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Sterol biosynthesis inhibitors are promising entities for the treatment of trypanosomal diseases. Insect
forms of Trypanosoma brucei, the causative agent of sleeping sickness, synthesize ergosterol and other
24-alkylated sterols, yet also incorporate cholesterol from the medium. While sterol function has been
investigated by pharmacological manipulation of sterol biosynthesis, molecular mechanisms by which
endogenous sterols influence cellular processes remain largely unknown in trypanosomes. Here we ana-
lyse by RNA interference, the effects of a perturbation of three specific steps of endogenous sterol biosyn-
thesis in order to dissect the role of specific intermediates in proliferation, mitochondrial function and
cellular morphology in procyclic cells. A decrease in the levels of squalene synthase and squalene epox-
idase resulted in a depletion of cellular sterol intermediates and end products, impaired cell growth and
led to aberrant morphologies, DNA fragmentation and a profound modification of mitochondrial struc-
ture and function. In contrast, cells deficient in sterol methyl transferase, the enzyme involved in 24-
alkylation, exhibited a normal growth phenotype in spite of a complete abolition of the synthesis and
content of 24-alkyl sterols. Thus, the data provided indicates that while the depletion of squalene and
post-squalene endogenous sterol metabolites results in profound cellular defects, bulk 24-alkyl sterols
are not strictly required to support growth in insect forms of T. brucei in vitro.

� 2012 Australian Society for Parasitology Inc. Published by Elsevier Ltd. All rights reserved.
1. Introduction

Protozoan parasites are responsible for a significant portion of
global morbidity, mortality and economic hardship, and in most
countries current control and treatment regimes are either failing
or under serious threat (Barrett et al., 2003). As the lipid metabo-
lism of trypanosomes differs in many respects from that of its
mammalian host, it offers potential and promising targets for the
development of urgently needed and new chemotherapeutic drugs
to combat these parasites (Lorente et al., 2004; van Hellemond and
Tielens, 2006; Lepesheva et al., 2007, 2008; Urbina, 2009). African
trypanosomes do not synthesize cholesterol de novo, but instead
synthesize ergosterol and other 24-alkylated sterols, similar to
plants and fungi (Roberts et al., 2003). However, when cholesterol
is present in their environment it is incorporated by the parasite
without further metabolism from the host via receptor-mediated
endocytosis of low density lipoproteins (LDLs) (Coppens and
Courtoy, 2000) followed by lysosomal degradation (Coppens and
sitology Inc. Published by Elsevier
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Courtoy, 1995; Coppens et al., 1995). While bloodstream forms
are highly dependent on this exogenous supply of sterols for ade-
quate growth, procyclic trypanosomes are flexible with respect to
the source of sterols and adjust their de novo ergosterol biosynthe-
sis to the external supply of cholesterol (Coppens and Courtoy,
1995).

The close similarities to fungi in relation to sterol composition
and sterol biosynthesis have offered a unique opportunity for the
development of chemotherapy by targeting the sterol biosynthetic
pathway using the types of drugs already successfully employed
against fungal pathogens (Roberts et al., 2003). In fungi, sterols
are responsible for membrane stability and modulate morphogen-
esis, intracellular trafficking, membrane permeability and the
activities of membrane-bound enzymes (Heese-Peck et al., 2002;
Sharma, 2006). Indeed, sterol biosynthesis inhibitors have been
successfully tested as anti-trypanosomals in the case of Trypano-
soma cruzi and Leishmania spp. (Magaraci et al., 2003; Lorente
et al., 2004; Urbina et al., 2004; Hucke et al., 2005). Curiously,
certain studies have demonstrated that inhibitors of the enzymes,
sterol methyl transferase and sterol 14a-demethylase, are active
against bloodstream forms of Trypanosoma brucei (Cammerer
Ltd. All rights reserved.
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et al., 2007; Lepesheva et al., 2007) even though they rely on host
endocytosed cholesterol to satisfy their sterol requirements
(Coppens et al., 1995). Furthermore, it has been recently shown
that endogenous sterol synthesis does occur in this form of the
parasite (Nes et al., 2012). However, despite the therapeutic impor-
tance of the sterol biosynthesis pathway, the role of endogenously
synthesized sterols in cell viability and morphology has not yet
been examined using genetic tools that allow dissection of specific
sterol requirements. Here we analyse the consequences of the
knockdown of three enzymes involved in sterol biosynthesis on
cell morphology and function in procyclic parasite forms in order
to establish the role of distinct intermediates in the sterol biosyn-
thetic pathway.

The first enzyme, squalene synthase (SQS, EC 2.5.1.21) (Urbina
et al., 2002), catalyses the condensation of two molecules of far-
nesyl diphosphate to produce squalene, the first committed step
of the sterol pathway. Loss of its function in Saccharomyces cerevi-
siae leads to cell death (Jennings et al., 1991) due to the defect in
ergosterol biosynthesis. SQS from T. cruzi has been cloned and
characterised, and quinuclidine inhibitors show a very potent
(sub-nanomolar) activity and selectivity for the parasite enzyme
(Sealey-Cardona et al., 2007). Also of pharmacological interest is
squalene epoxidase (SQE, EC 1.14.99.7) (Leber et al., 2003; Akins,
2005), a flavin adenine dinucleotide (FAD) containing monooxy-
genase that converts squalene into 2,3-oxidosqualene (Favre and
Ryder, 1997; Klobucnikova et al., 2003; Leber et al., 2003). The en-
zyme plays a key role in the synthesis of essential sterols, hence
homozygous disruption of ERG1 (the yeast gene encoding SQE)
was found to have deleterious effects in yeast cells (Leber et al.,
1998; Tsai et al., 2004).

Finally, the introduction of the methyl group in the 24 position
is catalysed by S-adenosyl-L-methionine: D24,(25)-sterol methyl
transferase (SMT, EC 2.1.1.43) which is found in fungi, yeast, proto-
zoa and plants, but is not present in vertebrate hosts. Thus, SMT
imparts one of the key structural differences between ergosterol
and cholesterol and is a very attractive target in the search of
inhibitors selective for protozoan and fungal sterol biosynthesis.
Several studies have shown the anti-proliferative effects of SMT
inhibitors in yeast fungi, plants, algae (Nes et al., 1991, 1997; Ator
et al., 1992; Acuna-Johnson et al., 1997; Mangla and Nes, 2000) and
protozoa such as Leishmania donovani (Haughan et al., 1995; Mag-
araci et al., 2003; Lorente et al., 2004) and Trypanosoma spp. (Urbi-
na, 1997; Gros et al., 2006; Zhou et al., 2006, 2007).

