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De novo sphingolipid synthesis is required for the exit of glycosylphosphatidylinositol (GPI)-anchored
membrane proteins from the endoplasmic reticulum in yeast. Using a pharmacological approach, we test the
generality of this phenomenon by analyzing the transport of GPI-anchored cargo in widely divergent eukaryotic
systems represented by African trypanosomes and HeLa cells. Myriocin, which blocks the first step of
sphingolipid synthesis (serine + palmitate — 3-ketodihydrosphingosine), inhibited the growth of cultured
bloodstream parasites, and growth was rescued with exogenous 3-ketodihydrosphingosine. Myriocin also
blocked metabolic incorporation of [°’H]serine into base-resistant sphingolipids. Biochemical analyses indicate
that the radiolabeled lipids are not sphingomyelin or inositol phosphorylceramide, suggesting that blood-
stream trypanosomes synthesize novel sphingolipids. Inhibition of de novo sphingolipid synthesis with myri-
ocin had no adverse effect on either general secretory trafficking or GPI-dependent trafficking in trypanosomes,
and similar results were obtained with HeLa cells. A mild effect on endocytosis was seen for bloodstream
trypanosomes after prolonged incubation with myriocin. These results indicate that de novo synthesis of
sphingolipids is not a general requirement for secretory trafficking in eukaryotic cells. However, in contrast to
the closely related kinetoplastid Leishmania major, de novo sphingolipid synthesis is essential for the viability

of bloodstream-stage African trypanosomes.

A subset of eukaryotic cell surface proteins is attached to the
outer leaflet of the plasma membrane lipid bilayer via glyco-
sylphosphatidylinositol (GPI) anchors. GPI attachment occurs
in the endoplasmic reticulum (ER), and GPI anchors can func-
tion subsequently in protein sorting within the secretory and
endocytic pathways (40). In mammalian cells, GPI anchors
influence protein sorting to the apical and basolateral plasma
membrane domains of polarized epithelia (12, 39, 55). In Sac-
charomyces cerevisiae, GPI anchor addition is required for ef-
ficient ER exit of the GPI-anchored protein Gaslp (20). Fur-
thermore, the GPI anchor plays a role in protein sorting as
GPI-anchored proteins are segregated from other secretory
proteins and exit the ER in a distinct population of coated
vesicles (45). Thus, GPI anchors can function in protein traf-
ficking in both early and late compartments of the secretory
pathway in a variety of eukaryotic cells.

African trypanosomes are human and veterinary parasites
that belong to the family Kinetoplastida, a phylogenetically
ancient group of eukaryotes containing many human patho-
gens, including South American trypanosomes and members of
the genus Leishmania. In common with these related protozoa,
African trypanosomes have a dense cell surface coat composed
of GPI-anchored macromolecules that are essential for sur-
vival and pathogenesis within the host (23). The trypanosome
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life cycle alternates between the midgut of the insect vector
(procyclic stage) and the bloodstream of the mammalian host,
and trypanosomes have distinct surface proteins at each stage.
Variant surface glycoprotein (VSG), the major coat protein of
bloodstream-form trypanosomes, is initially synthesized in the
ER, where it acquires a GPI anchor, and is then rapidly trans-
ported via the Golgi apparatus to the cell surface (4, 6, 22, 24).
Our previous studies using VSG reporters lacking a GPI an-
chor suggest that GPI anchors function as sorting signals at
multiple steps in the secretory pathway of bloodstream try-
panosomes (7, 41, 60); VSG lacking a GPI anchor shows a
delay in ER exit, and upon exit it is mistargeted to the lyso-
some (60). These findings suggest a requirement for the GPI
anchor in export from the ER and also later in the secretory
pathway, for targeting to the cell surface.

The mechanisms by which GPI anchors function as sorting
signals remain unclear. Unlike transmembrane proteins, GPI-
anchored proteins cannot interact directly with cytoplasmic
proteins that recognize specific sorting signals. However, the
observed association of GPI-anchored proteins with choles-
terol and sphingolipid-rich membrane microdomains (3, 13,
57), commonly referred to as lipid rafts, is hypothesized to
have functional significance for GPI-dependent protein sorting
(34). Lipid rafts in intact cells are thought to correspond op-
erationally to detergent-resistant membranes (DRMs), which
are insoluble in cold, non-ionic detergents and are enriched in
sterols, sphingolipids, free GPI, and GPI-anchored proteins
(13, 31). Consistent with the presence of sphingolipids in
DRMs, inhibitors of sphingoid base synthesis, e.g., myriocin,
retard the exit of GPI-anchored Gaslp from the ER in yeast
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FIG. 1. Cell growth is inhibited by myriocin. (A) The sphingoid lipid pathway. Enzymes are indicated by numbers in parentheses as follows: (1),
serine palmitoyltransferase; (2), 3-ketosphingosine reductase; (3), dihydroceramide synthase;(4), dihydroceramide desaturase; (5), “sphingolipid”
synthase; (6), ceramidase; (7), sphingosine kinase; (8), sphingosine-1-phosphate lyase. Final end products are sphingomyelin (SM), inositol
phosphorylceramide (IPC), and ethanolamine phosphate (EtN-P). Other abbreviations are 3-ketodihydrosphingosine (3-KDS), phosphatidylcho-
line (PC), phosphatidylinositol (PI), and diacylglycerol (DAG). The site of inhibition by myriocin is indicated. (B) Bloodstream cell cultures were
seeded at 1 X 10° cells/ml in the presence of the indicated concentrations of myriocin, and densities were counted at the indicated times. Means =
standard deviations of triplicate cultures were determined. (C) Fixed and permeabilized bloodstream cells were stained with DAPI to reveal the
localization of the nucleus and kinetoplast. The numbers of nuclei and kinetoplasts per cell were counted (n = 100) for myriocin-treated (200 nM,
18 h) and control cultures. Data are means *+ standard deviations from three independent experiments. (D) Bloodstream trypanosomes were
seeded at 1 X 10° cells/ml and grown for 18 h in the presence or absence of 200 nM myriocin with additional supplementation with either 2.5 .M

3-KDS, 10 uM ceramide (Cera), or 100 wM ethanolamine (EtN). Values are means * standard deviations from triplicate cultures.

