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Abstract

HAT (human African trypanosomiasis), caused by the protozoan parasite Trypanosoma brucei, is

an emerging disease for which new drugs are needed. Expression of plasma membrane proteins [e.g.

VSG (variant surface glycoprotein)] is crucial for the establishment and maintenance of an infection

by T. brucei. Transport of a majority of proteins to the plasma membrane involves their translocation

into the ER (endoplasmic reticulum). Thus inhibition of protein import into the ER of T. brucei would

be a logical target for discovery of lead compounds against trypanosomes. We have developed a

TbRM (T. brucei microsome) system that imports VSG_117 post-translationally. Using this system,

MAL3-101, equisetin and CJ-21,058 were discovered to be small molecule inhibitors of VSG_117

translocation into the ER. These agents also killed bloodstream T. brucei in vitro; the concentrations

at which 50% of parasites were killed (IC50) were 1.5 µM (MAL3-101), 3.3 µM (equisetin) and 7

µM (CJ-21,058). Thus VSG_117 import into TbRMs is a rapid and novel assay to identify ‘new

chemical entities’ (e.g. MAL3-101, equisetin and CJ-21,058) for anti-trypanosome drug

development.
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INTRODUCTION

HAT (human African trypanosomiasis) threatens an estimated 60 million people with a

debilitating disease. No vaccines are available to prevent infection by Trypanosoma brucei, a

protozoan that causes HAT. The drugs currently in use are old, toxic and must be injected or
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delivered intravenuously (reviewed in [1]). As a result, new drugs are needed for the treatment

of HAT.

In the host bloodstream T. brucei survives because a small fraction of parasites escape host

immune responses by switching expression of VSGs (variant surface glycoproteins) during

‘antigenic variation’. Many cell-surface proteins, including VSGs and cell-surface receptors,

use the ER (endoplasmic reticulum) as a ‘gateway’ for transport to the plasma membrane. Most

proteins destined for the lumen of the Golgi complex, lysosomes, endosomes and the inner

nuclear membrane pass through the ER en route to their final destination.We propose that small

molecules that interfere with the translocation of proteins into the ER of the parasite will

provide new chemical entities that may be optimized into drugs to treat HAT, because the drugs

might block the delivery of essential proteins to the plasma membrane and compromise the

viability of the parasite.

In model eukaryotes, many mechanistic aspects of protein import into the ER have been

described. In vertebrates, protein translocation into the ER is predominantly co-translational.

Translocation requires an N-terminal signal peptide, a SRP (signal recognition particle), a SR

(SRP receptor) and a Sec61 translocon complex (reviewed in [2]). In fungi, archaea and

bacteria, proteins can be imported into the ER or, in bacteria, proteins can be secreted through

the inner membrane post-translationally [i.e. after polypeptide (substrate) release from

ribosomes] [3]. The SRP is not essential for post-translational import, which instead depends

on chaperones in the cytoplasm and in the ER. In yeast, molecular chaperones in the cytoplasm,

e.g. Ssa1p [Hsp (heat-shock protein) 70] and Ydj1p (Hsp40), and in the ER, e.g. BiP

(immunoglobulin heavy-chain-binding protein) (Kar2p) and Sec63p, are important for ER

protein import. In bacteria, SecA and SecB exhibit chaperone-like properties in mediating

protein transport across the inner cell membrane.

Several aspects of the pathway for protein import into the trypanosome ER suggest that it might

be a good target to discover new lead compounds for anti-trypanosome drug development.

First, SRP54 is not essential for the import of protein into the ERof T. brucei [4]. Secondly, in

general, signal peptides of T. brucei are not compatible with the canine microsomal protein

import system [5,6] that is widely used to study ER protein translocation in eukaryotes [7];

even within vertebrates, non-equivalence of signal sequences is documented [8–10]. These

ideas are consistent with reports that some small molecules inhibit a select group of signal

peptides in vertebrates [9–11]. Since trypanosome and vertebrate signal sequences have

intrinsic differences [5], one expects the ER protein translocation machinery in T. brucei to

have coevolved to operate efficiently only with parasite signal peptides. Correspondingly, other

components of the trypanosome protein translocation system may have diverged from the

vertebrate system. Such mechanistic differences between host and parasite can be exploited

for anti-trypanosome drug discovery.

In the present study, we describe a novel in vitro system using membranes from T. brucei

[TbRMs (T. brucei microsomes)] that is able, unlike canine microsomes, to import a

trypanosome VSG post-translationally. TbRMs were used in a ‘focused screen’ of small

molecules predicted to inhibit the function of cytoplasmic chaperones involved in the post-

translational import of proteins into the ER or in the secretion of polypeptides across the

bacterial inner membranes. Compounds that prevented translocation of VSG into TbRMs were

evaluated for inhibition of growth of bloodstream T. brucei. Using this method, we discovered

two natural products, CJ-21,058 [12] and equisetin [13], that blocked import of VSG into

TbRMs and also killed T. brucei. Similarly, MAL3-101, which was produced by combinatorial

chemistry [14], blocked VSG translocation into TbRMs and was trypanocidal. Together, these

previous studies established the ER protein import pathway as a target for the discovery of new

chemical entities that can be developed into anti-trypanosome drugs.
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MATERIALS AND METHODS

Reagents and chemicals

Plasmid pVSG_117 was provided by Dr J. Bangs (Department of Medical Microbiology,

School of Medicine and Public Health, University of Wisconsin, Madison, WI,U.S.A.). The

acyl tetramic acid (3-acyl-5-hydroxymethyl-2,4-dione) derivatives CJ-21,058 and equisetin

were gifts from Pfizer (New York, NY, U.S.A.). Rabbit reticulocyte lysate and methionine-/

cysteine-free amino acid mixture were purchased from Promega (Madison, WI, U.S.A.).