Here we show that depletion in T. brucei procyclic trypomastig-
otes of squalene synthase (TbSQS) and squalene epoxidase (TbSQE)
results in growth and morphological defects, modifications of the
sterol composition, lipid vesicle accumulation and altered mito-
chondrial function. In contrast, sterol methyl transferase (TbSMT)
deficient procyclic cells, while exhibiting defects in C24-alkyl ste-
rol formation, exhibit a normal in vitro growth phenotype. The
information obtained will help to establish the role of specific
intermediates of this metabolic pathway in cell function and to
elucidate the molecular mode of action of sterol biosynthesis
inhibitors in trypanosomes.
2. Materials and methods

2.1. Compounds

Foetal bovine lipoprotein depleted serum (LPDS) media supple-
ment was purchased from Kalen Biomedical, USA, and terbinafine,
ketoconazole and 22,26-azasterol from Sigma Aldrich, USA. Com-
pounds were dissolved in 100% DMSO. The final concentration of
DMSO in cultures did not exceed 0.1% (v/v) and had no effect on
cell proliferation.
2.2. Purification of recombinant SQE and SMT from T. brucei and
generation of polyclonal antibodies

Escherichia coli BL21 (DE3) cells over-expressing a truncated ver-
sion of TbSQE (DN22/DC34) and the full length open reading frame
(ORF) for TbSMT, respectively, were used for purification of trun-
cated TbSQE and TbSMT. In the case of TbSMT, expression and puri-
fication was performed as previously described (Gros et al., 2006).
For TbSQE, a truncated version lacking 22 and 34 amino acids from
the amino and carboxy terminal regions, respectively, was obtained
by PCR and cloned in the pET28 vector. For purification, a pellet of
2 L of culture was resuspended in PBS supplemented with a cocktail
of protease inhibitors. After sonication, the total extract was loaded
on a 12% SDS–polyacrylamide gel. The gel bands of interest were
excised and the proteins were electrophoretically eluted from the
minced gel. After removal of most of the salt and SDS by dialysis,
the protein concentration was determined by the method of Brad-
ford and gave a single band in SDS–PAGE. Truncated T. cruzi SQS
(TcSQS) was expressed and purified as previously described (Sea-
ley-Cardona et al., 2007). Anti-TbSMT, anti-TcSQS and anti-TbSQE
serums were generated by immunising rabbits with purified re-
combinant proteins, which were resuspended in PBS and mixed
with FCA before injection into a rabbit. Four inoculations of
250 lg of proteins were carried out before obtaining the antiserums
with a titre of 1:131,000,000 for TbSMT, 1:10,000,000 for TcSQS and
1:16,000,000 for TbSQE. To cheque the specificity of the antibodies,
the serums were pre-incubated with the corresponding purified
protein overnight at 4 �C (Supplementary Fig. S1). The blocked ser-
ums were centrifuged at 16,000g for 15 min at 4 �C and the super-
natants were used in western blots.

2.3. Plasmid constructs for RNA interference (RNAi)

For RNAi studies two different fragments of TbSQS, TbSQE and
TbSMT were amplified by PCR. Oligonucleotides used for PCR are
listed in Supplementary Table S1. For TbSQS the primers used were
TbSQS1 50 and TbSQS1 30 (538 bp) and TbSQS2 50 and TbSQS2 30

(553 bp fragment). In the case of TbSQE RNAi, TbSQE1 50 and TbSQE1
30 (645 bp) and TbSQE2 50 and TbSQE2 30 (522 bp) were used. For
TbSMT RNAi, the oligonucleotides were TbSMT1 50 and TbSMT1 30

(515 bp), and TbSMT2 50 and TbSMT2 30 (468 bp).
Firstly, the fragments were cloned into the HindIII and ApaI sites

of pGR19 (Clayton et al., 2005). Secondly, the fragments were di-
gested with BamHI for cloning in the opposite orientation (anti-
sense) in the BamHI and HpaI restriction sites of the previous
constructs yielding the plasmids pGR19-TbSQS1, pGR19-TbSQS2,
pGR19-TbSQE1, pGR19-TbSQE2, pGR19-TbSMT1 and pGR19-
TbSMT2.

2.4. Trypanosome culture and transfection

The procyclic T. brucei strain, Tb449, expressing the tetracycline
repressor was grown in SDM-79 medium supplemented with 10%
FBS and hemin at 28 �C. Cells were grown in the presence of
0.5 lg mL�1 of phleomycin.

For stable transfection of the procyclic form via integration into a
rDNA spacer region, the vectors were linearized by NotI digestion.
Transfection methodology was carried out as previously described
(Wirtz et al., 1998, 1999). Procyclic cells were selected in 50 lg mL�1

of hygromicin. RNAi was induced by the addition of doxycycline
(1 lg mL�1) and screened by northern and western blots.

2.5. Northern blot analysis

For northern blotting, 10 lg of total RNA were separated on
formaldehyde gels and blotted onto a membrane (Nitre� Schlei-
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cher and Schuell, Germany). Probes for the northern blots were
amplified by PCR and labelled with a Gene Images AlkPhos Direct
Labelling (name of detection system) and Detection System (GE
Healthcare, USA) following the manufacturers instructions. As a
loading control the signal recognition particle (SRP) probe (Estevez
et al., 2001) was used and densitometric analyses of northern blots
were performed by using the 1D-manager program (TDI, USA).

2.6. Western blot analysis

For the preparation of T. brucei lysates, the parasites were
washed twice in PBS (pH 7.2) and lysed by sonication in the same
buffer supplemented with protease inhibitors. Parasites (5 � 106)
were loaded in each lane. Membranes were incubated with a
1:2,500 dilution of a polyclonal antibody generated against puri-
fied recombinant TcSQS. The dilutions of anti-TbSMT and anti-
TbSQE antibodies used to probe the membranes were 1:50,000
and 1:10,000, respectively. Bound antibodies were revealed by
using goat anti-rabbit immunoglobulin G at a dilution of 1:5,000
(Promega, USA) and an ECL detection kit (Amersham Pharmacia
Biotech, USA).

2.7. Electron microscopy

Procyclic cell lines were collected after RNAi induction. Cells
were fixed for 12 h at 4 �C in 0.5% grade I glutaraldehyde, 4% p-
formaldehyde, 3.5% sucrose and 0.5% picric acid in 0.1 M cacodyl-
ate buffer (pH 7.2). The samples were dehydrated in acetone and
embedded in Epon. Ultrathin sections were stained with uranyl
acetate and lead citrate and observed in a Zeiss 902 10 CR trans-
mission electron microscope.

2.8. Nile Red staining

The cells were harvested by centrifugation, washed three times
with PBS, resuspended at 107 cells mL�1, mounted on poly-L-lysine
coated slides and fixed with 4% p-formaldehyde in PBS for 15 min.
Preparations were washed once and stained with 5 lg mL�1 of Nile
Red in acetone solution for 30 min. The slides were then washed
three times with PBS and mounted with Vectashield� DAPI. The
microscope and digital image acquisition were carried out with a
Zeiss Axiophot microscope (Carl Zeiss, INC, USA).

2.9. Metabolic labelling of trypanosomes

Cells (5 � 107 cells mL�1) were incubated with 3H-mevalonate
(50 lCi mL�1) in SDM-79 medium for 2 h at 28 �C. After incubation
the cells were centrifuged and subjected to extraction and
separation on thin layer chromatography (TLC) as indicated in
Section 2.10. An LS 6500 Multi-Purpose Scintillation Counter
(Beckman Coulter™, USA) was used to quantify the radioactivity
incorporated.