(59). Furthermore, temperature-sensitive yeast mutants, defec-
tive in ceramide and sphingolipid synthesis, also show defects
in the trafficking of GPI-anchored molecules, as well as in
endocytosis and stress responses (50, 59, 65). These findings
have led to the general assumption that ongoing sphingolipid
synthesis is required for efficient exit of GPI-anchored proteins
from the ER, although this phenomenon has not been vali-
dated for eukaryotic cells other than yeast.

The first and rate-limiting step in sphingolipid biosynthesis
(Fig. 1A), occurring in the ER, is the condensation of L-serine
and palmitoyl coenzyme A (palmitoyl-CoA) into 3-ketodihy-
drosphingosine (3-KDS), catalyzed by the enzyme serine
palmitoyltransferase (SPT). 3-KDS undergoes further modifi-
cation and is N acylated to generate ceramide, which, following
transport to the Golgi apparatus, is converted into higher-
order sphingolipids by addition of various polar head groups
(29). Plants typically synthesize neutral glycosphingolipids,
while mammalian cells produce sphingomyelin, as well as neu-
tral and acidic glycosphingolipids (43). Among the lower eu-
karyotes Plasmodium spp. also make sphingomyelin (28), while
many others, including fungi (38), Toxoplasma gondii (58), and
the kinetoplastids Leishmania (35) and Trypanosoma cruzi
(54), synthesize inositol phosphorylceramide (IPC). Surpris-
ingly, in Leishmania major, synthesis of sphingolipids is not

necessary for viability or virulence (17, 68), provided the
growth medium is supplemented with ethanolamine (67). Due
to their close phylogenetic relationship, it has been casually
assumed that all kinetoplastids, including African trypano-
somes, synthesize IPC (18, 19, 32), and this has recently been
confirmed for procyclic-stage Trypanosoma brucei (27).

In this study, we investigate these assumptions by using myri-
ocin to block sphingoid base synthesis in bloodstream-stage
trypanosomes and mammalian cells. This strategy allows us to
directly investigate whether de novo sphingolipid synthesis is
required for trypanosome viability and for VSG trafficking. In
agreement with previous studies on yeast and mammalian cells
(30, 51), and in contrast to Leishmania, we find that de novo
synthesis of sphingoid base is essential for the viability of Af-
rican trypanosomes. However, disruption of sphingolipid ca-
tabolism has no effect on the trafficking of GPI-anchored-
proteins in trypanosomes or in human HeLa cells. Indeed,
other than ultimate lethality, the only significant effect we
observe in bloodstream trypanosomes is a general depression
of endocytosis following prolonged inhibition of sphingoid
base synthesis. Finally, metabolic radiolabeling studies with
[*H]serine indicate that bloodstream trypanosomes synthesize
a novel sphingolipid that is neither IPC, as in Leishmania, nor
sphingomyelin, as in mammalian cells. Thus, African trypano-
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somes differ significantly from related kinetoplastids in the
biosynthesis and utilization of sphingolipids.

MATERIALS AND METHODS

Compounds and reagents. Myriocin (Sigma, St. Louis, MO) was prepared as
a 1 mg/ml stock solution in methanol. Ethanolamine in liquid form, tunicamycin,
brefeldin A (BFA), bovine liver phosphatidylinositol (PI), and bovine brain
sphingomyelin were also obtained from Sigma. Both d18:1/18:0 ceramide from
Avanti (Alabaster, AL) and 3-KDS from Matreya (Pleasant Gap, PA) were
prepared as 10 mM stock solutions in chloroform-methanol (1:1, vol/vol). Glu-
cosylceramide was obtained from Avanti. Staphylococcus aureus sphingomyeli-
nase was from Sigma, and S. aureus PI-specific phospholipase C (PI-PLC) was a
generous gift from Vicky Stevens (Emory University).

Metabolic labeling and analysis of radiolabeled lipids. Cultured procyclic and
bloodstream-stage Trypanosoma brucei brucei strain Lister 427 parasites were
grown and maintained as described in references 2 and 5. Monolayer cultures of
HeLa cells were maintained in Dulbecco’s modified Eagle medium supple-
mented with 10% fetal bovine serum (FBS), 100 U/ml penicillin, and 100 p.g/ml
streptomycin. Bloodstream-stage trypanosomes were harvested at late-log phase
(0.5 X 10° to 1 X 10°/ml) and resuspended (5 X 107 cells/ml) in TMB medium
(48) supplemented with 5% dialyzed fetal calf serum in the presence of myriocin
(200 nM) or an equivalent concentration of vehicle. Cells were then metaboli-
cally labeled with [*H]serine (20 Ci/mmol; American Radiolabeled Chemicals,
Inc., St. Louis, MO) at 50 pnCi/ml for 2 to 4 h at 37°C. HeLa cells were prein-
cubated for 20 min in a serine-free medium containing myriocin (62.5 pM) or an
equivalent concentration of vehicle before being incubated with 10 wCi/ml
[*H]serine for 4 to 8 h. In each case, [*H]serine-labeled lipids were extracted
from washed cells in chloroform-methanol-water (CMW; 10:10:3 [vol/vol/vol]).
The CMW extract was dried and subjected to n-butanol/water partitioning. The
organic phase was saponified by drying, resuspension in 0.1 N KOH in methanol,
and incubation at 40°C for 1.5 h. The reaction products were neutralized by
addition of 20% 1.0 N acetic acid and desalted by n-butanol/water partitioning.

