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Abstract  Cryptococcus species cause invasive infections in
humans. Lipids play an important role in the progression of
these infections. Independent studies done by our group
and others provide some detail about the functions of these
lipids in Cryptococcus infections. However, the pathways of
biosynthesis and the metabolism of these lipids are not com-
pletely understood. To thoroughly understand the physiolog-
ical role of these Cryptococcus lipids, a proper structure and
composition analysis of Cryptococcus lipids is demanded. In
this study, a detailed spectroscopic analysis of lipid extracts
from Cryptococcus gattii and Cryptococcus grubii strains is pre-
sented. Sphingolipid profiling by LC-ESI-MS/MS was used
to analyze sphingosine, dihydrosphingosine, sphingosine-
1-phosphate, dihydrosphingosine-1-phosphate, ceramide,
dihydroceramide, glucosylceramide, phytosphingosine, phy-
tosphingosine-1-phosphate, phytoceramide, o-hydroxy phy-
toceramide, and inositolphosphorylceramide species. A total
of 13 sterol species were identified using GC-MS, where
ergosterol is the most abundant species. The *'P.NMR-
based phospholipid analysis identified phosphatidylcholine,
phosphatidylethanolamine, phosphatidylinositol, phosphati-
dylserine, phosphatidyl-N,N-dimethylethanolamine, phos-
phatidyl-N-monomethylethanolamine, phosphatidylglycerol,
phosphatidic acid, and lysophosphatidylethanolamine. A
comparison of lipid profiles among different Cryptococcus
strains illustrates a marked change in the metabolic flux
of these organisms, especially sphingolipid metabolism .EHl
These data improve our understanding of the structure,
biosynthesis, and metabolism of common lipid groups of
Cryptococcus and should be useful while studying their func-
tional significance and designing therapeutic interventions.—
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Cryptococcus species are common environmental fungi
and are well-known to cause invasive pulmonary infections
in humans (1). Cryptococcal meningitis, also known as me-
ningoencephalitis, is the most frequent and serious form of
infection caused by the Cryplococcus species. According to a
global estimate, “approximately 1 million cases of cryptococcal
meningitis occur each year, resulting in over 600,000
deaths by 3 months of infection” (Ref. 2; p. 1). Generally,
Cryptococcus infection cases are common in immunocom-
promised patients (2); however, in rare instances, crypto-
coccal infections have been reported in immunocompetent
patients with an underlying liver cirrhosis condition or an
end stage renal condition, also known as cryptococcal peri-
tonitis (3), as well as immunocompetent patients with un-
common underlying disease conditions (4). Cryptococcus grubi
and Cryptococcus gattii are the two most prevalent species
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that cause cryptococcosis in humans (5). While C. grubii is
more common in immunocompromised patients, C. gattii
is quite capable of infecting immunocompetent individuals
as well (1).

In the last decade, a serious effort has been made to
understand the mechanisms of the virulence and patho-
genesis of Cryptococcus. We know that a large capsule on
the outer surface, melanin synthesis, and urease activity are
some of the unique features of Cryptococcus among other
pathogenic fungi like Candida (6). The ability of Cryptococcus
species to grow at low pH helps them to survive the killing
in phagolysosomes inside the host (7). Fast dissemination
of this fungus from lungs to brain allows a narrow time win-
dow to kill it; this is considering the fact that the fungal in-
fection more often than not is secondary in nature (8).
Hence, limiting the growth of this fungus in a patient with
HIV, for example, becomes quite difficult. Lipids play an
underlying and important role in these mechanisms regu-
lating fungal pathogenicity (9).

For instance, several lipid biosynthetic pathway genes
are now known to directly impact virulence and pathogen-
esis mechanisms (6, 9-12). This corroborates the fact that
deletion of these lipid biosynthetic genes renders fungal
strains avirulent. For example, deletion of phosphatidylser-
ine decarboxylase (Psd)1, Psd2, and Cho2 resulted in loss
of virulence in Candida albicans (13, 14). Changes in phos-
pholipid levels can result in changes in membrane poten-
tial and fluidity, which in turn can affect the functionality
of proteins associated with these lipids (15, 16). Sterols and
sphingolipids are also an important membrane compo-
nent, usually associated with membrane rafts (17). More
complex sugar or acyl chain-linked sterols and sphingo-
lipids are linked to the vesicular secretion pathway, capsule
integrity, and virulence mechanisms in Cryptococcus (6, 10,
12,17, 18). Loss of ergosterol biosynthetic pathway protein
(Erg) genes and sphingolipid biosynthesis genes also results
in avirulent fungal strains (19-22). Lately, more specifically
for Cryptococcus infections, sphingolipids have been em-
phasized as key regulators of pathogenesis. Our group
has previously shown that: ) Glucosylceramide (GlcCer; a
glycosphingolipid) is critical for growth at alkaline/neutral
pH and for dissemination of Cryptococcus. The strain har-
boring a deletion in the GlcCer synthase 1 gene (Agesl)
was avirulent and confined to the lung granuloma. GlcCer
is an important structural component of the capsule and
the biomembranes of Cryplococcus (19). 2) Inositolphos-
phorylceramide (IPC), a complex sphingolipid, is usu-
ally associated with lipid rafts as an important structural
component in fungi. In Cryptococcus, the conditional
GAL?7::IPCI mutant, in which IPC synthase 1 (IPC1) is con-
trolled by the GAL7 promoter, shows poor growth in acidic
pH when Ipcl is downregulated (23). 3) Phytoceramides
(PhytoCers) usually accumulate by the catabolism of IPC
derivatives by the inositol phosphosphingolipid phospho-
lipase C (Iscl) enzyme. Interestingly, the Aisc] mutant
shows poor oligomerization, but decent membrane raft
localization, of Pmal (an ATPase responsible for main-
taining the H' gradient across the plasma membrane)
(24). Supplementation of PhytoCer reverts the oligomeric
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capabilities of Pmal in the Aéisc] mutant (25). 4) The small
sphingolipid molecules, sphingosine (Sph), dihydrosphin-
gosine (dhSph), sphingosine-1-phosphate (SphlP), and
dhSph-1-phosphate (dhSphlP), have an important role in
modulation of host immune response toward Cryptococcus
infection (26, 27). Altogether, these published reports by
our group and others have emphasized the significance of
the sphingolipid biosynthetic pathway for the develop-
ment inhibitors as treatment strategies against Cryplococcus
(28, 29).

Lipid biosynthetic pathways have been a major resource
in the development treatment measures for cryptococcal
infections (28). The antifungals, amphotericin B (a poly-
ene) and fluconazole (an azole), are commonly used for
targeting fungal ergosterol biosynthesis (30). The cell
wall-inhibiting compounds, like echinocandins, are inef-
fective in managing cryptococcal infections (31). More-
over these drugs show poor killing efficiency and have
higher toxicity, demanding the discovery of new and more
effective antifungal drugs (28). During the last two de-
cades, several groups, including our group, have reported
the identification and characterization of various inhibi-
tors of the fungal sphingolipid pathway (28, 29). Despite
this effort, no antifungal targeting this pathway has reached
the clinic.

Considering the importance of lipids in aspects like viru-
lence and pathogenesis, and possibly in development of
therapeutic strategies, it becomes important to understand
the lipid metabolism processes of Cryptococcus in greater de-
tail. A more detailed analysis of the lipid metabolic network
in Cryptococcus is necessary in order to determine the lipid
structures synthesized in Cryptococcus and their routes of
biosynthesis.

In the present study, using different spectroscopic ap-
proaches, we have characterized three major lipid groups of
Cryptococcus, specifically, phosphoglycerides using 'P-NMR
spectroscopy, sphingolipids using LC-ESI-MS/MS, and
sterols using GC-MS. Between C. grubit and C. gattii
strains, marked changes were revealed in the lipid compo-
sitions. Quantification of lipid subclasses among C. grubu
and C. gattii strains shows that GlcCer(d19:2/18:0h) and
ergosterol are the two most abundant lipids in Cryptococcus.
Further, the metabolite fluxes of ceramides (Cers), dihy-
droceramides (dhCers), PhytoCers, a-hydroxy PhytoCers
(«OHPhytoCers), and their corresponding IPCs provide
useful insights into the sphingolipid metabolism of C. grubii
and C. gattii strains. Analysis of the structures involved in
GlcCer biosynthesis point to the key enzymes that are in-
volved in this pathway, many of which are still uncharacter-
ized. Structural analysis of sterol intermediates suggests
the presence of three alternate pathways of ergosterol bio-
synthesis in Cryptococcus. Further, the pathway for phos-
phoglyceride biosynthesis as well as the phosphoglyceride
species composition in Cryptococcus is discussed. Finally, we
also discuss the most important lipid changes observed in
C. grubii and C. gattii in comparison to other Cryptococcus
strains, namely, Cryptococcus albidus and Cryptococcus laurentis,
which are mostly nonpathogenic. Overall, these analyses
significantly add to our understanding of Cryptococcus lipid



structures and their biosynthesis. These findings will
contribute toward characterizing the genes involved in the
biosynthetic pathways of these lipids and may contribute to
the development of new biological targets and treatment
strategies.