[35S]Redivue Promix™ was purchased from Amersham Biosciences (Piscataway, NJ, U.S.A.),

etoposide from Sigma (St. Louis, MO, U.S.A.) and propidium iodide was from Invitrogen

(Carlsbad, CA, U.S.A.). Ampliscribe™ T7 in vitro transcription kit was purchased from

Epicentre Technologies (Madison, WI, U.S.A.).

DNA templates and RNA synthesis in vitro

DNA template (1 µg) was transcribed using the Ampliscribe™ T7 kit (Epicentre Technologies)

following the manufacturer’s protocol. A template for in vitro transcription was obtained by

PCR using the forward primer 5′-
CCCTAATACGACTCACTATAGGGAGGAGGGTTTTTACC

ATGGACTGCCATACAAAGGAG-3′, which contains a T7 promoter (italicized) and a

translation enhancer (underlined) [15]. The first 21 nucleotides of the VSG_117 coding

sequence are in roman font. The forward primer for VSG_117500ΔSP (VSG_117 with the

signal peptide removed) was 5′-
CCCTAATACGACTCACTATAGGGAGGAGGGTTTTTACC

ATGGCCACACTGAGAAAGGTTGC-3′. It contains nucleotides 51–57 of the coding region

(roman font) and the other features are the same as those mentioned above for the previous

forward primer. The reverse primer forVSG_117500 was 5′-
CATCATCATTTCCTAAAAAAGCAAGGC-3′. It contains nucleotides 516–525 of the coding

region (roman font) and a T7 promoter (italicized). The substrate for synthesis of

VSG_MVAT7 was plasmid SL/3 (provided by Dr John Donelson, Department of

Biochemistry, University of Iowa, IA, U.S.A.). The forward primer for the reaction was 5′-
CCCTAATACGACTCACTATAGGGAGGAGGGTTTTTACCATGTCAACAAGAGTCCA

ACAA-3′. It contains a T7 promoter (italicized), a translational enhancer (underlined) and the

first 21 nucleotides of the VSG_MVAT7 coding sequence (in roman font). RNase free DNase

I {1 µl [1 MBU (molecular biology unit)]} was added to the reaction mixture that was incubated

at 37°C for 15 min (1 MBU digests 1 µg of pUC19 DNA in 10 min). An equal volume of TE-

saturated phenol/chloroform was then added to the mixture, which was agitated on a vortex

mixer, and centrifuged at 14000 g for 15 min at 4 °C. The aqueous phase was withdrawn,

combined with an equal volume of chloroform, agitated on a vortex mixer and centrifuged at

14000 g for 15 min at 4°C. To this aqueous phase, 0.3 M sodium acetate (final concentration)

was added and precipitated with ethanol at−20°C overnight. The precipitate was recovered by

centrifugation at 14000 g for 15 min at 4°C, rinsed with 70% (v/v) ethanol, air-dried and

dissolved in 40 µl of nuclease-free water. The RNA concentration was determined by

measuring the absorbance at 260 nm, and was confirmed by analysis with agarose-gel

electrophoresis/ethidium bromide staining.

Preparation of TbRMs

Bloodstream trypanosomes were obtained from the blood of infected rats and purified by

DE-52 chromatography. Cells (1010) were resuspended in 5 ml of homogenization buffer [50

mM Hepes/KOH, 250 mM sucrose, 50 mM potassium acetate, 6 mM magnesium acetate, 1

mM EDTA, 1 mM DTT (dithiothreitol), 1 µg/ml Tos-Lys-CH2Cl (tosyl-lysylchloromethane,

‘TLCK’), 5 µg/ml leupeptin and 0.5 mM PMSF (final concentrations)]. Resuspended cells (2.5

ml) were added to a pre-chilled dounce homogenizer where they were lysed with 40 strokes
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of a tight-fitting pestle on ice. After 1 min of rest, another 40 strokes were delivered with the

pestle. The homogenized cells were kept on ice while the remaining 2.5 ml of resuspended

cells were broken. Both sets of homogenized lysates were pooled and centrifuged at 2000 g

for 10 min at 4°C in microfuge tubes. The supernatants were pooled, divided into new

microfuge tubes and centrifuged at 14000 g for 20 min at 4°C, and the pellets were resuspended

in 40 µl (total volume) of fresh RMB (rough microsome buffer) (50 mM Hepes/KOH, 250 mM

sucrose, 50 mM potassium acetate, 6 mM magnesium acetate, 1 mM DTT, 0.5 µg/ml Tos-Lys-

CH2Cl and 2.5 µg/ml leupeptin). The absorbance of the resuspended pellet (TbRM) was

determined at 260 nm, and the concentration of Tb-RMs was adjusted with RMB to an

aborbance at 260 nm of 50. TbRM was divided into 20 µl aliquots, quick-frozen in liquid

nitrogen and stored at −80 °C. One equivalent of TbRM has an absorbance at 260 nm of 50.

The supernatant from the 14000 g centrifugation step (above) was also retained (see below).

