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ABSTRACT. Chagas disease is caused by Trypanosoma cruzi and is endemic to North, Central and South American countries. Current
therapy against this disease is only partially effective and produces adverse side effects. Studies on the metabolic pathways of T. cruzi, in
particular those with no equivalent in mammalian cells, might identify targets for the development of new drugs. Ceramide is metabolized
to inositolphosphoceramide (IPC) in T. cruzi and other kinetoplastid protists whereas in mammals it is mainly incorporated into sph-
ingomyelin. In T. cruzi, in contrast to Trypanosoma brucei and Leishmania spp., IPC functions as lipid anchor constituent of glycoproteins
and free glycosylinositolphospholipids (GIPLs). Inhibition of IPC and GIPLs biosynthesis impairs differentiation of trypomastigotes into
the intracellular amastigote forms. The gene encoding IPC synthase in T. cruzi has been identified and the enzyme has been expressed in a
cell-free system. The enzyme involved in IPC degradation and the remodelases responsible for the incorporation of ceramide into free
GIPLs or into the glycosylphosphatidylinositols anchoring glycoproteins, and in fatty acid modifications of these molecules of T. cruzi
have been understudied. Inositolphosphoceramide metabolism and remodeling could be exploited as targets for Chagas disease
chemotherapy.
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TRYPANOSOMA CRUZI is the etiologic agent of Chagas dis-
ease. The disease is endemic to North, Central and South

America and is a significant cause of morbidity and mortality.
There are no vaccines available against this disease, which
has acute, indeterminate and chronic stages. The drugs currently
used, nifurtimox and benznidazole, cause adverse reactions and
have limited efficacy in the chronic stage (Urbina and Docampo
2003).

Trypanosoma cruzi has three main developmental stages: two
replicative forms, the epimastigote, which replicates in the intes-
tine of the insect vector, and the amastigote which replicates
intracellularly in the mammalian host, and one non-replicative
form, the trypomastigote, which is the terminal differentiation
stage in the vector (metacyclic form) or is found in the blood-
stream of the mammalian host (bloodstream forms).

Research on the metabolic pathways of T. cruzi that are different
or do not have counterparts in the host might identify targets for the
development of new drugs. In this article we propose two potential
targets for drug design against T. cruzi involving inositol-
phosphoceramide (IPC), a phosphosphingolipid that is absent from
mammalian cells. These targets are IPC synthesis and degradation,
and the remodelases required for the introduction of
ceramide into the glycosylphosphatidylinositol (GPI) anchor of
T. cruzi glycoproteins and for the modification of its fatty acids.
Inositolphosphoceramide synthesis and degradation are catalyzed
by the IPC synthase, and the inositolphosphosphingolipid phospho-
lipase C (ISC), which replaces the sphingomyelin synthase and the
sphingomyelinase, respectively, of mammalian cells. In contrast to
mammals and the related trypanosomatids, Trypanosoma brucei
and Leishmania spp., T. cruzi can utilize IPC instead of glycero-
lipids as the lipid anchor of many glycoproteins and free
glycosylinositolphospholipids (GIPLs) (Lederkremer and Bertello
2001; Previato et al. 2004).

LIPID CONSTITUENTS OF THE GPI ANCHORS OF

TRYPANOSOMA CRUZI GLYCOPROTEINS AND FREE GIPLs

Glycosylphosphatidylinositol anchoring of glycoproteins is a
type of attachment to the cell surface preferred by protist parasites
(Ferguson 1999). Besides membrane insertion, GPI anchors have
been implicated in increasing lateral mobility of proteins, in tar-
geting of proteins to special microdomains as the lipid rafts, and in
mediating the release of proteins by activation of a phospholipase.
For instance, the trans-sialidase of T. cruzi (TcTS) is shed into the
bloodstream by the action of a phospholipase C (PLC). The sol-
uble trans-sialidase exerts different biological effects on other
cells (Buscaglia et al. 2006). Shedding of GPI-anchored proteins
by other mechanisms has also been described. For example, a
Leishmania donovani lipophosphoglycan, formerly designated as
shed membrane antigen 2 (Kaneshiro, Gottlieb, and Dwyer 1982),
can be released with or without the GPI anchor (Kaneshiro and
Wyder 1993), while the Tc85 glycoprotein of T. cruzi is shed with
its GPI anchor within vesicles (Abuin et al. 1996).