2.10. Studies on lipid composition

For the analysis of the effects on the lipid composition of procy-
clic cells, total lipids were extracted and fractionated into neutral
and polar lipid fractions by silicic acid column chromatography
and gas–liquid chromatography (Liendo et al., 1999; Lorente
et al., 2004). The neutral lipid fractions were first analysed by
TLC (on Merck, Germany, 5721 silica gel plates with hexane:ethyl
ether:glacial acetic acid [80:20:2] as the developing solvent) and
conventional gas–liquid chromatography (isothermic separation
in a 4 m glass column packed with 3% OV-1 on Chromosorb 100/
200 mesh with nitrogen as the carrier gas at 24 mL min�1 and
flame ionisation detection in a Varian 3700 gas chromatograph).
For quantitative analysis and structural assignments, the neutral
lipids were separated on a capillary high-resolution column
(Ultra-2 column, 25 m by 0.20 mm inner diameter, 5% phenyl-
methyl-siloxane, 0.33 lm film thickness) in a Hewlett–Packard
6890 Plus gas chromatograph equipped with an HP5973A mass-
sensitive detector. The lipids were injected in chloroform, the
column was kept at 50 �C for 1 min and then the temperature
was increased to 270 �C at a rate of 25 �C min�1 and finally to
300 �C at a rate of 1 �C min�1. The carrier gas (He) flow was kept
constant at 0.5 mL min�1. The injector temperature was 250 �C
and the detector was kept at 280 �C.

2.11. Mitochondrial membrane potential analysis by fluorescence-
activated cell sorting (FACS) and fluorescence microscopy

MitoTracker Red CMXRos and Green FM (Invitrogen�, Molecular
Probes, USA) were used to study mitochondrial integrity. To assess
the mitochondrial membrane potential, 107 cells were incubated in
culture medium containing 0.1 lM MitoTracker Red (the labelling
is dependent on a correct mitochondrial membrane potential) for
15 min at 27 �C, washed twice and resuspended in PBS. Changes
in mitochondrial fluorescence intensity were analysed with a FAC-
SCalibur (Becton Dickinson, USA) analytical flow cytometer. Cell-
Quest software (Becton Dickinson) was used to analyse the
results. For fluorescence microscopy analysis parasites were incu-
bated with 0.1 lM of both MitoTracker probes, fixed with 4% p-
formaldehyde in PBS for 20 min and washed with PBS. The slides
were dehydrated in methanol for 1 min and stained with Vecta-
shield� DAPI. The digital image acquisitions were carried out with
a Zeiss Axiophot microscope (Carl Zeiss, INC).

2.12. ATP measurements

ATP levels were measured using a CellTiterGlo luminescent as-
say (Promega), which generates a luminescent signal proportional
to the amount of ATP present. To determine glycolytic and mito-
chondrial ATP levels, parasites were centrifuged, resuspended at
4 � 106 cells mL�1 and incubated separately in HEPES-buffered sal-
ine (HBS, 21 mM HEPES, 0.7 mM Na2HPO4, 137 mM NaCl and 6 mM
dextrose, adjusted to pH 7.0) for 1 h at 28 �C (Lopez-Martin et al.,
2008). Sodium azide was added at 20 mM final concentration to in-
hibit mitochondrial ATP generation, and glucose-free HBS buffer
plus 5 mM 2-deoxy-D-glucose and 5 mM pyruvate was used to in-
hibit glycolytic ATP generation. Cells (1 � 105) were then trans-
ferred to a 96-well plate, mixed with CellTiter-Glo reactive and
incubated in the dark for 10 min. Bioluminescence was measured
using an infinite F200 microplate reader (Tecan Austria GmbH,
Austria) (Manzano et al., 2011).

2.13. Cell cycle analysis by FACS

Trypanosomes (2 � 107 cells) were collected and washed twice
in PBS. Cell pellets were resuspended in a solution of 70% ice-cold
ethanol in PBS and fixed overnight at 4 �C. After washing, cells
were resupended in 500 ll of PBS containing 40 lg mL�1 of propi-
dium iodide and 10 lg mL�1 of RNase A and incubated at room
temperature for 30 min. The DNA content of propidium iodide-
stained cells was analysed with a Becton Dickinson FACScan and
BD CellQuest™ Pro version 4.0.2 was used to analyse percentages
of each phase of the cell cycle: sub-G1, G1, S, G2/M and post-G2/M.

2.14. TUNEL assay

Cells (1.5 � 107) were harvested by centrifugation (1,000g, 4 �C,
10 min), washed twice in cold PBS, fixed by incubation in 2% p-
formaldehyde for 45 min, followed by washing twice in cold PBS
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and permeabilization with 0.1% (v/v) Triton X-100 in 0.1% (w/v) so-
dium citrate for 2 min on ice. After washing twice in cold PBS, cells
were stained with the TUNEL reaction mixture (In Situ Cell Death
Kit Fluorescein, Roche, Switzerland) for 60 min at 37 �C and ana-
lysed using a Becton Dickinson FACScan. For each point, 10,000
events were measured, data were analysed using BD CellQuest™
Pro version 4.0.2 software and expressed as the percentage of TUN-
EL positive cells. Experiments were carried out in triplicate.
2.15. Immunofluorescence microscopy

Cells were harvested by centrifugation, washed twice and
resuspended at 107 cells mL�1 in medium, mounted on poly-L-ly-
sine coated slides, fixed with 4% p-formaldehyde in wash solution
(PBS, 0.2% Tween� 20) for 15 min, washed once and then perme-
abilized and blocked for 75 min in a solution containing 1% Non-
idet P-40 and 1% blocking reagent (Roche). The slides were
incubated with the antibodies using a dilution of 1:250 for anti-
TcSQS and 1:1,000 for anti-TbSQE and anti-TbSMT. The prepara-
tions were then incubated with FITC conjugated anti-rabbit sec-
ondary antibody (Sigma Aldrich, 1:500 diluted in blocking
solution) and washed with wash solution. The slides were dehy-
drated in methanol for 1 min and finally stained and mounted with
Vectashield� DAPI. For colocalization studies the polyclonal anti-
body TbBiP was used at 1:700 dilution. After three washes with
PBS, cells were incubated in the dark with FITC-conjugated goat
anti-rabbit IgG (Sigma Aldrich) diluted 1:40. The polyclonal anti-
bodies were conjugated with a Zenon™ Alexa Fluor 594 Rabbit
IgG Labelling (name of kit) Kit (Invitrogen�, Molecular Probes,
USA) diluted 1:100. After three washes with PBS at room temper-
ature in the dark, parasites were finally fixed with 4% p-formalde-
hyde for 20 min to avoid cross-reaction. After fixation the slides
were treated with cold methanol (Merck). Samples were treated
with Vectashield� DAPI and analysed on an Olympus microscope.
Stack (0.2-lm z step) acquisition was performed with a micro-
scope system (Cell R IX81; Olympus, Japan), 63�/100� objectives,
illumination system (MT20; Olympus, Japan) and camera (Orca
CCD; Hamamatsu, Japan). Deconvolution of images was performed
using Huygens Essential software (The Netherlands) (version 3.3;
Scientific Volume Imaging). All images displayed in the figures
are maximum intensity projections from digitally deconvolved
multi-channel three-dimensional image datasets. Pseudocoloring
and maximum intensity projections were performed using ImageJ
software (version 1.37; National Institutes of Health, USA).
3. Results