MATERIALS AND METHODS

Materials

Lipid standards were purchased from Sigma-Aldrich and
Avanti Polar Lipids Inc. All solvents and chemicals, unless spe-
cifically mentioned, were LC-MS grade purchased from Sigma-
Aldrich and Fisher Scientific, UK.

Strains, culture conditions, and lipid extraction

Strains used in this work include: C. grubii (H99), C. gattii
(R265, R272), C. albidus, and Cryptococcus laurentii (all strains from
the Del Poeta laboratory at Stony Brook University, Stony Brook,
NY). Cell cultures were maintained on YPD-agar plates (yeast ex-
tract, peptone, and dextrose; Difco) at 30°C. For lipid extraction,
cells were grown in YNB (yeast nitrogen base containing 20 g/1
glucose and 25 mM HEPES, pH 7.4) at 30°C for 16 h. Cells were
centrifuged for 10 min at 2,472 gat room temperature. Superna-
tant was removed and the cell pellet was suspended in PBS and
cells counted. For lipid extraction, a two step extraction proce-
dure was used. The first extraction was performed using the
method of Mandala (32). Briefly, 5 x 10® cells were washed twice
with distilled sterile water and pelleted and suspended in 1.5 ml of
Mandala lipid extraction buffer (ethanol:dHyO:diethylether:pyri
dine:14.2 N ammonium hydroxide; 15:15:5:1:0.018; v/v/v/v/v).
The lipids, C17 Cer and C17 Sph, were added as internal stan-
dards prior to lipid extraction. Tubes were vortexed and soni-
cated twice at intervals of 20 s and incubated in a 60°C water
bath for 15 min. The process was repeated. Cell debris was re-
moved by centrifugation (2,472 g, 4°C, 10 min) and the super-
natant was dried in a SPD210 SpeedVac system (ThermoFisher
Scientific, Waltham, MA). Next, Bligh and Dyer extraction was
performed by dissolving the pellet into chloroform:methanol
in the ratio 1:2 (v/v) and incubating at 37°C for 1 h (33). Phase
separation was performed by adding 1 ml chloroform and 1 ml
dH,O with vortexing. The hydrophobic layer was taken, dried
in a Speed Vac, and the lipid dry weight measured. At this
stage, one-tenth of each sample was aliquoted for the determi-
nation of inorganic phosphate (Pi) (21). For Pi estimation, 0.6 ml
washing buffer (10 N HySO,:10% perchloric acid:water; 9:1:40;
viviv) was added to each tube and incubated overnight at
150°C. Samples were then cooled and 0.9 ml ultrapure water,
0.5 ml of 0.9% ammonium molybdate, and 0.2 ml of 9% ascor-
bic acid solution were added to each sample in this order with
vortexing and incubated at 45°C for 30 min. Readings were
noted at ODgyy nm and the Pi concentration was determined
against the NaHyPO, standard curve. Pi estimations were done
on each sample as an additional control of the lipid extraction
method efficacy (data not shown). One-half of the remaining
sample, post Bli%h and Dyer extraction, was used for phospho-
lipid analysis by *'P-NMR.

The remaining half was used to perform mild alkaline hydrolysis
(21, 34). Briefly, 0.5 ml chloroform and 0.5 ml 0.6 M metha-
nolic KOH were added to the dry lipid samples, vortexed, and
incubated at room temperature for 1 h. Then 0.325 ml 1 M
HCI and 0.125 ml dH,O were added and vortexed. The hydro-
phobic layer was dried in a SpeedVac, flushed with Ny, and
stored at —20°C until analyzed. These samples were used for

either sterol analysis by GC-MS or sphingolipid analysis by
LC-ESI-MS/MS.

Sphingolipid profiling using LC-ESI-MS/MS

Sphingolipid species were detected in base hydrolyzed lipid
samples by the multiple reaction monitoring (MRM) approach
described previously (34, 35), using a TSQ Quantum Ultra™
triple quadrupole mass spectrometer (Thermo Scientific). Ex-
tracted lipids were suspended in a buffer containing 1 mM am-
monium formate and 0.2% formic acid in methanol (buffer B).
A 10 pl sample was delivered by Accela pump/autosampler
(Thermo Finnigan) to the HPLC system fitted with a 3 um C8SR,
150 x 3.0 mm column (Peeke Scientific). A two buffer mobile sys-
tem was used: 2 mM ammonium formate and 0.2% formic acid in
water (buffer A) and buffer B. C17 Sph (C17 base; D-erythro-Sph)
and C17 Cer (d18:1/17:0; Nheptadecanoyl-D-erythro-Sph) were
added as an internal standard for these analyses prior to lipid ex-
traction. Identification of sphingolipid species by MRM scanning
represents a more targeted approach. MRM depends on record-
ing the m/z of a select parent ion unique to a sphingolipid species
(Q1) and its fragmentation production which is the m/z of a select
daughter ion (Q3). Molecular ions of each species were detected
as [M + H]". Specifically, dhSph (d18:0), Sph (d18:1), and phyto-
sphingosine (PhytoSph; t18:0) could be using parent ions of m/z
302, 300, and 318, where a loss of one water molecule from the
sphingoid backbone results in daughter ions, m/z 284, 282, and
300. Ions of m/z 266, 264, and 282 are a result of loss of two water
molecules from the sphingoid backbone. dhSph1P, Sph1P, and
PhytoSph-1-phosphate (PhytoSph1P) were detected using parent
ions of m/z 382, 380, and 398 and their respective daughter ions
of m/z 284, 264, and 282 that result from a loss of the phosphate
moiety and one water molecule from their parents. Similarly, the
complex sphingolipids, Cer/a-hydroxy Cers (¢OHCers), dhCer,
and PhytoCer/aOHPhytoCer were detected using characteristic
daughter fragments of m/z 266, 264, and 282 (characteristic to
t18:0 backbone and results from the loss of two water molecules)
or by the daughter ions resulting from the loss of one water mol-
ecule from the parent molecularion (soft fragmentation). GlcCer
species were detected using daughter ions of m/z 264 (d18:1), 262
(d18:2), and 276 (d19:2) that resulted from the loss of sphingoid
base and two water molecules from the parent ion. Notably, the
identity of GlcCer species were confirmed using the GlcCer puri-
fied from Candida utilis, which has similar GlcCers to Cryptococcus
(19, 36). IPC species were detected using daughter ions of m/z 282
(for t18:0 backbone) and m/z 310 (for t20:0 backbone). IPC spe-
cies resulting from d18:0 or d18:1 backbones were detected using
water loss fragments of the parent ions. IPCs are known to show
poor ionization efficiency in positive ion mode. For this reason,
we analyzed IPC species in negative ion mode as well (see below)
(34). MRM settings for the target sphingolipid species detected in
TSQ Quantum Ultra™ triple quadrupole mass spectrometer op-
erating in positive ion mode are listed in supplemental Sheet S1.
Mass instrumentation settings were as follows: HESI was used as
ion source, spray voltage at 3,500 V, vaporizer temperature at
400°C, sheath gas pressure at 60 (a.u.), ion sweep gas pressure at 2.0
(a.u.), auxiliary gas pressure at 15 (a.u.), and capillary tem-
perature was kept at 300°C. Processing of the collected data was
performed using Xcaliber and LCquan software systems. Quanti-
tation of lipid species was based on internal standard normaliza-
tion using the linear regression model, as described previously
(supplemental Fig. S1) (35). The levels of different sphingolipid
molecular species in each sample were normalized to lipid dry
weight in milligrams.

IPC species are readily ionized in negative ion mode where mo-
lecular ions are detected as [M — H] ™ (34, 37, 38). IPC species
were also analyzed using negative precursor ion scanning using
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m/z241 as the precursor ion and scanned the mass range between
m/z 600 and 1,500. Unfractionated lipid extracts were directly in-
troduced by continuous infusion into the TSQ Quantum Access
triple quadrupole mass spectrometer instrument (Thermo Fisher
Scientific). Mass instrumentation settings were as follows: ESI was
used as ion source, spray voltage at 3,500 V, sheath gas pressure at
15 (a.u.), capillary temperature at 270°C, and collision energy at
35 V. Processing of the collected data was performed using the
Xcaliber software system.

