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ABSTRACT
Ceramide monohexosides (CMHs, cerebrosides) are glycosphingolipids composed of a hydrophobic ce-
ramide linked to one sugar unit. In fungal cells, CMHs are very conserved molecules consisting of a
ceramide moiety containing 9-methyl-4,8-sphingadienine in amidic linkage to 2-hydroxyoctadecanoic or
2-hydroxyhexadecanoic acids, and a carbohydrate portion consisting of one residue of glucose or galactose.
9-Methyl 4,8-sphingadienine-containing ceramides are usually glycosylated to form fungal cerebrosides, but
the recent description of a ceramide dihexoside (CDH) presenting phytosphingosine in Magnaporthe grisea
suggests the existence of alternative pathways of ceramide glycosylation in fungal cells. Along with their
unique structural characteristics, fungal CMHs have a peculiar subcellular distribution and striking biological
properties. In Pseudallescheria boydii, Candida albicans, Cryptococcus neoformans, Aspergillus nidulans,
A. fumigatus, and Schizophyllum commune, CMHs are apparently involved in morphological transitions and
fungal growth. The elucidation of structural and functional aspects of fungal cerebrosides may therefore

contribute to the design of new antifungal agents inhibiting growth and differentiation of pathogenic species.
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INTRODUCTION

The frequency of fatal mycoses associated with
immunosuppression has increased in the last two
decades (Dromer and Dupont 1996). Despite the
clinical relevance of fungal infections, however, the
current antifungal therapy is ineffective in several
cases. For over four decades, the principal target
of antifungal therapy has been ergosterol in the fun-
gal cell membrane. Although this has proven to be
a successful and relatively selective antifungal tar-
get, reports of resistance and intolerance to currently
available antifungal agents are increasing. In this
context, the search for novel antifungal agents has
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been greatly stimulated.

Glycosphingolipids (GSLs) consist of a ce-
ramide (N -acylsphingosine) moiety linked to a gly-
can chain of variable length and structure. These
molecules have been implicated in many fundamen-
tal cellular processes including growth, differentia-
tion, and morphogenesis. GSLs may also modulate
cell signaling by controlling the assembly and spe-
cific activities of plasma membrane proteins (Hako-
mori 1993, Kasahara and Sanai 2000). Several nat-
ural product inhibitors of sphingolipid biosynthe-
sis have been discovered in recent years (Georgopa-
padakou 2000), and some of them exhibit a potent
and selective antifungal activity.

The roles of fungal monohexosylceramides
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(CMHs, cerebrosides) elucidated in the last three
years suggests that a new target for antifungal ther-
apy may emerge (Rodrigues et al. 2000, Pinto et al.
2002, Levery et al. 2002). Cerebrosides are neu-
tral glycosphingolipids that contain a monosaccha-
ride, normally glucose or galactose, in 1-ortho-beta-
glycosidic linkage with the primary alcohol of an N-
acyl sphingoid (ceramide). In plants the monosac-
charide is normally glucose and the sphingoid usu-
ally phytosphingosine. In animals, the monosaccha-
ride is usually galactose, though this may vary with
the tissue and the sphingoid is usually sphingosine
or dihydrosphingosine. Since cerebrosides contain
one sugar unit, they are also called ceramide mono-
hexosides (CMHs), differing from gangliosides in
that the latter contain at least one sialic acid residue.
CMHs also differ from globosides in that these gly-
colipids contain multiple sugar moieties, whereas
cerebrosides only contain one.

STRUCTURAL ASPECTS OF FUNGAL CEREBROSIDES

CMHs have been widely detected in fungal cells
(reviewed by Warnecke and Heinz 2003). The cur-
rent literature indicates that cerebrosides seem to be
present in almost all fungal species studied so far,
with Saccharomyces cerevisiae representing a well-
known exception. Fungal cerebrosides are much
conserved structures, in which modifications in-
clude different sites of unsaturation as well as the
varying length of fatty acid residues in the ceramide
moiety (Table I). Fungal CMHs contain a ceramide
moiety with 9-methyl-4, 8-sphingadienine in amidic
linkage to 2-hydroxyoctadecanoic or 2-hydroxy-
hexadecanoic acids, and a carbohydrate portion con-
sisting of one residue of glucose or galactose. Ex-
ceptionally, cerebrosides from S. kluyveri have an
extremely rare trihydroxy sphingoid base as a unique
feature (Takakuwa et al. 2002).

The long chain base 9-methyl-4,8-sphinga-
diene was first described in monohexosylceramides
from Aspergillus oryzae (Fujino and Ohnishi 1977)
and was subsequently isolated from Schizophyllum
commune (Kawai and Ikeda 1982), from the plant
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TABLE I
Fungal CMHs: ceramide* and carbohydrate moieties.
Fungal specie | Major fatty acid | Sugar
A. fumigatus Cig:100m) Glucose/
A. versicolor Galactose
A. flavus
P. boydii Ci6:000m) Glucose
Cis:o0m)
Fusarium sp Cie:000mH) Glucose
F oxysporum Cig.000m)
E solani C18:1(OH)
P. brasiliensis Cis.000m) Glucose
Cig:100m)
H. capsulatum Cis.000m) Glucose
Cis.100n)
C. neoformans Cig.000m) Glucose
C. albicans Cig:.000m) Glucose
M. grisea Cis.100m) Glucose
S. schenckii Cis.000m) Glucose/
Cig:100m) Galactose

*9-Methyl-4,8-sphingadienine is the long chain base composing

the ceramide unit of all the molecules described in this table.

