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Extracellular Vesicles Produced by Cryptococcus neoformans Contain
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Cryptococcus neoformans produces vesicles containing its major virulence factor, the capsular polysaccharide
glucuronoxylomannan (GXM). These vesicles cross the cell wall to reach the extracellular space, where the
polysaccharide is supposedly used for capsule growth or delivered into host tissues. In the present study, we
characterized vesicle morphology and protein composition by a combination of techniques including electron
microscopy, proteomics, enzymatic activity, and serological reactivity. Secretory vesicles in C. neoformans
appear to be correlated with exosome-like compartments derived from multivesicular bodies. Extracellular
vesicles manifested various sizes and morphologies, including electron-lucid membrane bodies and electron-
dense vesicles. Seventy-six proteins were identified by proteomic analysis, including several related to virulence
and protection against oxidative stress. Biochemical tests indicated laccase and urease activities in vesicles. In
addition, different vesicle proteins were recognized by sera from patients with cryptococcosis. These results
reveal an efficient and general mechanism of secretion of pathogenesis-related molecules in C. neoformans,
suggesting that extracellular vesicles function as “virulence bags” that deliver a concentrated payload of fungal
products to host effector cells and tissues.

Cryptococcus neoformans is the causative agent of cryptococ-
cosis and a major pathogen for immunosuppressed individuals
(39). Cryptococcosis is rampant in Africa and Asia in associa-
tion with human immunodeficiency virus infection, where it is
associated with high morbidity and mortality (5). C. neofor-
mans provides a unique model in cell biology studies because
it is the only eukaryotic pathogen with a polysaccharide cap-
sule, a structure that is essential for virulence (26, 32, 39). The
major capsular polysaccharide, glucuronoxylomannan (GXM),
is released extracellularly during infection and induces a num-
ber of deleterious effects to the host, including interference
with phagocytosis, inhibition of leukocyte migration to infected
tissues, and modulation of cytokine production (reviewed in
reference 32). It also represents a potential component for
vaccines (13) and is the target of potentially therapeutic anti-
bodies (7).

The mechanisms of secretion of macromolecules by fungal
cells have not been well elucidated. Fungal cells are encased in
a rigid, pore-containing cell wall consisting of polysaccharides,

proteins, and pigments (14, 35). Different studies demonstrate
that structures with molecular masses higher than 1,000 kDa
can cross the cell wall and reach the extracellular milieu (26,
27, 47). GXM, for instance, has an average molecular mass
ranging from 1.7 � 106 to 7 � 106 Da (27). Several studies by
our group and others indicate that C. neoformans synthesizes
GXM intracellularly and then transports the polysaccharide to
the extracellular space for assembly into a capsule (17, 20, 45,
54, 55). The mechanism by which capsular polysaccharide is
synthesized inside the cell and exported to the extracellular
environment for capsule assembly and release is a central ques-
tion in cryptococcal cell biology.

We have recently described how GXM-containing vesicles
accumulate in supernatants of C. neoformans cultures (45).
These extracellular vesicles contain bilayered membranes en-
riched with key fungal lipids, such as glucosylceramide and
sterols. This observation led to the proposal that extracellular
export of GXM is accomplished by vesicular transport (45).
The existence of a vesicular transport mechanism raises the
possibility that other fungal molecules could be released using
the same cellular apparatus. Indeed, a secretion mutant of C.
neoformans that accumulates secretory vesicles in the cyto-
plasm has severe defects in protein secretion (54). We there-
fore hypothesized that vesicular extracellular secretion in C.
neoformans is a general mechanism used for the trans-cell-wall
transport of protein, lipid, and carbohydrate components to
the extracellular environment.

In the present work, we used microscopic, serological, bio-
chemical, and proteomic approaches to analyze the extracel-
lular vesicles of C. neoformans. Electron microscopy suggests

* Corresponding author. Mailing address for M. L. Rodrigues: In-
stituto de Microbiologia Professor Paulo de Góes, Universidade Fed-
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that vesicle secretion derives from the traffic of multivesicle-
like compartments to the cell surface. The results indicate that
C. neoformans extracellular vesicles represent a heterogeneous
population of “virulence bags” containing numerous molecules
associated with fungal survival and host pathogenicity.

MATERIALS AND METHODS

Strains. The C. neoformans isolates used in this study included strains H99
(serotype A, wild type), Cap 67 (derived from serotype D and lacking a GXM
capsule), and 2E-TU and 2E-TUC (serotype D, LAC1 gene deletion and recon-
stituted laccase mutants) (46). Yeast cells were cultivated in a minimal medium
composed of dextrose (15 mM), MgSO4 (10 mM), KH2PO4 (29.4 mM), glycine
(13 mM), and thiamine-HCl (3 �M). Fungal cells were cultivated for 48 h at
30°C, with continuous shaking. Strain Cap 67 was used for electron microscopy.
Strains 2E-TU and 2E-TUC were used for laccase assays. Strain H99 was used
for all other experiments. Proteomic analyses were performed using strains Cap
67, H99, and 2E-TUC.