Sterol and fatty acid analysis by GC-MS

Extracted and base hydrolyzed lipid samples were derivatized
using 100 pl N,O-bis (trimethylsilyl) trifluoroacetamide/trimethyl-
chlorosilane reagent (Sigma-Aldrich) at 85°C for 90 min. Next,
50 pl of n-hexane were added to the derivatized sample and vor-
texed. The samples were then analyzed using a HP5-MS column
(30 m x 250 pm x 0.25 pm) on an Agilent 7890 GC-MS instru-
ment (Agilent Technologies, Santa Clara, CA). Sterol analysis was
performed as described previously (39—41). Briefly, the initial col-
umn temperature of 100°C was held for 0.5 min and ramped at
35°C/min to 240°C and at 3°C/min to 305°C with a hold of 5 min.
All El-mass spectra were recorded at 70 eV with an ion source
temperature of 230°C. The front inlet temperature was kept at
290°C splitless and the MSD transfer line temperature was kept at
280°C. The retention time and mass spectral patterns of choles-
terol standard (Sigma) were used as a reference (42). Twenty-five
micrograms of cholesterol were added as an internal standard for
these analyses prior to lipid extraction. Sterol species contents in
each sample were normalized to lipid dry weight in milligrams.
The structures of various sterol species were confirmed either by
authentic standards or by comparing previously published mass
spectral fragmentation patterns or both. Characteristic identifiers
of various sterol species are listed in supplemental Table S1. For
fatty acid analyses, N,O-bis(trimethylsilyl) trifluoroacetamide/ tri-
methylchlorosilane-derivatized samples were also analyzed on an
HP-5MS column (30 m x 250 wm x 0.25 pm). The initial column
temperature of 70°C was held for 2 min and ramped at 5°C/min
to 200°C and at 20°C/min to 300°C with a hold of 5 min. All EI-
mass spectra were recorded at 70 eV with an ion source tempera-
ture of 230°C. The front inlet temperature was kept at 280°C with
a 10:1 split and the MSD transfer line temperature was kept at
280°C. The retention time and mass spectral patterns of fatty acid
methyl ester standard mix (Sigma) were used as a reference to
identify respective fatty acids.

Phosphoglyceride analysis using p.NMR spectroscopy

*'P-NMR analysis was based on the method of Lehnhardt et al.
(43) and was performed in triplicate. The phospholipid classes in
the total lipid extracts were analyzed by *'P-NMR in a sodium cho-
late detergent system, as described by MacKenzie, Vyssotski, and
Nekrasov (44). The sodium cholate detergent solution was pre-
pared containing: sodium cholate (10% w/w), EDTA (1% w/w),
and phosphonomethylglycine as an internal standard for quanti-
fication (0.3 g/1); pH was adjusted to 7.1 using sodium hydroxide;
the detergent solution was an aqueous solution containing 20%
D,O for deuterium field-frequency lock capability. Samples were
mixed with the detergent solution, ultrasonicated (60°C, 10 min),
and pH adjusted with aqueous NaOH if necessary. The quantita-
tive phosphorus NMR spectra were recorded using a two-channel
Bruker Avance300 instrument. A capillary containing 0.4% phos-
phoric acid was included in the NMR tube for measuring rela-
tive chemical shifts. The identities of peaks were confirmed using
chemical shifts compared with those of pure standards. Analy-
sis of one sample after deacylation using monomethylamine
was also used to aid in the identification of the minor phospho-
lipids [e.g., phosphatidyl-N,N-dimethylethanolamine (PDME)
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and phosphatidyl-N-monomethylethanolamine (PMME)] (45).
Average molecular weights of the lipid classes were calculated
based on fatty acid profiles of the lipid extracts (discussed below).
*'P-NMR analysis was performed on non-base hydrolyzed lipid ex-
tracts. Phospholipid contents in each sample were normalized to
lipid dry weight in milligrams and represented as %w/w. Further-
more, lipid species compositions of select lipid classes were deter-
mined by a shotgun approach using multiplexed precursor ion
and neutral loss scanning experiments in positive ion mode on an
AB SCIEX QTRAP® system. Lipid species for each class of phos-
phoglyceride were selected as: Pre 184.1 [phosphatidylcholine
(PC)], NL 141 [phosphatidylethanolamine (PE)], and NL 185
[phosphatidylserine (PS)] (46). Data analysis was performed us-
ing LipidView software from SCIEX.

Statistical analyses

The Student’s ttest was employed to determine the statistical
significance between data sets. P< 0.05 was considered to be sig-
nificant. Data represent the mean + SEM of at least three indepen-
dent experiments. To highlight the statistical significance among
different datasets, principal component analysis (PCA) was per-
formed using the XLSTAT software.

RESULTS

Several environmental and human isolate species of
Cryptococcus have been identified to cause invasive infec-
tions in humans, leading to high morbidity (1, 5). Among
these, C. grubii (H99) and C. gattii strains (R265 and R272)
are the most well-studied (1, 5), but little is known about
their lipid profiles (19, 20, 47). In the present study, we
have aimed to analyze the major groups of lipids, specifi-
cally, sphingolipids, sterols, and phosphoglycerides. For
lipid analysis, Cryptococcus cells were cultured in YNB com-
plete medium at 30°C and lipids were extracted using Man-
dala extraction followed by subsequent Bligh and Dyer
extraction and base hydrolysis when appropriate, as de-
scribed in the Materials and Methods. The extracted lipids
were analyzed using different MS approaches to determine
the levels of lipid intermediates.

Sphingolipid profile of C. grubii (H99) and C. gattii (R265
and R272) strains

Sphingolipids represent one of the more complex lipid
systems in fungi, with differences in their sphingoid back-
bone or long chain base (LCB), N-linked fatty acyl chain
lengths, hydroxylations, and hexose linkages (10, 34). To
get an in-depth map of various sphingolipid structures
and contents, we employed a MRM-based LC-MS method
(34, 35, 46). Lipid analytes were separated on a HPLC in-
strument and their identity was confirmed by MRM scanning
on a mass spectrometer in positive ion mode. In Fig. 1A,
it can clearly be seen that all targeted GlcCer species
were resolved into individual peaks; where an increase in
retention time directly corresponded to the increase in the
N-linked fatty acyl chain length. Using this approach, we
determined the absolute levels of 13 different classes of
sphingolipids. Among these, six classes of less abundant
LCBs (which are important signaling molecules) were ana-
lyzed, namely, dhSph, dhSphlP, Sph, Sph1P, PhytoSph,
and PhytoSph1P, and seven classes of complex sphingolipids
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Fig. 1. Sphingolipid profiling of Cryptococcus by MRM scanning using LC-MS. A: MRM monitoring chromatograms representing the iden-
tification of d19:2-sphingoid base containing GlcCer. Only GlcCer detection is shown here as a representative of sphingolipid groups ana-
lyzed. B: Total sphingolipid content in C. grubii (H99) and C. gattii (R265 and R272) strains. Mean + SEM is shown (n = 3). ¥*P<0.05, ** P<
0.01 (Student’s ttest). C: Sphingolipid class composition of C. grubii and C. gattii strains. Data represents percent abundance and the means
of three replicates are plotted. D: PCA of sphingolipid species analyzed shows that the three replicates are grouped, C. grubii (blue), C. gattii
R265 (green), and C. gattii R272 (red), and that their lipid profiles are different. Factors F1 (x axis) and F2 (y axis) represent the two most
variable principal components. E: PCA loading plots representing the contribution of individual species to the sample variability.
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were analyzed, namely, dhCer, Cer, «OHCer, PhytoCer,
aOHPhytoCer, GlcCer, and IPCs. The total sphingolipid
content of H99, R265, and R272 was 4,490, 3,678, and
5,569 pmoles/mg dry lipid weight, respectively (Fig. 1B,
supplemental Table S2). Evidently, the sphingolipid con-
tent of R272 was as much as 34% higher as compared with
the H99 or R265 strains.

Of the total sphingolipid pool, the total LCB (dhSph,
dhSphlP, Sph, Sph1P, PhytoSph, and PhytoSphlP) con-
tents were between 1.2% and 2.6% in the analyzed strains.
The overall LCB content did not vary much between
strains, except that dhSph was 1.7- to 2.7-fold higher in
R265 when compared with H99 and R272. The Cer struc-
tures (dhCer, Cer, dOHCer, PhytoCer, and c OHPhytoCer)
contributed 49-80% of the total sphingolipids (Fig. 1C).
However, the composition of these sphingolipids varied
significantly between strains. The dhCers were abundant in
R272, Cers, «OHCer, and aOHPhytoCer in H99, and Phy-
toCer in R265 and R272. The GlcCer content ranged be-
tween 16% and 45% among strains. GlcCer amounts were
significantly higher (>2-fold) in H99 and R265, compared
with R272. The IPC content ranged between 2.4% and
4.4% and was found to be highest in the C. grubii H99
strain.

Sphingolipid species profile. In fungi, the sphingolipid
structure is comprised of a LCB backbone amide linked to
a fatty acid at the C2 position and an ester linked to a polar
head group at the C1 position (34). The LCBs detected in
our analysis contained a d18:0 backbone, which is the ma-
jor sphingoid backbone found in Cryptococcus species (34).
We further analyzed various Cer-related structures based on
the amide-linked fatty acyl chain on the LCB (Fig. 2A). The
de novo biosynthesis of complex sphingolipid structure is
marked by amide linkage of a fatty acyl to the LCB by
Cer synthases (CerSs) to form dhCer. In our analysis, we
scanned for fatty acyls of varying chain lengths ranging
from 14 to 26 carbons. The dhCer(d18:0/18:0) species
(m/2568.6) was the major dhCer species in all three strains
and most abundant in R272. A A4-desaturation of the LCB
of dhCer forms Cer structures. Cer(d18:1/18:0) (m/z
566.5), Cer(d18:1/18:1) (m/z564.4), and Cer(d18:1,/20:0)
(m/2594.5) species were the major Cer species. These Cer
species were significantly higher in H99, which also showed
the presence of the Cer(d18:1/16:0) species.

