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Abstract Major neutral glycosphingolipid components were
extracted from 

 

Sporothrix schenckii

 

, a dimorphic fungus ex-
hibiting a hyphal saprophytic phase and a yeast parasitic
phase responsible for chronic mycotic infections in mam-
malian hosts. These components, one from the mycelial
form and two from the yeast form, were purified and their
structures were elucidated by 

 

1

 

H nuclear magnetic reso-
nance (NMR) spectroscopy, electrospray ionization mass
spectrometry (ESI-MS), and tandem ESI-MS/MS. All three
were characterized as cerebrosides (monohexosylcera-

 

mides) containing (4

 

E

 

, 8

 

E

 

)-9-methyl-4,8-sphingadienine as the
long-chain base attached to 

 

N

 

-2

 

9

 

-hydroxyoctadecanoate and

 

N

 

-2

 

9

 

-hydroxy-(

 

E

 

)-

 

D

 

3

 

-octadecenoate as the fatty acyl compo-
nents. However, while the mycelial form expressed only 

 

b

 

-
glucopyranosylceramide, the yeast form expressed both

 

b

 

-gluco- and 

 

b

 

-galactopyranosylceramides in approximately
equal amounts. In addition, while the glucosylceramides
of both mycelial and yeast forms had similar proportions of
saturated and (

 

E

 

)-

 

D

 

3

 

 unsaturated 2-hydroxy fatty acid, the
galactocerebroside of the yeast form had significantly higher

 

levels of (

 

E

 

)-

 

D

 

3

 

 unsaturation.  The differences in cerebro-
side hexose structure represent a novel type of glycosphin-
golipid dimorphism not previously reported in fungi. Possible
implications of these findings with respect to regulation of
morphological transitions in 

 

S. schenckii

 

 and other dimor-
phic fungi are discussed.

 

—Toledo, M. S., S. B. Levery, A. H.
Straus, and H. K. Takahashi.
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Sporothrix schenckii

 

, the causative agent of sporotrichosis,
is a dimorphic fungus that exhibits a hyphal morphology
in its low temperature saprophytic phase, but is found pri-
marily as a budding yeast in host tissues. Temperature is
an important, but not exclusive, determinant of morphol-
ogy, CO

 

2

 

 concentration and nutritional factors also being
key contributors to maintenance of a particular form
in vitro (1, 2). Sporotrichosis is normally encountered in

 

tropical areas as a localized chronic lymphocutaneous in-
fection after skin injury, and in this form is considered be-
nign and highly reponsive to conventional therapeutics
(1, 3–6); however, in immunosuppressed or -compro-
mised hosts, such as transplant recipients or patients with
AIDS, development of a disseminated mycosis can be life-
threatening and difficult to treat (7–11). In its preference
for a yeast morphology in the parasitic phase, 

 

S. schenckii

 

superficially belongs to the group of thermally dimorphic
mycopathogens which includes 

 

Blastomyces dermatitidis

 

 and

 

Histoplasma capsulatum

 

 (

 

Ajellomyces dermatitidis

 

 and 

 

A. cap-
sulatus

 

, respectively), and 

 

Paracoccidioides brasiliensis

 

; how-
ever, the 

 

Ajellomyces

 

 and 

 

Paracoccidioides

 

 species appear to
form a distinct taxon from which 

 

S. schenckii

 

 is somewhat
distant (2, 12). Within the 

 

Ajellomyces

 

/

 

Paracoccidioides

 

 group,
temperature is clearly the dominant factor in promoting
morphological transitions and, unlike 

 

S. schenckii

 

, these
fungi can cause severe systemic infections even in immu-
nocompetent hosts (7, 9).

Many attempts to understand the phenomena of ther-
mal dimorphism and their relationship to infection pro-
cesses have focused on components of the fungal cell wall,
as these are thought to be the primary determinants of
both fungal morphology and host–pathogen interactions
(13). The possible functional roles of some other compo-
nents, such as cell membrane lipids, are more poorly un-
derstood. Recently, the involvement of glycosphingolipids
(GSLs) in fungal life processes has been subjected to in-
creased scrutiny, particularly as progress has been made in
elucidating the molecular basis for sphingolipid biosyn-
thesis in 

 

S. cerevisiae

 

 (14–16). Sphingolipids are being in-
creasingly appreciated as key components of intracellular

 

Abbreviations: CID, collision-induced dissociation; CMH, ceramide

 

monohexoside (

 

;

 

 cerebroside); ESI, electrospray ionization; GalCer,

 

b

 

-galactopyranosylceramide (

 

;

 

 galactocerebroside); GlcCer, 

 

b

 

-glucopy-
ranosylceramide (

 

;

 

 glucocerebroside); GSL, glycosphingolipid; GIPC,
glycosylinositol phosphorylceramide; HPTLC, high performance thin-
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regulatory pathways (17–20) and, in addition, GSLs have
been shown to possess immunomodulatory properties in a
variety of mammalian systems (21–24). A number of re-
ports have described in vitro physiological activities for
fungal GSLs, particularly cerebrosides (ceramide mono-
hexosides, CMHs) (25–32). Kawai and Ikeda (25–28, 30)
demonstrated repeatedly that fungal cerebrosides or
structurally similar analogs exhibited fruiting-inducing ac-
tivity in bioassays with 

 

Schizophyllum commune.

 

 Subse-
quently it was reported (31) that 

 

Pachybasium

 

 cerebrosides
potentiated the antifungal activity of aculeacin against

 

Candida albicans.

 

 More recently, fruiting body-inducing
cerebrosides of 

 

Ganoderma lucidum

 

 were found to inhibit
the activity of 

 

a

 

-type replicative DNA polymerases from
calf thymus, cauliflower inflorescence, and a test strain of

 

Coprinus cinereus

 

, a mushroom used for bioassays of fruit-
ing body-induction in the study (29). Cerebrosides ex-
tracted from the rice pathogen 

 

Magnaporthe grisea

 

 were
found to be highly active elicitors of defence responses
when applied to rice leaves; these responses included ac-
cumulation of phytoalexins and hypersensitive cell death
(32). In all of these cases, the active compounds were glu-
cocerebrosides incorporating a characteristic 2-hydroxy
fatty 

 

N

 

-acyl-(4

 

E

 

,8

 

E

 

)-9-methyl-4,8-sphingadienine ceramide
moiety; neither gluco- nor galactocerebrosides from mam-
malian tissues showed significant activity in the fruiting
body and rice plant response assays (27, 32).

