proteins. Cells were
grown overnight in 10 ml YNB broth supplemented with 2% glucose at
30°C. The cultures were diluted to 40 ml with fresh YNB and grown for
another 18 to 20 h. The medium was concentrated 80-fold by using an
Amicon Ultra concentrator (30-kDa cutoff). Due to the high viscosity of
the concentrate, the samples were diluted to 7 ml with imidazole buffer
(125 mM imidazole, pH 4). A volume containing 100 �g of protein was
precipitated with TCA (10%, final concentration), washed with ice-cold

acetone, dried, dissolved in lithium dodecyl sulfate loading buffer (Life
Technologies), and loaded onto an SDS-polyacrylamide gel. The gel was
stained with Sypro Ruby protein stain (Invitrogen). Each lane was cut into
four pieces, and the proteins within each piece were trypsinized and ana-
lyzed by mass spectrometry. The experiment included two biological rep-
licates. Thus, a total of 8 gel slices were analyzed in technical duplicate by
mass spectrometry. Briefly, the gel slices were diced, destained 2 to 4 times
for 10 min each in 60% (vol/vol) 20 mM ammonium bicarbonate, 40%
(vol/vol) acetonitrile, then rinsed twice in acetonitrile, dried with a vac-
uum centrifuge, and rehydrated in approximately 100 �l of 12-ng/�l
sequencing-grade porcine trypsin (Promega, Sydney, Australia) for 1 h at
4°C. Excess trypsin was removed, a sufficient volume of 20 mM ammo-
nium bicarbonate buffer was added to cover the gel pieces, and samples
were incubated at 37°C overnight. Peptides were concentrated and de-
salted using C18 microcolumns (Millipore, Billerica, MA) according to the
manufacturer’s protocol, eluted in 5 �l of 70% (vol/vol) acetonitrile and
0.1% (vol/vol) formic acid into a low-bind 96-well plate (Eppendorf, Düs-
seldorf, Germany), and then diluted with 45 �l of 0.1% (vol/vol) formic
acid. Peptides were desalted on a Zorbax 300SB-C18 trap (5 �m, 5 by
0.3 mm; Agilent Technologies) and separated using an in-house-prepared
fritted nanocolumn packed with Reprosil-Pur C18 (3 �m, 75 �m by 150
mm; Dr. Maisch GmbH, Ammerbuch, Germany) on an Agilent 1100
high-performance liquid chromatography system coupled to an AB Sciex
QSTAR Elite quadrupole time-of-flight MS system for analysis. Peptides
were eluted using a gradient of 5 to 40% buffer B mixed with buffer A
(buffer A, 0.1% [vol/vol] formic acid; buffer B, 0.1% [vol/vol] formic acid
in acetonitrile) at a flow rate of 0.3 �l/min. MS survey scans were per-
formed over a range of m/z 350 to 1,750 followed by 3 data-dependent
MS/MS scans over a range of m/z 65 to 2,000. Peak lists were generated
using Analsyst QS version 2.0 (AB Sciex) and analyzed using MASCOT
version 2.2 (Matrix Science, London, United Kingdom) against an in-
house Cryptococcus neoformans-specific database (version 20-04-2009;
6,980 sequences). One missed cleavage per peptide, a mass tolerance of
0.2 Da (MS and MS/MS), and variable modification by oxidation of me-
thionine were allowed in the MASCOT search. The MASCOT results were
further analyzed in Scaffold version 4.0.5 (Proteome Software Inc., Port-
land, OR). Peptide identifications were accepted if they could be estab-
lished at greater than 80% probability. Protein identifications were ac-
cepted if they could be established at greater than 90% probability and
contained at least 1 identified peptide.

Construction of APH1 knockout and fluorescent strains. (i) APH1
knockout. The APH1 gene (CNAG_02944 in the C. neoformans H99 se-
rotype A genome database; http://www.broadinstitute.org/annotation/
genome/cryptococcus_neoformans/MultiHome.html) deletion con-
struct was created by fusing genomic sequence upstream of APH1 (5=
flank; 787 bp), the neomycin resistance (Neor) cassette (amplified from
pJAF vector), and genomic sequence downstream of APH1 (3= flank;
952 bp) by overlap PCR. The resulting product was cloned into the pJet1.2
vector by using the CloneJet PCR cloning kit (Thermo Scientific). Follow-
ing biolistic transformation of the H99 strain (64), neomycin-resistant
transformants were screened for their ability to secrete acid phosphatase
as described below. Transformants exhibiting reduced acid phosphatase
activity were further verified by PCR, by amplifying regions across the
homologous recombination junctions (data not shown). Primers used to
create the APH1 deletion construct and to verify the resulting mutants are
listed in Table S2 in the supplemental material.