We have previously shown that Cryplococcus contains
oaOHCer species, where the fatty acyl linked to the LCB is
a-hydroxylated (19, 20). These are detected more promi-
nently in the GlcCer biosynthetic pathway mutants, like
Ages] (mutant for GlcCer synthase) and Asm¢] (mutant
for sphingolipid C9-methyl transferase), or upon treat-
ment with inhibitors of the enzymes synthesizing GlcCer
(19, 20). These are «OHCer(d18:1/18:0h) (m/z 582.4),
aOHCer(d18:2/18:0h) (m/z 580.4), and aOHCer(d19:2/
18:0h) (m/z 594.4). The A8-desaturation of the LCB
of A4-Cer [aOHCer(d18:1/18:0h); d18:1 backbone;
4-sphingenine] will result in formation of A4,A8-Cer
[«OHCer(d18:1/18:0h); d18:2 backbone; 4,8-sphinga-
dienine]. Further, the addition of a methyl group at the
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C9 position of the 4,8sphingadienine base of A4,A8-Cer
forms 9-methyl-A4,A8-Cer [«OHCer(d19:2/18:0h); d19:2
backbone; 9-methyl-4,8-sphingadienine]. All three spe-
cies, aOHCer(d18:1/18:0h), «aOHCer(d18:2/18:0h), and
aOHCer(d19:2/18:0h), were detected in H99 and R265,
but were negligible in R272 (Fig. 2B).

Formation of GlcCer requires the transfer of the glucose
moiety from (UDP)-glucose to the Cl hydroxyl group of
the aOHCer (19). Earlier, we showed that the 9-methyl-4,8-
sphingadienine backbone containing GlcCer(d19:2/18:0h)
(m/z 756.4) species marks the end product of the GlcCer
biosynthetic pathway (19). This fact is confirmed by the
current analysis, as the GlcCer(d19:2/18:0h) species was
the most abundant GlcCer structure in three tested strains.
In this study, we additionally scanned for six other fatty
acyls (16:0h, 18:1h, 20:0h, 22:0h, 24:0h, and 26:0h) in the
9-methyl-4,8-sphingadienine backbone containing the
GlcCer pool (Fig. 2B). Indeed, we found a considerable
amount of GlcCer(d19:2/16:0h) species (m/z 728.4) in
H99 and a detectable level in R265. Almost all of the
GlcCer pool in R272 was comprised of GlcCer(d19:2/18:0h)
species only. Among the alternate GlcCer species reported
in Cryptococcus [namely, GlcCer(d18:1/18:0h) (m/z 744.4)
and GlcCer(d18:2/18:0h) (m/z 742.4)], the GlcCer(d18:2/
18:0h) species was present in H99. It is noteworthy that we
also detected low levels of GlcCer species with nonhydrox-
ylated fatty acids like GlcCer(d19:2/18:0) (m/z740.4) [data
not shown (19)].

The addition of a hydroxyl group at the C4 position
of the dhSph backbone results in the production of Phy-
toSph (t18:0 backbone). Transfer of a nonhydroxylated
fatty acyl to the amide group at the C2 position will form
PhytoCer structures (34). PhytoCer(d18:0/18:0) (m/z
584.7), PhytoCer(d18:0/24:0) (m/z 668.8), and PhytoCer
(d18:0/26:0) (m/z 696.7) species were detected as
the major PhytoCer species and were more abundant
in R265 and R272, compared with H99 (Fig. 2A). The
a-hydroxylation of the fatty acyl moiety of PhytoCers
forms « OHPhytoCers. The «OHPhytoCer (d18:0/24:0h)
(m/z 684.5) and aOHPhytoCer(d18:0/26:0h) (m/z 712.5)
species were detected as the major cOHPhytoCer spe-
cies and were more abundant in H99 (Fig. 2A).

Further, both PhytoCer and aOHPhytoCer structures
can be converted to IPC structures by transfer of a phos-
phorylinositol group (23). Although the IPC structures
and pathway of synthesis have been characterized in
several fungi (36, 48-54), they remain poorly studied in
Cryptococcus (23). In our MRM analysis (positive ion mode),
we scanned for 28 IPC structures (Fig. 2C). IPC species are
represented as “total number of carbons in the sphingoid
backbone and the fatty acyls:total number of double
bonds;total number of hydroxyl groups in the sphingoid
backbone and the fatty acyls.” IPC species, IPC36:0;3 (m/z
826.7), IPC42:0;3 (m/z 910.8), IPC44:0;3 (m/z 938.7),
IPC42:0;4 (m/z 926.5), 1PC44:0;4 (m/z 954.5), IPC46:0;4
(m/z 982.5), IPC42:0;5 (m/z 942.5), and IPC46:0;5 (m/z
998.5), were detectable (IPC derivatives 3B, 4, and 5; based
on the total number of hydroxyl groups in the sphingoid
backbone and the fatty acyls), along with some other
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low-level IPC structures (IPC derivatives 2 and 3A). The
amounts of these IPC species were quite similar in the H99,
R265, and R272 strains. Previous studies have used the neg-
ative ion mode to detect IPC structure because better ion-
ization could be achieved. To confirm our MRM data,
we analyzed various IPC structures using precursor ion
scanning for m/z 241 in negative ion mode (supplemental
Fig. S2). These analyses confirmed that the IPC species de-
tected in MRM scanning were true structures. However,
some [PC structures did show a much better ionization in
the negative ion mode compared with the positive ion
MRM scans, for example, IPC(36:0;3) (supplemental Table
S3). In both analyses, we could detect low levels of IPC
structures with two hydroxyl groups in the structure, for
example, IPC(36:0;2), suggestive of the fact that the trans-
fer of a phosphorylinositol group to dhCer species can also
contribute to the IPC pool. The caution here remains that
there are two major drawbacks in analyzing IPC structures
by MS methods: variations in ionization efficiencies and lack
of appropriate standards. Notably, the complex IPC deriv-
atives, namely the mannosylinositolphosphorylceramide and
mannosyldiinositolphosphorylceramide structures, were
below detection in our analysis (data not shown).

To validate the statistical significance of data sets, we per-
formed PCA. PCA plots between the two most variable prin-
cipal components (contributing to 65% variance) showed
that the overall sphingolipid species content was signifi-
cantly different between H99, R265, and R272 (Fig. 1D).
The sphingolipid species contributing most to this strain
distribution in the PCA plots are depicted by PCA loading
plots (Fig. 1E).

Sphingolipid biosynthetic pathway. Although the genes in-
volved in the biosynthesis of various sphingolipid structures
are well-characterized in other model yeasts, like Saccharo-
myces cerevisiae, and, in part, also in C. albicans (34, 49, 50),
only a few genes have been characterized in Cryptococcus
species (19, 21, 23, 24). The primary step in understanding
the overall sphingolipid metabolism was to understand the
structure and composition of various sphingolipid species
present in Cryptococcus. Therefore, in this study we aimed to
detect and quantify various sphingolipid species of Crypto-
coccus. Our results clearly show that similar sphingolipid
species are present in both C. grubii (H99) and C. gattii
(R265 and R272) strains (Fig. 2), suggesting that the sphin-
golipid biosynthesis pathway is largely conserved in these
strains. However, we did find differences in the amounts of
various sphingolipid species in the H99, R265, and R272
strains (Fig. 2). One possible reason for these observed dif-
ferences in the amounts of sphingolipid metabolites could
be that the enzymes involved at the catalytic steps have vari-
able substrate specificities in each strain. This altered
sphingolipid metabolic flux, of course, will depend on the
overall physiological requirement of each strain and may
be linked to the different environment with which they are
mostly associated: birds for C. grubii and trees for C. gattii.
The structure and composition analyses data obtained in
this study allowed us to chart the sphingolipid biosynthetic
pathway of Cryptococcus (Fig. 3).
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The de novo biogenesis of sphingolipids in Cryptococcus

commences with the condensation of palmitoyl-CoA and
-serine [by a serine palmitoyltransferase (SPT)], and sub-
sequent reduction to dhSph (d18:0 backbone or LCB) by
3-ketodihydrosphingosine reductase (KDR). CerSs then
amide link a fatty acyl chain to the dhSph structure form-
ing dhCer (34). Our data show that CerSs majorly utilize
18:0 fatty acyl in Cryptoccocus, but can also use 16:0 or 18:1
fatty acyls (as in H99) and 24:0 or 26:0 fatty acyls (as in
R272) to form dhCer structures. A A4-desaturation of LCB
in the dhCer structure by a A4-desaturase forms Cer struc-
tures containing the d18:1 backbone.