pathogen Fusicoccum amygdali (Ballio etal. 1979),
and the edible fungi Clitocybe geotrope and C. nebu-
laris (Fodegal etal. 1986). CMHs were further char-
acterized in lipid extracts from the fungal species
Aspergillus fumigatus (Toledo et al. 1999, Villas-
Boas et al. 1994a), A. niger (Levery et al. 2000),
A. versicolor (Villas-Boas et al. 1994a), Acremo-
nium chrysogenum (Sakaki et al. 2001), Amanita
muscaria (Weiss and Stiller 1972), A. rubescens
(Weiss and Stiller 1972), Candida albicans (Mat-
subara et al. 1987), C. deformans (Mineki et al.
1994), C. utilis (Wagner and Zofcsik 1966a, Wag-
ner and Zofcsik 1966b), Colletotrichum gloeospo-
rioides (Da Silva et al. unpublished), Cryptococ-
cus neoformans (Rodrigues et al. 2000), Fonsecaea
pedrosoi (Nimrichter et al. unpublished), Fusar-
ium sp (Duarte et al. 1998), Ganoderma lucidum
(Mizushina et al. 1998), Hansenula anomala (Ng
and Laneelle 1977), Histoplasma capsulatum (To-
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ledo et al. 2001a), Hypsizigus marmoreus (Sawabe
et al. 1994), Kluyveromyces waltii (Takakuwa et al.
2002), K. thermotolerans (Takakuwa et al. 2002),
K. lactis (Takakuwa et al. 2002), Lentinus edodes
(Kawai 1989), Magnaporthe grisea (Umemura
et al. 2000, Koga et al. 1998), Metridium senile
(Karlsson et al. 1979), Paracoccidioides brasilien-
sis (Takahashi et al. 1996), Pichia pastoris (Sakaki
et al. 2001), Polyporus ellisii (Gao et al. 2001),
Pseudallesheria boydii (Pinto et al. 2002), Rhyn-
chosporium secalis (Sakaki et al. 2001), Saccha-
2002), Sor-
daria macrospora (Sakaki et al. 2001), Sporothrix

romyces klyuyveri (Takakuwa et al.

schenckii (Toledo et al. 2000), Termitomyces al-
buminosus (Qi et al. 2001), Zygosaccharomyces
cidri (Takakuwa et al. 2002), and Z. fermentati

(Takakuwa et al. 2002).

ANALYSIS OF CMHs

The methodology described here follows the steps
of purification routinely used in our laboratory for
CMH extraction and purification (Villas-Boas et al.
1994a, Duarte et al. 1998, Pinto et al. 2002), but dif-
ferent methods are available in the current literature
for isolation and purification of CMHs (Takakuwa
et al. 2002, Fujino and Ohnishi 1977, Kawai and
Ikeda 1982, Ballio et al. 1979, Fodegal et al. 1986,
Toledo et al. 1999, Levery et al. 2000, Matsubara
etal. 1987, Toledo et al. 2001a, Levery et al. 2002,
Takakuwa et al. 2002, Umemura et al. 2000, Koga
et al. 1998, Takahashi et al. 1996, Sakaki et al.
2001, Toledo et al. 2000). Using mixtures of chlo-
roform and methanol followed by chromatographic
steps of purification, cerebrosides can be satisfacto-
rily purified for further physicochemical analysis.

Fungal cells are first extracted with chloroform/
methanol (2:1 and 1:2 v/v). These extracts are usu-
ally combined and dried, yielding a crude lipid mix-
ture. The crude extract is subsequently partitioned
according to Folch et al. (1957), in which the lower
phase containing neutral GSLs is taken for further
analysis.

CMHs, present at the Folch’s lower layer, are
purified by chromatographic methods, initially on

silica columns. Glycolipids are recovered by elution
with chloroform, acetone and methanol. The ace-
tone and methanol fractions, containing CMHs, are
further purified on another silica gel column, which
is sequentially eluted with chloroform/methanol
with increasing concentrations of methanol (95:5,
9:1, 8:2 and 1:1 vol/vol) and finally with 100%
methanol. The presence of CMHs is monitored
by high performance thin-layer chromatography
(HPTLC), on silica plates developed with chloro-
form/methanol/ water (65:25:4 vol/vol). The sep-
arated glycolipids are visualized with iodine vapor
and by spraying with orcinol/sulfuric acid. Frac-
tions containing CMHs, usually those eluted with
chloroform/methanol (9:1 and 8:2 vol/vol), can be
further purified by chromatography on Iatrobeads
RS 2060, using the same elution system, normally
yielding a purified CMH fraction. A typical exam-
ple of the purification of cerebrosides and related
molecules is given in Figure 1.

Purified CMH fractions can then be submitted
to structural determinations. The sugar composition
is achieved by hydrolysis of glycosphingolipids with
3M trifluoroacetic acid at 100°C for 3h, with pre-
liminary analysis of the resulting monosaccharides
by thin layer chromatography. Sugar quantification
is determined by gas chromatography (GC), after
chemical conversion of the monosaccharides to the
alditol-acetate derivatives (Sawardeker et al. 1965).
Fatty acid components are prepared as their methyl
ester derivatives, by acid methanolysis using 1 mL of
toluene/methanol (1:1 vol/vol) containing 2.5% con-
centrated sulfuric acid (overnight at 70°C). Samples
are diluted in deionized water and extracted twice
with hexane/chloroform (4:1 vol/vol), followed by
pooling extracts and trimethylsilylation by treatment
with 100 uL of bis-(trimethylsilyl) trifluoracet-
amide/pyridine. Samples are then analyzed by the
combination of gas chromatography and mass-
spectrometry (GC-MS).

The particular use of mass spectrometry is of
fundamental relevance in the structural determina-
tion of CMHs from different species, including an-
alytical variations as fast atom bombardment mass
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Fig. 1 — Overview of the strategy used for purification of CMHs and CDHs from fungal cells (modified from Maciel et al. 2002).

