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 Trypanosomes carried by the tsetse fl y are responsible 
for African sleeping sickness, a serious health risk in Sub-
Saharan Africa which is spreading in travelers to Europe 
and the United States ( 1–3 ). Sterol biosynthesis is an ex-
tremely important area of biochemical difference between 
these protozoan parasites and their animal hosts that 
might be exploited in the development of new chemother-
apeutic leads. Therefore, it is notable that  Trypanosoma 
brucei  operates a phyla-specifi c ergosterol biosynthesis 
pathway distinct from other Kinetoplastids or fungi, and 
produce a sterol metabolome that is different from ani-
mals (  Fig. 1  ) ( 4–6 ).  The uniqueness of ergosterol biosyn-
thesis and homeostasis in  T. brucei  resides primarily in 
formation of a 24 � -methyl group in the sterol side chain 
structure catalyzed by sterol C24-methyl transferase ( Tb SMT) 
and in the amount of fi nal product, ergosterol, utilized 
in growth support. Detailed studies of metabolism using 
 13 C- and  2 H-labeled intermediates supported by mechanistic 
analysis of the cloned  Tb SMT reveal that the introduction 
of the C24 � -methyl group in the sterol side chain proceeds 
in  T. brucei  by a methylation-deprotonation  �  25(27) -olefi n 
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kingdoms are rather broad and can be met by several 
closely related compounds. Thus, cholesterol can be shown 
to replace ergosterol in yeast membranes and phytosterols 
can be shown to replace cholesterol in animal mem-
branes ( 25–28 ). On the other hand, functional diversity of 
sterols is reported to exist, with emphasis on the variation 
in sterol side chain structures which contribute to the 
regulatory role that sterols per se may play, apart from 
modulating the bulk physical properties of the mem-
brane. For yeast, the “regulatory role” of ergosterol, also 
referred to as sparking ( 29 ), is to provide direct integra-
tion of a chemical switch into membrane domains to 
signal cell proliferation and possibly affect cell shape 
( 29–31 ). The phenomenon by which ergosterol can play 
dual roles in yeast has been defi ned as sterol synergism 
( 26 ) and the two kinds of function, bulk and sparking, can 
be distinguished quantitatively from each other by differ-
ing sensitivities to the 24 � -methyl group of the sterol’s 
structure   ( 31 ). 

 Given the possibility that BSFs generate ergosterol in 
small amounts to promote growth and accessibility of very 
few therapeutic drugs, with many produced over 30 years 
ago, and toxicity issues ( 32, 33 ), we examined the concen-
tration dependence of ergosterol in  T. brucei  growth and 
evaluated the potential use of targeted enzymes of ergos-
terol biosynthesis for future therapies. Here we demonstrate 
that quantitative differences in the ergosterol content 
of PCFs or BSFs of different infective types contribute to 
variations in the growth response. Additionally, by exami-
nation of the knockdown of  Tb SMT and  Tb SDM (sterol 
14 � -demethylase) gene expression together with inhibitor 

pathway, which likely diverged from the methylation-
deprotonation  �  24(28) -olefi n pathway yielding fungal ergos-
terol very early in the evolution of eukaryotes ( 6–8 ). 

  T. brucei  encounters diverse environments during its life 
cycle, with the different stages taking on very different 
sterol compositions. Despite having an intact ergosterol 
biosynthesis pathway in the procyclic forms (PCFs), the 
bloodstream forms (BSFs) are generally considered to 
lack ergosterol biosynthesis and to be auxotrophic for ste-
rol ( 9–13 ). At this stage, cells satisfy their sterol require-
ments through dietary supplementation of cholesterol via 
lipoproteins in full-growth medium (FGM) present in the 
blood meal ( 10, 11 ). Consequently, the existence of a ste-
rol uptake process which permits the formation of BSF 
membranes containing exclusively cholesterol could pro-
vide resistance to a range of antifungal drugs, e.g., ampho-
tericin B, that function typically in membranes formed by 
ergosterol ( 14, 15 ). However, all the genes for ergosterol 
biosynthesis have been found recently to be expressed in 
BSF ( 16, 17 ) and inhibitors of the post-squalene portion of 
ergosterol biosynthesis can inhibit growth of BSFs ( 4, 18–20 ); 
therefore, the ability for BSFs to grow as an ergosterol-
depleted protozoan with dietary cholesterol as an ergos-
terol surrogate remains enigmatic. 

 In nature, sterols are chiefl y used as structural compo-
nents of membranes ( 21, 22 ). Mammalian cell membranes 
are considered to be more fl exible than fungal or proto-
zoan cell membranes ( 23 ), and the chemodiversity in 
sterol biosynthesis may contribute to their architectural 
suitability ( 24 ). However, there is growing evidence that 
the sterol requirements for membrane structures across 

  Fig. 1.  Comparative sterol biosynthesis pathways across kingdoms showing representative routes to fungal ergosterol ( Cryptococcus neofor-
mans  associated with AIDS) and protozoan ( T. brucei  associated with sleeping sickness) and animal cholesterol ( Homo sapiens  as the human 
host). Insects do not synthesize sterols as typifi ed by the vector of  T. brucei  Glossina spp. [adapted from ( 5–7, 46 . Boxed structures represent 
fi nal products of functional signifi cance.   
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for the BSF by reinoculation in fresh medium. Cells were har-
vested by centrifugation.  Tb SMT inhibitors and ITC were added 
to PCF or BSF cells from stock solutions in dimethyl sulphoxide, 
such that the organic solvent was less than 1% (v/v) of total cul-
ture volume. Five different concentrations of each compound 
were tested in triplicate between 0 (control) and 10  � M; the 50% 
growth inhibition reported as the IC 50  relative to the growth of 
control. Cell densities were determined using a Neubauer hemo-
cytometer counter. The cumulative cell number was plotted ver-
sus time of growth. 