Preparation of cytosol from T. brucei

The 14000 g supernatant obtained during the preparation of TbRMs (see above) was

centrifuged at 65000 rev./min for 60 min at 4°C using a Beckman TLA 100.3 rotor. The

resulting supernatant (2 ml)was concentrated 20-fold by ultrafiltration with a Centricon-10

filter (Amicon). The retentate was retrieved, an aliquot was diluted 50-fold with 0.1% SDS,

and the absorbance at 280 nm was measured. One equivalent of cytosol has an absorbance at

280 nm of 50. Aliquots (50 µl) were quick-frozen in liquid nitrogen and stored at −80°C.

Protein import into TbRMs

RNA (2 µg) encoding VSG_117 (or VSG_MVAT7) was translated in a reaction mixture (30

µl) containing 15 µl of rabbit re-ticulocyte lysate, 60 µM amino acid mixture (without

methionine and cysteine) and 2.4 µCi of [35S]Promix. The reaction was incubated at 37°C for

15 min. Cycloheximide (50 µg/ml final concentration) was used to stop further translation, and

the mixture was divided into two portions. TbRMs (1 equivalent) was added to one aliquot,

and to the other portion an equal volume of RMB was added. The reactions were incubated at

37°C for 45 min. To measure the post-translational import of VSG_117 into TbRMs, each

reaction mixture was divided into three portions (10 µl volume) and treated with one of the

following on ice for 1 h: (i) RMB; (ii) 30 µg/ml proteinase K; (iii) NP-40 (Nonidet P40) [2%

(v/v) final concentration] and proteinase K (30 µg/ml final concentration). PMSF (20 mM final

concentration) was added to stop proteinase K digestion. Samples were precipitated with an

equal volume of cold (4°C) ammonium sulfate (saturated) and total proteins were resolved by

SDS/PAGE (14% total acrylamide and 3% cross-linker in Tricine/HCl system). The gels were

dried and radioactive polypeptides were detected with a phosphorimager [Personal Molecular

Imager FX (Bio-Rad, Hercules, CA, U.S.A.)]. Data were quantified with QuantityOne software

(Bio-Rad) and graphs were plotted with DeltaGraph (Red Rock Software, Salt Lake City, UT,

U.S.A.).

Assay of VSG binding to TbRMs

To a 20 µl translation mixture containing VSG_117, cycloheximide (1 mM) was added to

terminate protein synthesis, and the mixture divided into four 5 µl aliquots. Two of the aliquots

were left untreated, while the remaining two were supplemented with 1 µl (1 equivalent) of

TbRMs, incubated at 37°C for 1.5 h and then incubated on ice to stop protein translocation.

One pair of reactions was used for a flotation assay following the protocol described previously

by Zhang et al. [16]. Each reaction mixture was combined with 300 µl of RMB (50 mM Hepes/

KOH, 50 mM potassium acetate, 6 mM magnesium acetate, 1 mM DTT, 0.5 µg/ml Tos-Lys-

CH2Cl and 2.5 µg/ml leupeptin) containing 2.3 M sucrose (top layer). This solution was layered

on to 200 µl of RMB containing 2.3 M sucrose (bottom layer) in an ultracentrifuge tube. Next,

400 µl of RMB supplemented with 1.5 M sucrose was layered on top of the 2.3 M sucrose top
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layer, and a layer of 300 µl of RMB containing 0.25 M sucrose was layered on top of the 1.5

M sucrose layer. The sucrose gradients were centrifuged at 49 000 rev./min for 5 h at 4°C using

a Beckman TLA 100.3 rotor. After centrifugation, the 0.25 M, 1.5 M and 2.3 M top sucrose

layers were retrieved into new centrifuge tubes. All of the four sucrose layers were

supplemented with saturated ammonium sulfate [60%(v/v) final concentration] and incubated

on ice for 30 min. The samples were then centrifuged at 16060 g for 10 min to precipitate the

protein pellets, and the supernatants were discarded. The pellets from the 16060 g

centrifugation step were resuspended in 20 µl of 2.5 × SDS/PAGE buffer and resolved by SDS/

PAGE. Radioactive polypeptides were visualized using a phosphorimager, and VSG protein

bands were quantified using QuantityOne software (Bio-Rad). The percentage of VSG detected

was obtained by dividing the amount of VSG in a lane by the sum of VSG in all of the lanes,

and multiplying the ratio by 100. Gels were visually adjusted to detect weak phosphorimager

bands: this visual optimization does not affect the quantification step mentioned above.

Cell culture

The bloodstream form of T. brucei CA427 was cultured in HMI-9 medium [17] to a maximum

density of 106 cells/ml. For drug susceptibility studies, cells were seeded at 104 cells/ml and

100 µl of cells at this density was added to each well of a 96-well plate, with or without test

compounds at the stated concentrations (see the relevant Figure legends for details). An equal

volume of DMSO, the solvent in which the compounds were dissolved, was added to control

cells. Cells were counted after 24 or 48 h using a haemocytometer, and the results were plotted.

All experiments were performed in triplicate.

The HeLa cell line was maintained in RPMI 1640 medium supplemented with 10% (v/v) fetal

bovine serum, 100 i.u./ml penicillin/streptomycin and 2 mM L-glutamine at 37°C in an

atmosphere of 5% CO2.