Purified or partially purified extracts are usually resolved by HPTLC and visualized by reaction with orcinol-H>SOy.

spectrometry (FAB/MS), electrospray ionization
(ESI-MS) and low energy collision-induced disso-
ciation mass spectrometry (ESI-MS/CID-MS). Nu-
clear magnetic resonance ('H and '3C) has been also
successfully used in CMH structural analyses. The
combination of these techniques is usually satisfac-
tory for a complete structural elucidation of CMHs,
and a vast and detailed literature is available on this
subject (Takakuwa et al. 2002, Fujino and Ohnishi
1977, Kawai and Ikeda 1982, Ballio et al. 1979,
Fodegal et al. 1986, Toledo et al. 1999, Levery et
al. 2000, Villas-Boas et al. 1994a, Matsubara et
al. 1987, Da Silva et al. unpublished, Rodrigues et
al. 2000, Nimrichter et al. unpublished, Duarte et
al. 1998, Toledo et al. 2001a, Levery et al. 2002,
Takakuwa et al. 2002, Umemura et al. 2000, Koga

et al. 1998, Takahashi et al. 1996, Sakaki et al.
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2001, Pinto et al. 2002, Toledo et al. 2000).

BIOSYNTHESIS OF FUNGAL CEREBROSIDES

Synthesis and expression of sphingolipids seems
to be essential for normal processes in microbial
and animal cells. Fungal cells possess some exclu-
sive pathways of sphingolipid biosynthesis, some
of which are crucial to cell viability. For that rea-
son, synthesis of sphingolipids is emerging as an
attractive target for the action of antifungal drugs
(Georgopapadakou 2000). Several inhibitors of sph-
ingolipid synthesis in fungi, all natural products and
most of them non-toxic to mammalian cells, have
been in fact reported in the last decade. This ob-
servation agrees with the fact that, between fungal
and mammalian cells, glycosphingolipids differ in
structure and biosynthesis. The understanding of
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GSL biosynthesis is, therefore, fundamental for the
development of antifungal drugs and for the com-
plete knowledge of lipid function in fungal cells. In
addition, studies on the functions and biosynthesis
of GSLs are stimulated because of their antigenic-
ity and involvement with fungal pathogenesis (Ro-
drigues et al. 2000, Pinto et al. 2002, Levery et al.
1998, 2002).

Long-chain bases (LCBs) are the characteris-
tic structural units of GSLs. They are long-chain
aliphatic amines, containing two or three hydroxyl
groups, therefore consisting of 2-amino-1,3-di-
hydroxy linear alkanes. LCBs are used in the syn-
thesis of ceramides, the building blocks of sphin-
golipids. Ceramides consist of an LCB linked to
a fatty acid via an amide bond. The formation of
ceramides is a key step in the biosynthesis of all
the complex sphingolipids, in which the terminal
primary hydroxyl group is, for instance, linked to
carbohydrate or phosphate units.

Most of the knowledge on sphingolipid bio-
synthesis comes from studies using the model
yeast S. cerevisiae. Several genes involved in
the metabolism of sphingolipids have been iden-
tified in this organism (reviewed in Dickson and
Lester 2002, Obeid et al. 2002) and, in this con-
text, S. cerevisiae represents an excellent model for
studies on the biosynthesis and expression of fungal
GSLs. However, it is worthwhile to remember that
there are clear differences between the expression of
glycosphingolipids in S. cerevisiae and other fun-
gal species; for instance, monohexosylceramides,
which are the major subject of this review, are com-
monly detected in pathogenic and non-pathogenic
fungi, but not in S. cerevisiae.

The process resulting in the synthesis of ce-
ramide begins with the condensation of palmitoyl-
CoA and serine in the endoplasmic reticulum. This
reaction, which occurs in both animal and fungal
cells, is catalyzed by the enzyme serine palmitoyl-
transferase (SPT), resulting in the generation of the
intermediary compound 3-ketodihydrosphingosine
(3-ketosphinganine). In S. cerevisiae, three genes
are required for optimal SPT activity: the homol-

ogous genes LCBI and LCB2, which are involved
in the yeast response for heat stress, and 7SC3, a
member of the family of temperature-sensitive sup-
pressors of calcium sensitivity (TSC) (Dickson and
Lester 2002, Obeid et al. 2002). The condensa-
tion of serine and palmitoyl-CoA is followed by
the reduction of 3-ketosphinganine to the LCB di-
hydrosphingosine (DHS, sphinganine). This step
also occurs in the endoplasmic reticulum and in-
volves the action of 3-ketosphinganine reductase,
whose deletion renders S. cerevisiae cells unable to
grow in the absence of exogenous LCBs. The 3-
ketosphinganine reductase, encoded by the 7SC10
gene, also belongs to the TSC family (Dickson and
Lester 2002, Obeid et al. 2002).

The generation of sphinganine gives rise to the
first branching point in fungal sphingolipid synthe-
sis. This LCB is hydroxylated, to generate phy-
tosphingosine and afterwards inositolphosphorylce-
ramide, or used in the synthesis of monohexosyl-
ceramides. These distinct pathways of the sphin-
golipid metabolism will be discussed below in more
detail and are summarized in Figure 2.

SYNTHESIS AND GLYCOSYLATION OF CERAMIDES
IN FUNGAL CELLS

In mammalian cells, sphinganine is acylated to gen-
erate dihydroceramide. The latter is then reduced,
resulting in the synthesis of ceramide. This obser-
vation diverges from the corresponding pathways
observed in yeast cells, in which sphinganine can
be hydroxylated to form phytosphingosine, which
is then converted to phytoceramide by transfer of
acyl groups. Alternatively, sphinganine can be first
acylated, generating dihydroceramide, and then hy-
droxylated, finally forming phytoceramide. In S.
cerevisiae, the enzyme encoded by the gene SUR2/
SYR2 catalyzes the hydroxylation of either dihy-
drosphingosine or dihydroceramide (Dickson and
Lester 2002, Obeid et al. 2002). Acylation of LCB
and consequent synthesis of ceramide also differs in
mammalian and fungal cells, since the latter appear
to exclusively transfer «-hydroxylated very long-
chain fatty acids (VLCFAs) to phytosphingosine.
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Fig. 2 — Overview of the biosynthetic pathways for cerebroside biosynthesis in fungi.