In preliminary studies of the possible involvement of
GSLs in fungal dimorphism and infectivity, the structures
of the major GSL components of both forms of 

 

P. brasilien-
sis

 

 were elucidated (33, 34). An interesting finding was
that the cerebrosides of yeast and mycelial forms of 

 

P. bra-
siliensis

 

 differed significantly in the level of a characteristic
(

 

E

 

)-

 

D

 

3

 

-unsaturation of the ceramide 2-hydroxy fatty 

 

N

 

-acyl
moiety. To ascertain whether this might be a more gener-
ally distributed property of dimorphic mycopathogens,
the cerebrosides of both forms of 

 

S. schenckii

 

 were similarly
investigated. The results, as described in this paper, were
also striking, but in a completely different way: although
the average levels of ceramide (

 

E

 

)-

 

D

 

3

 

-unsaturation were
similar in cerebrosides of both forms of 

 

S. schenckii

 

, a
chemical dimorphism was observed instead with respect
to the sugar moieties.

MATERIALS AND METHODS

 

Fungal isolate and growth conditions

 

The culture of 

 

Sporothrix schenckii

 

, strain 65 (originally ob-
tained from cutaneous footpad lesion of an otherwise healthy in-
dividual), was provided by Dr. Olga Gompertz, Department of
Cellular Biology, Universidade Federal de São Paulo/Escola
Paulista de Medicina, São Paulo, SP, Brasil. Mycelium and yeast
forms of 

 

S. schenckii

 

 strain 65 were grown in brain–heart infusion
(BHI; 37 g/L water), incubated at 25

 

8

 

C and 37

 

8

 

C, respectively,
using 2.5 L Fernbach flasks in a shaker at 150 rpm. Both forms
were inactivated with 0.1% of thimerosal, and after 48 h myce-
lium forms were collected by filtration on Whatman no. 1 filter
paper, while yeast forms were harvested by centrifugation at
5,000 rpm for 20 min (35).

 

Solvents for extraction and anion
exchange chromatography

 

Solvent A, isopropanol–hexane–water 55:20:25 (v/v/v, upper
phase discarded); solvent B, chloroform–methanol 2:1 (v/v); sol-
vent C, chloroform–methanol–water 30:60:8 (v/v/v).

 

High performance thin-layer chromatography

 

Both analytical and preparative HPTLC were performed on sil-
ica gel 60 plates (E. Merck, Darmstadt, Germany) using
chloroform–methanol–water 60:40:9 (v/v/v, containing 0.002%
w/v CaCl

 

2

 

; solvent D) as mobile phase. Lipid samples were dis-
solved in solvent B and applied by streaking from 5 

 

m

 

L Microcaps
(Drummond, Broomall, PA). For analytical HPTLC, detection was
made by Bial’s orcinol reagent (orcinol 0.55% [w/v] and H

 

2

 

SO

 

4

 

5.5% [v/v] in ethanol–water 9:1 [v/v]; the plate is sprayed and
heated briefly to ~200–250

 

8

 

C). For preparative HPTLC, samples
were streaked lengthwise on 10 

 

3

 

 20 cm plates; separated gly-
cosphingolipid bands were visualized under UV after spraying
with primulin (Aldrich; 0.01% in 80% aqueous acetone). Bands
were marked by pencil and individually scraped from the plate.
Glycosphingolipids were then isolated from the silica gel by re-
peated sonication in solvent A followed by centrifugation. After
concentration of the extract, primulin was removed by passage
through a short column of DEAE-Sephadex A-25 in solvent C.

 

Extraction and purification of glycosphingolipids

 

Extraction and purification of glycosphingolipids were car-
ried out as described previously (33, 35). Briefly, glycosphin-
golipids were extracted by homogenizing yeast or mycelium
forms (25–35 g wet weight) in an Omni-mixer (Sorvall Inc.
Wilmington, DE), three times with 200 mL of solvent A, and
twice with 200 mL of solvent B. The five extracts were pooled,
dried on a rotary evaporator, dialyzed against water, lyophilized,
resuspended in solvent C, and applied to a column of DEAE-
Sephadex A-25 (Ac

 

2

 

 form). Neutral glycosphingolipids were
eluted with 5 volumes of solvent C. The neutral glycosphin-
golipid fraction was further purified from other contaminants by
column chromatography on silica gel 60 using a step-wise gradi-
ent of chloroform–methanol from 9:1 to 1:1 (v/v) (36). Frac-
tions containing ceramide monohexosides (CMHs), as assessed
by analytical HPTLC, were pooled, dried, and further purified
by preparative-scale HPTLC as described above. The purity of
each fraction was assessed by analytical HPTLC.

 

1

 

H-nuclear magnetic resonance spectroscopy

 

Samples of underivatized CMH (

 

,

 

0.5–1.0 mg) were deute-
rium exchanged by repeated evaporation from CDCl

 

3

 

/CD

 

3

 

OD
2:1 (v/v) under a N

 

2

 

 stream at 37

 

8

 

C, and then dissolved in 0.5
mL DMSO–

 

d

 

6

 

/2% D

 

2

 

O (37–39) for NMR analysis. 1-D 

 

1

 

H-NMR
spectra were acquired at 35

 

8

 

C on a Varian Unity Inova 600 MHz
spectrometer using standard acquisition software available in the
Varian VNMR software package. Proton chemical shifts are refer-
enced to internal tetramethylsilane (

 

d

 

 

 

5

 

 0.000 ppm).
The percentage of (

 

E

 

)-

 

D

 

3

 

 unsaturation was calculated from
the integrated ratios of the vinyl proton resonances correspond-
ing to H-4

 

99

 

 of (

 

E

 

)-

 

D

 

3

 

 unsaturated fatty acid and H-5 of the sphin-
gosine moiety. These resonances were chosen as they have similar
splitting patterns and chemical shifts, but are completely resolved
from each other in all spectra; although the chemical shift of H-5
is slightly affected by the presence or absence of (

 

E

 

)-

 

D

 

3

 

 unsatura-
tion, the total integral for this resonance was assumed to repre-
sent 1.00 mole, regardless of fatty acyl distribution.