HeLa cell viability assays

Propidium iodide exclusion (reviewed in [18]) was used to determine HeLa cell viability after

drug treatment. Cells were plated at a density of 104 cells/well (96-well plate) with or without

the addition of test compounds for the stated time periods (see the respective Figure legends

for details). An etoposide stock (2 mM in DMSO) was diluted in RPMI 1640 medium to a

concentration of 100 µM immediately before use. Adherent cells were rinsed with PBS,

trypsinized for 5 min at 37°C, pelleted by centrifugation at 2000 g for 2 min, resuspended in

PBS (500 µl) containing propidium iodide (1 µg/ml) and DAPI (4′,6-diamidino-2-

phenylindole) (5 µg/ml) and analysed by flow cytometry on a Dakocytomation CyAn (Dako)

without gating. Single fluorophore controls were acquired prior to the collection of the

experimental data. Other cell viability assays used (results not shown) were mitochondrial XTT

[2,3-bis-(2-methoxy-4-nitro-5-sulfophenyl)-2H-tetrazolium-5-carboxanilide] reduction, total

cell density determined with DNA fluorescence measurement and Trypan Blue uptake. Results

from these assays were identical to the results obtained with protocols based on propidium

iodide exclusion by viable cells.

RESULTS

TbRMs import trypanosome VSGs

Microsomes from canine pancreas are a model system used to study protein import into the

ER of eukaryotes. The signal sequences of T. brucei are generally incompatible with the protein

import machinery of canine microsomes [5,6]. Consequently, it was crucial to develop a

trypanosomatid microsome system using ER membranes from T. brucei (TbRM) in order to

study the ER import of a trypanosome protein. The substrate used for these studies was the

VSG coat protein. Standard tests for successful microsomal ER protein import include: (i)
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protease protection of the translocated protein and (ii) loss of protease protection after detergent

permeabilization of the microsomes [7]. Native VSG is a protein which is retained on

membranes by a GPI (glycosylphosphatidylinositol) anchor at its C-terminus. For the present

study, all VSG constructs were engineered to produce ‘soluble secreted proteins’ by the

addition of a stop codon upstream of the coding sequence for the GPI signal peptide. Following

import into ER microsomes, a soluble secreted protein is protected by the ER membrane from

digestion by exogenous proteases.

Full-length VSG_117 was tested as a substrate protein for TbRMs (see Figure 1A for an

experimental scheme). In preliminary studies, truncated VSG_117 (an 86 amino-acid-long

polypeptide whose mRNA contains a termination codon for release from the ribosome) was

translocated in TbRMs (results not shown). However, full-length VSG_117 (500 amino acids

long) was not imported into the microsomes (Figure 1B, lanes 1–3). Cytosolic chaperones that

enable full-length proteins to maintain an ‘import-competent status’ are required for post-

translational import of proteins into the ER of yeast [19,20]. Therefore we suspected that full-

lengthVSG_117 was not imported into TbRMs because trypanosome chaperones were absent

from the reaction mixture of reticulocyte lysate and TbRMs. In order to test this hypothesis,

we prepared cytosol from T. brucei (see the Materials and methods section for details) and

evaluated its effect on the translocation of full-length VSG_117 into TbRMs.

Addition of T. brucei cytosol to TbRMs led to protection VSG_117 from proteinase K digestion

(Figure 1B, lanes 4 and 5). Detergent permeabilization of TbRMs allowed proteinase K to

digest VSG_117 in the presence of cytosol (Figure 1A, lane 6), indicating that the protease-

protected full-length VSG_117 was imported into TbRMs.We conclude that cytosol from T.

brucei required for the import of full-length VSG_117 into TbRMs.

To test whether our results with VSG_117 were applicable to other trypanosome proteins, we

tested whether TbRMs could import another full-length trypanosome protein, VSG_MVAT7

(500 amino acids). We chose this substrate because the VSG_MVAT7 signal peptide primary

structure is different from that of VSG_117 [5]. Nevertheless, in the absence of TbRMs,

VSG_MVAT7 was degraded by proteinase K (Figure 1C, lane 2), but the addition of cytosol

and TbRMs led to protection VSG_MVAT7 from proteinase K (Figure 1C, lanes 3 and 4).

Without cytosol, the protein was not imported in TbRMs (results not shown). When detergent

was introduced, proteinase degraded the protected VSG_MVAT7 (Figure 1C, lane 5). Based

on these results, we conclude that VSG_MVAT7 is also imported into TbRMs.

N-terminal signal sequences mediate the import of proteins into the ER. Therefore the role of

a signal sequence in VSG translocation into TbRM was evaluated using VSG_117500 ΔSP,

which was obtained by deleting a 28-amino-acid signal peptide [5] from VSG_117.

VSG_117500 ΔSP was not protected from proteinase K in the presence of both TbRMs and

cytosol from T. brucei (Figure 1D, compare lanes 3 and 4). We conclude that an N-terminal

signal peptide is essential for VSG_117 import into TbRMs.

Proteins imported into TbRMs were not N-glycosylated because the molecular mass of the

protease-protected VSGs was identical to the size of the protein synthesized in the absence of

TbRMs (Figures 1B and 1C). However, the absence of glycosylation does not mean that the

TbRMs failed to import the proteins. Protein import into the ER and subsequent processing

can be uncoupled, with OST (oligosaccharyltransferase) and signal peptidase acting after

import of the substrate by the Sec61p complex [21,22]. We infer that TbRMs are deficient in

OST activity, as has been observed in other in vitro ER systems [23]. Nevertheless, our TbRM

import assay meets the ‘gold standard’ for demonstrating the movement of a polypeptide into

a membrane vesicle (or organelle), i.e. (i) protease protection of the imported cargo, and (ii)

digestion of the previously protected cargo by a protease in the presence of detergent that

Patham et al. Page 6

Biochem J. Author manuscript; available in PMC 2010 April 15.