For treatment with sphingomyelinase, saponified [*H]serine-labeled lipids
were dried with 50 pg sphingomyelin and dissolved in 300 pl of 20 mM Tris-HCI
(pH 7.4)-10 mM MgCl,-0.05% (wt/vol) Triton X-100 with or without 1 U of the
enzyme. Samples were incubated at 37°C for 2 h, reactions were stopped by
addition of 10 pl acetic acid, and lipids were extracted by n-butanol/water
partitioning. For treatment with PI-PLC, saponified [*H]serine-labeled lipids
were dried with 50 pg phosphatidylinositol and dissolved in 100 ul of 50 mM
Tris-HCI (pH 7.4)-0.1% deoxycholate with or without the enzyme. Samples were
incubated at 37°C for 1 h, reactions were stopped by addition of 10 pl acetic acid,
and lipids were extracted by n-butanol/water partitioning. Acid methanolysis was
adapted from reference 10. Saponified [*H]serine-labeled lipids were dried and
suspended in 2 N HCI-80% methanol (1 ml) with ceramide as an internal
standard/reactant. Samples in sealed vials were incubated (90°C, 2 h), and fatty
methyl esters were then extracted in hexane (1 ml). The remaining aqueous
phase was neutralized with 2 N NaOH, and sphingoid bases were extracted in
n-butanol (1 ml) and dried. All lipid samples were fractionated on Silica 60
plates. Saponified lipids, with or without enzymatic treatment, were resolved in
65:25:4 (vol/vol/vol) CMW. Sphingoid base products of acid methanolysis were
resolved in 40:10:1 (vol/vol/vol) chloroform-methanol-2.5 M NH,OH. The chro-
matograms were scanned using a Berthold LB2842 thin-layer chromatography
(TLC) linear radioactivity analyzer. All radiolabeled lipid species and/or prod-
ucts were identified by comigration of unlabeled internal lipid standards, sub-
strates, or products visualized by iodine staining.

Analysis of protein trafficking in trypanosomes. Pulse-chase metabolic radio-
labeling ([**S]methionine-cysteine) of cultured trypanosomes was performed
exactly as described in references 2 and 5. For analysis of BiPN secretion, cells
were processed into cell and medium fractions and lysed as described previously
(5). For analysis of VSG delivery to the surface, cells were hypotonically lysed as
described previously (4) to allow conversion of susceptible membrane form VSG
to soluble VSG by endogenous GPI-PLC. Briefly, cells were lysed hypotonically
(5 min, distilled H,O containing protease inhibitor cocktail) on ice, the lysate was
adjusted to 1X TEN salts (50 mM Tris-HCI [pH 7.5], 5 mM EDTA, 150 mM
NaCl), and a further incubation (10 min, 37°C) was performed. Membranes were
removed by centrifugation before a final adjustment to 1X TEN salts with 2.5%
NP-40-0.1% sodium dodecyl sulfate (SDS). Radiolabeled polypeptides were
specifically immunoprecipitated and fractionated by SDS-polyacrylamide gel
electrophoresis (PAGE) (10% acrylamide gel). Gels were visualized and ana-
lyzed using a Molecular Dynamics Typhoon Storm 860 PhosphorImager with
ImageQuant software. The antibodies used for immunoprecipitation, rabbit anti-
BiP and anti-VSG117, have been described previously (7, 8).

EUKARYOT. CELL

Endocytic activity in bloodstream trypanosomes was assessed by uptake of
tomato lectin (TL). Cultured cells were washed and resuspended (5 X 10%/ml) in
serum-free HMI9 medium containing 1% bovine serum albumin (2). Cells were
incubated for 1 h at 37°C in the presence of 20 wg/ml fluorescein isothiocyanate-
conjugated TL (FITC-TL; Vector Laboratories, Burlingame, CA). Following
uptake, cells were washed three times with ice-cold phosphate-buffered saline
(PBS) containing 5% FBS and processed for immunofluorescence microscopy or
flow cytometry.

Flow cytometry and immunofluorescence microscopy. For flow cytometry fol-
lowing uptake of FITC-TL, cells were fixed with PBS containing 2% formalyde-
hyde for 15 to 30 min on ice, centrifuged, and resuspended in 1 ml PBS-5% FBS.
Labeled cells were analyzed on a FACScan (Becton Dickinson, Mountain View,
CA) using CellQuest software. For immunofluorescence microscopy, trypano-
somes were smeared on glass slides, fixed, permeabilized, and stained as previ-
ously described (2). Specific staining was detected by appropriate Alexa 488- and
Alexa 633-conjugated secondary antibodies (Molecular Probes, Seattle, WA),
and 500 ng/ml 4',6’-diamidino-2-phenylindole (DAPI) was included to visualize
nuclear and kinetoplast DNA. Cells were analyzed on a motorized Zeiss Axio-
plan IIi with a rear-mounted excitation filter wheel, a triple-pass (DAPI/FITC/
Texas Red) emission cube, and differential interference contrast (DIC) optics.
Serial 0.2-pm image Z-stacks at a magnification of X100 (PlanApo; numerical
aperture, 1.4) were collected with a Zeiss AxioCam black-and-white charge-
coupled device camera. Fluorescence images were deconvolved using a con-
strained iterative algorithm, pseudocolored, and merged using OpenLabs (ver-
sion 4.1) software (Improvision, Inc., Lexington, MA).

Transferrin uptake and electron microscopy. Bloodstream cells (3 X 107) were
washed with HEPES-buffered solution (HBS) and resuspended in 0.7 ml HMI9-
bovine serum albumin. Tf-gold (0.3 ml bovine holotransferrin conjugated to
5-nm-diameter colloidal gold particles suspended in PBS to an optical density at
520 nm of 5.8; Aurion, Wageningen, The Netherlands) was added, and the cells
were incubated at 37°C for 2 h, followed by a wash in HBS to remove unbound
Tf-gold. Cells were then cultured (37°C, 14 h) in HMI9 with 20% FBS and with
or without myriocin (200 nM) at 7.5 X 10%/ml. Cells were washed again in HBS
and then fixed in 2.5% glutaraldehyde-2.0% paraformaldehyde in 0.1 M sodium
cacodylate buffer (pH 7.4) for ~20 h at 4°C. The cells were postfixed in 1%
osmium tetroxide in the same buffer for 1 h at room temperature. Samples were
then serially dehydrated in ethanol, transferred to propylene oxide, and flat-
embedded in Spurr’s epoxy resin (Electron Microscopy Sciences, Hatfield, PA).
Sections (thickness, 60 to 90 nm) were cut on a Reichert-Jung Ultracut-E
Ultramicrotome and contrasted with uranyl acetate in 50% ethanol. Ultrathin
sections were mounted and observed with a Philips CM120 electron microscope.
All images were captured with a MegaView III (Soft Imaging System, Lakewood,
CO) side-mounted digital camera.