VLCFAs are formed through the action of the en-
zymes encoded by ELO2 and ELO3, responsible for
the sequential elongation of smaller fatty acids to
24 carbons (Elo2p) and conversion of 24C to 26C
fatty acids (Elo3p) (Dickson and Lester 2002, Obeid
et al. 2002). The enzyme responsible for transfer-
ring these fatty acids to LCB is called ceramide syn-
thase, encoded by LAG/ and its homologue LACI,
and its action is inhibited by the fungal toxin fumon-
isin (Dickson and Lester 2002, Obeid et al. 2002).

Steps subsequent to phytoceramide formation
are unique to fungi and involve the sequential addi-
tion of phosphorylated inositol to form inositolphos-
phorylceramide (IPC), mannose-IPC (MIPC) and,
specially in S. cerevisiae, mannose-inositolphos-
phoryl-IPC (M(IP),C). Such compounds are fre-
quently glycosylated to produce most complex gly-
cosphingolipids, generating the fungal glycoinositol
phosphorylceramides (GIPCs).

To form IPC, the Cl-hydroxyl group of phy-
toceramide is linked to phosphoinositol by a phos-
phodiester bond. This reaction is catalyzed by IPC
synthase, (Ipclp), encoded by the AURI gene (Hei-
dler and Radding 1995). Because Ipclp activity is
both vital and unique in fungi, it has emerged as
an attractive target for antifungal drugs (Georgopa-
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padakou 2000). The antifungal peptide aureoba-
sidin A (AbA), produced by Aureobasidium pullu-
lans, has a strong activity against many pathogens
and its molecular target was identified in S. cere-
visiae as the essential gene AURI. This gene is re-
quired for the expression of Ipclp and formation
of IPC in yeast. Therefore the AURI gene is also
called IPCI. Currently, two additional antifungal
agents (khafrefungin and rustmicin) targeting Ipclp
are known (Dickson and Lester 2002, Obeid et al.
2002).

IPC1 was the first gene of the sphingolipid
pathway to be implicated in fungal pathogenesis.
IPC1 modulated some virulence factors of C. ne-
oformans, such as melanin pigmentation. Over-
expression of the gene increased melanin produc-
tion, whereas down-regulation decreased melanin
pigmentation (Luberto et al. 2001). One major fac-
tor favoring C. neoformans infection is its ability to
grow inside macrophages and, therefore, in acidic
conditions, as in phagolysosomes. Down-regulation
of IPCI generated a strain no longer pathogenic in
a rabbit model of cryptococcal meningitis. In addi-
tion, a decreased Ipclp level impaired the C. neo-
formans growth in a macrophage cell line and in an
acidic environment.



FUNGAL CEREBROSIDES 73

Concomitant to IPC formation, Ipc1p also pro-
duces diacylglycerol (DAG) and consumes phytoce-
ramide. The importance of Ipclp therefore may be
due not only to the formation of IPC itself, one of the
most abundant sphingolipids in the membrane, but
also to the regulation of phytoceramide, implicated
in growth arrest and yeast stress responses (Jenkins
et al. 1997, Chung et al. 2001), and DAG, a well-
established mitogen and activator of protein kinase
C (PKC).

In S. cerevisiae, IPC is mannosylated to yield
mannose-inositol-phosphoceramide (MIPC), a re-
action that requires the SURI and CSG2 genes
(Dickson and Lester 2002). Similar reactions should
occur in several other fungal species, which appear
to use MIPC as the precursor for more complex
GSLs. The human pathogen Sporothrix schenckii
seems to represent an exception, since a novel GSL
containing a glucosamine - inositol - phosphocera-
mide motif has been described, in addition to GSLs
containing the conventional MIPC domain (Dick-
son and Lester 2002). In S. cerevisiae, the terminal
step in sphingolipid synthesis involves the addition
of inositol phosphate to MIPC. This reaction, which
requires the product of the IPT gene, results in the
formation of M(IP)2C (Dickson and Lester 2002,
Obeid et al. 2002).

Several fungal species further carry out
sphingolipid biosynthesis by adding several sugar
residues to IPC (as in the case of S. schenckii) or
MIPC (as in the case of the pathogens C. albicans, C.
neoformans, S. schenckii, H. capsulatum, P. brasi-
liensis, A. fumigatus, and the high mushrooms
Amanita virosa, Calvatia exipuliformis, Cantharel-
lus cibarius, Leccinum scabrum, Lentinus edodes,
and Pleurotus ostreatus. The resulting structures
are the acidic GSLs glycosylinositol phosphoryl-
ceramides, which represent a major class of fun-
gal lipids characterized by the presence of a myo-
inositol-1-phosphate spacer between glycan and
ceramide. As already mentioned, this class of
molecules is synthesized by fungi, plants, and cer-
tain parasitic organisms, but not by mammalian cells
or tissues. The detailed structural characterization

of GIPCs from different fungal species revealed a
relatively great diversity, which requires the use of
several still uncharacterized glycosyltransferases.

All sphingolipids in S. cerevisiae are classi-
fied as IPCs (Dickson and Lester 2002). Several
other fungal species, however, add one or more sugar
residues to the C-1 of ceramide to form a second
class of sphingolipids referred to as glycosyl-
ceramides. CMHs, which are the most common ex-
amples of such neutral GSLs, were characterized
in detailed in several fungal species (Table I), all
of them showing a ceramide moiety contain-
ing 9-methyl-4,8-sphingadienine in amidic linkage
to C18 or C16 «-hydroxy fatty acids and a carbo-
hydrate unit. These molecules are formed through
the action of UDP-glycosyl ceramide glycosyltrans-
ferases (glycosylceramide synthases, GCS), which
may also act in the synthesis of ceramide dihexo-
sides (CDHs) (Maciel et al. 2002). Molecular stud-
ies using GCS from different organisms (Takakuwa
et al. 2002, Leipelt et al. 2001) provided new in-
sights into the biosynthesis of sphingolipids, as de-
scribed below.