N
IH

-P
A

 A
u
th

o
r M

a
n
u
s
c
rip

t
N

IH
-P

A
 A

u
th

o
r M

a
n
u
s
c
rip

t
N

IH
-P

A
 A

u
th

o
r M

a
n
u
s
c
rip

t



permeabilizes the microsomal membrane [7,24]. Finally, we were unable to study co-

translational protein import into TbRMs because the membranes inhibit polypeptide synthesis

by the rabbit reticulocyte system for reasons that are not clear to us. Therefore our results alone

cannot be used as proof that co-translational protein import into the ER does not occur in T.

brucei.

Proteins imported into the ER must first bind to the membrane of the organelle before

translocation across the lipid bilayer occurs. Furthermore, the imported proteins remain

associated with intact microsomal vesicles after their import into the ER. We therefore sought

evidence for VSG_117 association with TbRMs, an important step in the translocation

pathway. In a ‘membrane flotation’ study without TbRMs, 90%of VSG_117 was detected in

the 2.3 M sucrose layer, with only 5% in the 1.5 M sucrose layer where membranes sediment

(Figure 2A, lanes 2 and 3). When TbRMs were added to the mixture, 4-fold more VSG (i.e.

20%) was membrane-bound and located in the 1.5 M sucrose cushion (Figure 2B). This result

is consistent with our earlier conclusions: VSG_117 binds to TbRMs (Figure 2) and is imported

into the microsomes (Figure 1).

MAL3-101 inhibits VSG translocation into TbRMs

As noted above, post-translational protein import into Saccharomyces cerevisiae ER and across

the Escherichia coli inner membrane requires cytosolic chaperones or chaperone-like proteins

respectively. Since the import of full-length VSG into T. brucei microsomes is post-

translational and dependent on cytosol, we considered the possibility that the parasite cytosol

contains Hsp70/Hsp40 that facilitate VSG_117 translocation into TbRMs. To explore this

concept, we tested whether VSG import into TbRMs could be prevented by MAL3-101, a small

molecule inhibitor of Hsp40-stimulated Hsp70 ATPase activity that blocks post-translational

import of ppαMF(pre-pro-α-factor) into microsomes from S. cerevisiae [14]. The cytosol was

pre-incubated with MAL3-101 (or an equal volume of DMSO) while VSG_117 mRNA was

translated in a reticulocyte lysate. TbRMs were then added to reticulocyte lysate that had been

supplemented with cytosol (MAL3-101 or DMSO-treated) containing VSG, and the mixture

was incubated at 37°C to promote the import of VSG into the microsomes. Each mixture was

treated with proteinase K (see Figure 3A for a flow chart of procedures) in order to detect the

imported VSG.

TbRMs imported approx. 80% of VSG_117, as measured by protection from proteinase K

digestion (Figure 3B, compare lanes 1 and 2) when only DMSO was added to the reaction

mixture. In contrast, MAL3-101 inhibited the translocation of VSG_117 into TbRMs, as only

13% of the protein was protected from proteinase K when MAL3-101 was present (Figure 3B,

lanes 3 and 4). MAL3-51 (Figure 4), which is structurally similar to MAL3-101 but has no

effect on yeast translocation [14], had significantly lower impact on the import of VSG into

TbRMs even when used at a 3-fold higher concentration (Figure 3B, lanes 5 and 6). We

conclude that the import of VSG_117 into TbRM inhibited specifically by MAL3-101.

CJ-21,058 and equisetin inhibit protein translocation into TbRMs

Post-translational protein translocation in E. coli requires SecA [25,26] whose ATPase activity

is inhibited by the small molecule CJ-21,058 (Figure 4C) [12]. In T. brucei, cytosolic

chaperones involved in ER protein import have not been completely characterized. To test the

possible involvement of a SecA-like domain in polypeptide import into TbRMs, we used

CJ-21,058 to pharmacologically challenge TbRM protein import.

CJ-21,058 inhibited import of VSG_117 into TbRMs by 70% compared to a DMSO control

(Figure 3B, compare lanes 1 and 2 to lanes 9 and 10). Similarly, equisetin [13], an analogue

of CJ-21,058 (Figure 4D) inhibited VSG_117 translocation into TbRMs by 95% (Figure 3B,
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compare lanes 7 and 8). Thus a protein with a SecA-like ATPase domain may contribute to

the import of VSG_117 into TbRMs. Nevertheless, the target of equisetin (and CJ-21,058) in

the trypanosome system is not likely to be a protein with extensive sequence similarity to the

SecA protein, for two reasons. First, a SECA gene is not encoded in the T. brucei genome.

Secondly, sodium azide, an inhibitor of SecA [26], does not inhibit the translocation of

VSG_117 into TbRMs (results not shown). Interestingly, SecA contains a DEAD-like domain

that is also found in some proteins in the T. brucei genome

(http://www.genedb.org/genedb/tryp/). Therefore it is possible that equisetin inhibits the

activity of a protein with this domain that is required for VSG import into the ER of T.

brucei.

Inhibitors of VSG translocation into TbRMs are trypanocidal

Many essential plasma membrane proteins in T. brucei enter the secretory pathway at the ER.

Therefore the inhibition of ER protein import is likely to deplete multiple proteins (e.g.

receptors and nutrient transporters) from the plasma membrane, and as a result compromise

the viability of the parasite. To test this concept, MAL3-101, CJ-21,058 and equisetin were

examined for their ability to kill T. brucei.