(ii) APH1-DsRED. First, we fused DsRED-Express (Clontech) with
the EF1T terminator and the Neor cassette by using overlap PCR. The
resulting fragment was cloned into the pCR2.1 cloning vector (Life Tech-
nologies). Second, the genomic fragment immediately downstream of the
APH1 coding sequence (the 3= flank) was ligated into the AscI and
PspOMI restriction sites that follow the Neor cassette. Third, the 3= end of
the C. neoformans APH1 genomic sequence, minus the stop codon (posi-
tions 1035 to 1977), was ligated into the KpnI and PacI sites of the vector,
joining it in frame with the dsRED sequence, as indicated in Fig. S2A in the
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supplemental material. Following biolistic transformation of the H99 WT
strain, Neor colonies in which native APH1 had been replaced by the
recombinant APH1-DsRED-Neor construct were screened for the pres-
ence of red fluorescence. Transformants were confirmed by PCR ampli-
fication across the APH1-DsRED-Neor recombination junctions (see
Fig. S2B).

(iii) APH1-GFP. An APH1-GFP construct was created by exchanging
the DsRED-EF1T-Neor fragment of the APH1-DsRED-EF1T-Neor-
pCR2.1 vector with the GFP-EF1T-Natr fragment via the PacI and AscI
restriction sites. APH1-GFP-expressing transformants were generated
and verified in a manner similar to that used to verify the APH1-dsRED-
expressing strain (see Fig. S2A and B in the supplemental material).

(iv) PLB1-GFP. A PLB1-GFP fusion construct was created by overlap
PCR and comprised the following fragments: the 3= end of the PLB1
genomic sequence (CNAG_06085) minus the GPI anchor motif; the GFP
coding sequence; the PLB1 GPI anchor motif; the elongation factor ter-
minator; the Neor cassette and genomic sequence downstream of PLB1 (3=
flank). The GFP was placed in front of the GPI anchor consensus motif
(see Fig. S3A in the supplemental material). The position of the motif was
determined by using the BIG-PI fungal predictor (http://mendel.im-
p.ac.at/sat/gpi/fungi_server.html). The Neor cassette was PCR amplified
from pJAF, and the EF1T and GFP sequences were amplified via
pKUTAP-2. The final construct was introduced into WT strain H99 by
using biolistic transformation. Transformants in which the PLB1-GFP
fusion construct had replaced the endogenous PLB1 gene by homologous
recombination were selected on YPD agar supplemented with 200 �g/ml
G418 and screened for the presence of green fluorescence. Targeted inte-
gration of the PLB1-GFP-Neor construct at the PLB1 locus was confirmed
based on the ability to PCR amplify across the PLB1-GFP-Neor recombi-
nation junctions, as described in the Fig. S3 legend in the supplemental
material.

APH1 expression. WT cells were grown overnight in YPD, washed,
and incubated for 3 h in inducing (MM-KCl) or suppressing (MM-
KH2PO4) medium and then snap-frozen in liquid nitrogen. The cells were
homogenized by bead beating in the presence of glass beads and TRIzol
(Ambion), and RNA was extracted following the manufacturer’s instruc-
tions. cDNA was synthesized using Moloney murine leukemia virus re-
verse transcriptase (Promega). APH1 transcript was quantified by quan-
titative PCR (qPCR) using the SYBR green real-time PCR master mix (Life
Technologies) on a Rotorgene 6000 qPCR machine (Corbett Research).
APH1 expression was normalized against the expression of actin (ACT1)
as a housekeeping gene before final quantification using the 2���CT cal-
culation method.

Measuring kinetics of p-nitrophenyl phosphate hydrolysis by extra-
cellular acid phosphatase. WT and �aph1 were grown overnight in YPD.
The cells were washed with water and resuspended in MM-KH2PO4 or
MM-KCl medium at an optical density at 600 nm (OD600) of 1. The
cultures were incubated at 30°C for 3 h. Following incubation, 17 50-�l
aliquots of each culture were removed and assayed for acid phosphatase
activity (Fig. 2B). Each reaction mixture contained 50 mM sodium acetate
(pH 5.2) and 2.5 mM p-nitrophenyl phosphate in a final volume of 400 �l.
Reaction mixtures were incubated at 37°C and stopped at different time
points (5 to 80 min) by adding 800 �l of saturated Na2CO3. The extent of
p-nitrophenyl phosphate hydrolysis was measured spectrophotometri-
cally at 420 nm. The assay was performed in duplicate.