Glycosylphosphatidylinositols share a common structure. A
glycan core of Man(a1-2)Man(a1-6)Man(a1-4)GlcNa(a1-6)-
D-myoInositol-1PO4-Lipid is recognized in the different GPIs
although considerable variability exists in both the glycan and
the lipid portions of GPI anchors. For example, other sugars, eth-
anolamine phosphate or aminoethylphosphonic acid (AEP) may
be branching the main glycan (Ferguson 1999). In addition, the
inositol ring can be acylated (generally by palmitate) at position 2.
The complex structure of GPI would be expected to be involved in
diverse functions. However, definitive experiments that relate GPI
structure with function are scarce.

Alkylacylglycerol and ceramide have been detected in the lipid
moiety of the GPI of mature glycoproteins in the different stages
of T. cruzi (Fig. 1) (Lederkremer and Bertello 2001; Previato et al.
2004). Ceramide is present in free GIPLs of epimastigotes or as
anchor of glycoproteins in infective stages of the parasite. These
results agree with a recent description of the GPIomics of T. cruzi
epimastigotes (Nakayasu et al. 2009). Only hexadecylglycerol
with variable size fatty acyl groups at the sn-2 position were iden-
tified in protein anchors of the epimastigote stage whereas
ceramide was the main constituent of free GIPLs. Unlike T. cruzi
(Lederkremer and Agusti 2009) the lipid moiety diacylglycerol
(DAG) was identified in the GPI anchor of the variant surface
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glycoproteins (VSG) of T. brucei, the first characterized GPI (Fer-
guson, Low, and Cross 1985). Diacylglycerol was also found in
GPIs of other parasites, such as Plasmodium falciparum (Gerold
et al. 1996) and Toxoplasma gondii (Smith et al. 2007), as well as

in some mammalian GPIs (Armesto et al. 1996; Medof et al. 1986;
Roberts, Kim, and Rosenberry 1987). Ceramide is present in the
anchor of characteristic glycoproteins of T. cruzi, which are
actively shed to the medium like the TcTS of trypomastigotes

Fig. 1. Structure of the lipid in the free glycosylinositolphospholipids (GIPLs) and glycosylphosphatidylinositol (GPI) anchors of the major glyco-
proteins of Trypanosoma cruzi. The glycoproteins of T. cruzi may be anchored by a glycerolipid (PI) or by a ceramide lipid (IPC). The PI is constituted by
an alkylglycerol, either acylated (AAG) or not (AG). The alkylglycerol is always hexadecylglycerol (C16:0) and may be esterified with fatty acid, mainly
palmitic acid (C16:0) or a C18 fatty acid, which may be unsaturated. No diacylglycerol was found in the mature GPIs. In the IPC anchors only the C18 long
chain bases were found, either saturated such as dihydrosphingosine (DHS) or unsaturated in the case of sphingosine (S). The amide fatty acid is mainly
palmitic acid, lignoceric acid (C24:0) or stearic acid (C18:0). EtN, ethanolaminephosphate; G, glycan; I, inositol; P, phosphate; R1, alkyl substituent; R2,

acyl substituent; R3, amide substituent; PI, phosphatidylinositol; IPC, inositolphosphoceramide. Epi and trypo mean epimastigote and trypomastigote
forms of the parasite. The (-) symbol indicates that no substituent is present in the two-position of glycerol.
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(Agusti et al. 1997) and the specific surface protein Ssp4, a
glycoprotein marker of amastigotes (Bertello et al. 1996). Addi-
tionally, a free GIPL with ceramide, originally called lip-
opeptidophosphoglycan (LPPG), is the major glycoconjugate of
T. cruzi epimastigotes. Galactofuranose and AEP, substituents
of the glycan core in the LPPG (Lederkremer et al. 1991; Previato
et al. 1990), are absent in mammalian cells.