Vesicle purification. Isolation of extracellular vesicles was done using the
protocol described by Rodrigues et al. (45). Briefly, cell-free culture supernatants
were obtained by sequential centrifugation at 4,000 and 15,000 � g (15 min, 4°C).
These supernatants contained vesicles and were concentrated by approximately
20-fold using an Amicon ultrafiltration system (cutoff of 100 kDa). The concen-
trate was again centrifuged at 4,000 and 15,000 � g (15 min, 4°C) and then at
100,000 � g for 1 h at 4°C. The supernatants were discarded, and pellets were
washed by five sequential suspension and centrifugation steps, each consisting of
100,000 � g for 1 h at 4°C with 0.1 M Tris-buffered saline. To remove extrave-
sicular GXM contamination, vesicles were subjected to passage through a col-
umn packed with cyanogen bromide-activated Sepharose coupled to a monoclo-
nal antibody to GXM, as described previously (45). Fractions that were not
bound to the monclonal antibody-containing column were again centrifuged at
100,000 � g. The resulting pellets were then suspended in fixative solution for
electron microscopy analysis or prepared for biochemical, proteomic, and West-
ern blotting analyses, as described below.

TEM. For transmission electron microscopy (TEM), C. neoformans cells were
grown in minimal medium, serially washed in phosphate-buffered saline (PBS),
and fixed for 1 h in 0.1 M sodium cacodylate buffer (pH 7.2) containing 4%
paraformaldehyde and 2% glutaraldehyde. Cells were then infiltrated for 2 h in
a solution containing 25% polyvinylpyrrolidone and 2.1 M sucrose and then
rapidly frozen by immersion in liquid nitrogen. They were transferred to a
cryo-ultramicrotome (Ultracut; Reichert), and cryosections were obtained in a
temperature range of �70 to �90°C. The material was collected with a sucrose
loop and transferred to Formvar-carbon-coated grids. Specimens were observed
in a Zeiss 900 transmission electron microscope operating at 80 kV.

Pellets obtained after centrifugation of cell-free supernatants at 100,000 � g
were fixed with 2% glutaraldehyde in 0.1 M cacodylate at room temperature for
2 h and then incubated overnight in 4% formaldehyde, 1% glutaraldehyde, and
0.1% PBS. The samples were incubated for 90 min in 2% osmium, serially
dehydrated in ethanol, and embedded in Spurrs epoxy resin. Thin sections were
obtained on a Reichart Ultracut UCT and stained with 0.5% uranyl acetate and
0.5% lead citrate. Samples were observed in a JEOL 1200EX transmission
electron microscope operating at 80 kV.

Biochemical detection of enzymatic activities. Laccase and urease activity in
vesicle preparations was assayed spectrophotometrically. Acid phosphatase, a
cryptococcal protein that mediates adhesion of cryptococci to epithelial cells and
whose secretion has been associated with vesicle production (8, 54), was also
assayed. Pellets obtained after centrifugation at 100,000 � g were suspended in
PBS and serially diluted in media appropriate for the reactions catalyzed by
laccase, urease, or acid phosphatase. The laccase reaction medium corresponded
to 0.2% (10 mM) L-DOPA in PBS, while the medium for urease activity con-
tained 4% urea, 0.02% yeast extract, 0.002% phenol red, 0.273% KH2PO4, and
0.285% Na2HPO-4. For phosphatase determination, the reaction medium con-
sisted of acetate buffer (pH 5.0) supplemented with 5 mg/ml p-nitrophenyl
phosphate. Vesicle suspensions were incubated overnight at room temperature
and protected from the light. Reactions were quantified by reading at 450
(laccase), 405 (phosphatase), or 540 (urease) nm with a Multiscan mass spec-
trometer (MS) (Labsystem, Helsinki, Finland). The amount of vesicles in each
system was assumed to be related to the protein concentration in each vesicular
suspension. The protein concentration at the starting dilution in each system
corresponded to 0.3 �g/ml. Enzymatic assays were repeated at least three times,
producing similar results.

Western blot analysis. Vesicles were suspended in loading buffer (1% so-
dium dodecyl sulfate [SDS], 10% glycerol, 10 mM Tris-Cl [pH 6.8], 1 mM
2-mercaptoethanol, and 0.05 mg/ml bromophenol blue) and a final amount of
proteins corresponding to 8 �g was loaded onto 12% SDS-polyacrylamide gel
electrophoresis (PAGE) gel. Separated proteins were transferred to nitrocel-
lulose membranes, which were sequentially blocked in PBS containing 1%
bovine serum albumin and incubated for 1 h at room temperature with pooled
sera from 10 individuals diagnosed with cryptococcosis based on positive
serum reactivity in latex agglutination tests for cryptococcal GXM. Alterna-
tively, the membranes were incubated with pooled normal human sera from
healthy volunteers with no previous diagnosis of any systemic mycosis. Pooled
sera were used at a 1:100 dilution in PBS-bovine serum albumin. After
extensive washing, the membranes were incubated in the presence of a per-
oxidase-labeled anti-human immunoglobulin antibody followed by immuno-
detection by chemiluminescence (Pierce). To exclude the possibility of non-
specific recognition of samples by secondary antibodies, samples were
incubated directly with the peroxidase-labeled antihuman antibody, produc-
ing negative results (not shown). Serological analyses were repeated twice,
with similar results.