 Human epithelial cells (HEK 293T) were purchased from 
ATCC (Manassas, VA). HEK cells were cultured at 37°C in a hu-
midifi ed 5% CO 2  incubator in DMEM (Invitrogen, Carlsbad, CA) 
supplemented with 10% FBS. Cell viability was checked by trypan 
blue dye exclusion as described ( 38, 39 ). A set of subspecies of 
 T. brucei  trypomastigotes,  T. brucei brucei  (strains 328-114 and 
427),  T. brucei rhodesiense  (Etatl.2S), and  T. brucei gambiense  (LiTatl.3), 
were cultured as described above ( 40 ). 

 Northern blot analysis 
 Total RNA was isolated from  T. brucei  PCF and BSF SMT RNAi 

and SDM RNAi cell lines grown in the presence and absence of 
DOX using Trizol reagent (Invitrogen) and Northern blot analy-
sis was performed as described ( 41 ). Total RNA (5–10  � g) was 
loaded per lane and the blot was probed with  32 P-labeled DNA 
probe corresponding to the same SMT sequence corresponding 
to the SMT RNAi. 

 Inhibition of  Tb SMT activity 
 Initially, the steady-state kinetic parameters,  K m   and  V  max , were 

established using lysate of  Escherichia coli  ( 8 ). Zymosterol concen-
tration was varied from 5 to 150  � M and [ 3 H 3 - methyl ]S-adenosyl- L -
methionine (SAM) concentration was fi xed at 100  � M and the 
assay was performed under initial velocity conditions on soluble 
protein. The resulting kinetics for zymosterol conversion to er-
gosta-8,25(27)-dienol were calculated by fi tting the liquid scintil-
lation data to the Michaelis-Menten equation using the Enzyme 
Kinetic Module from SigmaPlot ( 42 ). The  K m   and  V  max  values 
generated for zymosterol against cloned  Tb SMT for experiments 
performed herein were essentially the same as those reported in 
( 8 ). Inhibitor dissociation constants of 25-thialanosterol sulfo-
nium salt and lanosterol for  Tb SMT were based on steady-state 
experiments for assays performed in triplicate at varied zymo-
sterol concentrations from 5 to 100  � M and [ 3 H 3 - methyl ]SAM 
fi xed at 100 mM in the presence of inhibitor varied in the amount 
from 5 to 75 nM (25-thialanosterol sulfl onium salt) or from 10 to 
150  � M (lanosterol), while the data for AZA was previously re-
ported in ( 8 ). Minimal variation was detected in the experimen-
tally determined kinetic constants with standard errors of 2–10% 
between trials. 

 Sterol isolation and analysis 
  T. brucei  cell pellets were saponifi ed directly in 10% KOH in 

80% aqueous methanol at the refl ux temperature for 1 h, which 
yielded total sterol (free plus esterifi ed sterols). The neutral lipids 
obtained by dilution with water and extraction with hexane 
(Fisher) after the saponifi cation were analyzed by GC (3% SE-30 
pack column operated isothermally at 245°C). Total sterols in the 
nonsaponifi able lipid fraction were purifi ed on an Agilent 1100 
series HPLC system coupled to a diode array detector. The total 
sterols were loaded onto a C 18  reversed phase analytical column 
(Phenomenex, 4  � m) eluted isocratically with methanol at a fl ow 
rate of 1 ml/min. The standard for HPLC data was cholesterol, 
and the rates of movement are given relative to cholesterol ( �  c ). 
HPLC fractions in the sterol region of the chromatogram ( �  c  0.5–2.0) 

treatment of PCFs and BSFs cultured in vitro or in vivo us-
ing infected mice, we show that C24-sterol methylation 
and ergosterol are the sine qua non of sparking trypano-
some proliferation. 

 EXPERIMENTAL PROCEDURES 

 Instrumental methods 
 Sterol compounds, referenced to the retention time of cho-

lesterol in capillary GC at 13.8 min, or somewhat longer de-
pending on whether the column length was clipped due to age, 
and HPLC at 17 or 22 min, depending on the particle size of 
the stationary phase of 3 and 5  � m, respectively, were quanti-
fi ed by integration of the detector signal (fl ame ionization detec-
tor in GC and UV at 210 nm in HPLC, from 10 to 30 min). Products 
were routinely identifi ed by their retention times in GC and 
electron-impact spectrum with those of reference samples. For 
the identifi cation of select products, preparative HPLC was car-
ried out on large amounts of cell pellet using a Phenomenex 
analytical Luna C 18 -column 5  � m particle size (eluted with 
methanol at 20°C at 1 ml/min) linked to a diode array detector 
which provided UV spectra at 210 and 282 nm; fractionation 
was followed by GC-MS (ZB-5 capillary column of 30 m) using a 
Hewlet-Packard LS 6500 gas chromatograph interfaced to a 
Hewlet-Packard 5973 mass spectrometer. 

 Materials 
 Cholesterol and ergosterol were recrystallized from commer-

cial samples and lanosterol was purifi ed by HPLC from a mixture 
of compounds in the commercial lanosterol sample purchased 
from Sigma ( 1 ). The [ methyl - 3 H 3 ]AdoMet (10–15 Ci-mmol), which 
was diluted to 10  � Ci/ � mol for the activity assays, was purchased 
from Perkin Elmer. Itraconazole (ITC) was purchased from 
Sigma. The 25-azalanosterol (AZA) and 25-thialanosterol sulfo-
nium salts were prepared as previously reported ( 34, 35 ). 