A common criterion for the identification of a GPI anchor in
glycoproteins is the cleavage of the lipid by a bacterial phospha-
tidylinositol phospholipase C (bPI-PLC) (Low et al. 1988). Des-
ignation of the enzyme was based on the release of a glycerolipid
from phosphatidylinositol (PI). However, it must be emphasized
that the enzyme also releases ceramide from GPI anchors con-
taining IPC instead of PI (Kaneshiro and Wyder 1993; Led-
erkremer et al. 1990). This is important because susceptibility to
PI-PLC has usually been taken as indicative of the presence of an
acyl or alkylglycerolipid anchor, which is not always the case.
Ceramide can also be released as ceramide-1-phosphate from
GIPLs of T. cruzi by a glycosylphosphatidylinositol phospholi-
pase D from rat serum (Lederkremer, Lima, and Vila 1996).

With the exception of yeast and T. cruzi, IPC is not a common
constituent of eukaryotic GPI-anchored glycoproteins. The sig-
nificance of its presence in glycoproteins and free GIPLs of
T. cruzi is not fully understood. In contrast, PI is the lipid con-
stituent in other trypanosomatid pathogens such as T. brucei and
Leishmania species. Differences between the structures of the
inositolphospholipid (IPL), which is the starting material for GPI,
the GPI precursor, and the mature GPI anchoring the protein,
indicate remodeling of the lipid during biosynthesis (Fig. 2). The
absence of an IPC lipid moiety in mammalian GPI-anchored pro-
teins, together with the growth inhibitory properties of ceramide,
makes IPC metabolism an attractive target for chemotherapy of
Chagas disease.

SYNTHESIS OF IPC IN TRYPANOSOMA CRUZI AS

COMPARED WITH OTHER TRYPANOSOMATIDS

Biosynthesis of ceramide in T. cruzi probably starts as in yeast,
Leishmania, and mammalian cells by condensation of serine and
palmitoyl-CoA into 3-ketodihydrosphingosine (kDHS) catalyzed
by a serine palmitoyl transferase (Fig. 3). After this initial step, the
kDHS is converted to dihydrosphingosine (DHS) (also known as
sphinganine) by the action of a 3-ketosphinganine reductase.
Amidation of DHS with a fatty acid yields dihydroceramide (or
N-acylsphinganine), in a reaction catalyzed by dihydroceramide
synthase. Desaturation of dihydroceramide catalyzed by dihydro-
ceramide desaturase results in the formation of ceramide, which
has different fate in mammals, yeast and trypanosomatids. Mam-
mals mainly transfer phosphocholine from phosphatidylcholine to
ceramide to form the major sphingolipid, sphingomyelin, whereas
fungi and trypanosomatids add inositol phosphate from PI to
ceramide to form IPC. In T. brucei and also in mammals
(Sutterwala et al. 2008) transfer of ethanolamine phosphate
from phosphatidylethanolamine to ceramide to form ethanol-
aminephosphoceramide (EPC) can also occur. Gene homologues
to all the enzymes in this pathway have been identified in the ge-
nome of different trypanosomatids, including T. cruzi (Table 1).
Reviews on sphingolipid metabolism in mammals and yeast
(Dickson and Lester 1999), T. brucei (Mina et al. 2009; Smith
and Butikofer 2010) and Leishmania (Zhang and Beverley 2010)
have been published.

The presence of an IPC synthase in all stages of T. cruzi was
first demonstrated by labeling IPC with [3H]-palmitic acid (Ber-
tello et al. 1995; Uhrig et al. 1996). Release of the ceramide with
bPI-PLC and determination of radioactivity incorporated into the
long chain base and in the fatty acid demonstrated the presence of