 

Electrospray ionization mass–spectrometry

 

All ESI–MS and tandem ESI–MS/CID-MS experiments were
performed in the positive ion mode on a PE-Sciex (Concord, On-
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tario, Canada) API-III spectrometer, using direct infusion (5.0 

 

m

 

L/
min) of CMH samples dissolved in 100% MeOH (

 

,

 

1–2 ng/

 

m

 

L),
under conditions similar to those described previously (33), except
that addition of ammonium acetate was omitted. In single analyzer
experiments, the mass range from 

 

m/z

 

 700–850 was scanned in 0.1
u steps, with a dwell time of 5 msec and an orifice potential (OR)
of 200 V. For ESI–MS/CID–MS experiments, precursor ions se-
lected in Q1 were subjected to collision-induced dissociation (with
argon as collision gas) in Q2 at a “collision gas thickness” (CGT) of

 

,400, while the mass range in Q3 was scanned from m/z 100–800
in 0.2 u steps, with a dwell time of 2 msec.

RESULTS

Detection and isolation of cerebroside fractions
from mycelium and yeast forms of S. schenckii

Cerebrosides were initially detected in the neutral lipid
fractions from S. schenckii by analytical HPTLC with com-
parison to authentic standards (Fig. 1). In lipids extracted
from the mycelium form, a single putative cerebroside
component was observed, having an Rf value identical to
that of GlcCer from A. fumigatus, and stainable by both
primulin and orcinol. In the yeast form extract, two such
components, having Rf values identical to those of GlcCer
and GalCer from A. fumigatus, were detected. Quantita-
tion by densitometry after orcinol staining gave a propor-
tion of 0.52/0.48 for the upper and lower S. schenckii yeast
form components, respectively. All three S. schenckii com-
ponents were isolated by normal phase column chroma-

tography and preparative-scale HPTLC, and characterized
by 1H-NMR spectroscopy and ESI-MS.

1H-NMR spectroscopic analysis of S. schenckii
cerebrosides

Both 1H- and 13C-NMR spectra for several fungal cere-
brosides have been previously acquired in DMSO-d6/2%
D2O at 358C and all resonances assigned by homonu-
clear and heteronuclear 2-D correlation methods (33).
It was therefore sufficient for the present work to obtain
1-D 1H-NMR spectra on the three S. schenckii cerebro-
sides under identical conditions in order to characterize
them with respect to monosaccharide identity and key
ceramide structural features, including the presence or
absence of (E)-D3-unsaturation of the 2-hydroxy fatty N-
acyl moiety.

The spectra of the high Rf components from both
mycelium and yeast forms were almost identical (Fig. 2,
panels A and B), each exhibiting a set of resonances
with chemical shifts and coupling patterns characteris-
tic for the 7-proton b-glucopyranosyl spin system (38) (see
Scheme 1 for structures and numbering), additional reso-
nances identifying (4E,8E)-9-methyl-4,8-sphingadienine,
and resonances for both N-29-hydroxyalkanoate and N-
29-hydroxy-(E)-39-alkenoate. The proportions of (E)-D3-
unsaturation, calculated from the relative integrals of
the Fa-4 and Sph-5 resonances, were similar in both
mycelium and yeast GlcCer fractions (39% and 37%, re-
spectively, 62%). Interestingly, although the differ-
ences in fatty acyl structure appear to have no effect on
the chemical shift of b-Glc H-1, two resonances are ob-
served at slightly different chemical shifts for the b-Glc
H-2 in both spectra, due to the long-range influence of
the (E)-D3-unsaturation in ,40% of the ceramide in
each fraction.

The spectrum of the low Rf component from the yeast
form (Fig. 2, panel C), on the other hand, exhibited a
set of resonances with chemical shifts and coupling pat-
terns characteristic for the 7-proton b-galactopyranosyl
spin system (39) (Scheme 1). Additional resonances
identifying the (4E,8E)-9-methyl-4,8-sphingadienine,
along with both N-29-hydroxyalkanoate and N-29-hydroxy-
(E)-39-alkenoate, were again observed. The proportion
of (E)-D3-unsaturation in the yeast GalCer fraction was
somewhat higher (54 6 2%) than in either of the
GlcCer fractions. Minor resonances corresponding to a
small amount of GlcCer were also present, due to slight
overlap of the two bands during the preparative HPTLC
step.

An additional key upfield resonance for these com-
pounds is that for the sphingadienine 9-methyl group,
which was observed in all three spectra as a singlet at
1.545 6 0.002 ppm (not shown). Remaining GSL struc-
tural features, not conveniently assessed by NMR analy-
sis, are the chain lengths of the fatty acyl and sphin-
gosine moieties. These were determined unambiguously
by mass spectrometric methods, which in addition pro-
vided confirmation of most of the features discussed
above.

Fig. 1. HPTLC analysis of crude lipid fractions from S. schenckii
mycelium and yeast form (lanes 1,2); purified CMH component
from mycelium form (lane 3); purified higher and lower Rf CMH
components from yeast form (lanes 4,5); and purified higher and
lower Rf CMH components from A. fumigatus (lanes 6,7), previously
characterized as GlcCer and GalCer, respectively. Approximately 3–
5 mg total cerebroside was applied as a 5 mm streak in each lane;
development and visualization were performed as described in Ma-
terials and Methods.
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Fig. 2. Downfield sections of 1-D 1H-NMR spectra of CMH fractions from S. schenckii (panel A, mycelium form CMH; panel B, high Rf yeast
form CMH; panel C, low Rf yeast form component). Resonances from non-exchangeable protons of sphingosine (Sph), fatty acyl (Fa), and
Hexose (prefix omitted) are designated by Arabic numerals. Resonances marked by * in panel C are from hexose moiety of high Rf CMH
component incompletely separated in preparative HPTLC (see panel B). Resonances marked by ** in panels B and C are from an unknown
impurity. Two locations each are shown for Sph-1a,1b to Sph-5 corresponding to components having saturated and unsaturated 2-hydroxy
fatty acid. Fa-21 is H-2 from saturated 2-hydroxy fatty acid, isochronous with the upfield Sph-2 resonance.
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Analysis of S. schenckii cerebrosides by 
electrospray ionization MS and tandem MS/MS

In positive ion mode ESI–MS, monosodiated pseudo-
molecular ions were observed at both m/z 776 and m/z 778
for all three cerebroside fractions (Fig. 3, panels A–C),
corresponding to nominal molecular masses of 753 and 755
daltons, respectively. These molecular masses are consistent
with monohexosylceramides containing (4E,8E)-9-methyl-
4,8-sphingadienine attached to either N-29-hydroxy-(E)-39-
octadecenoate or N-29-hydroxyoctadecanoate, respectively.
Confirmation that the observed differences of m/z 2 are in
each case due to variation in the fatty acid moiety was pro-
vided by tandem ESI–MS/CID–MS experiments. In these
experiments, product ion spectra were obtained from
pseudomolecular ions, either m/z 776 or m/z 778, selected

in Q1 (Fig. 4, panels A and B). All spectra were character-
ized by highly abundant [M 1 Na–acyl]1 (O; we previously
referred to this ion as “V” (33)) and [M 1 Na–HexOH–
Sph-C3-C19]1 (T) fragments, as observed previously under
these conditions for fungal cerebrosides from P. brasiliensis
and A. fumigatus (33). In these spectra, the O ion is always
observed at m/z 496, while the m/z 2 difference is carried by
the T fragment, containing the fatty acid moiety, observed
at either m/z 346 or m/z 348 depending on the mass of the
pseudomolecular ion selected.