 Cell cultures and growth studies 
  T. brucei  strains 427 and 328 PCF cells were grown in SDM-79 

medium supplemented with 10% heat-inactivated FBS (Atlanta 
Biologicals), referred to as the FGM at 27°C. The  T. brucei  427 
(29-13) cell line, resistant to hygromycin (Invitrogen) and neo-
mycin (G418) (Invitrogen), expressing the tetracycline repressor 
(TetR) gene and T7RNA polymerase, were grown in the same 
medium containing appropriate antibiotics (hygromycin, 50  � g/ml; 
G418, 15  � g/ml) ( 36, 37 ). BSF cells were maintained in HMI-9 
medium supplemented with 10% heat-inactivated FBS (Atlanta 
Biologicals) and 10% Serum Plus (SAFC Biosciences), which is a 
FGM. The  T. brucei  427 single marker cell line, resistant to G418   
and expressing the TetR gene and T7RNA polymerase, was grown 
in the same medium containing G418 (2.5  � g/ml). For prepara-
tion of lipid-depleted medium (LDM), PCFs in SDM-79 medium 
were supplemented with 10% heat-inactivated lipid-free FBS 
(Sigma-Aldrich). For a low-cholesterol medium, the BSF cells 
were grown in HMI-9   medium containing 10% lipid-free heat-
inactivated FBS (Sigma-Aldrich). For growth curves, SMT and 
SDM RNAi engineered cells were diluted into FGM or LDM, in-
duced by RNAi by the addition of doxycycline (DOX) (1  � g/ml 
fi nal), and cell density monitored for another 4–6 days. Typically, 
procyclic cells were inoculated at 2–3 × 10 6  cells/ml and BSF cells 
inoculated at 1 × 10 5  cells/ml in medium containing antibiotic 
and cultured for 6–8 days. Cell densities were maintained in the 
range of 0.5–1 × 10 7  cells/ml for the PCF and 0.1–1 × 10 6  cells/ml 
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logarithmic course with a doubling time of 12 h and 
yielded cell densities at 6 days of 1–3 × 10 7  per ml. When 
these cells were extracted, the GC-MS analysis of the neu-
tral lipid fraction showed the presence of cholesterol and 
a set of endogenously formed 24-desalkyl (mostly cho-
lesta-5,7,24-trienol) and 24-alkyl sterols (mostly ergosta-
5,7,25(27)-trienol) in approximate 50:50 ratio (  Table 1  ).  
Ergosterol in GC at RRT c  1.11 was determined to be in 
trace amounts. However, this compound was barely detect-
able by GC-MS analysis (supplementary Figs. 1–5, supple-
mentary Table 1) because it chromatographs underneath 
the cholesta-5,7,24-trienol peak at RRT c  1.10, which domi-
nates the neutral lipid fraction. Ergosterol in the neutral 
lipid fraction could be quantifi ed accurately by HPLC-UV 
scanning at 282 nm, which is the  �  max  for the absorption 
band of the  �  5,7 -diene system. Using a combination of GC-
MS and HPLC-UV scanning, the amount of total sterol in 
the cells was estimated to be 163 fg/cell (±10 fg/cell) and 
the amount of ergosterol was approximately 6 fg/cell (±1 
fg/cell) or 3.5% of the total sterol; co-metabolite analysis 
and determination of the ergosterol content of  T. brucei  
strain 328 indicated these cells produce a similar sterol 
profi le to strain 427. 

 A different situation was obtained when the serum lipo-
proteins were removed from the media, i.e., LDM, which 
provides approximately 7.8  � M (3  � g/ml) cholesterol 
[(4) reports the amount of cholesterol in lipid depleted 
medium and we converted that amount to  � M.]. In this 
case, the total sterol was approximately the same as for 
cells cultured in FGM at 145 fg/cell (±10 fg/cell), while 
the cellular cholesterol was minor (21% total sterol); the 
sterol mixture was mostly cholesta-5,7,24-trienol and er-
gosta-5,7,25(27)-trienol (supplementary Table 1) and cells 
grew to a lower density at 6 days of 4–5 × 10 6  cells per ml. 
Coincidently, the amount of cellular ergosterol was drasti-
cally reduced to a level of approximately 0.9 fg/cell (±0.1 
fg/cell) or 0.6% total sterol. 

 Subsequent experiments showed, however, that the 
concentration of ergosterol in BSF could be even much 
lower than in the PCF, making routine GC-MS analysis 
problematic for quantifi cation of this compound. To gen-
erate a more exacting analysis, we repeated our previous 
efforts at sterol analysis of cultured cells by harvesting 
much larger cell pellets of the previously studied  T. brucei 
brucei  strain 427. In addition, we cultured large amounts 
of strain  T. brucei brucei  328 and two related subspecies, 
 T. brucei rhodesiense  and  T. brucei gambiense , of cell numbers 
that ranged from 3 × 10 9  to 7 × 10 10 . When strain  T. brucei 
brucei  427 was extracted, GC-MS analysis of the neutral lip-
ids showed a mixture of cholesterol and a set of phytosterols 
of dietary origin, which eluted from 16 to 18 min (  Fig. 2A  ),  
in agreement with previous studies ( 4 ). The sterol profi le 
of strain 427 was similar to that of the other strains and 
subspecies examined with the amount of total sterol esti-
mated to be 150 fg/cell (±10 fg/cell). 

 The neutral lipid fractions of  T. brucei brucei  (strains 
427 and 328),  T. brucei gambiense , and  T. brucei rhodesiense 
 were chromatographed by HPLC. The total sterols in the 
combined fractions ( �  c  0.5–0.95) from semi-preparative 

were collected and analyzed by GC-MS with a Hewlett-Packard LS 
6500 gas chromatograph at 70 eV. GC was performed using an Agi-
lent ZB-5 column (30 m × 25  � m in diameter). Cholesterol was the 
standard for determination of the relative retention time (RRT c ). 
Quantitation of the amounts of unlabeled sterols was accom-
plished by GC with a standard curve for cholesterol. To several cell 
pellets undergoing the saponifi cation process, a known amount 
of 5 � -cholestane was added as an internal standard. 