Ceramide backbones with C16 or C18 fatty
acids linked to the 4,8-diene-9-methyl-sphingobase
are exclusive precursors for CMH synthesis,
whereas ceramide backbones containing VLCFAs
and phytosphingosine are preferentially used as
substrates for the synthesis of inositol-containing
sphingolipids. However, through a systematic anal-
ysis of the glycosyltransferase gene family with
members from animals, plants, fungi, and bacteria,
Leipelt et al. (2001) suggested the occurrence of
previously unknown steps of ceramide synthesis and
glycosylation, which was inferred from the occur-
rence of some unexpected sphingolipids produced
by S. cerevisiae and P. pastoris transformed with
GCS from different sources. In this study, GCS null
mutants of P. pastoris and C. albicans were gen-
erated. Both mutants were still viable and grew
like the parental strains on different culture media.
GCSs from Homo sapiens, Gossypium arboreum, P.
pastoris, C. albicans, and M. grisea were then ex-
pressed in the P. pastoris GCS null mutant strain,
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which resulted in the formation of structurally di-
verse GlcCer molecules. Yeast cells expressing the
human GCS, for instance, produced five different
GlcCer molecular species, with ceramide backbones
corresponding to 18:0-18:0, 18:0(2-OH)-18:0, 18:0-
18:144, 18:0-18:24%8, 18:0(2-OH)- 18:144, and
18:0(2-OH)-18:244 8 which may all be regarded as
biosynthetic precursors of 18:0(2-OH)-18:24% 8 9m,
which is the major ceramide moiety in CMHs from
many fungal species. If this hypothesis is correct, it
is possible to suggest a sequential modification of the
sphingoid base starting with the introduction of the
A4-double bond followed by the A8-unsaturation
and a final methylation at C9. However, it is not pos-
sible to conclude whether these modifications occur
at the free sphingobase, in its acylated form, or even
after glycosylation of the ceramide.

Structural analysis revealed that, in the trans-
formed cells described above, ceramide back-
bones containing phytosphingosine and a VLCFA
molecule were also detected. This is a very sig-
nificant finding, since such fungal ceramides were
thought to be exclusively used for the synthesis of
inositol-containing sphingolipids. This observation
confirmed a single previous report, which has been
further supported by our group, as described below.

GLYCOSYLCERAMIDES WITH PHYTO-
SPHINGOSINE- OR 4, 8-DIENE-9-METHYL-
SPHINGOBASE-CONTAINING CERAMIDES: THE
M. grisea PARADIGM

Recent studies from our group demonstrate that
phytoceramide can be alternatively glycosylated to
ceramide dihexosides in M. grisea (Maciel et al.
2002). These results reveal that phytoceramides in
fungi can be modified to generate unconventional
GSLs, which agrees with previous reports (Lester et
al. 1974).

In summary, fungal cells are believed to have
two different pools of ceramides to be used for the
synthesis of different sphingolipids (Leipelt et al.
2001). Ceramide backbones with C16 or C18 fatty
acids linked to a 4, 8-diene-9-methyl-sphingobase,
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which were widely identified in several fun-
gal species (Table I), are thought to be exclusively
used as precursors of glucosylceramide (GlcCer)
synthesis. In contrast, ceramide backbones with rel-
atively long chain C24 and C26 fatty acids bound
to phytosphingosine were thought to be restricted
to the synthesis of the inositol-containing phospho-
sphingolipids. In a recent investigation, however,
Leipelt et al. (2001) have identified and character-
ized novel glucosylceramide synthases from plants,
animals and fungi, including M. grisea. Genetic ap-
proaches revealed that the expression of the GCS
from M. grisea in a P. pastoris GCS null mu-
tant resulted in the biosynthesis of GlcCer with the
usual ceramide moieties comprising C16 and C18
fatty acids in an amidic linkage with 9-methyl-4,
8-sphingadienine, but also in that of GlcCer with
phytosphingosine and mainly long-chain (C26) a-
hydroxy fatty acids in amide linkage. These results
indicated that GCS could accept both classes of ce-
ramide as substrates to form GlcCer.

We have demonstrated by structural determi-
nations that the M. grisea enzymatic apparatus is
able to add glucose units to both phytosphingosine-
and 9-methyl-sphingadienine-containing ceramides
and form GlcCer under normal growth conditions,
which is in accordance with the results of Leipelt
(2001) regarding GCS specificity. In M.
grisea, therefore, long chain ceramides should also

et al.

serve as substrates for the action of GCS, which
would be followed by the action of galactosyl trans-
ferases to finally form CDH. These possibilities are
supported by the results of Lester and co-workers
(Lester et al. 1974), who described the occurrence
of a ceramide tetrahexoside consisting of (Gal;Glc)-
N-hydroxytetracosonyl-hydroxysphinganine in N.
crassa. Taken together, these observations raise the
assumption that, contrarily to what has been pro-
posed for several species of fungi, separation of
ceramide pools for glycosphingolipid biosynthesis
may not occur in fungi such as M. grisea. These
results and previous ones, therefore, suggest the oc-
currence of an alternative path of ceramide glycosy-
lation in fungal cells (Figure 3).
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Fig. 3 — Glycosylation of ceramide-containing fungal lipids, modified from Maciel et al.

(2002) and Leipelt et al. (2001). Steps of hydroxylation, desaturation or methylation (not

shown in Figure) should follow biosynthesis of ceramide backbones for further addition of

sugar units. In M. grisea, we propose that the two classes of ceramides would be used by

GCS, under standard cellular conditions, as substrates to form GlcCer. Phytosphingosine-

containing GlcCer would be sequentially glycosylated with the addition of a galactose residue,

catalyzed by a still uncharacterized galactosyl transferase.