3.1. Depletion of SQS and SQE is detrimental to growth in T. brucei
under conditions of restricted cholesterol availability

In order to address the biological role of the early steps of
endogenous sterol biosynthesis, RNAi mediated knockdown was
performed for the SQS and SQE genes in procyclic forms of the par-
asite. Two different constructs were used to avoid possible pheno-
types due to off-target effects. The plasmids pGR19-TbSQS1,
pGR19-TbSQS2, pGR19-TbSQE1 and pGR19-TbSQE2 were used in
transfection experiments and several resulting clones were recov-
ered and analysed. Clones transfected with pGR19-TbSQS1 and
pGR19-TbSQE1 were selected for further experiments since no dif-
ferences were observed in the growth profile between the different
cell lines obtained. Total RNA was prepared after 2 days of induc-
tion and the transcripts were quantified. In the case of TbSQS, sig-
nificant defects in proliferation were observed after RNAi induction
(Fig. 1A). Thus cell growth was reduced approximately 50% in
doxycycline-induced cells. The effectiveness of RNAi was evaluated
by northern blot showing that the efficiency of transcript down-
regulation ranged from 60–80% in all transfections (Fig. 1D), and
western blotting revealed a significant reduction in the level of en-
zyme (Fig. 1E). On the other hand, the RNAi-mediated depletion of
the TbSQE produced a pronounced decrease in proliferation after
48 h and growth was practically abolished after 4 days of induction
(Fig. 1B). Northern and western blot analyses of TbSQE showed a
reduction in mRNA levels and consequently in protein levels of
more than 90% (Fig. 1D and E).

Since exogenous sterols present in the culture medium, namely
cholesterol, are actively incorporated and constitute a main com-
ponent of the bulk sterol composition of parasites, it was of inter-
est to analyse modifications in growth after the induction of TbSQS
and TbSQE RNAi under conditions of a limited exogenous sterol
supply. To this end we used serum with a low content in lipopro-
teins. As previously mentioned, studies have suggested that blood-
stream forms of T. brucei are auxotrophic for LDL-cholesterol
(Coppens et al., 1995). In contrast, the presence of lipoproteins is
not critical for procyclic forms, which can be adapted to grow in
a medium depleted of LDL-cholesterol (Coppens and Courtoy,
1995). In the procyclic cell line (Tb449), growth was monitored
in a medium supplemented with 10% LPDS instead of normal ser-
um. LPDS contains less than 5% of the lipoproteins present in nor-
mal serum and cells were adapted to grow in this medium for a
short period (10 days) prior to analysis. Under these conditions
growth was 60% that of cells grown in normal serum. As shown
in Fig. 2A, when RNAi-mediated TbSQS depletion was performed
in medium containing LPDS, growth was severely impaired, show-
ing that under conditions of a reduction in the supply of exogenous
sterols, endogenous sterol biosynthesis has a major role in parasite
viability whereas in the case of TbSQE RNAi the severe growth de-
fect phenotype was not further pronounced as a result of lipid
depletion (Fig. 2B) and in both cases proliferation is severely
diminished after 4 days of doxycycline induction.

3.2. TbSMT depleted cells present a normal growth phenotype and are
not hypersensitive to sterol biosynthesis inhibitors

For RNAi-mediated depletion of TbSMT, the enzyme specifically
involved in sterol alkylation and ergosterol biosynthesis, we gener-
ated two trypanosome lines that expressed, respectively, 515 and
468 bp fragments of the SMT gene, under the control of a tetracy-
cline-inducible promoter. Again, similar growth phenotypes were
obtained in both cases so only one construct was selected at ran-
dom for further studies. RNAi-mediated inhibition of TbSMT
expression was evidenced by northern and western blotting
(Fig. 1D and E). No enzyme could be detected in depleted cells after
2 days of RNAi induction in parasites. However, defects in 24-alkyl
sterol synthesis did not give rise to a defective growth phenotype
(Fig. 1C). Analysis in a cholesterol depleted medium where whole
serum was substituted by LPDS also showed normal growth rates
(Fig. 2C). Immunofluorescence analysis of RNAi induced cells using
antibodies specifically directed towards recombinant SMT indi-
cated a pronounced decrease in staining and further confirmed
the efficiency of RNAi-mediated TbSMT depletion (data not
shown).

It has been shown in yeast that mutants defective in ERG6 (the
yeast gene encoding 24-SMT) are hypersensitive to certain drugs
such as terbinafine, an inhibitor of SQE. Indeed, in general, hyper-
sensitivity to several sterol biosynthesis inhibitors (SBIs) in ergos-
terol deficient yeast mutants has been reported (Song et al., 2003).
TbSMT depleted cells were tested for sensitivity to terbinafine and
ketoconazole. Growth inhibition was slightly enhanced by the
presence of SBIs in TbSMT depleted cells with regard to non-in-
duced cells, yet differences were not significant (Supplementary
Fig. S2). We also determined the IC50 for 22,26-azasterol, a SMT



Fig. 1. Consequences of RNA interference (RNAi)-mediated depletion of sterol biosynthetic enzymes on proliferation of Trypanosoma brucei procyclic cells. Growth curves
comparing the growth rates of induced and non-induced (control) procyclic RNAi cells for Trypanosoma brucei squalene synthase (TbSQS) (A), squalene epoxidase (TbSQE) (B)
and sterol methyl transferase (TbSMT) (C). (d) Control cells grown without doxycycline (Dox); (s) cells in the presence of 1 lg mL�1 of doxycycline. Trypanosome cultures
were initiated at 3 � 105 cells mL�1. The rate of cell growth was monitored every 2 days using an electronic particle counter (model ZBI: Coulter Electronics Inc., Hialeah, FL,
USA). The levels of mRNA (D) and protein (E) were analysed in cells incubated with doxycycline for 48 h. Loading controls were the signal recognition particle (SRP) RNA or
the cytosolic marker protein (CSM) (Estevez et al., 2001; Guerra-Giraldez et al., 2002).

Fig. 2. Effect of RNA interference (RNAi) on proliferation in Trypanosoma brucei procyclic cells in lipoprotein deficient serum (LPDS) media. Growth percentage after
Trypanosoma brucei squalene synthase (TbSQS) (A), squalene epoxidase (TbSQE) (B) and sterol methyl transferase (TbSMT) (C) RNAi induction in procyclic forms. RNAi
induction was initiated at day 0 and followed for 12 days. Cells were grown in medium supplemented with 10% FBS (d) or 10% LPDS (s). Percentages of growth were
calculated relative to non-induced transfected cells.
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inhibitor, of TbSMT RNAi induced cells and compared it with the
parental cell line and non-induced cells (Table 1). No significant
differences were observed between the three cell lines. We con-
clude that blockage of early steps of the ergosterol biosynthetic
pathway impair proliferation and viability of procyclic cells, but
depletion of alkyl sterols, generated by the late step catalysed by
24-SMT, does not result in defects in growth in vitro and, therefore,
cytotoxic effects of SBIs such as terbinafine and ketoconazole are
not due to depletion of bulk 24-alkyl sterols. In addition, under
the conditions studied here, growth inhibition of Tb449 procyclic
forms induced by 22,26-azasterol is not primarily a result of inhi-
bition of 24-alkyl sterol formation.
3.3. Inhibition of endogenous sterol synthesis results in perturbation of
the sterol profile

The composition of sterols in the different life forms of T. brucei
has been previously described (Gros et al., 2006; Zhou et al., 2007;
Nes et al., 2012). In the present study the major sterol components
in procyclic forms of Tb449 (detected and quantified by GC–MS)
were cholesterol (approximately 65%), cholesta-7,24-dienol
(20%), cholesta-5,7,24-trienol (9%) and ergosta-type sterols. In a
recent study performed by Nes et al. (2012), the major sterols
detected in procyclic cells were cholesta-5,7,24-trienol (also ob-
served here together with cholesta-7,24-dienol) and lesser
amounts of ergosta-5,7,25(27)-trienol and ergosta-5,7,24(25)-trie-
nol. Our results therefore differ to some extent from this report yet
sterol composition depends on different variables including media
composition, the sterol content of the media, and the strain used
which may explain these differences (Rodrigues et al., 2001; Zhou
et al., 2007; Nes et al., 2012).