As predicted, MAL3-101 killed T. brucei in a dose-dependent fashion (Figure 5A). Half of the

parasites were killed by 1.5 µM MAL3-101 (IC50), and 100% of parasites were killed in the

presence of 3 µM of the inhibitor (results not shown). The related less active compound

MAL3-51 had a minimal effect on VSG_117 translocation into TbRMs (Figure 3B, lanes 5

and 6) and was not trypanocidal at 50 µM (Figures 5A and 5B). Furthermore, both equisetin

and CJ-21,058 killed T. brucei. The IC50 values for equisetin and CJ-21,058 were 3.3 µM

(Figure 5D) and 7 µM (Figure 5C) respectively. We conclude that the inhibition of protein

import into TbRMs correlates with the trypanocidal activity of the compounds. Thus VSG_117

import into TbRMs may be used to screen for compounds that can kill bloodstream T.

brucei.

It is desirable that an anti-trypanosome ‘lead compound’ kill the parasite but have little or no

effect on human cells. Therefore the new trypanocidal compounds were tested on human cells

using concentrations of the inhibitors that killed 100% of T. brucei. In a cell-viability assay

(Figure 6), no statistically significant differences were detected between drug-treated and

control human HeLa cells (5% cell death) when MAL3-101 (10 µM), CJ-21,058 (12 µM) or

equisetin (20 µM) were added to the cells. Recent work confirms that MAL3-101 is not

generally toxic against mammalian cells [27]. In contrast, treatment with etoposide, an inhibitor

of topoisomerase II, produced significant (40%) death of HeLa cells (Figure 6).

DISCUSSION

Cell-free protein import into trypanosome ER microsomes

We developed a cell-free system using TbRMs into which trypanosome VSG_117 could be

imported post-translationally (Figures 1B and 1C) in a signal-sequence-dependent manner

(Figure 1D). Cytosol from T. brucei is needed for the import of full-length VSGs into TbRMs

(Figures 1B and 1C), reminiscent of the requirement for cytosol in the post-translational import

of proteins into ER-derived microsomes from the fungi S. cerevisiae and Candida maltosa

[23,28–33].

Factors involved in, or predicted to participate in, the import of proteins into the ER of S.

cerevisiae, humans and T. brucei are summarized in Table 1. Some of the corresponding genes,

for example SEC62 and SEC72, which are found in S. cerevisiae, appear to be absent from the

genomes of T. brucei and archaea. The human genome lacks SEC71 and SEC72, whereas
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archaea lack HSC70, a chaperone that is important for post-translational protein translocation

in yeast [3]. However, absence of a protein homologue may not preclude activity of a

‘functional analogue’ [34,35] that may provide the biochemical function. In fact, for T.

brucei there is precedent for this phenomenon; both the transferrin receptor and the nuclease

Dicer lack sequence homology with their mammalian equivalents, although the biochemical

functions of the proteins are retained [36,37]. In archaea, proteins can be secreted post-

translationally [38,39], although the cells appear to lack cytoplasmic Hsp70 as well as Sec71p/

Sec72p. Functional analogues of Hsp70 (or SecB) probably exist in archaea. Alternatively, it

is possible that the protein secretion pathways evolved independently of these factors.

In T. brucei, three lines of evidence support the existence of post-translational protein

translocation into the ER. First, SRP is dispensable for protein import into the ER [4],

suggesting the existence of an alternative (i.e. chaperone-dependent) route for protein entry

into the organelle. Secondly, the T. brucei genome lacks a gene for SRβ (SRP102) (Table 1),

one of the two subunits of the SRP receptor that is required for co-translational protein import

into the ER [40–42]. The caveat to this view is that a functional analogue of SRβ exists in T.

brucei. Thirdly, we demonstrate post-translational import of VSG_117 into TbRM in vitro.

Gene knockdown experiments in vivo [4,43] and in vitro microsomal studies of protein import

into the ER of T. brucei (the present study) complement each other. Proposals for the existence

of post-translational ER protein import in vivo are enhanced by supporting data from in vitro

experiments (and vice versa), as SRP gene knockdowns do not prove the existence of a post-

translational system (also see next paragraph). Furthermore, in vivo biochemical demonstration

of post-translational ER protein import is not feasible for technical reasons. Cycloheximide,

which is used to stop co-translational protein import in order for post-translational translocation

to be demonstrated, also blocks synthesis of new proteins that need to be studied in the post-

translational pathway [43a]. Thus only an in vitro system can provide unequivocal proof that

ER microsomes from any biological system are capable of importing proteins post-

translationally.

The presence of genes encoding SRP subunits does not imply that the ribonucleoprotein

complex is involved in co-translational import into the ER of the trypanosome, since SRP has

multiple functions in a cell. SRP can direct proteins that lack an N-terminal ER signal sequence

to the ER post-translationally [44]. Therefore one cannot yet rule out a role for SRP in post-

translational protein import into the ER of T. brucei.

The secretory pathway as a target for anti-parasite drug discovery

Cell-surface proteins, for example VSG, transferrin receptors, nucleobase transporters and

GP63, are important for establishing trypanosomatid infections in humans. Movement of these

proteins to the plasma membrane is dependent on entry into the parasite ER, following

paradigms worked out in model eukaryotes (reviewed in [2]). The ER is a ‘gateway’ for the

transport of proteins to the Golgi, endosomes, lysosomes and plasma membrane. Small

molecules that interfere with the import of proteins into the ERof a trypanosomemay have

value as anti-parasite agents. Moreover, mammals primarily translocate proteins into the ER

by the co-translational route, whereas in T. brucei the most abundant cell-surface proteins use

a post-translational route for entry into the ER [43]. Hence compounds that interfere with post-

translational ER protein import in T. brucei may compromise the viability of the parasite

without a significant effect on mammalian cells. Results supporting this premise are provided

in Figure 6.