Intracellular trafficking in HeLa cells. To assay the trafficking of HA-GPI,
cells were transfected with a plasmid encoding the ectodomain of influenza virus
hemagglutinin (HA) fused to the C-terminal GPI attachment signal of the decay-
accelerating factor protein (63). Transfection was done by electroporation as
described previously (62). Transfected cells were allowed to recover for 36 to
48 h before being pulse-labeled with 200 wCi/ml [>*S]methionine-cysteine for 20
min and chased for 2 h in complete medium. Labeling was done in the presence
or absence of myriocin or BFA after a 30-min preincubation. At the end of the
chase, the cells were washed with ice-cold PBS and incubated on ice with 100
pg/ml tosylsulfonyl phenylalanyl chloromethyl ketone (TPCK)-treated trypsin
for 30 min. Trypsinization was stopped by adding soybean trypsin inhibitor (300
pg/ml) to the cells and incubating for a further 10 min on ice. Cells were scraped,
washed twice with ice-cold PBS containing 100 wg/ml trypsin inhibitor, resus-
pended in radioimmunoprecipitation assay buffer, and incubated with anti-HA
antibodies followed by protein G beads. The bead-bound immunoprecipitate was
washed, heated in sample buffer, and resolved by SDS-PAGE (10% gel). Gels
were visualized using a PhosphorImager. To assay the trafficking of free GPI,
HelLa cells were pulse-labeled with [2-*H]mannose to generate radiolabeled GPI
in the ER. Transport of GPI to the cell surface was monitored by periodate
oxidation and TLC analysis exactly as described previously (9).

RESULTS

Sphingoid base synthesis is essential for the growth of try-
panosomes. Studies of both yeast and mammalian cells have
shown that ongoing sphingolipid synthesis is essential for cell
proliferation (14). However, recent work with the kinetoplastid
parasite Leishmania demonstrate that log-phase promastigote-
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FIG. 2. Myriocin inhibition of de novo sphingolipid synthesis in trypanosomes. (A) Bloodstream-stage trypanosomes grown for 4 h in the
presence (bottom) or absence (top) of 200 nM myriocin were pulse-radiolabeled with 50 wCi/ml of [*H]serine for 4 h. Base-resistant lipids were
extracted as described in Materials and Methods and analyzed by TLC. The mobilities of sphingomyelin (R, 0.12) and ceramide (R, 0.89) standards
were determined by iodine staining (arrowheads, bottom panel only). (B) Saponified [*H]serine-labeled lipids were subjected to mock treatment
(top) or acid methanolysis (bottom) (2 h) as described in Materials and Methods and then analyzed by TLC. Ceramide was added as an internal
marker/substrate prior to hydrolysis. The mobilities of unhydrolyzed ceramide (open arrowhead) (R;, 0.83), the sphingosine product (shaded
arrowhead) (R,, 0.25), and the sphinganine product (solid arrowhead) (R, 0.15) are indicated. (C) Base-resistant [*H]serine-labeled lipids from
untreated bloodstream trypanosomes were either mock treated (not shown) or digested with either sphingomyelinase (SMase) (top) or bacterial
PI-PLC (bottom) with internal sphingomyelin and PI controls, respectively. Samples were prepared and analyzed as for panel A. Solid arrowheads
indicate relative mobilities of internal sphingomyelin (top) (R, 0.14) and PI (bottom) (R, 0.22) control substrates (from the mock treatments), and
open arrowheads indicate the respective ceramide (top) (R, 0.9) and diacylglycerol (bottom) (R, 0.8) products. Note that the solvent systems used

for panels A and C are different from that for panel B.

stage mutants lacking SPT activity fail to synthesize ceramides
and sphingolipids yet show no marked growth defect compared
to wild-type cells (17, 68), provided that they are supplemented
with exogenous ethanolamine (67). In light of this key differ-
ence between Leishmania and other eukaryotes, we wanted to
investigate the requirements for de novo sphingolipid synthesis
for the growth of the closely related kinetoplastid 7. brucei.
Treatment of bloodstream-stage trypanosomes with myriocin,
an inhibitor of sphingolipid synthesis (44), resulted in a dose-
dependent inhibition of growth with a 50% inhibitory concen-
tration of ~100 to 150 nM (Fig. 1B). Procyclic-stage trypano-
somes showed a similar myriocin-induced growth inhibition,
albeit with a higher 50% inhibitory concentration (~800 nM)
(data not shown).

We wanted to determine if myriocin-induced growth inhibi-
tion was due to a block at a specific cell cycle checkpoint. Most
trypanosomes in an asynchronously growing population are in
interphase and contain a single kinetoplast (mitochondrial ge-
nome) and nucleus (1k/In). During cell division, the kineto-
plast divides, first generating intermediates with two kineto-
plasts and a single nucleus (2k/1n)j; this is followed by nuclear
division to produce cells with two kinetoplasts and two nuclei
(2k/2n). Finally, cytokinesis results in two interphase daughter
cells (26). Microscopic examination of myriocin-treated blood-
stream cells stained for DNA with DAPI showed a decrease in
the proportion of interphase cells (1k/In) with a concomitant
increase in the products of aberrant cell division (1k/On, 1k/2n,
and >2k/>2n) compared to untreated control cells (Fig. 1C).
These results indicate that myriocin treatment of bloodstream
trypanosomes leads to arrest of cell growth at all stages of the
cell cycle.

The first step in sphingolipid biosynthesis, catalyzed by SPT,
produces the sphingoid base 3-KDS, which is converted to
sphinganine (dihydrosphingosine) and then N acylated and

desaturated to generate ceramide, the immediate precursor for
all higher-order sphingolipids (Fig. 1A). Addition of 3-KDS
completely rescued the myriocin-induced growth inhibition
(Fig. 1D), indicating that the defect is not due to general
toxicity but rather is specifically due to inhibition of ongoing
sphingoid base synthesis by SPT. In contrast, addition of cer-
amide failed to rescue cell growth, likely due to inefficient
uptake and/or delivery of exogenous ceramide to the Golgi
apparatus, consistent with previous observations of mamma-
lian cells and Leishmania (30, 68). Growth and differentiation
defects observed in Leishmania promastigote mutants lacking
either SPT or sphingosine-1-phosphate lyase (SPL) activity can
be rescued by exogenous ethanolamine (67). This issue is dis-
cussed in detail below, but briefly, the basis for the phenome-
non is believed to be acquisition of essential ethanolamine via
SPL activity (Fig. 1A). Loss of sphingoid base synthesis leads to
ethanolamine auxotrophy by depletion of sphingosine-1-phos-
phate. However, African trypanosomes appear to differ from
Leishmania in this respect; addition of ethanolamine was un-
able to rescue growth for either procyclic (data not shown) or
bloodstream (Fig. 1D) cells.