Procyclic cells were analysed for the consequences of TbSQS
depletion on total sterol content. As shown in Table 2, reduced lev-
els of TbSQS resulted in a significant modification in the sterol pro-
file: no ergosta-type sterols where detected while the precursors,
cholesta-7,24-dienol and cholesta-5,7,24-trienol, which were pres-
ent in significant amounts (ca. 30%) in the Tb449 parental cell line,
Table 1
Antiproliferative effects of 22,26-azasterol on the procyclic parental cell line of
Trypanosoma brucei (Tb449), and induced cells (+Dox) and non-induced cells (�Dox)
after 6 days of T. brucei sterol methyl transferase (TbSMT) RNA interference (RNAi).
Values are the average ± SD. obtained using six drug concentrations assayed in
triplicate.

Cell line 22,26-Azasterol IC50 value (lM)

Tb449 3.77 ± 0.03
TbSMT RNAi (�Dox) 4.38 ± 0.16
TbSMT RNAi (+Dox) 4.06 ± 0.07

Table 2
Sterol composition of procyclic cells after 2 days of RNA interference (RNAi)-mediated de
synthase (TbSQS) and sterol methyl transferase (TbSMT) RNAi induction. Assignments of pea
with comparison with pure sterol standards. Determinations were performed in duplicate

Sterol Molecular Weight Retention time (

Cholesta-5,7,24-trienol 382 18.8
Desmosterol 384 17.7
Cholesta-8,24-dienol (zymosterol) 384 18.7
Cholesta-7,24-dienol 384 21.3
Cholesterol 386 17.8
Ergosterol 396 19.8
Ergosta-8,24(25)-dienol 398 19.7
Squalene 410 13.8

a Parent procyclic T. brucei cell line.
were practically absent in the RNAi induced cell line, cholesterol
accounting now for ca. 99% of the total free sterols. TbSQE deple-
tion resulted in a significant accumulation of squalene as observed
by TLC separation of the neutral lipid fraction of induced cells. GC–
MS analysis confirmed a pronounced accumulation of squalene
(molecular mass 410) and a depletion of post-squalene sterol prod-
ucts, with a dramatic reduction in the content of cholesta-7,24-die-
nol, cholesta-5,7,24-trienol and ergosta-type sterols; the combined
mass of cholesterol and squalene in these cells accounted for ca.
93% of total mass (Table 2). In the case of TbSMT depletion, analysis
of the neutral lipid fraction by GC–MS further revealed the pres-
ence of cholesta-7,24-dienol and small amounts of cholesta-
5,7,24–trienol, suggesting that it could be a preferred substrate of
SMT in T. brucei, while ergosta-type sterols could not be detected.
As a result, in these cells the level of cholesterol increased to 92% of
total sterol mass (Table 2). Labelling experiments using 3H-meva-
lonate allowed for short-term quantification of perturbations in
de novo sterol biosynthesis as a result of TbSQS and TbSQE deple-
tion. Cells were incubated for 2 h with the radioactive precursor
and submitted to lipid extraction and neutral lipid separation.
TLC was used to resolve the products and the distribution of radio-
activity was quantified by liquid scintillation. In both cases the for-
mation of post-squalene sterols was not detected and TbSQE
deficient cells exhibited increased amounts of radioactivity in the
area corresponding to squalene, while practically no label was
associated with the sterol fraction where ergosta and cholesta-type
sterols comigrate (Supplementary Fig. S3). No differences were ob-
served in the incorporation of label in cells lacking SMT yet this
procedure does not resolve ergosta and certain cholesta-type ster-
ols. Taken together, these results indicate that procyclic Tb449 cells
actively produce endogenous sterols that are required to sustain
growth, but under our culture conditions the main products of
the de novo biosynthesis pathway are cholesta-7,24-dienol and
cholesta-5,7,24-trienol, with low levels of ‘mature’ ergosta-like
sterols.
3.4. TbSQS, TbSQE and TbSMT depletion give rise to morphological
defects and accumulation of cytoplasmic lipid inclusions

To study possible effects of an altered sterol composition on
membrane and organelle integrity, we analysed TbSQS, TbSQE
and TbSMT depleted cells by fluorescence and electron microscopy.
In the case of TbSQS and TbSQE, cell appearance was significantly
altered in doxycycline-induced cells which appeared with rounded
and aberrant morphologies indicative of pronounced membrane
defects (Fig. 3A). An analysis of changes in cell size and complexity
measured by flow cytometry further corroborated a significant
reduction in the number of cells with normal morphology
(Fig. 3B and C).
pletion of Trypanosoma brucei squalene epoxidase (TbSQE) and at 6 days of squalene
ks were made based on retention times, molecular weights and mass spectra, together
and average values are provided.

min) % Of total sterol

Tb449a TbSQS RNAi TbSQE RNAi TbSMT RNAi

9.2 0.5 0.7 1.7
0.0 0.6 0.3 0.0
0.0 0.0 0.2 0.0

20.3 0.0 4.6 6.2
66.3 98.9 78.0 92.0

3.2 0.1 1.3 0.0
1.0 0.0 0.2 0.0
0.0 0.0 14.7 0.1



Fig. 3. Analysis of morphological changes in Trypanosoma brucei squalene synthase (TbSQS) and squalene epoxidase (TbSQE) depleted procyclic parasites. (A) TbSQS and TbSQE
RNA interference (RNAi) cell lines were stained with DAPI 6 and 4 days post-induction, respectively. Bars, 10 lm. (B and C) Both cell volume (forward scatter, FSC-H) and
inner complexity (side scatter, SSC-H) were monitored at 2, 4 and 6 days post-induction of TbSQS (B) and TbSQE (C) RNAi by flow cytometry. Graphs show the geometric
means of the values obtained from three independent experiments for each channel measured and the error bars show the S.D. Asterisks show significant differences
calculated by student’s t-tests. ⁄P < 0.05 and ⁄⁄P < 0.005 versus the non-induced control cell line. White bars, control cells grown without doxycycline (Dox); black bars, cells in
the presence of 1 lg mL�1 of Dox.
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Transmission electron microscopy provided additional informa-
tion regarding the intracellular changes resulting from TbSQE
depletion. Thus after 2 days of induction, compared with control
cells (Fig. 4A), parasites presented atypical cytosolic vacuoles sim-
ilar to autophagosomes (Singh et al., 2009) (Fig. 4B–D), a swelling
of the mitochondrion and strikingly large electron dense lipid
bodies (Fig. 4B). In addition to swelling, the mitochondrion exhib-
ited modifications in the normal plate-like cristae and the appear-
ance of several abnormal intramitochondrial vesicular structures
(Fig. 4C). Similar electron dense lipid bodies were observed after
TbSQS depletion (Fig. 4E). In the case of TbSMT deficient cells, while
growth defects were not identified, electron microscopy after
6 days of RNAi induction revealed morphological alterations and
again the presence of electron dense lipid particles (Fig. 4F).