Notably, if the Cer structures are comprised of nonhy-
droxylated fatty acyls, then these Cers do not contribute
much toward the GlcCer pool of Cryptococcus. This is
supported by the fact that the major GlcCer species is
GlcCer(d19:2/18:0h) in Cryptococcus and contains a hy-
droxylated fatty acid [also reported earlier by our group
(19, 21)] and that only low levels of GlcCer species with
nonhydroxylated fatty acyls, like GlcCer(d19:2/18:0), were
observed (data not shown) (19). The GlcCer(d19:2/18:0h)
structure is marked by three different characteristics:
a double bond at the C8 position of the LCB, methylation
at the C9 position of the LCB, and the amide-linked
a-hydroxylated fatty acyl (10). It is likely that the GlcCer
biogenesis pathway in Cryptococcus runs parallel to the routine
Cer pathway, with specific CerSs being able to amide link a
hydroxylated fatty acyl chain to the dhSph structure form-
ing aOHdhCer. The aOHdhCers are rapidly desaturated
by A4-desaturase at the C4 position of the LCB to form
aOHCer, the major species being Cer(d18:1/18:0h). Fur-
ther desaturation by A8-desaturase at the C8 position of the
LCB should form the Cer(d18:2/18:0h) structure. A meth-
ylation step at the C9 position of the LCB by sphingolipid
C9-methyl transferase [characterized as Smtl in Cryptococcus
(21)] results in formation of Cer(d19:2/18:0h). Finally,
transfer of the glucose moiety to the C1 hydroxyl group by
GlcCer synthase [characterized as Gcesl in  Cryptococcus
(19)] forms the end product GlcCer(d19:2/18:0h). The
fact that we could detect other GlcCer species, like
GlcCer(d19:2/16:0h), in our analysis shows that biosynthe-
sis of aOHCer structure is a critical step for GlcCer biosyn-
thesis. Itis noteworthy that the activity of Ges1 is not entirely
limited to «OHCer structures. Gesl can, to some extent,
utilize nonhydroxylated Cer structures as well as synthesize
GlcCer (19). Further, based on our data, we are tempted to
speculate whether the nonhydroxylated fatty acyl-linked
Cer structures could be converted to aOHCer structures by
an a-hydroxlase (Fig. 3).

Another group of sphingolipids containing a t18:0 back-
bone was detected in our analysis. A dhSph-C4-hydroxylase
transfers a hydroxyl group at the C4 position of dhSph to
form PhytoSph, resulting in a t18:0 backbone. A specific
CerS should catalyze the transfer of nonhydroxylated fatty
acyls (C18:0, C24:0, or C26:0) to the amide group of Phy-
toSph at the C2 position to form PhytoCer structures [for
example, PhytoCer(t18:0/18:0), PhytoCer(t18:0/24:0),
or PhytoCer(t18:0/26:0)]. A sphingolipid a-hydroxylase
will transfer a hydroxyl group at the C2 position on
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kinase [PhytoSph1P phosphatase]; (15) CerSs; (16) a-hydroxylase;

C]. “R” represents carbons 14 to 24 acyl chains; T a-hydroxylase, pu

PhytoCers to form aOHPhytoCer structures [for example,
aOHPhytoCer(t18:0/18:0h), a«OHPhytoCer(t18:0/24:0h),
or a«OHPhytoCer(t18:0/26:0h)]. Transfer of a phosphor-
ylinositol group onto the PhytoCer and « OHPhytoCer struc-
tures is catalyzed by IPC synthase (characterized as Ipcl in
Cryptococcus) resulting in the formation of IPC derivatives
(derivatives 4, 5, and 3B; see Fig. 3). Formation of IPC de-
rivative 5 is speculated to be due to transfer of an additional
hydroxyl group onto the fatty acyl of IPC derivative 4 by an
unknown hydroxylase. In our analysis, we could also detect
IPC derivatives 2 and 3A, suggestive of the fact that Ipcl can
also utilize dhCer and «OHdhCer as substrates.

Pathways of sphingolipid biosynthesis and genes in-
volved therein are well-characterized in several fungi, such

dhCer synthases [ceramidases]; (9) dhCer desaturases or A4-desturase;
cCer synthases [glycoceramidases]; (13) C4-hydroxylase; (14) PhytoSph
(17,18, 19) IPC synthases [inositol phosphosphingolipid phospholipase
tative step.

as S. cereviseae, Aspergillus fumigatus, Aspergillus nidulans, C.
albicans, Pichia pastoris, and others (34, 37, 47-54). In one
example of P. pastoris, the pathway of GlcCer biosynthesis
very closely fits with the pathway present in Cryptococcus
(19, 21, 54). However, in Cryptococcus, only four genes
have been studied in detail (SMT1, GCS1, IPC1, and ISCI)
(19, 21, 23, 24). Therefore, it becomes demanding to deter-
mine the substrate specificities and kinetics of various un-
characterized enzymes involved in GlcCer biosynthesis,
specifically SPT, KDR, CerS, A4-desaturase, and A8-desaturase,
in Cryptococcus. It will also be interesting to study to determine
whether Cryptococcus is able to utilize the PhytoCer backbone
for GlcCer biosynthesis, as found in GCS overexpressed
strains of P. pastoris (54). Similar studies are required for
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the uncharacterized or unknown enzymes involved in IPC
biosynthesis, namely, dhSph-C4-hydroxylase and CerS. For
example, the presence of closely related Cer, tOHCer, and
PhytoCer structures in the sphingolipid pool suggests that
there could be several CerSs in Cryptococcus, each with
specific activity. Multiple CerSs have been reported in
other systems, namely, Lipl/Lacl/Lagl (in S. cereviseae)
(55), BarA/LagA (in A. nidulans) (56), and Lacl/Lagl
(in C. albicans) (49).

Several intermediates involved in the sphingolipid
breakdown pathway were also identified in all three tested
strains. These were Sph, Sph1P, dhSph1P, and PhytoSph-
1P [LCB-1-phosphates (LCB-1Ps)]. Degradation of Cer by
ceramidase enzyme results in formation of Sph, which is
then phosphorylated by Sph kinase into Sph1P. Similarly,
dhSph kinase and PhytoSph kinase catalyze the conversion
of dhSph into dhSph1P and PhytoSph into PhytoSph-1P,
respectively. The phosphorylation step is reversible and is
catalyzed by specific phosphatases. These LCB-1P struc-
tures play an important role in the regulation of phagocytic
response in Cryptococcus (26, 27). Therefore, this kinase-
phosphatase regulation of LCB-1P is crucial for maintain-
ing LCB-1P levels. In the final degradation step, the LCB-1Ps
are catabolized by LCB-1P lyases. The enzymes involved
in sphingolipid degradation are known in other fungi
(57-59), but require a much needed characterization in
Cryptococcus. The majority of these enzymes are fungi specific
and, therefore, are potential targets for drug development.

Sterol profile of C. grubii (H99) and C. gattii (R265 and
R272) strains

The sterol composition of Cryptococcus is of high signifi-
cance, as all the major antifungals used currently in clinics
target the ergosterol biosynthetic pathway (28). Ergosterol
has a key role in the regulation of membrane fluidity, pro-
tein folding and localization, and the cell cycle (12, 17).
Therefore, an analysis of the ergosterol biosynthetic path-
way of Cryptococcus will be useful in designing new antifun-
gals. The ergosterol biosynthetic pathway has been studied
in S. cereviease, A. fumigatus, C. albicans, and C. glabrata, and
is comprised of over 20 enzymatic steps, with multiple alter-
native pathways for the ergosterol biosynthesis (60-64). In
Cryptococcus, our knowledge of the ergosterol biosynthetic
pathway is limited to only a few studies (39, 60, 65, 66). The
ergosterol studies performed earlier by both Nes et al. (39)
and Ghannoum et al. (60) were performed only on C. grubii
strains. Both studies used specific inhibitors to block the
ergosterol biosynthetic pathway, but presented a contradic-
tory composition profile for sterol intermediates (39, 60).
Therefore, further studies to understand the ergosterol
biosynthetic pathway in Cryptococcus are required.

Here, we describe the analysis of various intermediates
of the ergosterol biosynthetic pathway of several Cryptococcus
strains (both C. grubizand C. gaitii). These analyses provide
valuable pieces of information about ergosterol biosyn-
thesis in Cryptococcus, including sterol intermediates and
possible routes of biosynthesis. Various sterol structures
were analyzed by the GC-MS technique, as described in the
Materials and Methods.
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Ergosterol pathway intermediates. In our GC-MS analysis,
we detected 13 intermediate metabolites involved in
ergosterol biosynthesis. Various structures were identified
by comparison with known sterol spectra and 12 sterol
intermediates were identified. Figure 4A represents the
order of elution (or the retention time in GC) for various
sterol structures. These structures are: 1) squalene: 2,6,10,
15,19,23-hexamethyltetracosa-2,6,10,14,18,22-hexaene; 2)
zymosterol: (3b,5a)-cholesta-8,24-dien-3-ol; 3) cholesterol: (33)-
cholest-h-en-3-ol (internal standard); 4) unidentified sterol; 5)
dehydroergosterol: (33,22E)-ergosta-5,7,22,24(26)-tetraen-
3-ol; 6) ergosterol: 33,22E)-ergosta-5,7,22-trien-3-ol; 7)
fecosterol: (3B,5a)-ergosta-8,24(28)-dien-3-ol; 8) episterol:
(3B,50)-ergosta-7,24(28)-dien-3-ol; 9) fungisterol: (33,5a)-
ergost-7-en-3-ol; 10) zymosterone: (5a)-cholesta-8,24-dien-
3-one; 11) obtusifoliol: (33,4a,5a)-4,14-dimethylergosta-8,
24(28)-dien-3-ol; 12) 4a-methyl fecosterol: (33,4a,5a)-4-
methylergosta-8,24(28)-dien-3-ol; 13) eburicol: (33)-24-
methylenelanost-8-en-3-ol; and /4) lanosterol: (33)-lanosta-8,
24-dien-3-ol. The total sterol content was 58,347 pmol/mg
dry lipid weight for H99, 69,089 pmol/mg dry lipid weight
for R265, and 66,552 pmol/mg dry lipid weight for R272
strain (Fig. 4B). Ergosterol contributed to about 72-80% of
the total sterols. Although the ergosterol content of H99
was slightly lower compared with R265 and R272 strains,
these changes were not dramatic (Fig. 4C).