Aph1 induction time course. C. neoformans strains were grown over-
night in YNB broth supplemented with 0.5% glucose at 30°C. For the
Aph1 induction time course analysis (Fig. 7; see also Fig. S2C in the sup-
plemental material), the cells were pelleted by centrifugation, washed with
water, resuspended to an OD600 of 1 in MM-LG, and incubated to induce
APase activity for up to 10 h. To measure cell-associated APase activity at
each time point, the aliquot of cells was centrifuged and the pellet was
resuspended in 400 �l of reaction mixture (50 mM sodium acetate buffer
[pH 5.2], 2.5 mM pNPP). To measure APase activity released into the
culture medium at each time point, 500 �l of the culture was centrifuged

to pellet the cells, and 383.3 �l of the supernatant was transferred to a fresh
tube. The volume was adjusted to 400 �l by adding 6.7 �l of 3 M sodium
acetate buffer (pH 5.2; 50 mM final concentration) and 10 �l of 100 mM
pNPP substrate (2.5 mM, final concentration). Following incubation at
37°C, the reactions were stopped by adding 800 �l of saturated Na2CO3.
APase-mediated hydrolysis of pNPP was quantified spectrophotometri-
cally at 420 nm. Acid phosphatase specific activity was expressed as the
concentration (�M) of pNPP hydrolyzed to pNP by cells from 100 �l
culture per minute per fungal culture OD600. The concentration of pNP
was calculated using the molar extinction coefficient of pNP (� � 18
mM�1 cm�1).

Galleria mellonella infection model. C. neoformans WT and �aph1
cells were grown overnight, pelleted by centrifugation, and resuspended
in water at a concentration of 108 cells/ml. G. mellonella larvae (10 to 20
per strain) were inoculated with 10 �l of cell suspension (106 yeast cells)
by injection into the hemocoel via the lower pro-legs. The viability of each
inoculum was assessed by performing serial 10-fold dilutions, plating the
dilutions onto Sabouraud’s (SAB) agar plates, and counting the CFU after
a 3-day incubation at 30°C. Inoculated larvae were monitored daily for
13 days. The Kaplan-Meier method in the SPSS statistical software (ver-
sion 20) was used to estimate the differences in survival (log rank test) and
to plot the survival curves. In all cases, a P value of 0.05 was considered
statistically significant.

Murine inhalation model of cryptococcosis. All procedures de-
scribed are approved and governed by the Sydney West Local Health
District Animal Ethics Committee, Department of Animal Care. Survival
analysis was conducted using 7-week-old female BALB/c mice obtained
from the Animal Resource Centre, Floreat Park, Western Australia, Aus-
tralia. For both sets of analyses, mice were anesthetized using isoflurane
(in oxygen) delivered via an isoflurane vaporizer attached to a Stinger
small animal anesthetic machine (Advances in Anaesthesia Specialists).
Groups of 10 to 20 mice were then inoculated intranasally with C. neofor-
mans WT or the �aph1 mutant strain (5 � 105 yeast cells in 20 �l
phosphate-buffered saline [PBS]) and observed daily for signs of ill health.
Numbers of viable yeast cells inoculated into the nares were later con-
firmed by quantitative culture. Mice which had lost 20% of their prein-
fection weight, or which showed debilitating clinical signs prior to losing
this weight, including hunching, respiratory distress, excessive fur ruf-
fling, or sluggish/unsteady movement, were deemed to have succumbed
to the infection and were euthanized by CO2 inhalation followed by cer-
vical dislocation. Differences in survival were determined with SPSS ver-
sion 21 statistical software, using the Kaplan-Meier method (log rank
test), where a P value less than 0.05 was considered statistically significant.

Identification of Aph1 substrates. MM-KCl broth (Aph1-inducing
medium) was inoculated with WT and �aph1 cells at an OD600 of 1 and
incubated overnight. After pelleting the cells, the supernatant was used as
a source of active enzyme. Each reaction mixture (50 �l) contained 25 �l
culture supernatant, 100 mM sodium acetate (pH 5.2), and 5 mM sub-
strate (O-phospho-L-tyrosine, �-glycerol phosphate disodium salt penta-
hydrate, O-phospho-L-serine, O-phospho-L-threonine, mannose-6-
phosphate, and AMP [Sigma]). The reactions were initiated by addition of
the substrate and incubated at 37°C with gentle shaking for 40 min or, for
the time course analysis, between 0 and 60 min. The released phosphate in
10 �l of each reaction mixture was then quantified by spectrophotometry
by using a malachite green phosphate assay kit (Cayman Chemical). For
each substrate tested, a reaction without enzyme was included as a control
to measure the amount of free phosphate present in the substrate solution
prior to the addition of enzyme. This value was then used to calculate acid
phosphatase-mediated phosphate release.