Since TbSQS, TbSQE and TbSMT RNAi induced cells all contained
unusual, large, highly electron dense rounded structures that pre-
sumably correspond to the lipid particles (Fig. 4B, E and F), Nile Red
staining was performed in order to confirm their lypophilic nature.
All induced cell lines defective in sterol composition contained a
significant number of large vesicles (between two and six) that
were stained intensively with the fluorescent dye (Supplementary
Fig. S4). Similar structures in yeast positive for Nile Red staining
are storage compartments for triacylglycerols and steryl esters
(Daum et al., 2007; Wagner et al., 2009) which are mobilized when
required for end product (i.e. ergosterol) formation. In summary,
these results suggest that perturbation of sterol biosynthesis and
the accumulation of intermediates of the pathway results in alter-
ations in cell morphology and lipid trafficking.
Fig. 4. Effects of depletion of sterol biosynthetic enzymes on the ultrastructure of T
Trypanosoma brucei squalene epoxidase (TbSQE) RNA interference (RNAi) induction
autophagosomes (arrowheads in B–D). (B) A discreet swelling of the mitochondrion (blac
inside the mitochondrion are indicated by arrows in C. Transmission electron micros
indicated the presence of electron dense lipid inclusions (white asterisk in E). Depletion
in procyclic trypanosomes after 6 days of RNAi induction (white asterisks in F). N, nucle
3.5. Silencing of TbSQE and TbSQS affects mitochondrial function and
morphology

The morphological analysis performed here, together with pre-
vious studies performed in other trypanosomatids, have shown
that depletion of sterols and accumulation of intermediate prod-
ucts have effects on the structure and function of the mitochon-
drion (Rodrigues et al., 2002). Bearing this in mind, we
performed an analysis of mitochondria using both MitoTracker
Green and MitoTracker Red CMXRos. In the case of MitoTracker
Red, staining depends on an adequate membrane potential while
green-fluorescent mitochondrial stain appears to localise to mito-
chondria regardless of mitochondrial membrane potential, thus
providing information on organelle integrity. In control cells, Mito-
Tracker Red staining presented the characteristic tubular shape
pattern of a mitochondrion reflecting normal membrane potential.
After 4 days of RNAi induction, a significant decrease in total fluo-
rescence intensity was obtained by FACS analysis in the case of
TbSQE (Fig. 5C) and at day 6 the percentage of cells with reduced
staining was 50%. Visual inspection by fluorescence microscopy
showed important changes in mitochondrion morphology after
TbSQE depletion; in place of the tubular shape pattern seen in con-
trol cells only a few discrete bright spots and occasionally cells
with background staining were detected (Fig. 5A). A similar yet less
severe phenotype was observed for TbSQS depleted cells (Fig. 5B).
Thus, the staining intensity for MitoTracker Red was significantly
reduced after 4 days of induction and the normal mitochondrion
appearance was significantly modified. In the case of TbSMT, no
rypanosoma brucei procyclic parasites. (A) A control procyclic cell. Two days of
gives rise to a massive vacuolization of the cytoplasm and the appearance of
k arrows) and electron dense lipid inclusions (white asterisks). Vesicular structures
copy (TEM) analysis at 6 days post-induction of squalene synthase (TbSQS) RNAi
of sterol methyl transferase (TbSMT) also gave rise to electron dense lipid inclusions
us; M, mitochondria; K, kinetoplast; FP, flagellar pocket. Bars, 1 lm.



Fig. 5. Changes in mitochondrial morphology after knockdown of Trypanosoma brucei squalene synthase (TbSQS) and squalene epoxidase (TbSQE). (A) Trypanosomes were
growth in the presence of doxycycline (Dox), stained with MitoTracker Red and MitoTracker Green as described in Section 2.11 and analysed by fluorescence microscopy.
Bars, 10 lm. (B and C) Relative fluorescent intensity of parasites stained with MitoTracker Red was also measured by flow cytometry in TbSQS (B) and TbSQE (C) depleted
cells. Fluorescence is expressed as the percentage of fluorescent signal of induced cells (black bars) compared with non-induced cells (white bars). The values correspond to
the average for three independent experiments and the error bars show the SD. Asterisks show significant differences calculated by student’s t-tests. ⁄P < 0.05 and ⁄⁄P < 0.005
versus the non-induced control cell lines.(For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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modifications were observed with MitoTracker Red staining (data
not shown). Similar modifications were observed when staining
with MitoTracker Green, thus corroborating that mitochondrial
structure is profoundly perturbed upon TbSQS and TbSQE
depletion.

We further inspected the effect of perturbation of sterol biosyn-
thesis on the ATP levels of all RNAi mutants. We found that specific
depletion of TbSQE produced a pronounced decrease in total ATP
levels (Fig. 6B). It is generally accepted that the procyclic form of
T. brucei produce most of its ATP through oxidative phosphoryla-
tion in the mitochondrion when glucose is absent, while in a glu-
cose-rich medium most ATP is produced by substrate-level
phosphorylation (Tielens and van Hellemond, 2009). Taking this
into account, glycolytic ATP in the presence of glucose was esti-
mated using sodium azide treatment that inhibits cytochrome c
oxidase of complex IV, producing a loss of mitochondrial mem-
brane potential that is critical for the electron transport chain
activity involved in the generation of ATP (Manzano et al., 2011).
Conversely, ATP generated in the mitochondrion was estimated
in a medium deprived of glucose and provided with pyruvate
and 2-deoxy-D-glucose, a competitive inhibitor of hexokinase. In
control cells, intracellular ATP total concentration was 0.02 nmol/
108 cells. Mitochondrial and glycolytic ATP concentrations were
1.4x10�2 nmol/108 cells and 3.4 � 10�3 nmol/108 cells, respec-
tively (70% and 17% of total ATP concentration). We found a pro-
nounced reduction in mitochondrial ATP in cells depleted for
Fig. 6. Measurements of ATP levels after knockdown of Trypanosoma brucei squalene s
different conditions as described in Section 2.12 to measure total, glycolytic and mitochon
TbSQE (B) RNA interference (RNAi) parasites. ATP levels were calculated relative to 1
experiments and the error bars show the S.D. Asterisks show significant differences calc
cell lines.
TbSQE while glycolytic ATP was increased (Fig. 6B), thus suggesting
that the reduced production of SQE and subsequent sterol products
and the concomitant squalene accumulation results in impaired
mitochondrial function. Depletion of TbSQS also resulted in de-
creased mitochondrial ATP production and an increase in the
amount of ATP produced through glycolysis which probably takes
place to compensate for reduced mitochondrial function (Fig. 6A).