Protein identification by liquid chromatography-tandem mass spectrometry.
Purified vesicles were suspended in 400 mM NH4HCO3 (40 �l) containing 8 M
urea, and 50 mM dithiothreitol (10 �l) was then added for reduction of disulfide
bonds. After incubation at 50°C for 15 min, the cysteine residues were alkyl-
ated through the addition of 100 mM iodoacetamide (10 �l), followed by
incubation for 15 min at room temperature under protection from the light.
The final concentration of urea was then adjusted to 1 M by the addition of
high-performance liquid chromatography (HPLC)-grade water (Sigma). The
mixture was supplemented with 4 �g sequencing-grade trypsin (Promega) and
digested overnight at 37°C. The resulting sample was purified in reverse-
phase ZipTip columns (POROS R2 50; Applied Biosystems) as described by
Jurado et al. (24). Released peptides were then fractionated on a strong
cation-exchange ZipTip column (POROS HS 50 resin; Applied Biosystems),
preequilibrated with 25% acetonitrile (ACN)–0.5% formic acid (FA). After
loading the peptide mixture, the column was washed with 25% ACN–0.5%
FA and the peptides were eluted with the same solution supplemented with
NaCl concentrations ranging from 0 to 500 mM. Each fraction was dried in a
vacuum centrifuge (Eppendorf) and again purified by reverse-phase chroma-
tography in POROS R2 50 ZipTip columns. Fractions were finally suspended
in 0.05% trifluoracetic acid (30 �l). An 8-�l aliquot of each fraction was
loaded into a C18 trap column (1 �l C18; OPTI-PAK). The separation was
performed on a capillary reverse-phase column (Acclaim; LC Packings [3 �m
C18, 75 �m by 25 cm]) connected to a nanoHPLC system (nanoLC 1D Plus;
Eksigent). Peptides were eluted with increasing concentrations of ACN (0 to
40%) in 0.1% FA during 100 min and directly analyzed in an electrospray-
linear ion trap MS equipped with a nanospray source (LTQ XL; Thermo
Fisher). MS spectra were collected in centroid mode at the 400 to 1,700 m/z
range, and the five most abundant ions were subjected twice to collision-
induced dissociation with 35% normalized collision energy, before being
dynamically excluded for 120 s.

All tandem MS spectra from peptides with 600 to 4,000 Da, more than 100 counts,
and at least 15 fragments were converted into DTA files using Bioworks v.3.3.1
(Thermo). The DTA files were submitted to a database search using TurboSequest
(15), available in Bioworks, and the C. neoformans protein database, available at
www.broad.mit.edu/annotation/fungi/cryptococcus_neoformans. Common contami-
nant sequences (retrieved from GenBank at http://www.ncbi.nlm.nih.gov/ and the
International Protein Index at http://www.ebi.ac.uk/IPI) and 100,000 randomly gen-
erated sequences were used to supplement the C. neoformans database. The data-
base search parameters included (i) trypsin cleavage in both peptide termini with
one missed cleavage site allowed; (ii) carbamidomethylation of cysteine residues as
a fixed modification; (iii) oxidation of methionine residues as a variable modification;
and (iv) 2.0 and 1.0 Da for peptide and fragment mass tolerance, respectively. To
ensure the quality of protein identification, the false-positive rate (FPR) was esti-
mated using the TurboSequest output and the following formula: FPR � number of
proteins matching random sequences/total number of proteins.

The FPR was calculated after applying the following filters in Bioworks:
distinct peptides (for exclusion of redundant hits); DCn, �0.1; protein proba-
bility, �1 � 10�3; and Xcorr, �1.5, 2.2, and 2.7 for singly, doubly, and triply
charged peptides, respectively. When necessary, protein consensus scores were
also applied to limit the number of false-positive hits. All data sets showed an
FPR lower than 3.2%.
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RESULTS

The extracellular vesicles produced by C. neoformans consist
of a complex population. The individual analysis of micro-
graphs of 419 secreted vesicles produced by C. neoformans
revealed considerable morphological variation. Using morpho-
logical criteria, we identified four main vesicle groups (Fig. 1).
The groups included electron-dense and electron-lucid vesi-
cles, vesicular structures with membrane-associated electron-
dense regions, and vesicles containing hyper-dense structures
resembling a dark pigment.

Pathogenesis-related molecules are present in the extracel-
lular vesicles. The microscopic analysis illustrated in Fig. 1
suggested that pigment synthesis could occur in vesicular struc-
tures. We therefore evaluated whether laccase, a cryptococcal
enzyme characterized as a virulence factor responsible for mel-
anin synthesis (46), was present in vesicular preparations. Lac-

case activity was detected in vesicle preparations from wild-
type cells (Fig. 2A). Enzyme activity was absent in vesicles from
a C. neoformans mutant lacking the ability to produce LAC1,
while vesicular structures from a laccase-reconstituted strain
had enzyme activity similar to wild-type cells. These results,
combined with a recent report by our group (45), indicated
that extracellular vesicles in C. neoformans contain at least
three virulence determinants: GXM (reviewed in reference
32), glucosylceramides (44), and laccase (46). We therefore
evaluated whether other molecules related to pathogenesis
were present in the C. neoformans vesicular structures.

We examined the activities of urease, a well-described ex-
tracellular virulence factor of C. neoformans (11), and acid
phosphatase, an adhesion-related molecule (8) suggested to be
released to the extracellular space in secretory vesicles (54).
Dose-dependent activities of both enzymes were observed
when the extracellular vesicles were incubated with urease and
phosphatase substrates (Fig. 2B and C).

Vesicle proteins are recognized by sera from cryptococcosis
patients. Vesicle proteins were separated by SDS-PAGE and
analyzed by reactivity with human sera by immunoblotting
(Fig. 3). No significant reactivity was observed using sera from
normal individuals. However, when the vesicle sample was
probed with a pool of sera from cryptococcosis patients, seven
major bands were observed, with relative molecular masses
corresponding to 131, 101, 67, 48, 38, 27, and 19 kDa. Diffuse

FIG. 1. Electron microscopic appearance (left panels) and preva-
lence (right panels) of the four major vesicle morphological groups
observed in preparations of extracellular vesicles from C. neoformans.
The total population analyzed consisted of 419 different vesicles. Scale
bars, 200 nm.