While ergosterol was detected as the major peak in the
Cryptococcus lipid extracts, other sterol intermediates
ranged between <1% and 6.4% between the different
tested strains (Fig. 4C). We observed significant changes in
the levels of the less abundant sterol species, as compared
with the most abundant ergosterol and dehydroergosterol
species. Among the minor sterol species, zymosterol, fecos-
terol, and unidentified sterol were present in higher
amounts (as much as 2.5-fold) in R265 and R272 compared
with the H99 strain. Also, zymosterone and obtusifoliol
were present in lower amounts (as much as 1.6-fold) in
R265 and R272 compared with the H99 strain. The levels of
other intermediates, namely, squalene, fungisterol, 4a-
methyl fecosterol, eburicol, and lanosterol, were high (as
much as 2.2-fold) in R272 compared with H99 or R265.
These data were statistically validated by PCA, which
showed that, indeed, the differences in minor sterol inter-
mediates were significant enough to effectively separate
H99, R265, and R272 strains on PCA plots (Fig. 4D, E).
The overall PCA plots show that the sterol profiles of H99,
R265, and R272 strains are quite close, mainly because
a significant contribution to the sterol pool comes from
ergosterol, the levels of which do not change much be-
tween strains.

Sterol biosynthesis. ~ Sterol biosynthesis in fungi, depend-
ing on the species and strain, is known to occur via several
different routes (60-65). The steps involved in ergosterol
biosynthesis are catalyzed by ERG genes. More than 20 Erg
proteins are known to be involved in ergosterol biosynthe-
sis. While most have been characterized in different fungal
strains, only a few, like Ergl1 (lanosterol 14a-demethylase),
are characterized in Cryptococcus species (65, 66). To date,
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contribution of individual species to the sample variability.

only a few studies have attempted to explain the biosynthesis
of sterols in Cryptococcus (39, 60, 65, 66). Based on the struc-
tures detected in our sterol analysis, the ergosterol biosyn-
thetic pathway can be divided into three categories (Fig. 5).
First is the classical pathway of ergosterol biosynthesis

that has been established in fungi. The beginning of ergos-
terol biosynthesis is marked by cyclization of squalene
into lanosterol by squalene monooxygenase (Ergl) and
2,3-oxidosqualene-lanosterol cyclase (Erg7). Subsequent
conversion of lanosterol into fecosterol in several enzymatic
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Fig. 5. The pathway of sterol biosynthesis in Cryptococcus. Based on the profile obtained for H99, R265, and
R272, the pathway of sterol biosynthesis in Cryptococcusis composed of the following enzymatic steps: (1) squa-
lene monooxygenase (Ergl), 2,3-oxidosqualene-lanosterol cyclase (Erg7); (2) lanosterol 14-a-demethylase
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steps is catalyzed by lanosterol 14-a-demethylase (Ergll),
Cl14 sterol reductase (Erg24), C4 methyl sterol oxidase
(Erg25), C-3 sterol dehydrogenase (Erg26), 3-keto sterol
reductase (Erg27), and C24-sterol methyltransferase (Erg6).
The fact that very low levels of the intermediates, zymo-
sterol and zymosterone (<0.5% of the total sterols), were
detected in our analysis, suggests that the conversion steps
of lanosterol to fecosterol occur at very rapid rates. Fur-
ther, fecosterol is converted into ergosterol in the several
steps catalyzed by C8-sterol isomerase (Erg2), Cb-sterol
desaturase (Erg3), C22-sterol desaturase (Ergb), and C24-
sterol reductase (Erg4). Running parallel to this pathway is
the first alternative pathway of sterol biosynthesis involving
the formation of eburicol, obtusifoliol, and 4a-methyl fe-
costerol (Fig. 5). These sterol intermediates have been
known to accumulate in cells deficient in 14a-sterol de-
methylase enzymes (Cyp51A or Cyp51B) or in the cells
treated with fluconazole or itraconazole drugs. In our anal-
ysis, the total level of eburicol, obtusifoliol, and 4a-methyl
fecosterol was 2.1-5.6% (percent of total sterols), suggest-
ing that this pathway could also be directly involved in the
biosynthesis of ergosterol. This pathway has been shown to
be active in several pathogenic fungi and involves Erg6,
Erg25, Erg26, Erg27, and Ergll1 proteins (62-68). Briefly,
methylation of C24 in lanosterol structure results in forma-
tion of eburicol. Two subsequent demethylations at C4 and
C14 result in formation of 4a-methyl fecosterol, which can
be further demethylated by Ergl1-like proteins [Cyp51A or
Cyp51B (66)] to form fecosterol.

The second alternative pathway involves the biosynthesis
of (3B,5a)-ergost-7-en-3-ol (or fungisterol) intermediate
(Fig. 5). Fungisterol, detected earlier in the sterol extracts
of pathogenic fungi as well as in several Erg mutants
(68, 69), was also detected in Cryptococcus lipid extracts in
this study (as much as ~2% of the total sterol). Erg4 can use
episterol as substrate and catalyze a reduction step at C24
to form fungisterol. Fungisterol can then be converted to
ergosterol in two subsequent steps involving a desaturation
at C22 (which forms 24-methylcholesta-7,22-dien-33-ol) by
Ergb and a reduction at C24 by Erg3. Ergosterol biosynthe-
sis remains a key drug target for treating pathogenic fungal
infections. However, the most commonly used antifungal
drug, fluconazole, has been largely ineffective to treat Cryp-
tococcus infections (22, 60). This could be because there are
multiple pathways of ergosterol biosynthesis in Cryptococcus.
Although we did find differences in sterol composition of
various Cryptococcus strains, these differences do contribute
much toward fluconazole susceptibility (60).

Phosphoglyceride profile of C. grubii (H99) and C. gattii
(R265 and R272) strains

Phosphoglycerides are critical components of all fungal
membranes and to the physiological processes happen-
ing therein (11, 12). For example, gene mutants defective
in amino-phosphoglycerides, like PE and PS, are unable
to grow on nonfermentable carbon sources, have abnormal
mitochondria, are temperature sensitive, and are aviru-
lent in some cases (13, 70). The biophysical properties of
different phosphoglyceride structures have been explored

using in vitro vesicle studies (71-73). The majority of these
works have been done on fungi like S. cereviseae (74),
Schizosaccharomyces pombe (75) and C. albicans (13, 14).
Although the phosphoglyceride biosynthetic pathway is
quite conserved in fungi (74), the studies focusing on
characterizing the phosphoglyceride structures and com-
positions of Cryptococcus are very limited. In order to under-
stand the phosphoglyceride metabolism of Cryptococcus
in detail, we assessed the composition of phosphoglyc-
erides by *'P-NMR in lipid extracts of H99, R265, and
R272 strains (Fig. 6).

Phosphoglyceride classes. *'P-NMR is a reliable method for
determining the phospholipid class profile from lipid ex-
tracts. In our *'P-NMR analysis (43-45), 10 subclasses of
phosphoglycerides were detected in all three tested strains:
PC, PE, phosphatidylinositol (PI), PS, PDME, PMME,
lysophosphatidylethanolamine (LPE), phosphatidylglycerol
(PG), phosphatidic acid (PA), and an unidentified phos-
Elholipid. The total phosphoglyceride levels measured by

P-NMR for H99 (47.4% w/w) were significantly lower
than the R265 (29.3% w/w) or the R272 strain (33.5%
w/w) (Fig. 6B).

The *'P-NMR spectrum of lipid extracts of Cryptococcus
strains showed baseline peak resolution of major phos-
phoglycerides, namely, PC, PE, PI, and PS (Fig. 6A).
Quantitative measurements showed that these major
phosphoglycerides constituted 92.7-94.2 mol% of the total
phosphoglycerides in tested Cryptococcus strains. While
the minor phosphoglyceride classes, namely, PDME, PMME,
LPE, PG, PA, and unidentified phospholipid, consti-
tuted 5.8-7.3 mol% of the total phosphoglycerides in
tested Cryptococcus strains. Evidently there was no signifi-
cant difference in levels of various phosphoglyceride
classes between H99, R265, and R272 strains (Fig. 6C).
Other lysophosphoglycerides, namely, lyso-PC, LPE, lyso-PI,
lyso-PS, and lyso-PG, were below detection limits in our
*'P-NMR analysis. The statistical significance of these data
was validated by PCA, which showed no apparent differ-
ences in the phosphoglyceride profiles of H99, R265, and
R272 strains (Fig. 6D).