Aph1 activity at different pHs. MM-KCl broth (Aph1-inducing me-
dium) was inoculated with WT and �aph1 cells at an OD600 of 1 and
incubated overnight. Each reaction mixture (400 �l) contained 20 �l
culture (cells and medium), 50 mM MES (pH 5.4 to 6.9), as indicated, and
2.5 mM pNPP. The reaction mixtures were incubated at 37°C for 7 min
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and stopped by addition of 600 �l of saturated Na2CO3. Aph1-mediated
hydrolysis of pNPP was quantified spectrophotometrically at 420 nm.

Western blot assays. C. neoformans Aph1-GFP-expressing cells were
grown overnight in YNB broth supplemented with 0.5% glucose at 30°C.
The cells were pelleted by centrifugation, washed with water, resuspended
to an OD600 of 1 in MM-LG, and incubated for 4 h to induce APH activity.
The cells were snap-frozen in liquid nitrogen, homogenized by bead beat-
ing in TRIzol (Ambion) in the presence of glass beads, and further pro-
cessed to extract total protein, following the manufacturer’s instructions.
Aph1-GFP was detected by Western blotting with anti-GFP IgG (sc9996;
1:80 dilution; Santa Cruz Biotechnology) followed by anti-mouse IgG–
horseradish peroxidase conjugate (NA9310V; 1:1,000 dilution; Amer-
sham). Signals were detected by chemiluminescence, following exposure
to X-ray film.

Microscopy. All fluorescence was viewed using a DeltaVision decon-
volution microscope. To visualize Aph1-DsRed and Aph1-GFP, the cul-
tures were grown overnight in YNB, washed with water, resuspended in
MM-LG at an OD600 of 1, and incubated for at least 3 h (Fig. 4). To stain
fungal vacuoles, the cells were incubated with 3 �M carboxy-DCFDA for
15 min in MM-LG. The cell walls were stained with 0.5 �g/ml calcofluor
white (5-min incubation) (Fig. 4A). To visualize the endocytic system
(Fig. 4B), the cells were stained with 2 �g/ml FM 4-64 for 15 min at room
temperature to allow the dye to reach vacuoles.

To visualize Plb1-GFP (Fig. 6A), the cultures were grown overnight in
YPD broth at 30°C. To stain cell walls and plasma membranes, the cells
were pelleted, resuspended in PBS, and incubated for 5 min with
0.5 �g/ml calcofluor white or 2 �g/ml FM 4-64, respectively. To prevent
internalization of FM 4-64, the cells were stored on ice until the time of
viewing. For comparative visualization of Aph1-dsRed and Plb1-GFP
(Fig. 6B), the cultures were grown in YNB broth at 30°C.

To determine whether Aph1 was recycled from the plasma membrane
by endocytosis (Fig. 5), YNB-grown Aph1-dsRed-expressing cells were
washed, resuspended in MM-LG at an OD600 of 1 in the presence of
150 �M LatB or dimethyl sulfoxide (DMSO; solvent control), and incu-
bated for 3 h. To confirm that LatB was inhibiting endocytosis in a control
experiment, 1 �g/ml FM 4-64 was added to WT cultures for the last
30 min of the 3-h incubation with either LatB or DMSO.

Interaction of C. neoformans with monocytes. The human mono-
cytic cell line THP-1 was maintained in RPMI medium supplemented
with 10% fetal bovine serum (FBS) and activated by the addition of
10 ng/ml IFN-� 24 h prior to coculture with C. neoformans. C. neoformans
Aph1-DsRed-expressing cells were propagated overnight in YNB broth
(0.5% glucose), conditions under which weak basal Aph1-DsRed expres-
sion was detected, and opsonized with 50% human serum (diluted with
water) for 30 min. Opsonized fungal cells were pelleted by centrifugation
and combined with activated THP-1 cells (106 C. neoformans cells per 106

THP-1 cells, in 200 �l RPMI-FBS medium). The coculture was incubated
at 37°C–5% CO2 for 7 h prior to examination by fluorescence microscopy.
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