FIG. 2. Laccase (A), urease (B), and phosphatase (C) activities are associated with extracellular vesicles in C. neoformans. (A). Vesicles purified
from culture supernatants of strains H99 and the serotype D laccase mutants 2E-TUC (complemented strain) and 2E-TU (LAC1 deletion strain)
were incubated in the presence of L-DOPA and analyzed spectrophotometrically. Vesicles purified from the supernatants of strain H99 were also
incubated in urease (B) and phosphatase (C) reaction media, followed by spectrophotometric determination of enzyme activity.

FIG. 3. Vesicle-associated proteins are recognized by sera from
cryptococcosis patients. Vesicle-associated proteins (a and b) were
separated by SDS-PAGE and incubated with pooled sera from healthy
individuals (a) or cryptococcosis patients (b). Molecular masses for
standard (left values) or vesicle (right values) proteins are indicated.

60 RODRIGUES ET AL. EUKARYOT. CELL



TABLE 1. Protein components of C. neoformans extracellular vesiclesa

Hit no. Accession no./identification Function (reference) Strain(s)

Pathogenesis/immune
response

1 CNAG_01727.1/heat shock 70-kDa protein 2*
(644 aa, 69.53 kDa)

Chaperone Cap67, 2E-TUC, H99

2 CNAG_03891.1/60-kDa chaperonin* (582 aa,
61.36 kDa)

Chaperone Cap67

3 CNAG_06150.1/heat shock protein 90* (700 aa,
79.15 kDa)

Chaperone Cap67

4 CNAG_00334.1/heat shock protein 70* (615 aa,
67.09 kDa)

Chaperone, C. neoformans
immunogen (25)

Cap67, 2E-TUC, H99

5 CNAG_02292.1/superoxide dismutase copper
chaperone* (288 aa, 30.32 kDa)

Antioxidant defense, C. neoformans
virulence (9, 34)

Cap67

6 CNAG_02944.1/acid phosphatase (552 aa, 59.32
kDa)

Adhesion of C. neoformans to
epithelial cells (8)

Cap67, 2E-TUC

7 CNAG_02801.1/thioredoxin (105 aa, 11.44 kDa)* Protection against oxidative stress,
survival in the oxidative
environment of macrophages, C.
neoformans virulence (29)

Cap67, H99

8 CNAG_05847.1/thioredoxin reductase (372 aa,
39.84 kDa)

C. neoformans viability (30) Cap67

9 CNAG_06917.1/thiol-specific antioxidant protein
(234 aa, 25.90 kDa)

C. neoformans virulence, resistance
to nitric oxide and peroxide (31)

H99, 2E-TUC, Cap67

10 CNAG_00575.1/catalase A (683 aa, 76.42 kDa) C. neoformans antioxidant defense
(22)

2E-TUC

11 CNAG_03322.1/UDP-glucuronic acid
decarboxylase Uxs1p (411 aa, 46.47 kDa)

Converts UDP-glucuronic acid to
UDP-xylose, capsule synthesis in
C. neoformans (3)

Cap67

12 CNAG_04969.1/UDP-glucose dehydrogenase
(469 aa, 51.36 kDa)

C. neoformans growth at 37°C and
capsule biosynthesis (33)

Cap67, H99

Signal transduction
13 CNAG_04762.1/Ras2 (364 aa, 39.47 kDa) Mating and high-temp growth in C.

neoformans (52)
Cap67

14 CNAG_03315.1/Rho1* (198 aa, 21.68 kDa) GTP-binding protein, cell wall
integrity in C. neoformans (19)

Cap67

15 CNAG_05235.1/14-3-3 protein* (257 aa, 28.98
kDa)

Cell cycle regulation in C.
neoformans (53)

Cap67, H99, 2E-TUC

16 CNAG_04577.1/nucleoside-diphosphate kinase
(216 aa, 23.36 kDa)

Exchange of phosphate groups
between different nucleoside
diphosphates

Cap67

17 CNAG_03052.1/protein phosphatase type 2C
(560 aa, 59.40 kDa)

Stress response and cell cycle
regulation

Cap67

Ribosomal proteins*
18 CNAG_06447.1/60S ribosomal protein l17 (183

aa, 20.49 kDa)
Ribosomal protein Cap67, H99

19 CNAG_03283.1/60S ribosomal protein L24 (L30)
(151 aa, 16.89 kDa)

Ribosomal protein Cap67

20 CNAG_00232.1/60S ribosomal protein l30-1 (l32)
(114 aa, 12.33 kDa)

Ribosomal protein 2E-TUC

21 CNAG_05762.1/ribosomal protein P2 (112 aa,
11.07 kDa)

Ribosomal protein Cap67

22 CNAG_00771.1/ribosomal protein L35 (128 aa,
14.67 kDa)

Ribosomal protein Cap67

23 CNAG_00779.1/ribosomal protein L27 (137 aa,
15.76 kDa)

Ribosomal protein Cap67

24 CNAG_06605.1/ribosomal protein S2 (257 aa,
27.62 kDa)

Ribosomal protein Cap67

25 CNAG_02144.1/60S ribosomal protein l1-a (l10a)
(225 aa, 25.50 kDa)

Ribosomal protein Cap67, 2E-TUC

26 CNAG_04114.1/40S ribosomal protein S0 (293
aa, 31.46 kDa)

Ribosomal protein Cap67

27 CNAG_01480.1/ribosomal protein L12 (166 aa,
17.55 kDa)

Ribosomal protein Cap67

28 CNAG_06633.1/40S ribosomal protein S15 (151
aa, 17.12 kDa)

Ribosomal protein Cap67

29 CNAG_00656.1/60S ribosomal protein l7 (251
aa, 28.25 kDa)

Ribosomal protein Cap67

Continued on following page
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TABLE 1—Continued