Fatty acyl composition. In a phosphoglyceride structure,
the carbonyl groups of two fatty acyls are esterified to the
hydroxyl groups at the C1 and C2 position of a glycerol
backbone, while a phosphoric acid group is esterified to
the hydroxyl group at the C3 position (74). Based on their
position, chain lengths, and degree of unsaturation, these
fatty acyls can easily modulate the biophysical properties
of the phosphoglycerides in the membrane (71, 72). Our
GC-MS analysis showed that four major fatty acyls, namely,
C16:0, C18:0, C18:1, and C18:2, contributed to 96 mol%
of the total fatty acyl pool in H99, R265, and R272 strains
(Fig. 6E). We used these fatty acyl profiles to calculate the
average molecular weights of the lipid classes in the p.
NMR analysis. We observed a high level of C18:2 fatty acyl
in H99 (23 mol% of total fatty acyls) compared with R265
(13.6 mol% of total fatty acyls) or R272 (8.7 mol% of total
fatty acyls) strains. Concurrently, a low level of C18:1 fatty
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acyl in H99 (28.7 mol% of total fatty acyls) compared with
R265 (36.9 mol% of total fatty acyls) or R272 (40.3 mol%
of total fatty acyls) strains was observed. It is possible that
the activity of fatty acyl desaturases [like Olel and Ole2 in
C. albicans (76)] could contribute to a high C18:2/C18:1
ratio (of 0.8) in the H99 strain > C18:2/C18:1 ratio (of 0.4)
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in the R265 strain > low C18:2/C18:1 ratio (of 0.2) in the
R272 strain. It is important to note that we used a HP5-MS
column to separate fatty acyls, which shows poor resolution
between C18:2 and C18:3 fatty acyls. Therefore, some part
of the C18:2 mass spectral signal could be contributed by
the C18:3 mass spectral signal.



Phosphoglyceride species composition. To determine the in-
dividual phosphoglyceride species, we used multiple pre-
cursor ion and neutral loss scans, described previously in
(46). The analysis was performed on H99 lipid extract and
lipid species belonging to three major phosphoglycerides,
namely, PC, PE, and PS, were determined (supplemental
Fig. S3). The phosphoglyceride species are represented as
the total number of carbons in the two fatty acyl chains:total
number of double bonds in the two fatty acyl chains. In
Cryptococcus, PC species, namely, 34:1, 34:2, 34:3, 36:1, 36:2,
36:3, 36:4, and 36:5, contribute to 84% of the total PC pool.
PE species, namely, 34:1, 34:2, 36:1, 36:2, 36:3, 36:4, 46:0,
and 46:1, contribute to 74% of the total PE pool. PS spe-
cies, namely, 34:0, 34:1, 34:2, 36:1, 36:2, 36:3, 36:4, and
36:5, contribute to 98% of the total PS pool. These data
suggest that phosphoglyceride species in Cryplococcus are
mainly composed of nonhydroxylated 16C and 18C fatty
acyls, and are mostly mono- or polyunsaturated. Contrast-
ingly, complex sphingolipid structures, like the IPCs, in
Cryptococcus contain very long chain hydroxylated fatty acyls
(24C or 26C). These results are consistent with a previous
study on Acap67 (an acapsular mutant of Cryptococcus neofor-
mans), which showed similar phosphoglyceride composi-
tion (47). Nonetheless, a more targeted study is required to
confirm the nonexistence of phosphoglyceride species
with hydroxylated fatty acyls.

Phosphoglyceride biosynthesis. The steps involved in the
phosphoglyceride biosynthetic pathway are largely con-
served in fungi and share many commonalities to mam-
mals (13,74,75). Ourdatasuggest that the phosphoglyceride
biosynthesis in Cryptococcus is quite similar to that reported
for S. cereviseae (74) and C. albicans (13) (Fig. 7). The de
novo biosynthesis of phosphoglyceride primarily begins by
conversion of PA into cytidyldiphosphate-diacylglycerol
(CDP-DAG) using a phosphatidate cytidylyltransferase en-
zyme (Cdsl in S. cereviseae) (74). CDP-DAG is the precursor
for all major phosphoglycerides (PC, PE, PI, PS, and PG)
(74). In the initial step, an enzyme, PS decarboxylase
(Chol in S. cereviseae and C. albicans), catalyzes the conver-
sion of CDP-DAG and serine into PS by releasing cytidylmo-
nophosphate (CMP). Further, PS decarboxylases (Psdl/
Psd2 in S. cereviseae and C. albicans) convert PS into PE.
Three subsequent methylations by specific methyltransfer-
ases [Cho2 in S. cereviseae (77) and C. albicans (13) and
Opi3 in S. cereviseae (78)] on PE result in the formation of
PC. CDP-DAG is converted into PI by the activity of three
enzymes: L-myo-inositol-1-phosphate synthase (Inol in S.
cereviseae), inositol monophosphatase (Inml in S. cere-
viseae), PI synthase (Pisl in S. cereviseae) (74, 79). CDP-DAG
is converted into PG by phosphatidylglycerolphosphate
synthase [Pgsl in S. cereviseae (80) and C. glabrata (81)] and
a phosphatidylglycerophosphatase [Gep4 in S. cereviseae
(82)]. PE is converted to LPE by phospholipase B [PIbl
in C. gattii (83)]. The majority of enzymes involved in
phosphoglyceride metabolism are well-characterized in
S. cereviseae and C. albicans (13, 74), but none (to the best
our knowledge) have been characterized in Cryptococcus
species. Based on these analyses, it is apparent that similar

enzymes will be involved in the phosphoglyceride biosyn-
thesis in Cryptococcus as well (as described in KEGG pathway
database). Also, as reported for eukaryotic systems, the
Kennedy pathway of phosphoglyceride biosynthesis involv-
ing CDP-choline and CDP-ethanolamine branches is most
likely to be involved in PE and PC biosynthesis in Cryptococ-
cus as well (13, 74). Considering that deletion of PSDI,
PSD2, CHO1, and CHOZ2 had compromised phospholipid
levels, drastic effects on virulence and pathogenicity traits
of C. albicans (13, 14), and that these genes are nonidenti-
cal to any human gene, this presents a strong opportunity
to exploit these genes as therapeutic targets in Cryptococcus
as well.

Comparative analysis of GlcCer and sterols of other
Cryptococcus strains

The biosynthetic pathways of sphingolipids and ergos-
terol represent the two most fungal-specific pathways that
are currently being targeted for antifungal drug develop-
ment studies (28). Mutants of both sphingolipid and sterol
pathway genes show a wide range of phenotypic defects in
fungi, the most common being the loss of virulence traits and
the loss of fungal growth/cellular replication (12, 19-25).
This is most likely because deletion of these genes disrupts
the structural component(s) of plasma membranes, such
as the formation of ordered domains (10, 17). For instance,
the end product of the GlcCer biosynthetic pathway,
GlcCer(d19:2/18:0h), is a unique complex sphingolipid
synthesized by fungi. The biosynthetic process involves
activity of A8-desaturase (uncharacterized), Smtl, and
Gcsl in Cryptococcus (19, 21). In the absence of Smtl, Gesl
isabletorecognize Cer(d18:1/18:0h) and Cer(d18:2/18:0h)
as substrates and converts them to respective GlcCers,
GlcCer(d18:1/18:0h) and GlcCer(d18:2/18:0h). To evalu-
ate the status of the GlcCer biosynthetic pathway in several
other Cryptococcus strains, we compared their levels of
aOHCer and respective GlcCer structures (Fig. 8A). The
analysis was performed in C. grubii H99, C. gattii R265,
C.gattii R272, C. albidus, and C. laurentii strains. The analy-
ses show that GlcCer(d19:2/18:0h) is the most abundant
GlcCer synthesized in all tested strains. The C. grubii H99
showed the highest levels of Cer(d18:2/18:0h) structure.
The levels of GlcCer biosynthetic intermediates were least
in C.gattit R272, C. albidus, and C. laurentii strains.

Ergosterol is the most abundant sterol in all Cryptococcus
strains (Fig. 8B) (29, 39). The C. albidus strain showed high
ergosterol content and the C. laurentii strain showed the
lowest ergosterol levels. The presence of structures like
eburicol, obtusifoliol, 4a-methyl fecosterol, and fungisterol
strongly suggests that the alternate pathways of ergosterol
biosynthesis (apart from the classical pathway) are also ac-
tive in Cryptococcus. For example, high levels of eburicol
and low levels of zymosterone and zymosterol were de-
tected in the C. laurentii strain. This suggests that the activ-
ity of Ergll is possibly altered in C. laurentii and that
ergosterol biosynthesis is occurring via the alternate path-
way 1 (eburicol -— 4a-methyl fecosterol — fecosterol).
Similarly noticeable amounts of fungisterol were present in
all Cryptococcus strains, most in C. albidus. This suggests that
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alternate pathway 2 (fungisterol —— ergosterol) is active
in Cryptococcus strains (Fig. 5).