the IPC synthesis pathway in T. cruzi. Inositolphosphoceramide
synthase activity in microsomal membranes obtained from differ-
ent stages of T. cruzi was also studied by transference of inositol
phosphate from PI to a fluorescent C6 ceramide derivative
(Figueiredo et al. 2005). More recently, an enzyme (LmIPCS)
was identified in Leishmania major using bioinformatics and
functional genetic approaches and was demonstrated to possess
IPC synthase activity after expression of the gene in mammalian
cells (Denny et al. 2006). The protein was found to share more
similarity with the animal sphingomyelinases than with the fungal
IPC synthase (AUR1p) (Sawai et al. 2000). Two orthologues
(probably alleles) were found in T. cruzi (Table 1) while four
orthologues in tandem were found in T. brucei (Denny et al.
2006). The L. major gene (LmIPCS), the four orthologues
described in T. brucei (named TbSLS1-4) and one of the genes
identified in T. cruzi (named TcSLS1.1) were recently expressed in
a cell-free system and the products of the reactions catalyzed by
the expressed proteins characterized (Sevova et al. 2010). TbSLS1
produces mainly IPC, TbSLS2 is mainly an EPC synthase and
TbSLS3 and TbSLS4 are bifunctional producing mainly SM and
EPC (Sevova et al. 2010). Knockdown of all TbSLS by RNAi
inhibited growth of T. brucei bloodstream forms demonstrating
their essentiality and validating them as drug targets (Sutterwala
et al. 2008). LmIPCS was confirmed to produce only IPC and
TcSLS1.1 produces IPC (Sevova et al. 2010) and is highly ex-
pressed at the mRNA level in epimastigotes and metacyclic try-
pomastigotes (TriTrypDB.org).

It has been shown that during the differentiation of try-
pomastigotes to amastigotes inside myoblasts the parasites syn-
thesize IPC using ceramide provided by the parasites and inositol
coming from the pool of PI in the myoblasts (Salto et al. 2003).
The biosynthesis of IPC also increased during extracellular differ-
entiation of trypomastigotes into amastigotes, at low pH, as shown
by labeling with [3H]-inositol (Salto et al. 2003). However,
incorporation of [3H]-palmitic acid into IPC greatly decreased
with time, remaining at the same level in non-differentiating try-
pomastigotes. These results suggest that a remodeling step on the
ceramide is taking place, with replacement of the N-linked radio-
active with a non-labeled fatty acid. The pathway proposed for the
remodeling involves the action of an IPC acylhydrolase and an
IPC-acyltransferase but neither enzyme has been characterized.
Remodeling of the fatty acid was also shown in PIs and lyso PIs.
Lyso PIs lack the acyl group at position-1 or 2 of glycerol and are
probably formed by the action of two phospholipases named
PLA1 or PLA2, respectively. These two enzyme activities have
been detected in membranes of all forms of T. cruzi (Salto
et al. 2003).

In contrast to T. cruzi, which synthesizes mainly IPC, T. brucei
synthesizes SM, EPC or IPC, depending on the life stage of the
parasite. Inositolphosphoceramide was identified only in pro-
cyclic forms (Guther et al. 2006; Sutterwala et al. 2008), EPC is
restricted to the bloodstream forms while SM was found in both
stages (Sutterwala et al. 2008). In Leishmania, IPC is also an
abundant membrane component and the primary phosphosphingo-
lipid (Kaneshiro, Jayasimhulu, and Lester 1986). The other two
phosphosphingolipids, EPC and SM were not found in either
T. cruzi or Leishmania (Zhang and Beverley 2010). Neutral
glycosphingolipids were isolated from amastigote forms of Leish-
mania amazonensis although their origin is not known (Straus
et al. 1993). Although the presence of SM in T. cruzi was reported
in early papers (Franco da Silveira and Colli 1981; Oliveira,
Timm, and Costa 1977), the authors identified SM only on the
basis of its thin layer chromatography mobility but they did not
report the presence of IPC, which probably was mistaken for SM.

In summary, IPC synthase activity in T. cruzi was identified
by in vivo and in vitro experiments and the gene encoding this
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Fig. 2. Structures of IPL, GPI-precursor and mature GPI-anchored proteins (GPI-AP) in mammals, yeast, and Trypanosoma cruzi. A. Core structure
of the GPI anchor showing substitutions (R1–R7). B. Structure of IPLs and substitutions in the core glycan of GPI precursors and mature GPI-AP. IPL,
inositolphospholipid; DAG, diacylglycerol; AAG, alkylacylglycerol; EtNP, ethanolaminephosphate, AEP, aminoethylphosphonic acid; Galf, galacto-
furanose; GPI, glycosylphosphatidylinositol.
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enzyme has been identified and expressed in a cell-free system.
Inositolphosphoceramide biosynthesis is increased during differ-
entiation of trypomastigotes into amastigotes, an essential step of
its life cycle (Salto et al. 2003). Aureobasidin A (AbA) a potent
inhibitor of fungal IPC synthase inhibited trypomastigote differ-