These experiments provided the information lacking
from the NMR spectra; in addition, the relative abun-
dances of the pseudomolecular ions at m/z 776 and 778
(Fig. 3, panels A–C) confirmed that the GlcCer fractions
from both mycelium and yeast forms of S. schenckii exhib-

Scheme 1. Structures of (4E,8E)-N-29-hydroxyoctade-
canoyl-1-b-d-glucopyranosyl- (fatty acid A, R1 5 OH, R2 5
H) (4E,8E)-N-29-hydroxyoctadecanoyl-1-b-d-galactopyrano-
syl- (fatty acid A, R1 5 H, R2 5 OH) (4E,8E)-N-29-hydroxy-
octadec-(E)-3-enoyl-1-b-d-glucopyranosyl- (fatty acid B,
R1 5 OH, R2 5 H), and (4E,8E)-N-29-hydroxyoctadec-(E)-
3-enoyl-1-b-d-galactopyranosyl- (fatty acid B, R1 5 H, R2 5
OH), -9-methyl-4,8-sphingadienines, with numbering of
sphingosine, hexose, and fatty acid moieties.

Fig. 3. 1ESI mass spectrometry of cerebrosides from S. schenckii. Panels A–C, pseudomolecular ion regions of 1ESI-MS spectra for myce-
lium form CMH, high Rf yeast form CMH, and low Rf yeast form CMH, respectively.
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Fig. 4. Tandem 1ESI-MS/CID-MS product ion spectra of selected [M1Na]1 from S. schenckii mycelium form cerebroside. Panel A, prod-
uct ion spectrum from m/z 778; panel B, product ion spectrum from m/z 776. Similar pairs of CID spectra were obtained from both S.
schenckii yeast form cerebrosides.
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ited similar levels of (E)-D3-unsaturation, while somewhat
higher levels could be observed in the yeast form GalCer
fraction. The apparent proportions of (E)-D3-unsaturation
differed from those calculated from NMR spectra, proba-
bly due to a somewhat higher ionization efficiency of the
cerebroside carrying an additional double bond.

DISCUSSION

A careful examination by multiple techniques of cere-
brosides from both forms of S. schenckii revealed a dimor-
phism with respect to hexose composition which corre-
lated with the phenotypic dimorphism exhibited by this
fungus. Only b-glucosylceramides were detected in the hy-
phal phase, while approximately equal amounts of b-
galactosyl- and b-glucosylceramides were found in the
yeast phase. These results suggest that activation of a Gal-
Cer synthase accompanies the mycelium➝yeast transition,
or that suppression of this activity accompanies the yeast
➝mycelium transition. It is also possible that the disap-
pearance of GalCer in the mycelial phase results from acti-
vation of a b-galactose-specific cerebrosidase.

Besides its occurrence in the yeast form of S. schenckii,
the simultaneous expression of both GlcCer and GalCer
has been reported previously only for Aspergillus fumigatus
(33, 40). The proportion of GalCer to GlcCer in A. fumiga-
tus is apparently quite variable (33), although it is unclear
at present whether this variability correlates with factors
other than strain differences. Interestingly, the level of
(E)-D3-unsaturation was observed to be higher in GalCer
than GlcCer for both A. fumigatus and the yeast form of S.
schenckii, suggesting that homologous GalCer synthases,
characterized by a higher activity than the GlcCer syn-
thases for the (E)-D3-unsaturated ceramide substrate, may
be present in these two fungi.

In contrast to these variable structural features, the ma-
jor long chain base in all three S. schenckii cerebrosides
was found to be (4E,8E)-9-methyl-4,8-sphingadienine, as
has been reported for the majority of fungi. Our results
thus conflict with those of a previous study, in which it was
reported that the yeast form cerebroside of S. schenckii
consisted exclusively of glucose, sphing-4-enine (“sphin-
gosine”), and 2-hydroxyoctadecanoic acid (41). In that study,
the lower Rf component was observed but not analyzed.

Although cerebrosides containing (4E,8E)-9-methyl-4,8-
sphingadienine are widely distributed in the fungal king-
dom, little is known about their metabolism or possible
functions. With respect to metabolism, it is of particular
interest that the ceramides found in fungal cerebrosides
are structurally distinct from those found in the glycosyl-
inositol phosphorylceramides (GIPCs) of the same fungi,
as has been pointed out independently by Dickson and
Lester (16) and by us (33). Unlike the cerebrosides from
Candida albicans (42), P. brasiliensis (33), and H. capsula-
tum (M. S. Toledo, S. B. Levery, A. H. Straus, and H. K. Ta-
kahashi, unpublished results), in which the ceramides are
of the type reported here (Scheme 1), the GIPCs of these
fungi are found predominantly with saturated, longer

chain 2-hydroxy fatty acids (h24:0 or h26:0) attached to
t18:0 4-hydroxysphinganine (phytosphingosine)(34, 43–
45). It is not known how this partitioning of ceramide
types into CMH and GIPC biosynthesis is accomplished,
but two possibilities which have been suggested (16, 33)
are compartmentalization of their respective biosynthetic
and/or transport pathways, or selective recognition of cer-
amide structural elements somewhat remote from the re-
action site by the putative IPC synthase (46) and the as yet
uncharacterized fungal cerebroside synthases.