Hit no. Accession no./identification Function (reference) Strain(s)

30 CNAG_00034.1/60S ribosomal protein l9 (192
aa, 21.17 kDa)

Ribosomal protein Cap67

31 CNAG_06095.1/ribosomal protein L13 (206 aa,
23.31 kDa)

Ribosomal protein Cap67

32 CNAG_04011.1/60S ribosomal protein l37a (93
aa, 10.07 kDa)

Ribosomal protein Cap67

33 CNAG_02818.1/ribosomal protein S11 (410 aa,
44.31 kDa)

Ribosomal protein Cap67

Sugar and lipid
metabolism

34 CNAG_06699.1/glyceraldehyde-3-phosphate
dehydrogenase* (340 aa, 36.28 kDa)

Glucose metabolism, secreted
enzyme

Cap67, 2E-TUC

35 CNAG_00061.1/citrate synthase* (465 aa, 51.02
kDa)

Energy metabolism Cap67, 2E-TUC

36 CNAG_05653.1/malate synthase* (539 aa, 59.96
kDa)

Glucose metabolism 2E-TUC

37 CNAG_03072.1/phosphopyruvate hydratase
(enolase)* (434 aa, 46.44 kDa)

Cell wall constituent in Candida
(40)

Cap67, H99, 2E-TUC

38 CNAG_04659.1/pyruvate decarboxylase* (624
aa,)

Decarboxylation of pyruvic acid to
acetaldehyde and carbon dioxide

Cap67, H99

39 CNAG_03225.1/malate dehydrogenase* (339 aa,
35.58 kDa)

Conversion of malate into
oxaloacetate, major antigen in P.
brasiliensis (12)

Cap67

40 CNAG_02620.1/phosphogluconate
dehydrogenase* (decarboxylating) (492 aa,
53.85 kDa)

Pentose phosphate pathway Cap67, 2E-TUC

41 CNAG_03920.1/isocitrate dehydrogenase* (453
aa, 50.60 kDa)

Citric acid cycle Cap67

42 CNAG_02100.1/fatty-acid synthase complex
protein* (1,439 aa, 157.47 kDa)

Fatty acid biosynthetic process Cap67

43 CNAG_06140.1/long-chain fatty acid transporter
(111 aa, 11.91 kDa)

Fatty acid biosynthetic process Cap67

44 CNAG_06572.1/pyruvate dehydrogenase e1
component alpha subunit, mitochondrial
precursor (414 aa, 45.66 kDa)

Conversion of pyruvate to acetyl
coenzyme A and CO2

Cap67

Nuclear proteins
45 CNAG_01648.1/histone H4* (104 aa, 11.40 kDa) DNA assembly H99, Cap67, 2E-TUC
46 CNAG_05221.1/histone H2A* variant (139 aa,

14.70 kDa)
DNA assembly Cap67, 2E-TUC

Protein/amino acid
metabolism

47 CNAG_00370.1/ubiquitin-carboxy extension
protein fusion* (130 aa, 14.64 kDa)

Posttranslational protein
modification

H99, 2E-TUC

48 CNAG_02500.1/endoplasmic reticulum-
associated protein, catabolism-related protein
(552 aa, 60.97 kDa), similar to fungal calnexin

Retention of unfolded or
unassembled N-linked
glycoproteins in the endoplasmic
reticulum

Cap67, H99

49 CNAG_00441.1/inosine 5-monophosphate
dehydrogenase (545 aa, 57.85 kDa)

Oxidation of inosine 5�-
monophosphate to xanthosine
5�-monophosphate

Cap67

50 CNAG_01890.1/5-
methyltetrahydropteroyltriglutamate-
homocysteine S-methyltransferase (764 aa,
85.32 kDa)

Amino acid metabolism,
cobalamin-independent
methionine synthase

Cap67, H99

51 CNAG_05725.1/acetohydroxy acid
reductoisomerase (402 aa, 44.31 kDa)

Amino acid metabolism Cap67

52 CNAG_00457.1/glutamine synthetase (359 aa,
39.49 kDa)

Amino acid metabolism Cap67

53 CNAG_00785.1/translation initiation factor* (402
aa, 45.13 kDa)

Protein synthesis Cap67

54 CNAG_00930.1/argininosuccinate synthase (430
aa, 47.34 kDa)

Amino acid metabolism Cap67

55 CNAG_04601.1/glycine hydroxymethyltransferase
(500 aa, 54.39 kDa)

Amino acid metabolism Cap67, H99

Continued on following page
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areas of serological reaction were also observed in the molec-
ular mass ranges of 50 to 65 and 70 to 100 kDa. These results
suggest that vesicle-related cryptococcal proteins are produced
during human infection and also that potentially effective pro-
tein immunogens are present in extracellular vesicles. Unfor-
tunately, the identification of the proteins recognized by the
sera of cryptococcosis patients has been hampered by the lack
of sufficient amount of vesicular material needed for liquid

chromatography-tandem MS sequencing from SDS-PAGE gel
bands.