 Generation of  T. brucei  RNAi cell lines 
 To prepare the construct for  TbSMT  double stranded RNA ex-

pression, the 588 bp fragment of the coding region was PCR am-
plifi ed from  T. brucei  genomic DNA by using high-fi delity pfu 
polymerase (Stratagen). Sense and antisense primers containing the 
restriction sites for BamH1 and  Hin dIII at the 5 ′  ends were  TbSMT 
For 5 ′ agtcggatcctgtgaatggcgatgtgaatgc3 ′  and  TbSMT Rev 5 ′ agtcaag-
cttcatacaggtccgtcaaacaccac3 ′ , respectively. The amplifi ed product 
was cloned into the BamH1/ Hin dIII sites of a tetracycline-inducible 
dual-promoter plasmid vector, p2T7 Ti -177 ( 43 ). The construct for 
 TbSMT  RNAi was verifi ed by sequencing. The purifi ed plasmid DNA 
was linearized by NotI and transfected into  T. brucei  427 29-13 PCF 
and the single marker 427 BSF cells expressing T7 polymerase and 
TetR proteins according to standard protocol ( 37 ). Transfectants 
were selected by phleomycin (2.5  � g/ml). Similar approaches were 
used to generate the  Tb SDM RNAi cell line. 

 Mouse infection 
 Sixteen male Balb/C mice (10–12 weeks old) were divided 

into two groups of eight mice in each group. Mice were pre-
treated for 5 days and continued throughout the experiment 
with either DOX (50 mg/kg body weight/day) in 5% sucrose wa-
ter ( SMT  RNAi group) or 5% sucrose water alone (control 
group) via oral gavages. DOX is the water soluble and bio-avail-
able form of tetracycline, which induces the expression of RNAi 
in vivo but does not itself affect the infection process. Each mouse 
was then infected with 1 × 10 4   T. brucei  BSF  SMT  RNAi cells by 
intraperitoneal injection. Parasitemia was measured each day in 
tail-vein blood from mice until the parasite count reached within 
the range of 4–8 × 10 8 /ml. At this point mice were euthanized 
according to the Institutional Animal Care guidelines. Mice were 
also monitored daily for general appearance, behavior, and 
weight loss. If a mouse showed obvious distress and >20% weight 
loss, the mouse was euthanized. The protocols involving mice 
were approved by the Institutional Care and Use Committee of 
the Meharry Medical College. 

 Treatment of SMT inhibitors on  T. brucei  BSF in vivo 
 There were three groups of mice and each group had six mice: 

group I, control, treated with vesicle; group II, treated with aza-
lano; and group III, treated with thia-lano. Mice were infected 
with BSF (10 4  parasites/mouse) by ip injection. Inhibitors were 
adminstered (50 mg/kg each, ip) after 2 h of injection of para-
sites and on each day post infection. The parasitemia level was 
monitored by counting cell numbers (bloodstream trypano-
somes) in blood each day after infection. Mice were euthanized 
when the blood parasitemia level reached 4–8 × 10 8 /ml. 

 RESULTS 

 Ergosterol is synthesized variably in wild-type 
PCF and BSF 

 Growth of wild-type PCF strain 427 in FGM, which pro-
vides 678  � M (262  � g/ml) cholesterol ( 4 ), followed a 
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 Ablation of  Tb SMT and  Tb SDM gene expression and 
inhibitor treatment decreases ergosterol production 
in PCF 

 To assess the importance of ergosterol biosynthesis 
enzymes for the parasite’s metabolism, we first down-
regulated  Tb SMT and  Tb SDM gene expression by RNA 
silencing in PCF. In the absence of DOX, the resulting 
RNAi cell lines grew in a manner similar to the wild-type 
trypanosome cell line, with cell densities at day 7 yielding 
8 × 10 6  cells/ml or 1–3 × 10 6  cells/ml in FGM and LDM, 
respectively (  Fig. 3A, B  ).  However, in the presence of 
DOX, growth was signifi cantly reduced with cell densities 
at day 7 yielding 2–3 × 10 6 /ml or below in FGM and LDM, 
respectively, or in LDM,  Tb SDM RNAi plus DOX lines did 
not grow at all. Northern blot analysis showed that  Tb SMT 
and  Tb SDM transcript levels were undetectable within 1–2 
days of DOX pressure ( Fig. 3C, D ), proving silencing of 
the genes of ergosterol biosynthesis, as expected  . The ef-
fect of the RNAi on cell growth was more pronounced on 
later days because of the gradual loss of these gene prod-
ucts by cell division and product turnover. The amount of 
total sterol, 161 fg/cell (±10 fg/cell), in engineered cells 
in FGM without DOX was similar to wild-type cells, while 
with DOX induction, the amount of sterol in the cell in-
creased to 220 fg/cell (±15 fg/cell). Ergosterol was evi-
dent at near trace levels of 0.1–0.3 fg/cell, as judged by 
routine GC-MS analysis using the SIM mode selecting for 
ions at  m / z  396, 381, and 363 ( Fig. 3E  inset). GC-MS analy-
sis showed that the major endogenously formed sterols 
of  Tb SMT and  Tb SDM knockdown parasites were cho-
lesta-8,24-dienol (RRT c , 1.06; M +  at  m / z  384), cholesta-7,24-
dienol (RRT c , 1.15; M +  at  m /z 384), cholesta-5,7,24-trienol 
(RRT c , 1.10; M +  at  m / z  382), lanosterol (RRT c , 1.31; M +  at 
 m / z  426), 31-norlanosterol (RRT c , 1.15; M +  at  m / z  412), 
14 � -methylzymosterol (RRT c , 1.07; M +  at  m / z  398), 14 � -
methyl ergosta-8,25(27)-dienol (RRT c , 1.14; M +  at  m/z  412), 
and 4 � ,14 � -diemethyl ergosta-8,25(27)-dienol (RRT c , 1.24; 
M +  at  m/z  426) ( Fig. 3F ; supplementary Figs. 4, 5;  Table 1 ). 