Our data suggest: ) the biosynthetic pathways of GlcCer
and ergosterol are conserved; and 2) the levels of various
metabolites of the biosynthetic pathway are significantly
variable between different Cryptococcus strains. Further, the
four key properties of GlcCer(d19:2/18:0h) structure, spe-
cifically, the A8 double bond, the methyl group at the C9
position, the a-hydroxyl group of the fatty acyl, and the glu-
cosyl moiety, can all affect the membrane biophysical prop-
erties or membrane order (10). Changes in their level will
eventually change the biophysical properties with the con-
sequent effect on virulence traits. Similarly, structural dif-
ferences in various sterol structures, such as the 3-hydroxyl
group, the location of double bonds, aliphatic side chain,
and flatness, can all affect the membrane biophysical prop-
erties and membrane order (17). Although ergosterol is
the major membrane sterol in fungi, recruitment of altered
sterol intermediates (minor sterols) into the membrane
could significantly alter membrane order (84). Considering
the fact that GlcCer(d19:2/18:0h) and several sterol struc-
tures are the most argued lipids for their role in virulence,
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in vitro studies using synthetic vesicles may shed light on
their role in membrane physical properties (84-87).

DISCUSSION

In the last decade, we have seen a steep rise in invasive C.
grubiiand C. gattii infections in both immunocompromised
and immunocompetent patients (1, 2, 4, 5). Currently
used antifungals are proving ineffective because of their
toxicity, narrow spectrum, and the development of tolerance
(28, 30, 31). Therefore, we urgently need to work in the
direction of developing new antifungals. In this regard, the
lipid biosynthetic pathways of Cryptococcus have emerged as
potential targets (10, 28). This is primarily because the
structure and biosynthesis of several fungal lipids is differ-
ent from mammalian lipids (10). In Cryptococcus, several
studies have shown the role of lipids in its growth and viru-
lence, but not many studies have been done to characterize
their compositions or the genetic makeup of the biosynthetic
pathways (19, 20, 47, 60). In this study, we have determined
the compositions of the most common lipids of Cryplococcus,
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using various spectroscopic approaches. These are sphin-
golipids, sterols, and phosphoglycerides.

To characterize the sphingolipids, we have used a MRM-
based LC-ESI-MS/MS approach. This technique is well-
suited for targeted lipidomics and gives picomole level
quantification (35, 46). In our analysis, we were able to de-
tect 100 species belonging to 12 classes of sphingolipids.
The experiments showed that the sphingolipid biosyn-
thetic pathway is conserved in C. grubii (H99) and C. gattii
(R265 and R272) strains. This is similar to the pathway that
has been proposed in other fungi, such as C. albicans, A.
Sfumigatus, and A. nidulans (34, 37, 48-54). Sphingolipid
biosynthesis can be divided into two parts with a common
precursor, dhSph (d18:0). The first part is the GlcCer bio-
synthesis pathway and the second is the IPC biosynthesis
pathway (10). GlcCer biosynthesis is mainly dependent on
the activities of five enzymes: CerS, A4-desaturase, AS-
desaturase, Smtl (21), and Gesl (19). The end product
of this pathway is the GlcCer(d19:2/18:0h) species (19).
Our data indicate that a specific CerS will recognize
o-hydroxylated fatty acyls (mostly C18:0h and, to some
extent, C16:0h) and sphingoid base (d18:0) as substrates,
leading to downstream GlcCer synthesis. Low levels of Cer
structures with nonhydroxylated fatty acyls (C14:0 to

(C26:0) were also detected in both C. gattii and C. grubii
strains. Some of these Cer structures with nonhydroxylated
fatty acyls are also converted into the respective GlcCer
structure (19). Upon incorporation into the membranes,
these Cer and GlcCer structures play an important role in
fungal growth at alkaline or neutral pH, virulence, and
pathogenesis [reviewed in (10)]. IPC biosynthesis is depen-
dent on CerS that can utilize PhytoSph as one of the sub-
strates (possibly different from the CerS involved in Cer
biosynthesis) and Ipcl enzymes (23). The IPC species com-
position data indicates that Ipcl of C. gaitii and C. grubii
strains can utilize four different Cer-related structures as
substrates to synthesize the complex IPC derivatives: dhCer
(C18:0 fatty acyl), tOHdhCer (C18:0h fatty acyl), PhytoCer
(C18:0, C24:0 and C26:0 fatty acyls), and aOHPhytoCer
(C24:0h and C26:0h fatty acyls). We did find some inter-
esting differences when we compared the sphingolipid
profiles of highly virulent Cryptococcus strains (H99 and
R265) with a less virulent strain (R272). For example, the
R272 strain was abundant in dhCer(d18:0/18:0) and
PhytoCer(d18:0/18:0) compared with the H99 or R265
strain. Considering the fact that the downstream complex
sphingolipids (GlcCers or IPCs) of the dhCer or PhytoCer
did not change significantly between H99, R265, and R272,

A detailed analysis of Cryptococcus lipids 2033



it is possible that these Cer structures may play a greater
role in virulence than what is currently attributed to them
(10, 88). Thus, studies on CerSs of C. neoformans will ad-
dress how these Cers are synthesized. In Cryptococcus, dele-
tion of Iscl results in depletion of PhytoCers, which alters
the plasma membrane homeostasis, in turn inhibiting
oligomerization of Pmal proton pump (a plasma mem-
brane ATPase) resulting in hypersensitivity to acidic pH
(intracellular survival). This phenotype could be re-
versed by supplementing the growth medium with Phyto-
Cers (24, 25). This is strong evidence suggesting that
sphingolipids, like PhytoCers and perhaps Cer(s), may
play a key role in the regulation of membrane stability,
which will translate into the regulation of fungal virulence
and pathogenesis.

Further, we characterized the sterols using a simple GC-
MS-based method and could detect 13 sterol structures.
These 13 sterol intermediates are detectable in all tested
Cryptococcus strains. Our data indicate that the sterol biosyn-
thesis in Cryplococcus has three alternate routes: I) the classi-
cal pathway (Ergll dependent) via zymosterol — fecosterol
———— ergosterol; 2) the eburicol pathway (Ergll inde-
pendent) via eburicol — obtusifoliol — 4a-methylfecosterol
— fecosterol -——— ergosterol; and 3) the fungisterol
pathway via episterol — fungisterol —— ergosterol. It is
important to note that in an earlier study by Ghannoum
et al. (60), obtusifoliol was reported as the major sterol
(21.1-68.2% of the total sterol) in Cryptococcus. The high
obtusifoliol content detected could be due to either strain-
specific sterol differences or sterol analysis methodology-
related differences, like variations in ionization efficiencies
or some kind of stress that pushed cells toward the eburicol
pathway leading to higher obtusifoliol content. In contrast,
in our analysis, we report that ergosterol is the major sterol
structure in Cryptococcus strains (64.3-87.4% of the total ste-
rol) and our analysis is similar to the one reported by Nes
et al. (39). We did find, however, some strain-specific dif-
ferences in sterol species (39), which may explain the dif-
ference with the Ghannoum analysis (60). For example,
compared with H99 or R265, the R272 strain has a high
amount (as much as 2.2-fold) of methylated sterol struc-
tures, namely, lanosterol, eburicol, and 4a-methyl fecos-
terol, which could result from minor alteration of Ergll
activity (39, 64, 65, 67). In summary, Cryplococcus can syn-
thesize ergosterol via multiple routes, even when the key
enzymes might be inhibited (39, 64, 65, 67).

Finally, to characterize the phosphoglycerides, we used a
S'P.NMR approach and could detect 10 classes of phospho-
glycerides. Analysis of the phosphoglyceride species showed
that the major phosphoglyceride classes, namely, PC, PE,
and PS, contain 16C or 18C fatty acyls (nonhydroxylated)
in their structure that may be mono- or polyunsaturated.
The amounts of various phosphoglyceride classes were sim-
ilar in the H99, R265, and R272 strains. The only major
difference found was that the fatty acyl ratio of C18:2/C18:1
was low in R272 compared with the H99 or R265 strain.
Possibly certain fatty acgl desaturases are less active in R272
(76). Nonetheless, our 'P-NMR data clearly showed: I) the
phosphoglyceride compositions of Cryptococcus strains; and 2)
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the CDP-DAG pathway of phosphoglyceride biosynthesis is
functional in Cryptococcus (74).

In summary, we have provided the compositions and
the models for composition-based biosynthetic pathways
of sphingolipid, sterol, and phosphoglyceride lipid groups
of Cryptococcus strains. We observed certain similarities,
few strain-specific differences, and some virulence-related
changes between C. gattii and C. grubii strains. This analysis
was performed through a spectroscopy-based measurement
of substrates and products of the three biosynthetic path-
ways, which are the direct indicators of the expression or
the activity of the enzyme (50, 89). Except for a few, the
majority of enzymes involved in these biosynthetic pro-
cesses are uncharacterized. The structural data, methods of
analysis, and biosynthetic pathways discussed in this study
will provide a reference point for characterizing the un-
known genes involved in this lipid biosynthesis. Altogether,
the understanding of these complex lipid pathways could
help in developing new and highly selective antifungals.El
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