With respect to function, a number of reports have de-
scribed physiological activities for fungal glucocerebro-
sides or ceramides derived from them in in vitro bioassays
(25–32). Such studies are not necessarily demonstrations
of true function, but are highly suggestive that significant
functional roles exist for these compounds in vivo. In
mammalian systems, considerable evidence has accumu-
lated that simple sphingolipids such as cerebrosides,
sphingomyelin, ceramide, or other products of sphin-
golipid catabolism, have definite functional roles, e.g., as
activating or modulating elements of membrane-associated
signaling cascades controlling major cellular events dur-
ing development, morphogenesis, apoptosis, or stress re-
sponse (18–20, 47–52). GSLs appear to be closely associ-
ated in caveolae with many of the receptor and transducer
components of protein phosphorylation cascades (53),
such as adenylyl cyclase, Ga and Gb, Ras, mitogen-activated
protein kinase (MAPK), and protein kinase C (PKC), which
are implicated in these processes. Because a growing body
of evidence now suggests that homologous signal transduc-
tion enzymes regulate morphological transitions in fungi
(54–61), the change in cerebroside composition associated
with morphogenesis of S. schenckii may point to a similar
functional involvement of GSLs in these processes.

Extensive and rapid alterations in GSL glycan expres-
sion correlating with induction of differentiation have
been observed in some mammalian cells (62) and in para-
sites (63). Regarding dimorphic fungi, Barr et al. (44, 45)
earlier reported significant qualitative changes in expres-
sion of GIPC glycans associated with morphogenesis in H.
capsulatum, and quantitative differences in GIPC expres-
sion were observed between the yeast and mycelial phases
of P. brasiliensis (34, 35, 64). GIPCs have been isolated
from hyphae of C. albicans and shown to be similar to
those found in Saccharomyces cerevisiae (43), but yeast forms
of C. albicans have not been studied with respect to these
compounds, nor have possible correlations of GIPC bio-
synthesis with dimorphism been examined in this patho-
gen. A great deal is now known about the control of GIPC
biosynthesis in S. cerevisiae at the molecular level (reviewed
in refs. 14–16), and considerable evidence has accumu-
lated supporting key functional roles for GIPCs and their
biosynthetic intermediates in signal transduction path-
ways governing stress response, calcium ion homeostasis,
and regulation of the yeast cell cycle (15, 65, 66). An inter-
esting point, however, is that cerebrosides of the type
found in many fungi have not yet been identified in S. cere-
visiae. Although isolations of putative cerebrosides from
S. cerevisiae have been reported a number of times (67–
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70), their structures were not elucidated unambiguously.
The possible deletion of this pathway in at least some com-
mon strains of S. cerevisiae may in part account for the cur-
rent lack of knowledge about the biosynthesis and in vivo
functions of fungal cerebrosides, their catabolic interme-
diates, or their possible degradation products.

More relevant to possible functional correlations of
cerebroside expression with dimorphism, Ghannoum et
al. (71) reported quantitative differences in expression of
some lipid classes, including ceramide monohexosides,
between yeast and mycelial forms of C. albicans (ATCC
10231). Thus, while CMH comprised 9–10% of the total
lipids extracted from the yeast form (measured by densit-
ometry on two-dimensional thin-layer chromatograms),
only trace amounts were detected in the mycelial form,
whereas the total lipid content of the mycelial form was
considerably higher than that found in the yeast form
(33 and 53 in 12 and 96 h cultures, respectively). How-
ever, a later report by Matsubara et al. (42), in which the
glucocerebrosides from both forms of C. albicans (strain
3125) were characterized in considerable detail by chemi-
cal and spectrometric methods, failed to note any quanti-
tative difference in CMH content between the two forms.
While it is possible that the issue was simply ignored in
that work, it seems doubtful that such a significant quanti-
tative difference in the lipid of interest would have drawn
no comment had it been observed. It is possible that the
discrepancy resulted from the difference in strain; an
even more likely source could be differences in the condi-
tions of culture and methods of selection of the two
forms: in the first case the fungus was cultured under con-
ditions promoting growth of interconverting yeast and
mycelial forms (72), with separation of the two by filtra-
tion prior to extraction (71); in the second case the two
forms were grown separately after transformation of yeast
to mycelial form by a modification of the culture condi-
tions (42).

As far as we are aware, the present report is the first de-
scription of altered cerebroside hexose structure in differ-
ent phases of a dimorphic fungus. Previously, we reported
cerebroside dimorphism of a different kind in P. brasilien-
sis (33). In the case of P. brasiliensis, both mycelium and
yeast forms synthesize GlcCer exclusively; however, the
mycelium form expresses (E)-D3-unsaturation of the 2-
hydroxy fatty N-acyl moiety at much higher levels than the
yeast form. Preliminary observations with H. capsulatum
indicate that it exhibits a cerebroside dimorphism similar
to that of P. brasiliensis (M. S. Toledo, S. B. Levery, E. Su-
zuki, A. H. Straus, H. K. Takahashi, unpublished results).
In contrast, GlcCer of yeast and hyphal forms of C. albi-
cans were reported to be structurally identical with respect
to their ceramide moieties, both having only saturated 2-
hydroxy fatty acid (Scheme 1A; R1 5 OH, R2 5 H) (42).

Cerebroside synthesis in dimorphic mycopathogens
thus appears to be a complex and variable phenomenon
that should warrant careful further studies of both struc-
ture and biosynthesis in these fungi. The consequences of
disruption of either gluco- or galactocerebroside synthesis
are fatal in mammals (73–75); in the mouse a knockout of

the UDP-Glc:ceramide b-glucosyltransferase resulted in le-
thality and resorption of embryos between 7.5 and 9.5
days post-coitum (73), while a knockout of the UDP-
Gal:ceramide b-galactosyltransferase resulted in dismyeli-
nosis leading to a progressive and ultimately fatal deficit
in nerve conduction (74, 75). The possible functions of
GlcCer in fungi may be unrelated to those in mammals,
especially considering that this compound is an essential
intermediate in the biosynthesis of most complex GSLs in
mammals, but appears so far not to be further glycosylated
in fungi; nevertheless, we anticipate that disruption of
fungal GlcCer synthesis should have significant and inter-
esting consequences. The possibility that products of deg-
radative pathways could be functionally relevant is also
worth examining. Although it is believed that ceramide
and sphingoids used in signal transduction in mammalian
cells are derived from either sphingomyelin degradation
or de novo synthesis, but not from the products of cere-
broside turnover (17–19, 47, 52, 76), and in S. cerevisiae
from de novo synthesis, but not from products of GIPC
turnover (15, 16), it cannot be excluded that pathways
exist in other fungi for selective functional turnover of en-
dogenous gluco- or galactocerebrosides.