BIOLOGICAL FUNCTIONS
OF FUNGAL CEREBROSIDES

Although largely distributed in fungi and, in ad-
dition, displaying highly conserved structures, the
understanding of the functions of CMHs in fun-
gal cells is only beginning to be understood. The
old concept that cerebrosides and other glycosphin-
golipids are membrane structural components with
exclusive role of filling gaps (Koscielak 1986) is

obviously simplistic, since it is now clear that such
molecules are involved in cell growth, differenti-
ation and signaling (Hakomori 1990). In fungal
cells, CMHs have been characterized as bioactive
molecules with several distinct roles. For instance,
the phytopathogen M. grisea produces active elici-
tors of the hypersensitive response in rice (Umemura
et al. 2000, Koga et al. 1998) that were identified
as monohexosylceramides. Treatment of rice leaves

with M. grisea CMHs induced the accumulation of
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antimicrobial compounds, plant cell death, expres-
sion of pathogenesis-related proteins in rice leaves,
and effectively protected rice plants against fungal
infection.

Fungal cerebrosides were also characterized as
antigenic molecules directly or indirectly involved in
cell growth or differentiation in S. commune (Kawai
and lkeda 1982), C. neoformans (Rodrigues et al.
2000), P. boydii (Pinto et al. 2002), C. albicans
(Pinto et al. 2002), A. nidulans (Levery et al. 2002)
2002). Most of
these reports, which are discussed below, are very

and A. fumigatus (Levery et al.

recent in the current literature and represent an open
and new field in the biology of fungal glycosphin-
golipids. We will summarize these studies, mainly
focusing on the cellular distribution of fungal CMHs
and their association with growth or differentiation.

ARE CMHs INVOLVED IN FUNGAL GROWTH?

GSLs were shown to be antigenic in different infec-
tious agents. For instance, GSLs from Trypanosoma
cruzi epimastigotes react with sera from patients
with Chagas’ disease and this reactivity is modu-
lated by the ceramide structure (Villas-Boas et al.
1994b). Schistosome glycolipids are recognized by
IgE, which may have a role in immunity against
Schistosoma mansoni (Van Der Kleij et al. 1999).
In P, brasiliensis, a galactofuranose-containing GSL
was reactive with antibodies from patients with para-
coccidioidomycosis (Toledo et al. 1995). Such re-
activity was attributed to the nonreducing galacto-
furanosyl residue in the carbohydrate chain.

As extensively described before, fungal cere-
brosides are very similar in that they all contain a
9-methyl-4, 8-sphingadienine in combination with
N-2’-hydroxy fatty acids that are saturated or un-
saturated. Hydroxylation at position 2 of the fatty
acid is apparently important for antigenicity of the
CMH, and possible epitopes involve both glucose
and the hydroxylated fatty acid, with modulation by
the sphingosine-derived base. Conformer 4 of glu-
cosylceramide as studied by Nyholm and Pascher
(1993a, b), which is allowed in a membrane layer,
further stabilized by a hydrogen bond between the
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2-OH group on the fatty acid and the 6-OH group
on the glucose residue, in addition to the hydrogen
bond between glucose OS5 and the amide hydrogen,
is a candidate for carrying epitopes reactive with an-
tibodies to CMH.

In the human pathogen C. neoformans, a ma-
jor CMH was characterized by our group as a -
glucosylceramide, containing the conserved base 9-
methyl-4, 8-sphingadienine in amidic linkage to 2-
hydroxyoctadecanoic acid (Rodrigues et al. 2000).
This molecule was recognized by sera from patients
with cryptococcosis and a few other mycoses, indi-
cating that CMHs are immunogenic glycolipids that
induce the production of human antibodies during
fungal infections. Aiming at the determination of the
cellular distribution of CMHs in C. neoformans, we
purified the specific antibodies from patients’ sera,
by immunoadsorption on the purified glycolipid fol-
lowed by protein G affinity chromatography, to be
used in immunofluorescence experiments. Interest-
ingly, antibodies to CMH reacted with the crypto-
coccal surface mostly at the sites of cell division.

Immunofluorescence analysis with antibodies
to CMH confirmed that the cryptococcal glucosyl-
ceramide in fact accumulated mostly at the budding
sites of dividing cells (Rodrigues et al. 2000) with a
more disperse distribution at the cell surface of non-
dividing cells (Figure 4). In these experiments, the
increased density of sphingolipid molecules seemed
to correlate with thickening of the cell wall, hence
with its biosynthesis. These results raised the pos-
sibility that fungal CMHs were involved in fungal
growth, which was supported by further experiments
using human antibodies to glucosylceramide. The
addition of these antibodies to the culture medium of
C. neoformans yeasts generated an extensive inhi-
bition of fungal budding and, consequently, growth
(Rodrigues et al. 2000).

An association between the expression of
CMHs in fungi and growth or differentiation is sup-
ported by other reports. For instance, Kawai and
Ikeda (Kawai and Ikeda 1982) showed that fungal
glucocerebrosides had fruiting-inducing activity in
bioassays with S. commune. The intact 9-methyl-
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Fig. 4 — Immunofluorescence analysis showing that antibodies to CMH preferentially recognize the sites of

cell division in C. neoformans. Panels A, C and E show cryptococcal yeasts under differential interferential

contrast, while panels B, D and F show the reactivity of fungal cells with anti-glucosylceramide antibodies. For

experimental details, see Rodrigues et al. (2000).

4, 8-sphingadienine but not the B-glucopyranosyl
residue was essential for this activity. Accordingly,
the following observations indicated that an anti-
glucosylceramide monoclonal antibody reacted
preferably with the conidiophore of A. fumigatus
(Toledo et al. 2001b). In this context, we inves-
tigated whether CMHs and related antibodies inter-
fered with cell growth or differentiation in other fun-
gal species.