Proteomic analysis of the C. neoformans extracellular vesi-
cles. To further characterize the protein components of the
secreted vesicles, the material purified by centrifugation was
enzymatically digested, fractionated by chromatographic meth-
ods, and analyzed by liquid chromatography-tandem MS.
Overall, 76 different proteins were identified (Table 1). The

TABLE 1—Continued

Hit no. Accession no./identification Function (reference) Strain(s)

56 CNAG_00450.1/3-isopropylmalate dehydrogenase
(374 aa, 39.85 kDa)

Amino acid metabolism Cap67

57 CNAG_00992.1/homocitrate synthase (490 aa,
53.51 kDa)

Amino acid metabolism Cap67

58 CNAG_06125.1/translation elongation factor 1�*
(461 aa, 50.32 kDa)

Protein synthesis Cap67, H99, 2E-TUC

59 CNAG_06908.1/aminomethyltransferase,
mitochondrial precursor (338 aa, 34.92 kDa)

Amino acid metabolism Cap67

Plasma membrane
proteins

60 CNAG_06101.1/ADP/ATP carrier (314 aa, 33.77
kDa)

ATP/ADP translocation, multipass
membrane protein

Cap67, 2E-TUC

61 CNAG_06400.1/plasma membrane H(�)-ATPase
(999 aa, 108.47 kDa)

Proton pump Cap67

62 CNAG_03058.1/Hmp1 protein (115 aa, 11.74
kDa)

Similar to �-catenins, proteins
found in complexes with
cadherin cell adhesion

2E-TUC

63 CNAG_04758.1/ammonium transporter (497 aa,
53.04 kDa)

Multipass membrane protein Cap67

Cytoskeleton
proteins

64 CNAG_00483.1/actin* (378 aa, 42.02 kDa) Cytoskeleton protein Cap67, 2E-TUC, H99
65 CNAG_03787.1/�-tubulin* (449 aa, 49.67 kDa) Cytoskeleton protein Cap67
66 CNAG_01840.1/tubulin � chain* (452 aa, 49.99

kDa)
Cytoskeleton protein Cap67

Miscellaneous
67 CNAG_01577.1/glutamate dehydrogenase (452

aa, 49.16 kDa)
Urea synthesis Cap67, 2E-TUC

68 CNAG_05750.1/ATP synthase � chain,
mitochondrial precursor (541 aa, 58.02 kDa)

ATP synthesis Cap67, H99, 2E-TUC

69 CNAG_05918.1/ATP synthase � chain* (548 aa,
58.63 kDa)

ATP synthesis Cap67, 2E-TUC

70 CNAG_02974.1/voltage-dependent ion-selective
channel (293 aa, 30.61 kDa)

Membrane transport Cap67, 2E-TUC, H99

71 CNAG_01539.1/inositol-3-phosphate synthase
(559 aa, 61.34 kDa)

Metabolism of inositol-containing
molecules

Cap67

72 CNAG_05909.1/electron transporter, transferring
electrons within CoQH2-cytochrome c
reductase complex (320 aa, 34.97 kDa)

Mitochondrial protein, electron
transport

2E-TUC

73 CNAG_00799.1/hypothetical protein similar to
glycosyl hydrolase family 5 protein from
Stigmatella aurantiaca (790 aa, 85.25 kDa)

Cell wall assembly (putative) 2E-TUC

74 CNAG_03537.1/FA and derivative metabolism-
related protein (1022 aa, 108.90 kDa)

FA metabolism Cap67, H99

75 CNAG_00965.1/probable transketolase (688 aa,
74.28 kDa)

NADPH metabolism Cap67, H99

76 CNAG_05759.1/acetyl coenzyme A carboxylase
(2238 aa, 247.95 kDa)

Synthesis of malonyl coenzyme A Cap67

a Biological functions of the proteins detected by proteomics are referenced when an association of the molecule with the biology or pathogenesis of C. neoformans
or other fungal pathogens was previously described. General functions in other models were obtained from the ExPASy Proteomics Server (http://ca.expasy.org/). The
number of amino acids (aa) and molecular mass values are presented for each protein. Twenty-five proteins with unknown functions were characterized but not
presented in this table. For detailed information, see the supplemental material. Proteins that were already characterized in extracellular vesicles produced by
mammalian cells are marked with an asterisk. For details, see references 1, 21, 28, 42, 48, and 49.
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yield of protein detection varied considerably, depending on
the presence of capsular structures, suggesting that the poly-
saccharides in extracellular fractions might interfere with pro-
tein digestion, as previously suggested for Aspergillus oryzae
(38). Accordingly, no proteins were detected by proteomic
approaches in preliminary analysis of vesicles from the highly
encapsulated strain 24067 (data not shown). Twenty different
proteins were identified using strain H99, which presents
smaller capsules than isolate 24067. A higher number of pro-
teins (n � 26) was identified using the encapsulated strain
2E-TUC, but protein characterization was maximum using the
acapsular mutant Cap 67 (70 proteins). The results obtained
with each strain were combined and are summarized in Table
1. A complete, detailed list of proteins analyzed by mass spec-
trometry is available (see Table S1 in the supplemental mate-
rial). Chaperones, including heat shock proteins (Hsp70 and
Hsp90) and superoxide dismutase, signal transduction regula-
tors, antioxidant and cytosolic proteins, and enzymes were
identified. Of note, nuclear proteins such as histones and ri-
bosomal proteins were also identified, as previously described
in vesicles secreted by mammalian cells (1, 42). Overall, 27 of
the 76 proteins identified in the C. neoformans vesicles were
already reported as vesicular proteins in mammalian exosomes
(1, 21, 28, 42, 48, 49), including a ubiquitin-related protein.
Figure 4 shows identified C. neoformans vesicle proteins dis-
tributed according to their functions in fungal cells.