This work was supported by FAPESP, CNPq, and PRONEX
(Brasil; M.S.T., A.H.S., and H.K.T.); a Glycoscience Research
Award from Neose Technologies, Inc. (S.B.L.); and the Na-
tional Institutes of Health Resource Center for Biomedical
Complex Carbohydrates (NIH #5 P41 RR05351; S.B.L.). The
authors gratefully acknowledge the technical support of Dr.
John Glushka (Complex Carbohydrate Research Center NMR
Facility).

Manuscript received 29 October 1999 and in revised form 20 January 2000.

REFERENCES

1. Travassos, L. R. 1985. Sporothrix schenckii. In Fungal Dimorphism.
P .J. Szaniszlo and J. L. Harris, editors. Plenum Press, New York
and London. 121–163.

2. Szaniszlo, P. J., C. W. Jacobs, and P. A. Geis. 1983. Dimorphism:
morphological and biochemical aspects. In Fungi Pathogenic for
Humans and Animals. Part A. Biology. D. H. Howard and L. F.
Howard, editors. Marcel Dekker, New York and Basel. 323–436.

3. Davis, B. A. 1996. Sporotrichosis. Dermatol. Clin. 14: 69–76.
4. Restrepo, A. 1994. Treatment of tropical mycoses. J. Am. Acad. Der-

matol. 31: S91–102.
5. Rivitti, E. A., and V. Aoki. 1999. Deep fungal infections in tropical

countries. Clin. Dermatol. 17: 171–190.
6. Mercurio, M. G., and B. E. Elewski. 1993. Therapy of sporotricho-

sis. Semin. Dermatol. 12: 285–289.
7. Dixon, D. M., M. M. McNeil, M. L. Cohen, B. G. Gellin, and M. J.

La. 1996. Fungal infections: a growing threat. Public Health Rep.
111: 226–235.

8. Durden, F. M., and B. Elewski. 1997. Fungal infections in HIV-
infected patients. Semin. Cutan. Med. Surg. 16: 200–212.

9. Lortholary, O., D. W. Denning, and B. Dupont. 1999. Endemic my-
coses: a treatment update. J. Antimicrob. Chemother. 43: 321–331.

10. Ware, A. J., C. J. Cockerell, D. J. Skiest, and H. M. Kussman. 1999.
Disseminated sporotrichosis with extensive cutaneous involvement
in a patient with AIDS. J. Am. Acad. Dermatol. 40: 350–355.

11. al-Tawfiq, J. A., and K. K. Wools. 1998. Disseminated sporotrichosis
and Sporothrix schenckii fungemia as the initial presentation of
human immunodeficiency virus infection. Clin. Infect. Dis. 26:
1403–1406.

12. Chua, S. S., M. Momany, L. Mendoza, and P. J. Szaniszlo. 1994.



Toledo et al. Glycosphingolipid dimorphism in Sporothrix schenckii 805

Identification of three chitin synthase genes in the dimorphic fun-
gal pathogen Sporothrix schenckii. Curr. Microbiol. 29: 151–156.

13. Travassos, L. R. 1989. Antigenic structures of Sporothrix schenckii. In
Immunology of Fungal Diseases. E. Kurstak, G. Marquis, P. Auger,
L. de Repentigny, and S. Montplaisir, editors. Marcel Dekker, Inc.,
New York. 193–221.

14. Daum, G., N. D. Lees, M. Bard, and R. Dickson. 1998. Biochemis-
try, cell biology and molecular biology of lipids of Saccharomyces
cerevisiae [In Process Citation]. Yeast. 14: 1471–1510.

15. Dickson, R. C. 1998. Sphingolipid functions in Saccharomyces cerevi-
siae: comparison to mammals. Annu. Rev. Biochem. 67: 27–48.

16. Dickson, R. C., and R. L. Lester. 1999. Yeast sphingolipids. Biochim.
Biophys. Acta. 1426: 347–357.

17. Merrill, A. H., Y. Hannun, and R. M. Bell. 1993. Introduction:
sphingolipids and their metabolites in cell regulation. Adv. Lipid
Res. 25: 1–24.

18. Spiegel, S., A. Olivera, and R. O. Carlson. 1993. The role of sphin-
gosine in cell growth regulation and transmembrane signaling.
Adv. Lipid Res. 25: 105–129.

19. Mathias, S., L. A. Peña, and R. N. Kolesnick. 1998. Signal transduc-
tion of stress via ceramide. Biochem. J. 335: 465–480.

20. Hakomori, S. 1990. Bifunctional role of glycosphingolipids. Modu-
lators for transmembrane signaling and mediators for cellular in-
teractions. J. Biol. Chem. 265: 18713–18716.

21. Ladisch, S., B. Gillard, C. Wong, and L. Ulsh. 1983. Shedding and
immunoregulatory activity of YAC-1 lymphoma cell gangliosides.
Cancer Res. 43: 3808–3813.

22. Ladisch, S., L. Ulsh, B. Gillard, and C. Wong. 1984. Modulation of
the immune response by gangliosides. Inhibition of adherent
monocyte accessory function in vitro. J. Clin. Invest. 74: 2074–
2081.

23. Ladisch, S., H. Becker, and L. Ulsh. 1992. Immunosuppression by
human gangliosides: I. Relationship of carbohydrate structure to
the inhibition of T cell responses. Biochim. Biophys. Acta. 1125:
180–188.

24. Ladisch, S., R. Li, and E. Olson. 1994. Ceramide structure predicts
tumor ganglioside immunosuppressive activity. Proc. Natl. Acad. Sci.
USA. 91: 1974–1978.

25. Kawai, G., and Y. Ikeda. 1985. Structure of biologically active and
inactive cerebrosides prepared from Schizophyllum commune. J.
Lipid Res. 26: 338–343.

26. Kawai, G., and Y. Ikeda. 1983. Chemistry and functional moiety of
a fruiting-inducing cerebroside in Schizophyllum commune. Biochim.
Biophys. Acta. 754: 243–248.

27. Kawai, G., and Y. Ikeda. 1982. Fruiting-inducing activity of cerebro-
sides observed with Schizophyllum commune. Biochim. Biophys. Acta.
719: 612–618.

28. Kawai, G. 1989. Molecular species of cerebrosides in fruiting bod-
ies of Lentinus edodes and their biological activity. Biochim. Biophys.
Acta. 1001: 185–190.