entiation into amastigotes, leading to the increased appearance of
intermediate forms called ‘‘fat trypomastigotes’’ and decreased
expression of Ssp4 (Salto et al. 2003). The results suggested that
an IPC-synthesizing enzyme was induced upon differentiation and
that inhibition of this enzyme led to accumulation of precursors
such as ceramide that could be toxic to the cells (Salto et al. 2003).
However, recent studies have suggested that IPC synthesis would
be an indirect target of AbA in T. cruzi. The IPC synthase activity
of T. cruzi amastigotes was inhibited by only 30% by AbA
(72 mM) in an in vitro assay monitoring incorporation of a non-
natural C-6 ceramide derivative in IPC, and the drug inhibited
differentiation of intracellular forms at 22 mM (Figueiredo et al.
2005). In T. brucei, TbSLS1 was inhibited by only 25% in the
presence of 500 nM AbA and growth of bloodstream forms was
totally inhibited by 2.5mM AbA (EC50 5 0.8 mM) (Sevova et al.
2010), although these high concentrations of AbA were not tested
on the enzyme activity.

In L. major, sphingolipids are essential for differentiation to
infective metacyclic parasites (Zhang et al. 2003) and for acid-
ocalcisome biogenesis (Zhang et al. 2005) and even though it was
described that LmIPCS is inhibited by AbA (Denny et al. 2006),
recent studies suggest that the toxicity of AbA may involve
another target (Zhang and Beverley 2010). The simplest explana-
tion for the observed inhibition by AbA of glycerolipid-to-
ceramide remodeling in T. cruzi (Salto et al. 2003) is the inhibi-
tion of the phosphoryl transfer of a GPI-anchored protein or GIPL
from the glycerolipid carrier to the ceramide acceptor, a reaction
that is essentially identical to sphingolipid synthesis (phosphoryl
transfer of a head group from phospholipids to ceramide).

HYDROLYSIS OF IPC IN TRYPANOSOMA CRUZI AS

COMPARED WITH OTHER TRYPANOSOMATIDS

The enzyme that catalyzes the hydrolysis of IPC in yeast is
called ISC with the reaction generating ceramide and inositol
phosphate (Sawai et al. 2000). The ISC1 gene was first identified
in Saccharomyces cerevisiae (Sawai et al. 2000) and latter found
in other fungi (Shea et al. 2006). An orthologue was recently
studied in L. major (LmISC) and the protein product was shown
to have a potent sphingomyelinase activity in addition to
hydrolyzing IPC (Zhang et al. 2009). The ortologue in T. brucei
was found to be a neutral sphingomyelinase involved in the
trafficking of the VSG in the bloodstream forms (Young and
Smith 2010). The T. brucei gene is essential and therefore a val-
idated drug target (Young and Smith 2010). A similar orthologue
is also present in the T. cruzi genome (Table 1). The predicted
protein (TcISC) contains a domain homologous to the P-loop mo-
tif of nucleotide binding proteins, termed the P-loop-like (PLL)
domain that has been implicated in catalytic activity, and two
transmembrane domains near the C terminus as occurs with yeast
Isc1p (Clarke et al. 2006). A number of key amino acid residues
important for activity are also conserved. Similar to fungal ISC
genes, TcISC shows homology to neutral sphingomyelinases from
trypanosomatids and mammals, which is expected because of
the similarities between sphingomyelin and IPC. In this regard,
S. cerevisiae Isc1p also possess sphingomyelinase activity (Sawai
et al. 2000).