De novo sphingolipid synthesis is inhibited by myriocin. In
order to confirm that myriocin-induced growth inhibition is
due to a block in de novo sphingoid base synthesis, we meta-
bolically radiolabeled bloodstream-form trypanosomes with
[*H]serine and extracted base-resistant cellular lipids for anal-
ysis by thin layer chromatography (Fig. 2A). Myriocin-treated
cells showed a decrease in total protein synthesis (trichloro-
acetic acid-insoluble incorporation of [*H]serine) of ~25%
compared to untreated control cells, indicating that the com-
pound had minimal effect on general metabolic function (data
not shown). In control, untreated cells (Fig. 2A, top panel), a
single major radiolabeled lipid (designated X) was detected, as
well as several variable minor peaks (Fig. 2, compare panels A
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and C), and myriocin treatment completely blocked incorpo-
ration into all of these species (bottom panel). The combined
base resistance and myriocin sensitivity of all the labeled peaks
indicate that they are sphingolipids. This was verified by acid
methanolysis, which released radiolabeled products that comi-
grated with sphingosine and sphinganine in TLC analysis (Fig.
2B). Sphingolipid X routinely migrated slightly ahead of the
sphingomyelin marker in our standard solvent system (CMW,
65:25:4; Ry, 1.2 to 1.4 for sphingomyelin versus 1.5 to 1.7 for
sphingolipid X), suggesting that it is a distinct species. Consis-
tent with this, neither sphingolipid X nor the other radiola-
beled sphingolipids were sensitive to hydrolysis by sphingomy-
elinase (Fig. 2C, top). In addition, bacterial PI-PLC, which is
known to hydrolyze inositol phosphorylceramide from 7. cruzi
(1, 11), had no effect on sphingolipid X (Fig. 2C, bottom),
indicating that it is not IPC. These results indicate that myri-
ocin effectively blocks de novo synthesis of sphingoid bases,
and they further suggest that bloodstream-stage African try-
panosomes may synthesize a novel higher-order sphingolipid.
De novo sphingolipid synthesis is not required for forward
transport in trypanosomes. Ongoing sphingolipid synthesis is
required for efficient ER exit of GPI-anchored proteins in
yeast (33, 59). We wanted to examine whether there is a similar
requirement for sphingolipids in the forward transport of GPI-
anchored proteins in bloodstream-form trypanosomes. First,
we characterized the forward transport of a non-GPI-anchored
protein in order to determine if myriocin treatment had any
globally deleterious effects on transport. We have previously
characterized the kinetics of protein secretion in bloodstream
trypanosomes by using the soluble recombinant protein BiPN,
based on the ATPase domain of endogenous BiP (60). In
agreement with our previous results, we find that BiPN is
detected at the beginning of the chase period (7,) as a ~45-
kDa cell-associated polypeptide in control cells (Fig. 3A, lane
1). In addition, full-length endogenous BiP with associated
nascent VSG is also detected (5). During the chase, BiPN, but
not endogenous BiP, is efficiently (~50% after 2 h) exported to
the medium (Fig. 3A, lanes 7 and 11). In addition, BiP-asso-
ciated VSG disappeared at later time points as normally ex-
pected for a nascent secretory polypeptide (Fig. 3A, lanes 5
and 9). Myriocin treatment had no qualitative or quantitative
effects on synthesis of BiP, VSG, or BiPN (Fig. 3A, lane 2) or
on BiPN secretion (lanes 8 and 12). These results indicate that
despite the dramatic inhibition of cell proliferation, shutdown
of sphingoid base synthesis does not disrupt the synthesis or
transport of a non-GPI-anchored secretory reporter protein.
Next, we used pulse-chase analysis to determine the effects
of myriocin treatment on the kinetics of ER-to-surface trans-
port of GPI-anchored VSG (Fig. 3B). The arrival of VSG at
the surface was measured by an indirect assay that relies on the
differential accessibility of mature surface VSG versus newly
synthesized internal VSG to cleavage by endogenous GPI-
PLC. When cells are lysed by hypotonic lysis, endogenous
GPI-PLC cleaves accessible GPI-anchored VSG to a soluble
form, which is released from cells (15). Kinetically, suscepti-
bility to GPI hydrolysis during hypotonic lysis coincides with
the arrival of VSG at the cell surface (,,, ~15 min) (4). In
close agreement with the known rate, newly synthesized VSG
was highly resistant to release by hypotonic lysis (Fig. 3B, lane
2) but became completely sensitive over a 30-min chase (lanes
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FIG. 3. Myriocin does not block secretory transport in trypano-
somes. (A) Bloodstream-form trypanosomes constitutively expressing
the soluble secretory reporter BiPN were cultured for 14 h in the
absence (—) or presence (+) of 200 nM myriocin (myr.). Cells were
pulse-radiolabeled (15 min) with [**S]Met-Cys and then chased for the
indicated times in the continued presence or absence of the inhibitor.
The BiPN reporter was immunoprecipitated from cell and medium
fractions and analyzed by SDS-PAGE and phosphorimaging. The mo-
bilities of endogenous BiP and VSG, and of the BiPN reporter, are
indicated on the left. All lanes contain 5 X10° cell equivalents. Note
that the time points used in this assay fall in the linear range for BiPN
transport in bloodstream cells (60). (B) Bloodstream cells were cul-
tured for 14 h in the presence or absence of 200 nM myriocin. Cells
were then pulse-radiolabeled (3 min) with [**S]Met-Cys and chased in
the continued presence (myr) or absence (control [cont]) of the inhib-
itor. At the indicated times, samples were washed and subjected to
hypotonic lysis as described in Materials and Methods, and VSG
polypeptides were immunoprecipitated from the released fractions.
VSG was also immunoprecipitated from total-cell fractions at the
beginning and end of the chase period (7|, and T5,), and all samples
were analyzed as for panel A. The recovery of released VSG as a
fraction of total VSG (average of T, and T,) is given for each lane. All
lanes contain 2 X 10° cell equivalents.