3.6. Perturbations in sterol biosynthesis give rise to cell cycle defects
and DNA fragmentation

RNAi induced cells were analysed for possible cell cycle defects
by flow cytometry. As shown in Supplementary Fig. S5, no signifi-
cant alterations in the FACS profile were evidenced in cells submit-
ted to RNAi-mediated depletion of sterol methyl transferase.
However for TbSQE and TbSQS, at 4 and 6 days post-induction pro-
found changes in the complexity and size of cells were noted, to-
gether with the appearance of a major sub-G1 peak that
corresponded to cells with fragmented DNA (Fig. 7A and B), which
in the case of TbSQE represented approximately 70% of the cell
population after 6 days of RNAi induction. The degree of DNA frag-
mentation was further measured by TUNEL. TUNEL labels nicks in
DNA by the incorporation of fluorescently labelled dUTP using ter-
minal deoxynucleotidyl transferase (TdT). The results presented in
Fig. 8 show a strong increase in nicked DNA, indicating DNA frag-
mentation in TbSQS and especially TbSQE silenced cells. No signal
ynthase (TbSQS) and squalene epoxidase (TbSQE). Parasites were incubated under
drial ATP levels in non-induced (white bars) and induced (black bars) TbSQS (A) and

00% of the control. The values correspond to the average for three independent
ulated by student’s t-tests. ⁄P < 0.05 and ⁄⁄P < 0.005 versus the non-induced control



Fig. 7. Analysis of cell cycle defects of procyclic Trypanosoma brucei squalene synthase (TbSQS) (A) and squalene epoxidase (TbSQE) (B) RNA interference (RNAi) cells. Time
samples of cells were taken for cell cycle analysis. Plots show the percentages of cells in each of the different cell cycle stages: sub-G1, G1, S, G2/M and post-G2/M at each
time-point. Data are represented as the mean of three independent experiments and the error bars show the SD.

Fig. 8. Analysis of DNA fragmentation in Trypanosoma brucei squalene synthase (TbSQS) and squalene epoxidase (TbSQE) RNA interference (RNAi) cells. Effects of TbSQS (A)
and TbSQE (B) RNAi induction on DNA fragmentation were measured by fluorescence-activated cell sorting (FACS) analysis of TUNEL labelled RNAi cell lines in the presence or
absence of doxycycline (Dox). The values correspond to the average for three independent experiments and the error bars show the SD. Asterisks show significant differences
calculated by student’s t-tests. ⁄P < 0.05 and ⁄⁄P < 0.005 versus the non-induced control cell lines. (C and D) The area shaded in gray indicates the negative control incubated
with labelled solution in the absence of terminal transferase and the histogram demarcated by a black line overlay indicates TUNEL positive cells at 6 days post-induction in
TbSQS and TbSQE RNAi cell lines.
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was observed in controls labelled in the absence of TdT while a
maximal signal was obtained after treatment with micrococcal
nuclease, which induces DNA strand breaks (results not shown).

3.7.TbSQS, TbSQE and TbSMT are located in the endoplasmic reticulum

Immunofluorescence deconvolution microscopy was used to
investigate the intracellular location of TbSQS, TbSQE and TbSMT.
For TbSQS, the polyclonal antibody was generated in rabbits using
T. cruzi double truncated soluble SQS expressed and purified as
previously described (Sealey-Cardona et al., 2007). In the case of
TbSQE and TbSMT, antibodies specifically directed towards trun-
cated T. brucei SQE and the full-length SMT were used. Saturation
experiments and western blotting showed that a specific protein
of the expected molecular mass was recognised by the antibodies
(Supplementary Fig. S1). Intracellular location studies evidenced



Fig. 9. Location studies in procyclic forms of Trypanosoma brucei. (A–C) The squalene synthase (TbSQS), squalene epoxidase (TbSQE) and sterol methyl transferase (TbSMT)
localization, respectively. For protein detection, the antibodies were conjugated directly to Alexa Fluor 594 (red) and the polyclonal anti-TbBiP was used as an endoplasmic
reticulum marker (green). Merge images are shown and overlapping areas appear in yellow. Images shown were deconvolved with the Huygens Essential program. Bars,
10 lm. DIC, differential interference contrast. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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that the three enzymes are located in the endoplasmic reticulum
and colocalize with TbBiP, a protein of the lumen of the endoplas-
mic reticulum that is used frequently as a marker for this subcellu-
lar compartment in T. brucei (Bangs et al., 1996) (Fig. 9A–C).

4. Discussion

Kinetoplastid parasites synthesize de novo essential 24-akyl
sterols such as ergosterol, which differ from cholesterol, the main
sterol in mammalian cells, by the presence of a 24-methyl or 24-
ethyl group as well as D7 and D22 bonds (Coppens and Courtoy,
1995; Liendo et al., 1999; Rodrigues et al., 2002; Gros et al.,
2006; Lepesheva et al., 2007).

The analysis of the sterol composition of bloodstream and pro-
cyclic forms of T. brucei has shown that 24-alkylated sterols are
present in the procyclic stage but absent in the bloodstream forms,
where cholesterol accounts for more than 99% of the sterol content
(Gros et al., 2006; Zhou et al., 2007). In yeast, 24-alkyl sterols per-
form important biological functions and mutants defective in dif-
ferent steps of the biosynthetic pathway exhibit defects in
processes such as lipid particle formation, endocytosis, raft domain
integrity, etc. (Heese-Peck et al., 2002; Pichler and Riezman, 2004).
In addition, sterol-rich membrane domains have been found to be
essential for proper cytokinesis in Schyzosaccharomyces pombe
(Wachtler et al., 2003; Takeda et al., 2004) and cholesterol deple-
tion results in polyploidy in human tissue culture cells (Fernandez
et al., 2004), indicating a critical role of sterols in cell cycle progres-
sion (Kwik et al., 2003; Pichler and Riezman, 2004).

When examining the location of sterol biosynthesis we found
that trypanosomal SQS exhibits a similar location as the enzymes
from both yeast and mammalian cells (Mullner et al., 2004; Kovacs
et al., 2007) where it has been described to be an integral endoplas-
mic reticulum membrane protein with the catalytic domain ori-
ented towards the cytosol in order to readily accept the
hydrophilic substrate farnesyl diphosphate (Pandit et al., 2000).
On the other hand, yeast SQE presents a dual location being asso-
ciated to both the endoplasmic reticulum and lipid particles (Leber
et al., 1998), while SMT is mostly located in lipid particles (Zinser
et al., 1993). We have previously determined that in the protozoan,
Leishmania major, SMT is preferentially located in the endoplasmic
reticulum and in endocytic vesicles (Jimenez-Jimenez et al., 2008).