Although TcISC has not been studied yet, IPC can also be
hydrolyzed by a phosphoinositide phospholipase C present in
T. cruzi (TcPI-PLC) (Salto et al. 2002). TcPI-PLC is a rather
unusual PI-PLC, that unlike other PI-PLCs that catalyze the
hydrolysis of phosphatidylinositol 4,5-bisphosphate to generate
the second messengers inositol 1,4,5-trisphosphate and DAG, it
can also hydrolyze PI and IPC with similar efficiency (Salto et al.
2002). Unlike other mammalian-type PI-PLCs, TcPI-PLC does
not have a pleckstrin homology domain to bind to the plasma

Fig. 3. Predicted pathway for IPC biosynthesis and degradation in
Trypanosoma cruzi. SPL, serine palmitoyl transferase; 3KSR, 3
ketodihydrosphingosine reductase; DHCS, dihydroceramide synthase;
DHCD, dihydroceramide desaturase; IPCS, inositolphosphoceramide
synthase; ISC, inositol sphingolipid phospholipase C; SK, sphingosine
kinase; SPL, sphingosine-1-phosphate lyase; TcPI-PLC, T. cruzi
phosphoinositide phospholipase C.

Table 1. Genes encoding predicted enzymes involved in sphingolipid
metabolism in Trypanosoma cruzi.

Enzyme name TriTrypDB identification GenBank
number

Serine palmitoyltransferase Tc00.1047053506405.50 EAN90888
3-ketosphinganine
reductase

Tc00.1047053510997.10 EAN84677
Tc00.1047053506959.64 EAN92292

Dihydroceramide synthase Tc00.1047053507395.10 EAN84076
Tc00.1047053510087.30 EAN89701

Dihydroceramide
desaturase

Tc00.1047053510565.20 EAN94404

Sphingosine kinase Tc00.1047053508211.30 EAN88819
Tc00.1047053507515.120 EAN92586

Sphingosine-1-phosphate
lyase

Tc00.1047053506941.150 EAN97232
Tc00.1047053511511.150 EAN95730

IPC synthase (TcSLS1.1.
and 1.2)

Tc00.1047053506885.124 EAN99655
Tc00.1047053510729.290 EAN97033

IPC phospholipase C
(TcISC)

Tc00.1047053509777.130 EAN92382

PI-PLC (TcPI-PLC) Tc00.1047053504149.160 EAN96260
(AAD12583)

Several genes are alleles with minor differences between them and en-
code the same protein.

IPC, inositolphosphoceramide; TcPI-PLC, T. cruzi phosphoinositide
phospholipase C.
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membrane, has a highly charged region between the catalytic X
and Y domains, and is N-myristoylated and palmitoylated in vivo
(Furuya et al. 2000). This lipid modification is important for its
plasma membrane localization, and for stimulation of differenti-
ation of the infective trypomastigotes into the extracellular
amastigotes (Okura et al. 2005). Recent work has shown that
TcPI-PLC localizes to the outer leaflet of the plasma membrane of
amastigotes and has therefore access to GPI-anchored glycopro-
teins (Martins et al. 2010b). TcPI-PLC has two peaks of expres-
sion in amastigotes, the first 18–24 h after infection and the second
before differentiation of amastigotes into trypomastigotes (Mar-
tins et al. 2010a). The first peak of expression coincides with
shedding of Ssp4 from the surface of amastigotes and with cer-
amide production (Bertello et al. 1996) suggesting its involvement
in GPI-anchor hydrolysis. TcPI-PLC is apparently an essential
gene because numerous attempts to knocking it out have been
unsuccessful (Okura et al. 2005). Over expression of TcPI-PLC
led to a faster differentiation rate, while antisense oligonucleotide-
treated trypomastigotes showed a reduced rate of differentiation in
comparison to controls, as well as accumulation of intermediate
forms (Okura et al. 2005).