3 to 5). Myriocin treatment had no significant effect on this
process (Fig. 3B, lanes 8 to 11), indicating that efficient ER exit
and subsequent transport through the secretory pathway of
GPI-anchored VSG are not dependent on ongoing sphingo-
lipid synthesis.

Sphingolipid synthesis is required for endocytosis in try-
panosomes. Temperature-sensitive SPT mutants in yeast show
a defect in endocytosis (65), but the connection between on-
going synthesis of sphingoid bases and endocytosis remains to
be fully defined. Consequently, we investigated whether myri-
ocin treatment of bloodstream trypanosomes would affect en-
docytosis. Since myriocin treatment led to an observable de-
crease in cell motility and a fattening of the cell shape, we first
visualized the localization of two key organelles in the secre-
tory/endocytic pathway, the ER and the lysosome, by immu-
nofluorescence microscopy (Fig. 4A to H). In both control and
myriocin-treated cells, staining with anti-BiP (Fig. 4B and F)
revealed a fine reticulated network characteristic of the ER,
and staining with an antibody to the lysosomal membrane
protein p67 (Fig. 4C and G) revealed a vesicular compartment
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FIG. 4. Myriocin disrupts lysosomal morphology in trypanosomes. Bloodstream-form trypanosomes were cultured for 14 h in the presence or
absence of myriocin (200 nM). Fixed/permeabilized control (A to D) and myriocin-treated (14 h) (E to H) cells were stained with anti-BiP as an
ER marker (green) (B and F) or anti-p67 as a lysosomal marker (red) (C and G) and were visualized by epifluorescence microscopy. Alternatively,
control (I to L) and myriocin-treated (M to P) cells were allowed to endocytose FITC-TL (J and N) for 1 h and were then processed for staining
with anti-p67 (K and O). (A, E, I, and M) Merged DIC and DAPI images; (D, H, L, and P) merged three-channel fluorescent images. DAPI
staining (blue) reveals nucleus (n) and kinetoplast (k) localization (indicated in panel A only).

located properly between the nucleus and the kinetoplast.
However, compared to control cells, the majority of myriocin-
treated cells showed a distorted and enlarged p67" compart-
ment (Fig. 4G and O). To more carefully investigate the effects
of myriocin on trypanosomal ultrastructure, we performed
transmission electron microscopy using Tf-gold as a lysosomal
marker. Cells were preloaded with Tf-gold to label the termi-
nal lysosome and were then treated with myriocin. In un-
treated control cells, lysosomes typically had diameters of
~300 nm (Fig. SA, B, E, and F). In contrast, myriocin-treated
cells typically exhibited lysosomes with diameters of >600 nm
(Fig. 5C, D, G, and H). No other obvious ultrastructural ab-
normalities were observed in myriocin-treated cells. These re-
sults confirm that lysosomal morphology is altered, and they
imply that ongoing sphingolipid synthesis may play a role in
membrane trafficking events involved in the formation and/or
maintenance of the lysosomal compartment.

We used the uptake of FITC-TL to assess receptor-medi-
ated endocytosis (Fig. 41 to P). Tomato lectin binds poly-N-
acetyllactosamine-containing N-glycans on membrane glyco-
proteins in the flagellar pocket of bloodstream trypanosomes
(46). Many of these glycoproteins are internalized into the

endocytic pathway, and TL eventually accumulates in the ter-
minal lysosomal compartment (2). Microscopic analysis of TL
uptake failed to detect any obvious defects in lysosomal deliv-
ery; the majority of internalized TL colocalized completely
with the resident lysosomal protein p67 in both untreated and
myriocin-treated cells (Fig. 4L and P). The distribution of
internalized TL is more diffuse in myriocin-treated cells, pre-
sumably due to the enlarged lysosomal compartment. Next, we
employed a quantitative assay using flow cytometry to measure
the uptake of FITC-TL. Bloodstream cells pretreated for 4 h
with myriocin were similar to untreated cells in their ability to
take up TL (Fig. 6A). However, after a 14-h myriocin pretreat-
ment, cells showed a significant decrease in the uptake of TL
compared to untreated cells (Fig. 6B). Collectively these re-
sults suggest that sphingolipids play an important role in endo-
cytosis.

Sphingolipid synthesis and intracellular transport in mam-
malian cells. In contrast to the situation for yeast (50, 59, 65),
ER exit and intracellular transport of GPI-anchored proteins
in trypanosomes apparently does not require ongoing de novo
synthesis of sphingolipids. To further investigate this issue in a
broader biological context, we assessed the effects of myriocin
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FIG. 5. Ultrastructure of myriocin-treated trypanosomes. Cultured bloodstream cells were first pulse-loaded (2 h, 37°C) with colloidal gold (5 nm) coupled
to bovine holotransferrin to label the terminal lysosome. Cells were then cultured in the absence (A and B) or presence (C and D) of myriocin (200 nM) for
14 h and processed as described for electron microscopy. (A to D) Representative cell sections. Bar, 1.0 wm. White arrowheads indicate lysosomes containing
colloidal gold particles. cont, control; myr, myriocin. (E to H) Corresponding images in the lysosomal region taken at a higher magnification. Bar, 0.2 um.

on sphingolipid synthesis and GPI transport in mammalian
HeLa cells. First, we determined that myriocin indeed blocks
the incorporation of [*H]serine into sphingomyelin and glu-
cosylceramide (data not shown), confirming its inhibitory ac-
tivity in HeLa cells. Next, we measured the transport of a
GPI-anchored influenza virus hemagglutinin reporter (HA-

sl A 4hr

60
40

20+

Relative Fluorescent Intensity

] B 14hr

60+

404

20+

Relative Fluorescent Intensity

<

o o
& &

FIG. 6. Myriocin affects endocytic transport in trypanosomes.
Bloodstream cells were cultured for 4 h (A) or 14 h (B) in the presence
or absence of 200 nM myriocin. Cells were then incubated at 4°C or
37°C for 1 h in a medium containing 20 wg/ml FITC-tomato lectin,
washed, and analyzed by flow cytometry. Uptake is presented as rela-
tive fluorescent intensity, in arbitrary units. Values are means * stan-
dard deviations from three independent experiments.

GPI) by pulse-chase analysis in transiently transfected HeLa
cells (Fig. 7). In this assay, the arrival of the reporter at the cell
surface is measured by susceptibility to discrete cleavage by
exogenously added trypsin to yield a diagnostic HA2 fragment.