The results of the present work on the effects of specific RNAi
against TbSQS, the first committed step in sterol biosynthesis, indi-
cate that the disappearance of endogenously synthesized sterols
had significant deleterious effects on the proliferation of Tb449
procyclic forms, especially when LPDS was used in the culture
media. These cells characteristically exhibited an unusual number
of large lipid storage bodies, indicating strong perturbations in li-
pid homeostasis; such lipid storage bodies are thought to be
formed by accumulation of neutral lipid vesicles derived from
the endoplasmic reticulum (Urbina, 2009). A wide range of cellular
functions have been suggested for these subcellular structures,
including lipid transport and metabolism, membrane trafficking,
intracellular signaling and in protein folding and aggregation
(Murphy, 2001; Goodman, 2008). We propose that the defective
growth upon SQS depletion results primarily from the lack of
post-squalene sterols, although toxic effects resulting from far-
nesyl diphosphate accumulation should be also considered as it
has been shown that farnesyl diphosphate can be converted to far-
nesol in different cell types (Gonzalez-Pacanowska et al., 1988;
Muramatsu et al., 2008) and the latter has distinct properties
including ‘‘quorum sensing’’ in Candida albicans (Abe et al., 2009;
Derengowski et al., 2009) and induction of apoptosis in certain
cancer cells (Joo et al., 2007; Scheper et al., 2008).

In the case of TbSQE, the genetic ablation of the enzyme in pro-
cyclic cells resulted, as expected, in a significant accumulation of
squalene and disappearance of endogenous sterols, associated with
a marked reduction in the cell’s proliferation rate, DNA fragmenta-
tion and defects in cell size and shape. In addition, TbSQE depleted
cells exhibit pronounced alterations in the structure and function
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of the single mitochondrion characteristic of kinetoplastid organ-
isms. Procyclic forms of T. brucei have fully developed mitochon-
dria with a complete respiratory chain that oxidises the reduced
equivalents generated by amino acid metabolism and glycolysis
to generate the proton electrochemical gradient of the inner mito-
chondrial membrane potential that drives oxidative phosphoryla-
tion (Besteiro et al., 2005; Zikova et al., 2009). The mitochondrial
phenotype in TbSQE depleted cells was characterised by modifica-
tions in the membrane potential and changes in membrane mor-
phology with a reduction in the number of normal plate-like
cristae, the appearance of abnormal intramitochondrial vesicular
structures and a reduction in the production of ATP derived from
oxidative phosphorylation (Figs. 4–6). Ultrastructural alterations
similar to those observed here in TbSQE depleted cells have been
reported in T. cruzi epimastigotes after treatment with terbinafine,
which blocks ergosterol synthesis at SQE, and leads to arrest of
growth, proliferation of glycosome-like bodies, polynucleated cells
and eventually massive vacuolization (Lazardi et al., 1990). Like-
wise, alterations in mitochondrial structure have been observed
upon perturbation of phosphatidylethanolamine biosynthesis
(Signorell et al., 2009) and RNAi knockdown of the acyl carrier pro-
tein in procylic trypanosomes (Guler et al., 2008), indicating that
perturbations in cellular lipid composition, including sterols, se-
verely compromise mitochondrial integrity, giving rise to disrup-
tion of mitochondrial function. In fact, it has been shown that
trypanosomatids, in contrast to what is known for mammalian
cells, contain large amounts of endogenous and exogenous sterols
in their mitochondrial membranes (Rodrigues et al., 2001). The
more severe growth defects obtained upon RNAi mediated deple-
tion of SQE compared with SQS may be dependent on several fac-
tors. First, the role of the two enzymes in the control of carbon flow
through the pathway may be different depending on kinetic con-
stants and intracellular substrate concentrations. On the other
hand, the effect of TbSQE depletion on cell proliferation and mor-
phology may not only be a result of a deficiency in post-squalene
endogenous sterols but, in addition, the accumulation of squalene
as a toxic metabolite in trypanosomes must again be considered. In
this sense, in fungi the inhibition of SQE by terbinafine or other
allylamine compounds caused a depletion of normal sterols and
an accumulation of abnormal amounts of sterol precursors with
cytostatic or cytotoxic consequences (Roberts et al., 2003).

Previous studies, including our own, have established the sterol
composition of procyclic forms of T. brucei, where 24-alkylated
sterols are present, in contrast with bloodstream forms, which al-
most exclusively contain cholesterol (Gros et al., 2006; Zhou
et al., 2007); it must be noted that several other sterol products
have been identified in procyclic cells, suggesting a non-conven-
tional ergosterol pathway (Zhou et al., 2007). It has also been
shown that the SMT inhibitor, 25-azalanosterol, blocks the prolif-
eration of procyclic forms of T. brucei (TB Lister 427 strain) and
growth arrest was associated with complete depletion of endoge-
nous 24-alkyl sterols. In the present study, procyclic stages of
Tb449 contain low levels of 24-alkyl sterols and these were not
essential for in vitro viability. However, while SMT deficient cells
had a normal growth phenotype, a significant accumulation of lipid
bodies indicated perturbations in lipid homeostasis and trafficking.
Thus, RNAi-mediated TbSMT depleted cells were devoid of 24-alkyl
sterols but had detectable levels of cholesta-7,24-dienol and cho-
lesta-5,7,24-trienol (probably resulting from the accumulation of
the substrate(s) of SMT) and normal proliferation rates; it is con-
ceivable that these endogenous cholesta-type sterol intermediates
can compensate for 24-alkyl sterol deficiency, as the depletion of
all endogenous sterols resulting from TbSQS and TbSQE RNAi-med-
iated down-regulation severely compromises cell viability and pro-
liferation and this phenotype cannot be fully reverted by serum
exogenous sterols. In agreement with these findings, Haughan
et al. (1995) reported that under constant pressure of the SMT
inhibitor, 22,26-azasterol, L. donovani promastigotes can be
adapted to grow in the complete absence of 24-alkyl sterols, which
are replaced by cholesta-5,7,24-trienol, cholesta-7,24-dienol and
cholesta-8,24 dienol. Thus, as these authors concluded, it appears
that although 24-alkyl sterols are normally produced and required
by trypanosomatids, under certain circumstances these organisms
can survive with sterols possessing only the cholestane skeleton
(Haughan et al., 1995).

Previous data have shown that azasterols inhibitors of SMT in-
hibit growth of epimastigotes of T. cruzi, promastigotes of L. mexi-
cana (Lorente et al., 2004) and procyclic forms of T. brucei (Lorente
et al., 2004; Zhou et al., 2007), and the antiproliferative action was
associated with a depletion of endogenously synthesized 24-alkyl
sterols. In the present study it was found that SMT is dispensable
for proliferation of Tb449 procyclic forms and that sensitivity to
azasterols is not modified in SMT depleted cells, thus it can be
speculated that azasterols have additional targets in this organism.

In summary, we have shown that the blockage of early steps of
sterol biosynthesis leads to growth defects, perturbations in lipid
trafficking and mitochondrial alterations in procyclic forms of T.
brucei. These observations suggest that endogenous sterol biosyn-
thesis is important for distinct biological functions in the insect
forms of the parasite and demonstrate that perturbations in the
homeostasis of intermediates/end-products of the biosynthetic
pathway are detrimental to growth even in the presence of a con-
tinued supply of exogenous serum sterols. Nevertheless, while in
the present study T. brucei procyclic forms did not require bulk
24-alkyl sterols for proliferation in vitro, minor amounts could be
required for differentiation and survival of bloodstream forms in
the mammalian host, a possibility that is currently under
investigation.
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