As mentioned above, a serological cross-re-
activity between cryptococcal CMHs and sera from
patients with cryptococcosis, histoplasmosis, asper-
gillosis and paracoccidioidomycosis was observed
(Rodrigues et al. 2000). The recognition of a gluco-
sylceramide from C. neoformans by sera from indi-
viduals with different mycoses was suggestive that,
during fungal infections, human antibodies are pro-
duced against similar antigens from distinct species.
In this context, antibodies to CMH could interfere
with cell division processes in different CMH-
containing fungal cells.

Conserved CMHs from P. boydii are antigens
recognized by antibodies from a rabbit infected with
this fungus (Pinto et al. 2002). These antibodies
were purified as described before and used in im-
munofluorescence analysis. Interestingly, reactions
of these antibodies and P. boydii conidial forms were
absent or very weak, while mycelia and pseudo-
hyphae were strongly reactive (Pinto et al. 2002).
These results suggest that CMHs are differentially
expressed in P. boydii according with the morpho-

logical phase. Biosynthesis, expression or chemical
structures of CMHs seem to be modified during the
conidia — mycelium transition, which suggests
a role for CMHs in fungal differentiation. In ac-
cordance with this is the observation that antibodies
to CMH were able to inhibit the formation of germ
tube-like structures in P. boydii, although they did
not influence mycelial growth (Pinto et al. 2002)
(Figure 5). We have shown (unpublished data) that
germ tubes are induced after the contact of P. boy-
dii conidia with animal cells, a step preceding effi-
cient fungal invasion. Germ tube formation is also
recognized as a crucial event in tissue invasion by
C. albicans (Gow 1997), a fungus that synthesizes
CMHs (Matsubara et al. 1987) structurally similar
to those previously described in other fungi and to
that characterized from P. boydii. In this context, the
influence of antibodies to CMH on C. albicans dif-
ferentiation was also evaluated. As with P. boydii,
anti-CMH antibodies inhibited germ tube formation
in C. albicans (Pinto et al. 2002). Our most recent
results demonstrate that polyclonal and monoclonal
antibodies to CMH strongly inhibit the differentia-
tion of the plant pathogen Colletotrichum gloeospo-
rioides (Da Silva et al. unpublished results).

The involvement of CMHs in fungal develop-
ment was further confirmed by experiments using
a family of compounds known to inhibit glucosyl-
ceramide synthase in mammals. Two analogs, D-
threo-1-phenyl-2- palmitoyl-3- pyrrolidinopropanol
(P4) and D-threo-3P, 4P-ethylenedioxy-P4, strongly
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P. boydii

24 hiEs

C. albicans

Fig. 5 — Antibodies to CMH inhibit germ tube formation in P. boydii and C. albicans. Panels show
germ tube formation observed after 24 (A) and 48 (C and E) h of incubation of P. boydii in the RPMI
medium, and after 3h (G) and 21h (I and K) of incubation of C. albicans in the same medium. Addition
of antibodies to CMH inhibits differentiation of P. boydii (B and D) and C. albicans (H and J). In contrast,
addition of control antibodies to the differentiation systems of P. boydii (F) and C. albicans (L) did not

affect mycelium or germ tube formation. Bars represent 10;um. Reproduced from Pinto et al. (2002),

with permission from Oxford University Press.

inhibited germination and hyphal growth of A. nidu-
lans and A. fumigatus (Levery et al. 2002). How-
ever, the mechanisms by which fungal CMHs act
on cell growth or differentiation of fungi are not
known, and there is controversial evidence in this
field of research. For instance, P. pastoris gluco-
sylceramide synthase null mutants are viable and
grow like their parental cells in vitro (Leipelt et al.
2001). In addition, C. albicans null mutants were
able to grow in both yeast and filamentous forms,
indicating that CMHs do not play essential roles
during growth and differentiation of these organ-
isms (Leipeltet al. 2001). These observations could
be initially explained by the occurrence of species-
specific functions of CMHs and related enzymes in
fungal cells. However, the cellular distribution of
CMHs in fungi suggests the participation of com-
plementary surface structures possibly involved in
the antifungal mechanisms generated after blocking
CMHSs with antibodies, as discussed later.

The mechanisms by which anti-CMH antibod-
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ies inhibit fungal growth and/or differentiation re-
main to be established, but there is a possibility that
CMHs are associated with enzymes involved in the
hydrolysis and synthesis of the cell wall and/or with
GPI-anchored precursors during cell differentiation
and division. In this context, binding of antibodies to
CMHs could impair the action of CMH-associated
functional proteins inhibiting cell wall synthesis.

SURFACE DISTRIBUTION OF FUNGAL CMHSs

In many cell types, cerebrosides were thought to
be exclusive membrane components, due to their
hydrophobic properties. However, the presence of
CMHs as structural components of the cell wall of
C. neoformans was clearly demonstrated by electron
microscopy of yeast cells labeled with immunogold-
antibodies (Rodrigues et al. 2000). An abundant de-
position of gold particles was observed on the cryp-
tococcal wall rather than on the plasma membrane,
(Figure 6), indicating that the antibody-reactive epi-
topes of CMH may be sterically accessible only after
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v

Fig. 6 — Transmission electron microscopy showing an extensive binding of antibodies
to CMH to the cell wall (CW) of C. neoformans. Possible CMH-containing vesicles
are seen (arrows) in C. neoformans cells. These vesicles, which are recognized by

antibodies to CMH, can move across the periplasmic space and deposit cell membrane

constituents on the cell wall. For experimental details, see Rodrigues et al. (2000).

transfer of the glycosphingolipids to the cell wall.
Sites of transport of the presumed CMH-containing
vesicles from the plasma membrane to the cell wall,
were also suggested (Rodrigues et al. 2000) (Figure
6). The association of CMHs with the cryptococcal
cell wall was confirmed by immunochemical analy-
sis, which showed that, by thin layer chromatogra-
phy, orcinol-reactive bands with R similar to that of
purified CMHs were detected in extracts from iso-
lated cell wall preparations (Rodrigues et al. 2000).
These bands were recognized by antibodies to CMH,
suggesting that cerebrosides actually make part of
the fungal cell wall components.