HPLC (Luna C18 column) were injected in 100  � l ali-
quots into an analytical HPLC (Prodigy column) affording 
trace amounts of ergosterol. HPLC-UV scanning showed 
ergosterol was present in all the cells ( Fig. 2B ). The iden-
tity of the recovered material was confi rmed by GC-MS 
analysis as ergosterol (RRT c  1.10; M +  at  m / z  396, which 
agreed with an authentic specimen). HPLC-UV scanning of 
the ergosterol in BSF cultured in FGM showed 0.01 fg/cell 
(±0.01 fg/cell), and in cells cultured in LDM showed 
fi ve to ten times less ergosterol at 0.005–0.001 fg/cell 
(±0.01 fg/cell). 

 TABLE 1. Sensitivities and sterol composition of  T. brucei  cells to silencing  Tb SMT or  Tb SDM and ergosterol 
biosynthesis inhibitors          

Treatment PCF  a   ( � M) BSF  a   ( � M) HEK  a   ( � M) TI  b  

Sterol Composition (% Total)  c  

Cholesterol 24-Desalkyl Sterols 24-Alkyl Sterols Erg  d  

Control ND ND ND ND 51 40 9 3.5
RNAi  Tb SMT ND ND ND ND 76 24 Trace 0.3
RNAi  Tb SDM ND ND ND ND 83 12 5 0.3
AZA 1 2 >50 25 90 10 Trace NP
25-Thialanosterol 

sulfonium salt
2 2 >50 25 92 7 Trace NP

ITC 3 3 >100 33 87 4 9 NP

TI, therapeutic index; Erg, ergosterol; ND, not determined; NP, not present within routine limits of detection 
by GC-MS analysis.

  a   The values were calculated from the dose-response curves of cultures in FGM. The dose causing a 50% cell 
growth inhibition, ED 50  <10  � M being proposed as a threshold to consider a compound as a potential antisleeping 
sickness drug ( 45 ).

  b   Therapeutic index ED 50  HEK/ED 50  BSF. Each value is a mean of three independent experiments which varied 
by 0.2–0.3  � M.

  c   Sterol composition of DOX-induced RNAi cell lines and treated cells at ED 90  drug concentration; trace is <1% 
total sterol.

  d   Ergosterol content in the total sterols.

  Fig. 2.  Sterol analysis of BSFs of different origins. A: Representa-
tive total ion current chromatogram of neutral lipids from  T. brucei  
BSFs [peak 1, cholesterol; peak 2, campesterol; peak 3, sitosterol cf. 
( 4 )]. B: UV spectra of HPLC fraction which had the  �  c  of ergos-
terol derived by semi-preparative HPLC and analytical HPLC of the 
neutral lipid fraction of  T. brucei brucei  (b-1),  T. brucei gambiense  (b-2), 
and  T. brucei rhodesiense  (b-3), as described in text.   
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of the target enzymes is not quite complete and the re-
duced ergosterol level is still suffi cient to maintain an ad-
equate amount of signal molecule to spark growth. 

 To further examine the importance of  Tb SMT and  Tb-
 SDM enzymes in PCF growth in a manner complementary 
to RNAi silencing, we exposed wild-type cells to increasing 
concentrations of AZA, 25-thialanosterol sulfonium salt, 
or ITC, drugs which should inhibit these enzymes for 
mechanistic reasons (supplementary Fig. 6) ( 4, 44 ). Cell 
growth of wild-type PCF in FGM at day 6 was inhibited in a 
dose-dependent manner of ED 50  values from 1 to 3  � M  ; 
there was no signifi cant difference in the ED 50  values for 

The accumulation of endogenously formed 14 � -methyl 
sterols, which might be considered as toxic intermediates, 
was not particularly pronounced in the DOX-induced 
RNAi lines. DOX-induced  Tb SMT and  Tb SDM RNAi lines 
produced minor amounts of endogenously formed sterol, 
while cholesterol from the media was the major cellular 
sterol ( Table 1 ). Together, our results show that the ergos-
terol biosynthesis pathway remains similar to wild-type 
cells following reduction of  Tb SMT or  Tb SDM by RNAi. 
Thus an incomplete inhibition of growth in DOX-induced 
RNAi cell lines, despite the decrease in ergosterol biosyn-
thesis, can be understood, as downregulation or inhibition 

  Fig. 3.  Effect of RNAi knockdown and inhibitor treatment of  Tb SMT and  Tb SDM in PCF. Growth of control engineered cells from the 
 Tb SMT RNAi line (A) and the  Tb SDM RNAi line (B) in FGM and LDM in the absence and presence of DOX. Growth curves were per-
formed in triplicate conducting three independent experiments described in the Experimental Procedures; error bars are not shown be-
cause, in most cases, they approximate the data symbols. mRNA steady state levels and dsRNA induction of  Tb SMT (C) and  Tb SDM (D) 
analyzed by Northern blot as described in the Experimental Procedures. Partial total ion current chromatogram of DOX-induced  Tb SMT 
cells harvested from 3 to 5 days; inset above GC peak of cholesta-5,7,24-trienol overlapping ergosterol corresponds to the enhanced high 
end mass spectrum (E). Structures of compounds that accumulate in  Tb SMT and  Tb SDM RNAi cells lines and in treated cells, as reported 
in supplementary Table 1 (F). Growth of PCF in LDM without inhibitor (diamond symbol), or with ED 50  concentrations of either AZA or 
ITC (square and triangle symbols, respectively), or a combination of AZA and itraconzaole at ED 50  concentrations (× symbol) (G).   
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known to be a tetramer and catalyze an irreversible reac-
tion with SAM binding fi rst ( 48 ). The substrate-based in-
hibitors examined with  Tb SMT were reversible transition 
state analogs in which the protonated or salt form of the 
molecule mimicked the carbonium ion intermediate in 
the C24-methylation reaction. Thus,  K i   values for AZA and 
25-thialanosterol sulfonium salt determined over the con-
centration range of 25–75 nm with  Tb SMT were 39 nM 
(noncompetitive against zymosterol) and 86 nM (non-
competitive against zymosterol), respectively, while the  K i   
value for lanosterol examined over the concentration 
range of 15–150  � M was 126  � M (competitive against zymo-
sterol) (supplementary Fig. 9). The  K i  / K m   values of 39 
nm/47  � M = 0.008 and 86 nM/47 � M = 0.018 for AZA and 
25-thialanosterol sulfonium salt, respectively, compared 
with the  K i  / K m   value of 126  � M/47  � M = 2.6 for lanosterol 
indicate that the test compounds are potent transition state 
analogs of  Tb SMT catalysis, which interrupt the C24-methyl-
ation reaction as shown for the fungal SMT ( 49–51 ). 