Intracellular distribution of vesicles in C. neoformans. Mam-
malian exosomes consist of secreted vesicles that originate
from key compartments of the endocytic pathway, namely mul-
tivesicular bodies (MVBs) (51). Since the profile of protein
detection in the C. neoformans vesicles resembled those found
in mammalian exosomes, ultrathin sections of yeast cells were
searched for the presence of MVB-like structures. Vesicular
structures with dimensions similar to those found at the extra-
cellular fractions were observed inside vacuole-like compart-
ments (Fig. 5), resembling endosome-derived MVBs (51).
These vesicle-containing vacuoles were detected in all the sec-
tions analyzed, independently of the technique used for TEM
(data not shown). Bilayered membranes were present at the
vacuole-like structures, which were sometimes found in fusion
with the plasma membrane. These results suggest that vesicle
secretion in C. neoformans may derive from MVBs or vesicle-
containing vacuoles.

DISCUSSION

The secretion of virulence factors is a mechanism used by
different pathogens to cause damage to host cells (6). In C.
neoformans, secreted virulence factors include superoxide dis-
mutase (9), phospholipase B (10), urease (11), and GXM, a
high-molecular-weight polysaccharide (reviewed in references
26 and 32). GXM is synthesized in intracellular compartments
(17, 20, 54) and transported through the cell wall in secretory
vesicles (45). The virulence regulator glucosylceramide (44) is
also present in the cryptococcal extracellular vesicles (45), but
the presence of other molecules in these membrane compart-
ments is unknown. In this context, we hypothesized that vesic-
ular secretion in C. neoformans could be a general secretory
mechanism, possibly used for the delivery of different mole-
cules related to pathogenic mechanisms to the extracellular
space.

Polysaccharide-containing vesicles in C. neoformans ap-
peared to be associated with the Golgi apparatus-derived se-
cretory pathway (54). Golgi apparatus-derived secretory vesi-
cles, however, are expected to fuse with the plasma membrane
and release their internal content to the extracellular space
(41). In C. neoformans, this model would satisfactorily explain
how GXM reaches the periplasmic space, although it does not
explain how the polysaccharide would reach the outer layer of
the cell wall to be incorporated into the growing capsule. Fur-
thermore, such a mechanism could not account for the origin
of the GXM-containing extracellular vesicles that we recently
described. In fact, the existence of GXM-containing extracel-
lular vesicles implies the existence of a vesicle secretion mech-
anism whereby there is no fusion of secretory vesicles and the
plasma membrane. In this context, we examined whether the
secretory vesicles of C. neoformans could have a relationship
with exosomes, which are defined as non-plasma-membrane-
derived vesicles (18).

Exosomes are the only type of bioactive vesicles originating
from an intracellular compartment, named MVBs on the basis
of their morphology (18, 51). These intracellular compart-
ments are derived from endosomes and have well-known func-
tions as intermediates in the degradation of proteins internal-
ized from the cell surface or sorted from the trans-Golgi
network (18, 51). Internal vesicles of MVBs are generated by
budding from the limiting membrane into the lumen of endo-
somes (51). In the degradation pathway, MVBs fuse with ly-
sosomes. However, in several hematopoietic and nonhemato-
poietic cells, MVBs fuse with the plasma membrane, resulting
in the release of internal vesicles to the extracellular milieu as
exosomes (18, 51). In this context, we evaluated whether MVB-
like compartments were present in C. neoformans cells. In fact,
several vacuole-like compartments containing vesicles with di-
mensions similar to those of exosomes and the C. neoformans
extracellular vesicles were observed. Some of these vesicle-
containing vacuoles were in close association with the plasma
membrane and the cell wall, suggesting that the release of
extracellular vesicles to the extracellular space in C. neofor-
mans involves MVB-like compartments. Since endosomes and
MVBs can be connected to the trans-Golgi secretory pathway
(51), we speculate that the previously described Golgi appara-
tus-derived vesicles containing GXM (54) are linked to MVBs
in C. neoformans, which would result in the release of polysac-

FIG. 4. Functional classification of the C. neoformans vesicle proteins.
The number of proteins found for each class is shown. Unidentified
proteins are not shown. For details, see Table S1 in the supplemental
material.
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charide-containing vesicles into the periplasmic space. In ac-
cordance with this supposition, treatment of C. neoformans
with brefeldin A, an inhibitor of the Golgi apparatus-derived
transport of molecules, results in a significant inhibition of
capsule expression (23).