A. trypsin

HAzl HA1 GPI

v O=
S-S

B. = BFA Myr

HAO =

HA2 = -

1 2 3

FIG. 7. Transport of HA-GPI to the plasma membranes of HeLa
cells is unaffected by myriocin treatment. (A) Schematic representa-
tion of HA-GPI. The protein is synthesized as a GPI-anchored
polypeptide (HAO, corresponding to the ectodomain of influenza virus
hemagglutinin protein) containing a disulfide bond as shown. Upon
trypsin treatment, HAQ yields two disulfide-linked fragments, HA2 and
HALI. (B) HeLa cells expressing HA-GPI were preincubated for 30 min
with myriocin (125 wM) or BFA (5 pg/ml) as indicated and were then
pulse-labeled with 200 wCi/ml [**S]methionine-cysteine for 20 min.
The cells were chased for 2 h in the presence of drugs before being
trypsinized to convert cell surface HA-GPI molecules into HA2 and
HA1. The extent of conversion of radiolabeled protein to HA2 and
HA1 was determined after immunoprecipitation and SDS-PAGE. A
scan of a typical fluorography is presented. No HA2 is seen in the
BFA-treated cells, whereas radiolabeled HA2 is readily observed in
both control (—) and myriocin-treated cells.
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At the end of the chase period, the reporter is as sensitive to
trypsin in the presence of myriocin (Fig. 7B, lane 3) as it is in
control cells (lane 1), indicating that transport is unimpeded
when de novo sphingolipid synthesis is blocked. In control cells
treated with brefeldin A, an inhibitor of vesicular secretory
trafficking (21), HA-GPI cleavage is completely blocked (Fig.
7B, lane 2), confirming the validity of the assay. Finally, we
measured the effect of myriocin treatment on the trafficking of
[*H]mannose-labeled free GPI, a process that we have previ-
ously demonstrated to be dependent on vesicular trafficking
(9). In this assay, the arrival of free GPI of a known structure
(H8) (Fig. 8A) at the cell surface is determined by susceptibil-
ity to oxidation by exogenously added metaperiodate, which is
impermeant to intact biological membranes. Following an ex-
tended chase period, periodate treatment converts a substan-
tial portion of [*H]mannose-labeled GPI H8 to the oxidized
H8* form (Fig. 8B). More-precise kinetic analysis indicates
that myriocin treatment has no effect on the susceptibility of
HS to oxidation throughout the linear range for transport to
the cell surface, while brefeldin A treatment completely abro-
gates periodate sensitivity (Fig. 8C). Collectively these data
indicate that in mammalian cells, as in bloodstream trypano-
somes, de novo synthesis of sphingolipids is not necessary for
the transport of GPI structures at any stage of the secretory
pathway.

DISCUSSION

The most current models of GPI-dependent protein sorting
are based on the lateral association of GPI-anchored proteins
(and free GPI) with ceramide or sphingolipid/sterol-rich mi-
crodomains (lipid rafts), which are proposed to act as selective
platforms for vesicle budding at different sites along the secre-
tory and endocytic pathways (56, 57). Consistent with these
models, ceramide synthesis is required for both efficient mem-
brane association and ER exit of GPI-anchored proteins in
yeast (3, 59). We have investigated the universality of these
concepts for the trafficking of GPI-anchored proteins and free
GPI in two systems representing the broad sweep of eukaryotic
evolution, African trypanosomes and nonpolarized human
HeLa cells. In contrast to the prevailing view on the role of
sphingolipids in secretory trafficking, we find for both systems
that ER exit and transport to the cell surface of GPI-anchored
proteins occur in the absence of ongoing sphingolipid synthe-
sis. In addition, we have found a similar lack of effect on
secretory trafficking in procyclic insect-stage trypanosomes
(data not shown). We cannot rule out the possibility that on-
going transport is supported by the pool of ceramide and
sphingolipid synthesized prior to treatment with myriocin, but
nevertheless, de novo synthesis of sphingoid bases is clearly not
required.

It should be noted that similar studies using both pharma-
cological and genetic strategies to block sphingolipid synthesis
have been performed on Leishmania. Myriocin had no effect
on overall ER-to-plasma membrane transport or on the incor-
poration into surface DRMs of free GPI or the major surface
GPI-anchored protein GP63 (52). Similarly, genetic ablation of
a subunit of SPT, which prevents sphingoid base synthesis, did
not perturb the overall transport of GP63 or its association
with plasma membrane DRMs (17, 68). Denny and coworkers
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FIG. 8. Transport of free GPIs to the cell surface in HeLa cells is
unaffected by myriocin. (A) Structure of the mammalian GPI HS,
showing glycosidic linkages and sites of ethanolamine-phosphate (E-P)
attachment. M, mannose; G, glucosamine; Inos, inositol; FA, fatty
acid. (B) HeLa cells were first preincubated in a low-glucose medium
with 6 wg/ml tunicamycin for 30 min at 37°C, then metabolically ra-
diolabeled with [2-*H]mannose for 2.5 h at 37°C, and finally chased for
18 h in complete medium. At the end of the chase period, the cells
were washed, incubated for 30 min on ice in PBS (without [—] or with
[+] 10 mM sodium metaperiodate), and washed again in PBS supple-
mented with 150 mM glycerol. The cells were collected, and lipids were
extracted and analyzed by TLC (chloroform-methanol-water, 10:10:3
[volvol/vol]). [PH]mannose-labeled H8 migrates with an R, of ~0.25
(the identity of H8 was confirmed by establishing its sensitivity to
hydrolysis by GPI-specific phospholipase D [not shown]). Periodate
treatment (lower panel) converts ~50% of H8 to oxidized HS (H8*).
Several faster-migrating radiolabeled peaks were unaffected by periodiate,
suggesting that these unidentified species are intracellular. (C) HeLa cells
were first preincubated with myriocin (25 wg/ml) for 20 min, then pulse-
labeled with [2-*H]mannose, and finally chased for 8 h in complete me-
dium containing 62.5 pM myriocin (+ Myr). Control (untreated) (— Myr)
and BFA-treated samples (cells were preincubated with BFA [2.5 pg/ml]
and chased in the presence of the drug) were analyzed in parallel. Cells
were taken at different time points and subjected to periodate oxidation to
determine the fraction of radiolabeled HS8 that was transported from the
ER and located at the cell surface.