29. Mizushina, Y., L. Hanashima, T. Yamaguchi, M. Takemura, F. Su-
gawara, M. Saneyoshi, A. Matsukage, S. Yoshida, and K. Sakaguchi.
1998. A mushroom fruiting body-inducing substance inhibits activ-
ities of replicative DNA polymerases. Biochem. Biophys. Res. Com-
mun. 249: 17–22.

30. Kawai, G., Y. Ikeda, and K. Tubaki. 1985. Fruiting of Schizophyllum
commune induced by certain ceramides and cerebrosides from Pen-
icillium funiculosum. Agric. Biol. Chem. 49: 2137–2146.

31. Sitrin, R. D., G. Chan, J. Dingerdissen, C. DeBrosse, R. Mehta, G.
Roberts, S. Rottschaefer, D. Staiger, J. Valenta, K. M. Snader, R. J.
Stedman, and J. R. E. Hoover. 1988. Isolation and structure deter-
mination of Pachybasium cerebrosides which potentiate the anti-
fungal activity of aculeacin. J. Antibiot. (Tokyo) 41: 469–480.

32. Koga, J., T. Yamauchi, M. Shimura, N. Ogawa, K. Oshima, K.
Umemura, M. Kikuchi, and N. Ogasawara. 1998. Cerebrosides A
and C, sphingolipid elicitors of hypersensitive cell death and
phytoalexin accumulation in rice plants. J. Biol. Chem. 273:
31985–31991.

33. Toledo, M. S., S. B. Levery, A. H. Straus, E. Suzuki, M. Momany, J.
Glushka, J. M. Moulton, and H. K. Takahashi. 1999. Characteriza-
tion of sphingolipids from mycopathogens: factors correlating
with expression of 2-hydroxy fatty acyl (E)-D3-unsaturation in cere-
brosides of Paracoccidioides brasiliensis and Aspergillus fumigatus. Bio-
chemistry. 38: 7294–7306.

34. Levery, S. B., M. S. Toledo, A. H. Straus, and H. K. Takahashi. 1998.
Structure elucidation of sphingolipids from the mycopathogen
Paracoccidioides brasiliensis: an immunodominant b-galactofuranose

residue is carried by a novel glycosylinositol phosphorylceramide
antigen. Biochemistry. 37: 8764–8775.

35. Toledo, M. S., E. Suzuki, A. H. Straus, and H. K. Takahashi.
1995. Glycolipids from Paracoccidioides brasiliensis. Isolation of a
galactofuranose-containing glycolipid reactive with sera of pa-
tients with paracoccidioidomycosis. J. Med. Vet. Mycol. 33: 247–251.

36. Sweeley, C. C. 1969. Chromatography on columns of silica gel.
Methods Enzymol. 14: 254–267.

37. Dabrowski, J., P. Hanfland, and H. Egge. 1980. Structural analysis
of glycosphingolipids by high-resolution 1H nuclear magnetic res-
onance spectroscopy. Biochemistry. 19: 5652–5658.

38. Yamada, A., J. Dabrowski, P. Hanfland, and H. Egge. 1980. Prelimi-
nary results of J-resolved, two-dimensional 1H-NMR studies on gly-
cosphingolipids. Biochim. Biophys. Acta. 618: 473–479.

39. Dabrowski, J., H. Egge, and P. Hanfland. 1980. High resolution nu-
clear magnetic resonance spectroscopy of glycosphingolipids. I: 360
MHz 1H and 90.5 MHz 13C NMR analysis of galactosylceramides.
Chem. Phys. Lipids. 26: 187–196.

40. Villas Boas, M. H., H. Egge, G. Pohlentz, R. Hartmann, and E. B.
Bergter. 1994. Structural determination of N-29-hydroxyoctade-
cenoyl-1-O-beta-D-glucopyranosyl-9-methyl-4,8-sphingadienine
from species of Aspergillus. Chem. Phys. Lipids. 70: 11–19.

41. Cardoso, D. B. S., J. Angluster, L. R. Travassos, and C. S. Alviano.
1987. Isolation and characterization of a glucocerebroside (mono-
glucosylceramide) from Sporothrix schenckii. FEMS Microbiol. Lett.
43: 279–282.

42. Matsubara, T., A. Hayashi, Y. Banno, T. Morita, and Y. Nozawa.
1987. Cerebroside of the dimorphic human pathogen, Candida al-
bicans. Chem. Phys. Lipids. 43: 1–12.

43. Wells, G. B., R. C. Dickson, and R. L. Lester. 1996. Isolation and
composition of inositolphosphorylceramide-type sphingolipids of
hyphal forms of Candida albicans. J. Bacteriol. 178: 6223–6226.

44. Barr, K., and R. L. Lester. 1984. Occurrence of novel antigenic
phosphoinositol-containing sphingolipids in the pathogenic yeast
Histoplasma capsulatum. Biochemistry. 23: 5581–5588.

45. Barr, K., R. A. Laine, and R. L. Lester. 1984. Carbohydrate struc-
tures of three novel phosphoinositol-containing sphingolipids
from the yeast Histoplasma capsulatum. Biochemistry. 23: 5589–
5596.

46. Nagiec, M. M., E. E. Nagiec, J. A. Baltisberger, G. B. Wells, R. L.
Lester, and R. C. Dickson. 1997. Sphingolipid synthesis as a target
for antifungal drugs. Complementation of the inositol phospho-
rylceramide synthase defect in a mutant strain of Saccharomyces cere-
visiae by the AUR1 gene. J. Biol. Chem. 272: 9809–9817.

47. Hannun, Y., L. M. Obeid, and R. M. Wolff. 1993. The novel second
messenger ceramide: Identification, mechanism of action, and cel-
lular activity. Adv. Lipid Res. 25: 43–64.

48. Hakomori, S. 1996. Sphingolipid-dependent protein kinases. Adv.
Pharmacol. 36: 155–171.

49. Hakomori, S., and Y. Igarashi. 1993. Gangliosides and glycosphin-
golipids as modulators of cell growth, adhesion, and transmem-
brane signaling. Adv. Carbohydr. Chem. 25: 147–162.

50. Villalobo, A., and H-J. Gabius. 1998. Signaling pathways for trans-
duction of the initial message of the glycocode into cellular re-
sponses. Acta Anat. 161: 110–129.