Fungal proteins frequently have more than a single function
and are found in different cellular locations (2, 4, 16, 37). For
example, histones have been described as being present at the
cell wall of Histoplasma capsulatum, where they are targeted by
antifungal antibodies (37). Glyceraldehyde-3-phosphate dehy-
drogenase, a major protein component of the glycolytic path-
way, is present in the cell wall of Paracoccidioides brasiliensis,
where it participates in the pathogenic processes mediating the
adhesion of yeast cells to host cells and the extracellular matrix
(2). In the same model, the mitochondrial protein Mdj1 was
detected not only in the mitochondria, where it is apparently
sorted, but also in the cell wall (4). Proteomic analysis of the C.
neoformans vesicles revealed a complex protein composition
that included chaperone and membrane, cytoplasmic, and even
nuclear and mitochondrial proteins. Several of these proteins
were similar to those described in mammalian exosomes, which
usually contain cytoplasmic proteins such as elongation factors,

tubulin, actin, actin-binding proteins, annexins, and Rab pro-
tein, molecules responsible for signal transduction, and heat-
shock proteins such as Hsp70 and Hsp90 (1, 21, 28, 42, 48, 49).
Sorting of cytosolic proteins into exosomes is normally ex-
plained by a random engulfment of small portions of cytosol
during the inward budding process of MVBs (51). These ob-
servations, together with morphological data, could support
the supposition that the extracellular vesicles produced by C.
neoformans are exosome-like structures.

Protein composition and morphological analyses indicate
that the C. neoformans extracellular vesicles are not a uniform
population. Vesicles with clearly different electron densities
were observed, and some of them were observed to carry
pigment-like structures. The observation of electron-dense
spots in the inner vesicle compartments suggests the presence
of the molecular machinery necessary for the synthesis of mel-
anin, a pigment that has been concretely associated with the
virulence of C. neoformans (46). Melanin is autopolymerized
from the oxidation of diphenolic compounds by the enzyme
laccase (36). In this context, we incubated the vesicular sus-
pension with the laccase substrate L-DOPA, which demon-
strated laccase activity in C. neoformans vesicles. The finding of

FIG. 5. TEM of C. neoformans suggesting the presence of cytoplasmic vacuole-containing vesicles reminiscent of exosome-like structures. (A) Over-
view of a C. neoformans cell with different cytoplasmic vacuoles containing vesicles (black asterisks). The white asterisk indicates the cell wall. Scale bar,
500 nm. A magnified view of the vesicle-containing vacuoles is shown. Panel B demonstrates that these structures are surrounded by a bilayered
membrane, which sometimes invaginates (arrow). A close association with the cell wall (white asterisk) was observed, suggesting fusion with the plasma
membrane. Scale bar, 200 nm. (C) Intracellular and extracellular vesicles (black arrows) have similar dimensions. Scale bar, 200 nm.
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laccase in vesicles that are possibly derived from MVB has an
intriguing parallel in mammalian systems where tyrosinase-
containing melanosomes are shed from melanocytes after syn-
thesis from early endosomal vesicles (43). However, laccase
was not detected by the proteomic approach. This observation
is probably a false-negative result related to a low protein
concentration, since pigmented vesicles are the less-abundant
fraction in the vesicle population (15%). A relatively low pro-
tein concentration could also explain why urease is also detect-
able by a sensitive enzymatic colorimetric assays but not by
proteomic approaches. Hence, we postulate that the proteins
identified here may be only a subset of the total proteins found
in vesicles.

We identified several virulence-related molecules in C. neo-
formans vesicles. This group of molecules includes well-known
virulence factors such as GXM and glucosylceramide, which
were characterized as vesicle components in a previous study
(45). In the present study, we demonstrate the presence of
several other components associated with virulence in vesicular
fractions, such as enzymes related to capsule synthesis (3),
urease (11), laccase (46), acid phosphatase (8), heat shock
proteins (25), and several antioxidant proteins such as super-
oxide dismutase (9, 34), thioredoxin (29), thioredoxin reduc-
tase (30), thiol-specific antioxidant protein (31), and catalase A
(22). Some of the vesicle proteins were recognized by sera from
cryptococcosis patients, suggesting that these proteins are pro-
duced during human infection. The combined presence of lip-
ids, pigments, polysaccharides, and virulence-related and im-
munogenic proteins suggests that C. neoformans uses vesicular
secretion as a single mechanism to deliver virulence factors
into the fungal extracellular space. Since vesicle production has
been observed in vivo and during macrophage infection (45),
we suggest that the C. neoformans extracellular vesicles func-
tion as “virulence factor delivery bags” that could expressively
influence the interaction of fungal cells with the host. Different
types of vesicles may carry different types of toxic payloads.
Clearly, the presence of numerous virulence-associated com-
ponents in vesicular preparations would allow C. neoformans to
deliver a toxic concentrated payload to target cells such as
predatory amoebae and macrophages. Vesicle secretion could
also presumably occur in phagosomal spaces and allow delivery
of toxic payloads to cells that have ingested cryptococcal cells.
Vesicular delivery of concentrated virulence-associated com-
ponents could be significantly more effective in damaging toxic
cells than if such components were secreted separately and had
to reach target cells through diffusion. In this context, it has
been recently suggested by our group that vesicle secretion
occurs during infection of host macrophages (45). This obser-
vation could be related to the known ability of C. neoformans
to secrete GXM during intracellular infection of phagocytes
(50), which results in host cell toxicity and release of fungal
cells to extracellular host sites.

In summary, we report the identification of numerous
virulence-associated components in C. neoformans vesicle
preparations. The similarities in the protein content of C.
neoformans vesicles and mammalian exosome-like struc-
tures combined with electron microscopic morphological evi-
dence of exosome-like structures in cryptococcal cells led us to
propose that the extracellular vesicles originate from fungal
exosomes. The complexity of vesicle populations with respect

to their morphology and cargo suggest numerous new avenues
for the investigation of their role in virulence and cryptococcal
cell biology.
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