performed a more detailed kinetic assay that revealed a de-
crease in the rate of association of newly synthesized GP63
with DRMs, suggesting a role for lipid rafts in ER exit (17);
however, this finding could not be reproduced by others (66).
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Thus, the results for Leishmania are contradictory. So is the
evidence for association of GPI-anchored proteins with DRMs
in African trypanosomes. Nolan et al. reported that VSG does
not significantly associate with DRMs, while Denny et al.
found such association by using a lower detergent concentra-
tion (16, 47). Consequently, the existence of DRMs in trypano-
somes must be more systemically investigated before an assess-
ment of the role of lipid rafts in VSG and GPI trafficking in
trypanosomes can be made. Whatever the status of DRMs in
T. brucei, or the situation in Leishmania, our results for African
trypanosomes and HeLa cells clearly establish that ongoing
sphingolipid synthesis is not a universal requirement for for-
ward transport of GPI-anchored proteins in eukaryotic cells.

On the other hand, we do find a general defect in endocy-
tosis for African trypanosomes when sphingolipid synthesis is
blocked. Typically, newly synthesized sphingolipids traffic as
ceramide from the ER to the Golgi apparatus, where higher-
order modifications occur, and then on to the plasma mem-
brane (64). Consequently, it seems unlikely that inhibition of
sphingoid base synthesis would lead to rapid depletion of
sphingolipids at the plasma membrane. Consistent with this
notion, pulse-chase analysis indicates only minor turnover of
[*H]serine-labeled sphingolipid X over a 14-h period in both
control and myriocin-treated cells (~10% [data not shown]).
Thus, our results argue that a prolonged myriocin treatment is
required before defects in endocytosis are detected. This is in
contrast to the situation for yeast, where a sphingoid base-
mediated signaling pathway rapidly regulates endocytosis
through protein phosphorylation (25, 65). Although we cannot
rule out secondary effects due to prolonged inhibition, the time
frame of our results for trypanosomes is more consistent with
a general role for sphingolipids in cellular membranes.

One surprising implication of our studies is that blood-
stream-stage African trypanosomes may synthesize unusual
sphingolipids. After the production of ceramide in the ER,
eukaryotes go on to synthesize a diverse array of higher-order
sphingolipids. Many of the lower eukaryotes, including fungi
(38) and the kinetoplastids Leishmania (35) and Trypanosoma
cruzi (54), synthesize IPC, and it has been generally assumed
that African trypanosomes likewise synthesize IPC (18, 19, 32).
In fact, earlier compositional analyses of African trypanosomes
found no evidence for IPC; rather, sphingomyelin was detected
at fairly high levels in bloodstream-stage parasites (49). Al-
though the presence of IPC in procyclic trypanosomes has
recently been confirmed (27), our results suggest that neither
sphingomyelin nor IPC is made by bloodstream-form 7. brucei
in our biosynthetic assays, and they raise the possibility of
developmental regulation of sphingolipid synthesis. The nature
of the major sphingolipid detected in our biosynthetic assays
remains uncertain. The close but imprecise migration of sphin-
golipid X with authentic sphingomyelin in TLC analyses could
account for the previous identification of sphingomyelin in
compositional analyses. Alternatively, sphingolipid X may be
related to one of the recently identified neutral glycosphingo-
lipids in T. brucei (61). Although further structural work is
needed to identify this lipid, our analyses suggest that African
trypanosomes synthesize novel sphingolipids relative to their
kinetoplastid brethren.

African trypanosomes also differ from Leishmania in two
additional ways: growth dependence on sphingoid base synthe-
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sis and rescue of sphingoid base deficiency with exogenous
ethanolamine. SPT-null Leishmania parasites replicate well as
log-phase promastigotes but differentiate poorly to infectious
stationary-phase metacyclic promastigotes (17, 68). Thus, de
novo synthesis of sphingoid bases is apparently not necessary
for replicative growth in vitro but is necessary for differentia-
tion. However, Zhang and coworkers have recently found that
SPT is absolutely essential for growth under conditions that are
strictly limiting for exogenous phospholipids (67). Interest-
ingly, the defect in differentiation can be complemented by
exogenous ethanolamine, and furthermore, the same pheno-
type, including rescue by ethanolamine, can be duplicated in an
SPL-null mutant. The likely explanation for these related phe-
notypes is that cleavage of sphingosine-1-phosphate, a down-
stream product of SPT activity, generates essential ethanol-
amine phosphate (EtN-P) for anabolic purposes such as
phosphatidylethanolamine synthesis via the Kennedy pathway
(reaction 1, EtN-P + CTP — CDP:EtN + PP; reaction 2,
CDP:EtN + DAG — PE + CMP [36, 37]). A major implica-
tion of this finding is that Leishmania is not dependent on de
novo synthesis of higher-order sphingolipids, e.g., IPC, for
growth, viability and virulence.

Unlike Leishmania, however, African trypanosomes are crit-
ically dependent on de novo synthesis of sphingolipids. The
trivial explanation for our major finding, that myriocin toxicity
is due to nonspecific side effects, is ruled out because the imme-
diate product of SPT activity, 3-KDS, completely rescues cell
viability. Although T. brucei has an orthologue (Tb927.6.3630) of
the Leishmania SPL gene, our data suggest that the deleterious
effect of blocking sphingoid base synthesis is not due to etha-
nolamine deficiency either, since exogenous ethanolamine is
unable to complement growth. Nor can this be due to a defi-
ciency in uptake, since exogenous ethanolamine is readily
transported and incorporated into GPI and phospholipids (42,
53). The failure of exogenous ethanolamine to rescue myriocin
toxicity does not rule out the possibility that trypanosomes also
acquire ethanolamine via the SPL pathway, but clearly sphin-
goid base synthesis is required for some other purpose. The
obvious candidates are ceramide and higher-order sphingolip-
ids, presumably as important structural components of cell
membranes. Precisely what these higher-order sphingolipids
are in African trypanosomes, and how they relate to the lipids
detected in our biosynthetic assays, will require careful struc-
tural characterization of steady-state lipids in both life cycle
stages of these unusual parasites.
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