 The  Tb SDM was also cloned and characterized previously 
(6), and the optimal substrate was shown as 31-norlanosterol 
( K m   = 9  � M and  k  cat  = 4 min  � 1 ) with a catalytic competence of 
0.43. Azole drugs have been shown to be tight binding inhibi-
tors of the  Tb SDM ( 6 ). We have not examined ITC against 
the isolated  Tb SDM; however, a similar azole (ketoconazole) 
was found to generate a  K d   of approximately 4  � M against the 
cloned  Tb SDM ( 51 ). The accumulation of specifi c 24-desal-
kyl sterol and 14 � -methyl sterols coupled to the suppression 
of growth from the test inhibitors agrees with the substrate 
specifi cities of the target enzymes. 

 Effects of inhibitors and RNAi treatment of  Tb SMT on 
BSF growth and in vivo infections 

 All the test drugs demonstrated a clear dose-dependent 
inhibitory effect on BSF cells cultured in FGM (supple-
mentary Figs. 8, 11) with ED 50  values that ranged from 1 to 
3  � M, while they failed to inhibit cultured HEK cells at 
greater than or equal to 50  � M ( Table 1 ) ( 45 ). Thus, the 
relative trypanocidal activity for each compound affording 
a therapeutic index <25 (ED 50  against the mammalian cell 
line/ED 50  against the parasite) is similar to the action of 
commercial drugs used to treat fi rst- or second-stage sleep-
ing sickness, such as suramin, ED 50  of 0.4  � M and nifurti-
mox and efl ornithine combination therapy of 5  � M ( 52 ). 
In view of successes with azoles to treat Chagas disease ( 53, 
54 ) and our observations with combinations of AZA and 
ITC to kill PCF cells, we tested the possibility of drug syn-
ergism as an approach to inhibit BSF growth. Thus, by 
combining AZA at ED 50  with ITC at ED 50 , BSF growth in 
LDM led to cell death or to marked growth inhibition in 
FGM (supplementary Fig. 10). 

 In a fi rst attempt to test whether there is an ergosterol-
dependent disease process linked to  T. brucei  infections, we 
examined the response of mice infected with BSF cells engi-
neered for RNAi-mediated depletion of  Tb SMT or infected 
with wild-type BSF and treated with inhibitors of  Tb SMT. 
Preliminary studies showed DOX-induced knockdown of 
 Tb SMT in BSF failed to prevent growth, although cells cul-
tured in LDM grew to a lower population density than cells 

cells cultured in LDM ( Fig. 3G ). The dose causing a 50% 
cell growth inhibition at ED 50  <10  � M being proposed as a 
threshold to consider a compound as a potential anti-
sleeping sickness drug ( 45 ). When the PCF cells were ex-
posed to AZA, 25-thialanosterol sulfonium salt, or ITC, the 
sterol mixture of treated cells was the same as reported 
previously for the  Tb SMT and  Tb SDM RNAi cell lines, but 
in different proportions depending on the concentration 
of inhibitor added to the media ( Fig. 3G ; supplementary 
Table 1). Cells treated with the inhibitors in FGM grow in 
a similar manner to treated cells in LDM (supplementary 
Fig. 7) and accumulate cholesterol proportional to the 
degree of inhibition imposed on the target enzyme; at 
the ED 50  drug concentration, cholesterol represents ap-
proximately 50% of the total sterol, while at the ED 90  drug 
concentration, cholesterol represents approximately 90% 
total sterol. The amount of total sterol in these cells ranged 
from 145 fg/cell at ED 50  to 160 fg/cell at the ED 90 , which 
is similar to control. Ergosterol could not be detected in 
any of the treated cells in routine GC-MS analyses. 

 In fully developed cultures at the IC 99  value, cells can 
survive for several days, as these cells were shown to con-
tain a full complement of endogenously formed sterols of 
cholesterol to 24-deasalkyl sterol:24-alkyl sterol [mostly 
ergosta-5,7,25(27)-trienol] in a ratio of 66:33:1 (AZA) and 
40:57:3 (25-thialanosterol sulfonium salt), and to contain 
signifi cantly more total sterol than controls at approxi-
mately 302 fg/cell (±15 fg/cell). These observations show 
that the inability of potent inhibitors of  Tb SMT to be toxic 
to PCF at high drug concentrations could result from a 
feedback response that signals upregulation of ergosterol 
biosynthesis enzymes to overcome the effect of the inhibi-
tor. As the response of the cells to inhibitors of  Tb SMT and 
 Tb SDM failed to lead to cell death, the unexpected results 
just recorded at the ED 99  drug concentration prompted us 
to examine the effects of combining two drugs on growth 
by cells kept in FGM or LDM. When AZA was combined 
with ITC at approximately the ED 50  values of 1  � M, mini-
mal growth was observed for cells cultured in FGM, but in 
LDM a no growth response was observed with cell frag-
ments apparent microscopically showing cell death ( Fig. 
3G , supplementary Fig. 8). Although cholesterol available 
from the serum could provide a buffering capacity in 
membranes to counter the potentially toxic 14 � -methyl 
sterol intermediates ( 46, 47 ), cells died in LDM, nonethe-
less, when the media was supplemented with a combina-
tion of the two drugs ( Fig. 3G ). The foregoing results 
imply that the reason why PCFs are responsive to ergos-
terol biosynthesis inhibitors is that small amounts of ergos-
terol are required for essential cell functions, rather than 
that they accumulate unusual sterols which may perturb 
membrane structures. 