What would be the explanation for the pres-
ence of CMHs at the fungal wall? Glycosphin-
golipids form, with sterols and GPI-anchored pro-
teins, detergent-insoluble lipid rafts on the plasma
membrane (Muniz and Riezman 2000, Schroeder et
al. 1998, Zhang and Thompson 1997). They are
required for the processing of GPI-anchored pro-
teins in yeasts, making part of vesicles that link
the RES to Golgi to the plasma membrane (Hor-

vath et al. 1994, Skrzypek et al. 1997, Sutterlin
1997).
structural network it has been proposed that GPI-

et al. For the synthesis of the cell wall
anchors have a pivotal constitutive role (De Sam-
paio et al. 1999). A truncated GPI anchor which
no longer contains inositol and glucosamine is the
substrate for a phosphate-linked -1, 6-glucan ex-
tension (Shahinian and Bussey 2000, Van Der Vaart
et al. 1996). GPI-anchors can be liberated in the
periplasmic space by the action of phospholipase
C (PI-PLC) as present in S. cerevisiae (Flick and
Thorner 1993) and abundantly expressed in P. brasi-
liensis (Heise et al. 1995), or could be transported
to the cell wall in vesicles. This may happen due to
the inability of GPI-anchor cleavage by PI-PLC, a
property of inositol-acylated molecules found in C.
neoformans (Franzot and Doering 1999) or to a more
generalized process in which precursor molecules
and enzymes are transferred to the cell wall in vesi-
cles originating from the plasma membrane. As-
suming then that glycosphingolipids closely associ-
ated with GPI precursors as in lipid rafts and pre-
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sumably also biosynthetic enzymes are transported
to the cell wall in vesicles, CMHs could accumulate
on the fungal cell wall (Figure 6).

This hypothesis could provide an explanation
for the antifungal action of antibodies to CMH, since
binding of antibodies to cell wall components could
interfere with the biosynthesis and organization of
the cell wall polymers. For instance, antibodies to
melanin, which is deposited onto the cell wall of
C. neoformans, strongly inhibit the growth of yeast
cells (Rosas et al. 2001). Similarly, human anti-
bodies to melanin inhibit the growth of F. pedrosoi,
the ethiological agent of chromoblastomycosis (Al-
viano et al. 2004). In Fusarium sp (Ciopraga et
al. 1999), treatment with wheat germ agglutinin
(WGA), which has a known affinity for chitin, re-
sulted in alterations in the germ tube formation and
caused cell lysis. As a consequence, fungal infec-
tion did not spread with lectin-treated Fusarium. In
summary, it seems clear that binding of several lig-
ands to the cell surface could therefore impair the
biological functions of molecules involved in wall
assembly and inhibit fungal growth. The inhibitory
activity of antibodies to CMH, however, may involve
additional mechanisms, since they could impair the
utilization and reactivity of the carried components.
Antibody inhibition of yeast budding can also be
correlated with the increased secretion of enzyme-
containing vesicles during bud formation (Moor and
Miihlethaler 1963).

PERSPECTIVES

As pointed out by Warnecke and Heinz (2003), the
exploration of glycosphingolipid functions in fungi
is only in its infancy. To understand how cerebro-
sides influence the biology of fungal cells, a pro-
found knowledge of structural and biosynthetic as-
pects of these molecules is still required. In ad-
dition, the generation of mutants lacking key enzy-
matic activities involved in cerebroside biosynthesis
is of fundamental applicability for studies on fungal
pathogenesis. The development of chemical or im-
munological agents with unquestionable selectivity
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to inhibit CMH synthesis and expression is also nec-
essary to evaluate if cerebrosides are in fact good
targets for the treatment of fungal infections.
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RESUMO

Monohexosilceramidas (CMHs, cerebrosidios) sdo gli-
coesfingolipidios compostos de uma ceramida hidrofébica
ligada a uma unidade de agicar. Em células fingicas,
CMHs sdo moléculas muito bem conservadas, consistindo
de uma por¢do ceramida contendo 9-metil-4,8-esfinga-
dienina ligada através de uma liga¢do amida aos dcidos 2-
hidroxioctadecanoico ou 2-hidroxihexadecanoico e uma
porg¢ao carboidrato constituida de uma unidade de glucose
ou galactose. Ceramidas contendo 9-metil-4,8-esfinga-
dienina sdo normalmente glicosiladas formando os cere-
brosidios fungicos; no entanto uma descri¢do recente de
uma dihexosilceramida (CDH) em Magnaporthe grisea,
apresentando fitoesfingosina sugere a existéncia de vias
alternativas para a glicosilagdo de ceramidas nas célu-
las fungicas. Além de suas particularidades estruturais,
os CMHs de fungos apresentam uma distribui¢io celu-
lar incomum e fun¢des bioldgicas caracteristicas. Mono-
hexosilceramidas estdo aparententemente envolvidas nas
transicdes morfoldgicas ou no crescimento dos fungos
Pseudallescheria boydii, Candida albicans, Cryptococ-
cus neoformans, Aspergillus nidulans, A. fumigatus e
Schizophylum commune. A elucidacdo dos aspectos estru-
turais e funcionais dos cerebrosidios fuingicos pode con-
tribuir para a descoberta de novos agentes antifiingicos
que inibam o crescimento ou a diferencia¢do de espécies
patogénicas.

Palavras-chave: glucosilceramidas, cerebrosidios, gli-
coesfingolipidios, fungos patogénicos, terapia antifiin-
gica.
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