INCORPORATION OF IPC INTO

TRYPANOSOMA CRUZI GPIs

There is evidence for the remodeling of the lipid constituent of
GPI anchors of T. cruzi from a glycerolipid to IPC. Although IPC
is a major component of the total IPL of the three main stages of
T. cruzi (Bertello et al. 1995; Salto et al. 2003; Uhrig et al. 1996) it
is not found in the complete precursors for the GPI anchors
detected in parasites differentiated into metacyclic forms (Heise
et al. 1996). In addition, IPC is not a substrate for the incorpora-
tion of N-acetyl-D-glucosamine (GlcNAc) (Bertello et al. 2004),
the first sugar transferred from the nucleotide to the IPL in
the biosynthesis of GPIs (Ferguson 1999) (Fig. 4). Experiments
involving incubation of T. cruzi membranes with UDP-
[3H]GlcNAc showed that GlcNAc is incorporated into the alkyl-
acyl glycerol (AAG) in the first step and to a minor extent into the
DAG containing IPL. The DAG precursor is rapidly deacylated by
an endogenous PLA1 to yield GlcN(lyso-2-acyl)PI. Pulse-chase
experiments with the nucleotide GDP-Man showed that the
GlcN(alkylacyl)PI and the GlcN(lysoacyl)PI are precursors for
the biosynthesis of GIPLs (Fig. 4). Also, in the absence of GDP-
Man the phosphorylated metabolite, phosphateGlcNH2-(lysoa-
cyl)PI, was identified. However, no lysoacylPI is found in the
mature, free or anchored GIPLs in T. cruzi suggesting that a GIPL
with a lysoacyl or an alkylacyl PI could be a precursor for the
remodeling reaction exchanging the glycerolipid for ceramide
(Bertello et al. 2004; Heise et al. 1996). On the other hand, reac-
tion of the GIPL precursors with bPI-PLC indicated the absence of
O-2-inositol acylation, a feature observed in GIPLs from mam-
mals (Orlean and Menon 2007), yeast (Fujita and Jigami 2008)
and T. brucei (Guther and Ferguson 1995). In T. cruzi, a precursor
acylated in position-2 of inositol was described (Heise et al. 1996)
although its structure was not conclusively demonstrated.

In summary, the results suggest that remodeling of the lipid
must occur in T. cruzi for the introduction of ceramide into GIPLs.
This interesting process was well studied in S. cerevisiae mainly
by Conzelmann’s group (Ghugtyal et al. 2007). In S. cerevisiae,
the ceramide replaces the DAG in the GPI lipid moiety after it is
transferred to the protein in the endoplasmic reticulum (Sipos
et al. 1997). This would not be a requisite for T. cruzi as ceramide-
containing GIPLs not linked to protein, like the LPPG (Fig. 4)
(Lederkremer and Agusti 2009), are abundant on the surface of
epimastigotes. The relative sequence and the enzymes implicated
in the introduction of galactofuranose, AEP and ceramide in the

GIPLs of T. cruzi (Fig. 3) are not known and constitute attractive
subjects for investigation.

IS IPC THE DONOR FOR THE CERAMIDE IN

TRYPANOSOMA CRUZI GPIs?

In S. cerevisiae the ceramide used for remodeling of GPI
anchors is newly synthesized and not derived from IPC (Reggiori
and Conzelmann 1998). This was demonstrated because AbA
does not inhibit remodeling of the glycerolipid in the GPI to a
ceramide (Reggiori and Conzelmann 1998). It was suggested that
remodeling occurs through a transesterification reaction per-
formed by a phosphodiesterase exchanging either DAG with the
ceramide or phosphatidic acid by ceramide phosphate. The pro-
tein CWH43 was found to be responsible for replacement of DAG
by ceramide in the GPI of S. cerevisiae (Ghugtyal et al. 2007;
Umemura et al. 2007). In contrast to S. cerevisiae, during differ-
entiation of trypomastigotes to amastigotes, AbA (at 5.5 mM)
inhibited IPC biosynthesis in vivo, and almost completely the
biosynthesis of ceramide-containing GIPLs (Salto et al. 2003).
According to the results from other laboratories obtained using a
cell-free system and discussed in a previous section, the drug
might be inhibiting the remodelases. However, even considering
that AbA is a poor inhibitor of IPC in T. cruzi as compared with
yeast, the ratio of glycerolipid to IPC would be altered and affect
the parasite. Development of novel drugs for the inhibition of IPC
synthase and GPI remodeling may shed light on the importance of
IPC metabolism in trypanosomatid pathogenesis.

LIPID REMODELING IN TRYPANOSOMA CRUZI GIPLs

In addition to the remodeling of glycerolipid to ceramide, there
is also evidence for remodeling of the fatty acid in ceramide-based
GPI-anchored proteins and GIPLs. Lignoceric acid (C24:0) is the
major fatty acid in LPPG but no lignoceric acid is found in IPCs
or free ceramides. Thus, it must be introduced by a remodeling
reaction on the GIPLs (Lederkremer and Agusti 2009).