 Kinetic analysis 
 Kinetic studies were carried out to investigate the inter-

action of  Tb SMT and the test drugs. Previously, the  Tb SMT 
was cloned and the optimal substrate for activity shown as 
zymosterol ( K m   = 47  � M,  k  cat  = 0.6 min  � 1 ) affording a cata-
lytic competence ( V  max / K m  ) of 0.13 ( 8 ). The enzyme is 
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was protection against death that extended their life for an-
other 4–11 days. Northern blot analysis of BSF isolated from 
day 13 infected mice clearly indicated the  Tb SMT gene was 
transcribed at a level approximately one-sixth that recorded 
for procyclic cells cultured on FGM ( Fig. 4C ). In a separate 
study with mice, the animals were infected with BSF and 
5 mg/kg of inhibitor at one dose per day to conserve drug. 
As with the knockdown  Tb SMT lines, survival was extended 
for at least 2 days ( Fig. 4D ). The survival results from the 
two experiments complement each other and show that 
C24-methylation of the ergosterol side chain is functionally 
important for full virulence in mice. 

 Small amounts of ergosterol are essential for cell 
proliferation 

 To determine whether the absence of ergosterol pro-
duction is responsible for the growth phenotype observed 

cultured in FGM (  Fig. 4  , for PCF cultures in FGM see sup-
plementary Fig. 11).  Northern blot analysis of total RNA 
showed that induction of RNAi was effectively complete by 
day 4 ( Fig. 4B ). GC-MS analysis of cells harvested between 3 
and 5 days showed cholesterol as the major cellular sterol 
(<99%) in agreement with wild-type controls ( 4 ). 

 Next, we tested mice infected with  T. brucei  strain 427 en-
gineered with DOX-inducible  Tb SMT RNAi and treated 
mice with a wild-type strain with AZA or 25-thialanosterol 
sulfonium salt. To assess the virulence of  Tb SMT RNAi cells, 
Balb/C mice (eight per group) were either left untreated 
(uninduced control) or treated with DOX in their drinking 
water to induce  Tb SMT RNAi. Mice were then infected in-
traperitoneally with 1 × 10 4  freshly prepared BSF  Tb SMT 
RNAi trypanosomes. The uninduced control infection re-
sulted in a mean-time-to-death of 8–9 days. However, when 
 Tb SMT RNAi was induced in the DOX-treated mice, there 

  Fig. 4.  Growth of BSFs cultured in vitro with and without inhibitor treatment in FGM or LDM and Kaplan-Meier survival analysis of mice 
infected with and without DOX-induced  Tb SMT RNAi cells and with inhibitors of  Tb SMT. A:  Tb SMT RNAi strain cultured with and without 
DOX in FGM or LDM. B: Northern blot of  Tb SMT RNAi cell line. Pro, PCF; Bs, BSF. C: Survival data for  T. brucei -infected mice. Solid blue 
line, control group (infected, wild-type BSF); dashed green line (infected,  Tb SMT RNAi BSF cell line). D: Survival data for  T. brucei -infected 
mice. Solid blue line, control group (infected, wild-type BSF); red dashed line, AZA; and green-dotted line, 25-thialanosterol sulfonium salt 
(TL+), treated mice at 5 mg/kg. E: Rescue experiment of BSF- Tb SMT RNAi cells in FGM supplemented with AZA at 1  � M (ED 50  concentra-
tion) with increasing concentrations of ergosterol (Erg) as shown. For all panels, the average of three replicates is shown. Error bars are 
not shown because, in most cases, they approximate the data symbols.   
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thesis in cells and suppress growth rates of PCF or BSF. 
The most logical explanation for this association involves a 
stage-specifi c relationship between the biosynthetic re-
newal of ergosterol and cell proliferation. 

 Ergosterol, at near hormonal levels in cells, has been 
implicated as a signal molecule of variant nonpathogenic 
microorganisms ( 26 ). By virtue of the RNAi silencing and 
inhibitors designed specifi cally to prevent  Tb SMT and  Tb-
 SDM catalysis, it has been possible to block complete me-
tabolism of lanosterol to ergosterol, which results in high 
cholesterol import, while there is only minor accumula-
tion of intermediates under normal metabolic conditions. 
In contrast, Perez-Moreno et al. ( 56 ) failed to observe any 
antiprolierative effects of 22,26-azasterol on the procyclic 
parental line of  T. brucei  or of induced (+DOX) or nonin-
duced ( � DOX) after 6 days of  Tb SMT interference or de-
tected any ergosterol in these cells. Our results demonstrate 
that the virtually complete replacement of endogenously 
formed sterols by cholesterol is not compatible with cell 
growth unless small amounts of ergosterol are available to 
spark cell proliferation. In the present experiments, the 
quantities of sterol supplied to the media found necessary 
to rescue PCF or BSF cultures that were devoid of ergos-
terol were similar to other microorganisms auxotrophic 
for sterol. Additionally, the minimal synergistic mixture of 
ergosterol and cholesterol in a 1:7 ratio used to promote 
growth is similar to the combination of ergosterol and 
cholesterol provided to GL7 yeast to spark its growth ( 26 ). 
The results show a commonality in ergosterol function 
across kingdoms distinct from the bulk membrane role. 
The failure of earlier workers to fi nd ergosterol in BSF 
( 55 ) probably has its origins in the experimental diffi cul-
ties in the methods one uses in recognizing ergosterol 
from its isomers or detecting ergosterol as a trace compo-
nent eluting underneath cholesta-5,7,24-trienol in GC-MS 
analysis. 