51. Dobrowsky, R. T., and Y. A. Hannun. 1993. Ceramide-activated pro-
tein phosphatase: Partial purification and relationship to protein
phosphatase 2A. Adv. Lipid Res. 25: 91–104.

52. Kolter, T., and K. Sandhoff. 1999. Sphingolipids—their metabolic
pathways and the pathobiochemistry of neurodegenerative dis-
eases. Angew. Chem. Intl. Ed. Engl. 38: 1532–1568.

53. Anderson, R. G. W. 1998. The caveolae membrane system. Annu.
Rev. Biochem. 67: 199–225.

54. Lichter, A., and D. Mills. 1997. Fil1, a G-protein alpha-subunit that
acts upstream of cAMP and is essential for dimorphic switching in
haploid cells of Ustilago hordei. Mol. Gen. Genet. 256: 426–435.

55. Roberts, R. L., and G. R. Fink. 1994. Elements of a single MAP ki-
nase cascade in Saccharomyces cerevisiae mediate two develop-
mental programs in the same cell type: mating and invasive
growth. Genes Dev. 8: 2974–2985.

56. Gow, N. A. 1997. Germ tube growth of Candida albicans. Curr. Top.
Med. Mycol. 8: 43–55.

57. Banuett, F., and I. Herskowitz. 1994. Identification of fuz7, a Usti-
lago maydis MEK/MAPKK homolog required for a-locus-depen-
dent and -independent steps in the fungal life cycle. Genes Dev. 8:
1367–1378.

58. Roze, L. V., and J. E. Linz. 1998. Lovastatin triggers an apoptosis-



806 Journal of Lipid Research Volume 41, 2000

like cell death process in the fungus Mucor racemosus. Fungal. Genet.
Biol. 25: 119–133.

59. Yaar, L., M. Mevarech, and Y. Koltin. 1997. A Candida albicans RAS-
related gene (CaRSR1) is involved in budding, cell morphogenesis
and hypha development. Microbiology. 143: 3033–3044.

60. Diez-Orejas, R., G. Molero, F. Navarro-Garcia, J. Pla, C. Nombela,
and M. Sanchez-Perez. 1997. Reduced virulence of Candida albi-
cans MKC1 mutants: a role for mitogen- activated protein kinase in
pathogenesis. Infect. Immun. 65: 833–837.

61. Aquino-Pinero, E. E., and N. Rodriguez del Valle. 1997. Different
protein kinase C isoforms are present in the yeast and mycelium
forms of Sporothrix schenckii. Mycopathologia. 138: 109–115.

62. Kannagi, R., S. B. Levery, and S. Hakomori. 1983. Sequential
change of carbohydrate antigen associated with differentiation of
murine leukemia cells: i-I antigenic conversion and shifting of gly-
colipid synthesis. Proc. Natl. Acad. Sci. USA. 80: 2844–2848.

63. Straus, A. H., S. B. Levery, M. G. Jasiulionis, M. E. Salyan, S. J.
Steele, L. R. Travassos, S. Hakomori, and H. K. Takahashi. 1993.
Stage-specific glycosphingolipids from amastigote forms of Leish-
mania (L.) amazonensis. Immunogenicity and role in parasite bind-
ing and invasion of macrophages. J. Biol. Chem. 268: 13723–13730.

64. Suzuki, E., M. S. Toledo, H. K. Takahashi, and A. H. Straus. 1997. A
monoclonal antibody directed to terminal residue of b-galacto-
furanose of a glycolipid antigen isolated from Paracoccidioides brasil-
iensis: cross-reactivity with Leishmania major and Trypanosoma cruzi.
Glycobiology. 7: 463–468.

65. Lester, R. L., and R. C. Dickson. 1993. Sphingolipids with inositol-
phosphate-containing head groups. Adv. Lipid Res. 26: 253–274.

66. Beeler, T. J., D. Fu, J. Rivera, E. Monaghan, K. Gable, and T. M.
Dunn. 1997. SUR1 (CSG1/BCL21), a gene necessary for growth of
Saccharomyces cerevisiae in the presence of high Ca21 concentra-
tions at 378C, is required for mannosylation of inositolphosphoryl-
ceramide. Mol. Gen. Genet. 255: 570–579.

67. Wagner, H., and W. Zofcsik. 1966. On new sphingolipids of yeast.
Biochem. Z. 344: 314–316.

68. Tyorinoja, K., T. Nurminen, and H. Suomalainen. 1974. The
cell-envelope glycolipids of baker’s yeast. Biochem. J. 141: 133–
139.

69. Nurminen, T., and H. Suomalainen. 1971. Occurrence of long-
chain fatty acids and glycolipids in the cell envelope fractions of
baker’s yeast. Biochem. J. 125: 963–969.

70. Kang, M. S., J. P. Spencer, and A. D. Elbein. 1979. The effect of
showdomycin on glycolipid formation. Inhibition of glucosyl-
phosphoryl-dolichol in aorta and stimulation of glucosylceramide
in yeast. J. Biol. Chem. 254: 10037–10043.

71. Ghannoum, M. A., G. J. Janini, L. Khamis, and S. S. Radwan. 1986.
Dimorphism-associated variations in the lipid composition of Can-
dida albicans. J. Gen. Microbiol. 132: 2367–2375.

72. Marriott, M. S. 1975. Isolation and chemical characterization of
plasma membranes from the yeast and mycelial forms of Candida
albicans. J. Gen. Microbiol. 86: 115–132.

73. Yamashita, T., R. Wada, T. Sasaki, C. Deng, U. Bierfreund, K. Sand-
hoff, and R. L. Proia. 1999. A vital role for glycosphingolipid syn-
thesis during development and differentiation. Proc. Natl. Acad.
Sci. USA. 96: 9142–9147.

74. Coetzee, T., N. Fujita, J. Dupree, R. Shi, A. Blight, K. Suzuki, and
B. Popko. 1996. Myelination in the absence of galactocerebroside
and sulfatide: normal structure with abnormal function and re-
gional instability. Cell. 86: 209–219.

75. Bosio, A., E. Binczek, and W. Stoffel. 1996. Functional
breakdown of the lipid bilayer of the myelin membrane in
central and peripheral nervous system by disrupted galacto-
cerebroside synthesis. Proc. Natl. Acad. Sci. USA. 93: 13280 –
13285.

76. Perry, K., and Y. A. Hannun. 1999. The role of ceramide in cell sig-
naling. Biochim. Biophys. Acta. 1436: 233–243.