Molecular chaperones and chaperone-like proteins, such as cytoplasmic Hsp70/Hsp40, ER

luminal Kar2p/BiP (in eukaryotes), SecB and SecA (in bacteria) are important for

posttranslational protein import (reviewed in [45]). We predicted that small molecule

modulators of Hsp70/Hsp40 might reduce post-translational import of VSG_117 into TbRMs.
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MAL3-101 inhibits the co-chaperone-stimulated ATPase of Hsp70 and inhibits the

translocation of ppαMF into yeast microsomes [14]. When added to the TbRM protein import

system, MAL3-101 (Figure 4A) inhibited the translocation of VSG_117 into parasite

microsomes (Figure 3B, lanes 3 and 4). Furthermore, MAL3-101 killed T. brucei (Figure 5A).

The efficacy of MAL3-101 against T. brucei (IC50 of 1.5 µM) is comparable to that of suramin,

a drug that is used to treat HAT (IC50 for suramin is 1.4–2.3 µM) [46]. These results indicate

that MAL3-101 is a chemical entity that is worthy of further optimization for anti-trypanosome

drug discovery. The synthesis of MAL3-101 is concise and readily amenable to analogue

preparation [15a,48].

Equisetin (Figure 4D) and CJ-21,058 (Figure 4C), both fungal products [12,13], inhibited the

import of VSG_117 into TbRMs (Figure 3), and these compounds were also trypanocidal

(Figure 5). Fortunately, a total synthesis of equisetin has been described previously [49], an

achievement that could guide future efforts, in the light of these anti-trypanosomal effects, to

synthesize bioactive analogues for structure–activity studies on T. brucei. Finally, it will be

interesting to test whether other equisetin-related compounds (e.g. altersetin,

hexahydroaltersetin, dihydroaltersetin, tetrahydroequisetin and phomasetin) [50–52] are also

trypanocidal.

The observations in the present study are consistent with a recent report from Michaeli and

colleagues that the SRP-independent pathway for ER protein translocation is essential for

viability of T. brucei [43]. Thus drugs that compromise the efficiency of the pathway should

have anti-trypanosome activity. We have provided chemical validation of this concept. For

genetic tests of the principle, future efforts will seek to knock down the SRP-independent post-

translational pathway in T. brucei by targeting the cytosolic Hsp70 chaperone system.
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Figure 1. Cell-free protein import into T. brucei ER membranes

(A) Protocol for post-translational import of VSG. Depicted are the various steps, duration and

temperatures at which the reactions took place. CHX, cycloheximide; PK, proteinase K; RRL,

rabbit reticulocyte lysate. (B) Import of VSG_117 into TbRMs. VSG_117 mRNA was

translated in rabbit reticulocyte lysate for 15 min and then cycloheximide (50 µg/ml final

concentration) was added. Cytosol from T. brucei (Tb) was also added to the reactions analysed

in lanes 4, 5 and 6. Reaction mixtures were incubated with TbRMs (one equivalent) for 45 min

at 37°C, followed by proteinase K digestion (300 µg/ml final concentration) on ice for 60 min.

Proteins were resolved by SDS/PAGE and detected by phosphorimaging. Lane 1, VSG_117

translated in reticulocyte lysate; lane 2, VSG_117 digested with proteinase K; lane 3, VSG_117
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digested with proteinase K in the presence of NP-40 (NP40) (2 %); lane 4, VSG_117 incubated

with TbRMs; lane 5, VSG_117 incubated with TbRMs and digested with proteinase K (PK);

lane 6, VSG_117 was translocated into TbRMs and then permeabilized with 2% NP-40 during

proteinase K digestion. (C) Translocation of VSG_MVAT7 into TbRMs. Lane 1,

VSG_MVAT7 translated in reticulocyte lysate; lane 2, VSG_MVAT7 produced in reticulocyte

lysate and digested with proteinase K; lane 3, VSG_MVAT7 incubated with TbRMs; lane 4,

VSG_MVAT7 incubated with TbRMs and then challenged with proteinase K; lane 5,

VSG_MVAT7 incubated with TbRMs, permeabilized with NP-40 (2%) and digested with

proteinase K. (D) A signal peptide is required for VSG import into TbRMs: VSG_117500 ΔSP

translocation. VSG_117500 ΔSP mRNA was translated in a rabbit reticulocyte lysate with T.

brucei cytosol (1.5 equivalents) for 60 min and treated with cycloheximide (50 µg/ml final

concentration). VSG_117500 ΔSP was incubated with TbRMs (one equivalent) for 60 min at

37°C and digested with proteinase K (20 µg/ml final concentration) for 60 min on ice. Proteins

were separated by SDS/PAGE and radiolabelled polypeptides were detected by

phosphorimaging. Lane 1, untreated VSG_117500 ΔSP; lane 2, VSG_117500 ΔSP treated with

proteinase K; lane 3, VSG_117500 ΔSP incubated with TbRM; lane 4, VSG_117500 ΔSP

incubated with TbRM and treated with proteinase K. The rectangular brackets underneath the

sets of bars denote those data points that were directly compared for quantification, and the

asterisks denote instances where no signal was detected. Results are representative of four

experiments that produced similar results.
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Figure 2. Sucrose flotation of [35S]methionine-labelled VSG_117 after incubation with TbRMs