 In the case of parasitic diseases, there are very few vali-
dated enzyme targets. The only drug for which there is a 
well-defi ned molecular target is efl ornithine, an analog of 
ornithine which blocks spermidine synthesis and the for-
mation of trypanothione through irreversible inhibition 
of ornithine decarboxylase; administered with nifurtimox, 
the combination therapy has enjoyed rapid implementa-
tion ( 52 ). Based on previous successes with substrate ana-
logs containing nitrogen or sulfur on the lateral sterol side 
chain proving them to be potent antifungal agents ( 5, 
49–51 ), we studied two of them, AZA and 25-thialanosterol 
sulfonium salt, as reversible tight-binding inhibitors of  Tb-
 SMT. When these compounds were examined for effects 
on cell growth, ergosterol biosynthesis, and inhibition of 
the cloned  Tb SMT, it became evident that  Tb SMT is cru-
cial for life support and is assayable and druggable, and 
that these trypanocidal agents may exhibit a limited drug 
resistance when used synergistically with another mecha-
nism-based inhibitor which can block at a different step in 
the late-stages of ergosterol biosynthesis. It is interesting 
that as the concentration of the AZA is increased to ED 99 , 
rather than forcing an accumulation of harmful interme-
diates that cause cells to die, they continued to live due to 

using ergosterol biosynthesis inhibitors, we developed 
conditions in which the background of ergosterol could 
be brought to insignifi cant levels by culturing the  Tb SMT 
RNAi cell line in LDM with AZA, affording continued syn-
thesis of cholesta-5,7,24-trieno,l while growth was re-
stricted to less than 1.5 × 10 5  cells/ml by day 2 and 4.5 × 
10 5  cells/ml by day 6 ( Fig. 4E ).  Figure 4E  shows the growth 
response of BSF cultured in LDM supplemented with a 
fi xed concentration of AZA at IC 90 , a synergistic mixture of 
7.8  � M cholesterol (3  � g/ml from the serum lipids) and 
varied concentrations of ergosterol, which ranged from 
0.12  � M to 12  � M [at 0  � g/ml, 0.12  � M; 0.05  � g/ml (1:60 
ergosterol/cholesterol), 1.2  � M; 0.5  � g/ml (1:7 ergos-
terol/cholesterol), 12  � M; and 5.0  � g/ml (3/5 ergos-
terol/cholesterol  )]. At 0.12  � M ergosterol, cells did not 
grow. However, at 1.2  � M ergosterol, giving 1:7 ratio of 
ergosterol to cholesterol, the growth was completely res-
cued. Neither the doubling time nor the yield was affected 
by further supplementation of ergosterol at 12  � M. To de-
termine whether a 14-methyl sterol intermediate could 
replace ergosterol and spark growth of PCF or BSF, lanos-
terol was added at increasing concentrations from 0.1  � M 
to 12  � M to the LDM media supplemented with AZA. In 
these experiments, lanosterol failed to spark growth, such 
that the RNAi cell lines continued to show a no growth 
response after a 6 day incubation period. These results 
show that ergosterol with a 24 � -methyl group is necessary 
for cell viability and proliferation in small amounts, so 
long as another  �  5 -sterol with a 24-H atom, such as choles-
terol, is present in large amounts. 

 DISCUSSION 

 The sensitivity of trypanosomatid protozoa to regula-
tion of ergosterol biosynthesis by gene silencing and in-
hibitors offers a unique opportunity for understanding 
ergosterol biology, drug target identifi cation, and the sub-
sequent development of new anti-parasite agents. In the 
present work, we explored the little understood multiple 
functions of sterols in parasite growth by analyzing the ste-
rol composition of PCF and BSF cells and correlating this 
information to growth responses resulting from the knock-
down of  Tb SMT and  Tb SDM gene expression and blocking 
 Tb SMT and  Tb SDM action involved with ergosterol biosyn-
thesis. This approach showed that PCF and BSF can live 
with variable, albeit minute, amounts of ergosterol, as long 
as prevalent cholesterol is available from the host to serve 
as the architectural component of membranes. We were 
able to pinpoint the vastly different natural concentrations 
of ergosterol associated with growth of PCF and BSF cul-
tured in FGM as 6 fg/cell or 0.01 fg/cell, respectively. In 
contrast, the overall sterol composition of these cells re-
main fairly constant at 150 fg/cell, and cholesterol can 
contribute from 50 to <99% of the total sterol, depending 
on culture conditions. Notably, alterations in cholesterol 
environment by changing the FGM to LDM media, which 
mirrors cholesterol availability in human blood and in-
sects, respectively ( 24, 55 ), can decrease ergosterol biosyn-
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a compensatory upregulation in ergosterol biosynthesis. 
However, when AZA was combined with itraconzaole at 
their ED 50 , cell proliferation stopped and cells died. The 
total dependence of inhibitor-treated cells on ergosterol 
for sparking cell proliferation is thus understandable and 
can be reconciled with all experimental observations, by 
their depletion of ergosterol production, and may turn 
out to be useful in the design of a new generation of ir-
reversible suicide substrates targeted to impair essential 
sterol functions in trypanosomes ( 8, 57 ). All things con-
sidered, due to the limits of monotherapies, greater em-
phasis should be placed on orally administered analogs 
of  Tb SMT catalysis in combination with specifi c azoles, 
which together might be effective in smaller amounts and 
have less deleterious effects on the host than the drugs 
presently in use.  
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