On incubation of radioactive IPC or GIPLs with membranes of
the parasite, free fatty acid and ceramide are detected and their
amounts increase with time (Bertello et al. 2000; Salto et al.
2003). In contrast, after incubation, the radioactivity ratio of [3H]-
long chain base to [3H]-fatty acid in the ceramide released by the
endogenous PI-PLC is 4 times higher than in the original IPC. The
lower amount of radioactivity found in the fatty acid of the free
ceramide suggests that IPC-acylhydrolase and IPC acyltransferase
activities should be involved in replacing the radioactive fatty acid
by a non-labeled fatty acid.

In T. cruzi GIPLs, the lipid changes from an alkylacylglycerol
at the logarithmic phase of growth to a ceramide at the stationary
phase (Lederkremer et al. 1993). The same remodeling takes place
in the GPI that anchors the abundant mucins to the membrane
when the parasite differentiates from epimastigotes to metacyclic
trypomastigotes (Serrano et al. 1995). In both cases the glycan
remains unchanged during transformation. Alkylacyl glycerol, but
not DAG, was also detected in mature GIPLs or GPI anchors.
However, DAG, together with AAG, was identified in the first
precursor of the biosynthesis. Deacylation of the DAG by a PLA1
was very fast and monoacyl glycerol (lyso-2-AG) was the major
lipid in GlcNH2PI, together with AAG (Lederkremer and Agusti
2009).

In summary, because lysoAG was not found in mature GIPLs
from T. cruzi a remodeling reaction replacing AAG or lysoAG
with ceramide in the GIPLs and GPIs, must take place. The struc-
tural and enzymatic requirements for the remodeling process have
not been elucidated.
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Fig. 4. Proposed biosynthesis of glycosylinositolphospholipids (GIPLs) in Trypanosoma cruzi. Inositolphosphoceramide is not an acceptor for the
first sugar in the biosynthesis of GIPLs. The glycerolipid in the PI acceptor has AAG or DAG. DAG is not present in mature GIPLs that may contain
ceramide. Thus, a remodeling step must introduce a ceramide. The remodeling enzymes were not characterized in T. cruzi. PI, phosphatidylinositol;
AAG, alkylacylglycerol; DAG, diacylglycerol; IPC, inositolphosphoceramide; Cer, ceramide.
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CONCLUSIONS

In contrast to mammals and other trypanosomatids, T. cruzi
utilizes IPC rather than glycerolipids as the lipid anchor of GIPLs
and several glycoproteins. In addition, there are two remodeling
phenomena occurring in GPI-anchored proteins and GIPLs: glyc-
erolipid to ceramide conversion and fatty acid remodeling.
Remodeling of the lipid with introduction of ceramide into
T. cruzi GPIs has no mammalian counterpart. The available
results point to IPC as the donor for ceramide but the acceptor
substrate has not been fully identified. Glycosylinositolphospho-
lipids precursors with lyso-acylglycerol or AAG were identified
and could be the substrates for the remodeling reaction because no
lysoAG or DAG was found in T. cruzi GPI anchors. In addition,
the pathway involved in the introduction of the amide-linked
lignoceric acid (C24:0) into the ceramide of LPPG has not been
elucidated. The identification and subcellular localization of the
enzymes exchanging the glycerolipid by ceramide and the fatty
acid in the ceramide may provide valuable targets. The biological
significance of ceramide remodeling is still unknown but the pres-
ence of ceramide in GPI anchors could be related to their active
shedding to the medium as is the case of the trans-sialidase and
the Ssp4 glycoproteins.

Aureobasidin A does not appear to inhibit T. cruzi IPC synthase
at similar concentrations to those that inhibit yeast IPC synthase
although it inhibits the formation of IPC in vivo and growth and
differentiation of trypomastigotes into amastigotes at higher
concentrations, suggesting that it inhibits another enzyme of this
pathway. Inhibition of this pathway, which is absent in mammal-
ian cells could be useful for the development of new chemother-
apeutic drugs against Chagas disease.
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