(A) Floatation of VSG_117 in 2.3 M sucrose in the absence (−TbRM, top panel) or presence

(+TbRM, bottom panel) of TbRMs. [35S]Methionine-labelled VSG_117 was translated in a

rabbit reticulocyte lysate and incubated with (+) or without (−) TbRMs. Reaction mixtures

were loaded on to a 2.3 M sucrose cushion with layers of 1.5 M and 0.25 M sucrose above (see

the Materials and methods section for details). After centrifugation, each sucrose layer was

retrieved, proteins were precipitated, separated by SDS/PAGE, detected with a

phosphorimager and quantified. Lane 1, proteins from the 0.25 M sucrose layer; lane 2, proteins

obtained from 1.5 M sucrose layer; lane 3, proteins obtained from the 2.3 M sucrose layer; and

lane 4, proteins from the 2.3 M sucrose cushion and those that pelleted through the cushion.

(B) Quantification of the results in (A). Asterisks (*) represent 0% VSG_117 detected. The

images of the bands from lanes 1 and 2 and 3 and 4 were adjusted separately to detect relatively

weak bands. Raw data (i.e. not visually adjusted bands) were used for quantification using

QuantityOne software. Results are representative of four experiments that produced similar

results.
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Figure 3. MAL3-101, equisetin and CJ-21,058 inhibit VSG translocation into TbRM

(A) Schematic diagram of the protocol used for import of full-length VSG_117. CHX,

cycloheximide; PK, proteinase K; RRL, rabbit reticulocyte lysate. (B) VSG_117 mRNA was

translated in rabbit reticulocyte lysate with 1.5 equivalents of T. brucei cytosol pre-treated with

MAL3-101 (3 µM), MAL3-51 (10 µM), CJ-21,058 (20 µM) or equisetin (50 µM) for 60 min.

The reaction mixtures were treated with cycloheximide (50 µg/ml final concentration) and

were incubated with TbRMs (one equivalent). After incubation at 37°C for 60 min, reaction

mixtures were transferred to an ice-water bath and treated with proteinase K (30 µg/ml final

concentration) for 60 min. Proteins were resolved by SDS/PAGE and detected by

phosphorimaging. Lane 1, VSG_117 incubated with TbRMs; lane 2, VSG_117 digested with

proteinase K after incubation with TbRMs; lane 3, VSG_117 incubated with MAL3-101 in the

presence of TbRMs; lane 4, VSG_117 and TbRMs incubated with MAL3-101 and then

digested with proteinase K; lane 5, VSG_117 incubated with MAL3-51 and TbRMs; lane 6,

VSG_117 incubated with TbRMs in the presence of MAL3-51 and digested with proteinase
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K; lane 7, VSG_117 incubated with TbRMs; lane 8, VSG_117 incubated with equisetin and

digested with proteinase K; lane 9, VSG_117 incubated with CJ-21,058 and TbRMs; lane 10,

VSG_117 incubated with TbRMs and CJ-21,058 and digested with proteinase K. For

quantification, only the upper band corresponding to the full-length VSG_117 (indicated by

an arrow) was taken into consideration. Furthermore, each proteinase-digested sample was

compared to a control experiment containing the drug but without proteinase addition. Thus

lane 2 is compared to lane 1, while lane 4 is compared to lane 3 etc. Results are representative

of four experiments that produced similar results.
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Figure 4. Structures of MAL3-101, MAL3-51, CJ-21,058 and equisetin

The structures of these compounds have been published previously [12–14].
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Figure 5. Trypanocidal effect of translocation inhibitors

Cultured bloodstream T. brucei CA427 was seeded in medium at a density of 104 cells/ml in

96-well plates. The indicated concentrations of MAL3-101, MAL3-51, CJ-21,058 and

equisetin were added to the cells (duplicate cultures) and were incubated for 24 h. In control

studies (i.e. no drug), equal volumes of DMSO were added to the cultures. The cell density

was determined after 24 h, and the results were plotted. Results are means ± S.D. (n = 4).
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Figure 6. Effect of MAL3-101, equisetin and CJ-21,058 on a human cell line

HeLa cells (104 cells/well in a 96-well plate) were treated with one of the following agents:

MAL3-101 (10 µM), MAL3-51 (10 µM), CJ-21,058 (12 µM), equisetin (20 µM), etoposide

(20 µM), DMSO (5 µM) or mock-treated for 24 or 48 h. Cell viability was determined with a

propidium iodide exclusion assay (see the Materials and methods section for details). Results

are means ± S.D. (n = 4)
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Table 1

Prediction of T. brucei polypeptides required for ER protein translocation

Required for ER protein translocation

Gene T. brucei S. cerevisiae Homo sapiens

KAR2 (BIP ) Yes Yes Yes
HSC70 (SSA1) Yes Yes Yes
HSP40 (DJ1) Yes Yes Yes
SEC61α (SEC61) Yes Yes Yes
SEC61β Not detected Yes Yes
SEC61γ Yes Yes Yes
SEC62 Not detected Yes Yes
SEC63 Yes Yes Yes
SEC71 Yes Yes Not detected
SEC72 Not detected Yes Not detected
SRP54 Yes Yes Yes
SRP101 (SRα) Yes Yes Yes
SRP102 (SRβ) Not detected Yes Yes
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