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Abstract

Cysteine protease activity of African trypanosome parasites is a target for new chemotherapy using synthetic protease
inhibitors. To support this effort and further characterize the enzyme, we expressed and purified rhodesain, the target protease of
Trypanosoma brucei rhodesiense (MVAT4 strain), in reagent quantities from Pichia pastoris. Rhodesain was secreted as an active,
mature protease. Site-directed mutagenesis of a cryptic glycosylation motif not previously identified allowed production of
rhodesain suitable for crystallization. An invariable ER(A/V)FNAA motif in the pro-peptide sequence of rhodesain was identified
as being unique to the genus Trypanosoma. Antibodies to rhodesain localized the protease in the lysosome and identified a 40-kDa
protein in long slender forms of T. b. rhodesiense and all life-cycle stages of T. b. brucei. With the latter parasite, protease
expression was five times greater in short stumpy trypanosomes than in the other stages. Radiolabeled active site-directed
inhibitors identified brucipain as the major cysteine protease in T. b. brucei. Peptidomimetic vinyl sulfone and epoxide inhibitors
designed to interact with the S2, S1 and S� subsites of the active site cleft revealed differences between rhodesain and the related
trypanosome protease cruzain. Using fluorogenic dipeptidyl substrates, rhodesain and cruzain had acid pH optima, but unlike
some mammalian cathepsins retained significant activity and stability up to pH 8.0, consistent with a possible extracellular
function. S2 subsite mapping of rhodesain and cruzain with fluorogenic peptidyl substrates demonstrates that the presence of
alanine rather than glutamate at S2 prevents rhodesain from cleaving substrates in which P2 is arginine. © 2001 Elsevier Science
B.V. All rights reserved.
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rhodesain without the C-terminal extension; TLCK, tosyl lysyl chloromethyl ketone; VSPh, vinyl sulfone phenyl; YPD, yeast extract-peptone-dex-
trose; Z, benzyloxycarbonyl.
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1. Introduction

African trypanosomes are parasitic protozoa that
afflict both man and animals. Trypanosoma brucei gam-
biense and Trypanosoma brucei rhodesiense are the
causative agents of sleeping sickness in humans, and
Trypanosoma brucei brucei, Trypanosoma congolense
and Trypanosoma �i�ax are responsible for ‘Nagana’ in
cattle. The parasites live extracellularly in blood and
tissue fluids of their mammalian host and are transmit-
ted by the bite of tsetse flies. Over 50 million people in
36 countries are at risk of acquiring the infection and
25 000–50 000 new cases are reported from 200 foci
annually [1,2]. In addition, 46 million cattle are threat-
ened with Nagana and losses to livestock producers and
consumers cost approximately US$1340 million per
year [3]. If left untreated, the disease in humans is fatal.

Current chemotherapy of human sleeping sickness is
precarious [4]. Just four drugs are available, of which
three (suramin, pentamidine and melarsopol) were de-
veloped over 50 years ago. Both suramin and pen-
tamidine exhibit serious side effects and the latter is
effective only against T. b. gambiense and not T. b.
rhodesiense. With melarsopol, a serious reactive en-
cephalopathy may result in 5–10% of patients treated
with a 1–5% mortality. The sole new drug is eflor-
nithine (DL-�-difluoromethylornithine, DFMO), a se-
lective inhibitor of ornithine decarboxylase. First used
in 1990, eflornithine is effective against T. b. gambiense
but ineffective against T. b. rhodesiense [5]. Clearly, new
strategies to treat sleeping sickness are required.

Cysteine proteases from a variety of protozoal para-
sites including Plasmodium spp. (malaria, [6]), Try-
panosoma cruzi (Chagas’ disease, [7]) and Leishmania
spp. (leishmaniasis, [8]) have demonstrated potential as
chemotherapeutic targets using peptidyl and pepti-
domimetic inhibitors [9]. In African trypanosomes, the
major cysteine protease has a primary sequence and
biochemical characteristics broadly similar to mam-
malian cathepsin L [10–12]. Recently, small-molecule
inhibitors of this protease were shown to kill T. b.
brucei, the model organism for human African try-
panosomes, both in culture and experimentally infected
animals [13–15]. Importantly, it was demonstrated that
killing was correlated with inhibition of the cysteine
protease brucipain [14]. Therefore, this protease and its
orthologs in other African trypanosomes are attractive
targets for chemotherapy based on cysteine protease
inhibitors.

To implement a strategy of structure-based inhibitor
design and inhibitor screening, reagent quantities of
standardized protease are required. Therefore, we have
expressed the T. b. rhodesiense cysteine protease rhode-
sain in Pichia pastoris. This is in preference to sourcing
limiting amounts of possibly varying protease from the
parasites themselves. We also describe a simple purifica-

tion procedure and characterize the recombinant
protease with respect to its physicochemical properties
and sub-cellular localization. Finally, using peptidyl
substrates and peptidomimetic inhibitors, we compare
and contrast the active sites of recombinant rhodesain
and cruzain.

2. Materials and methods

2.1. Design of rhodesain constructs for expression in
Pichia pastoris

The cathepsin L-like cysteine proteases of try-
panosomes [16,17] and Leishmania spp. [18] possess a
characteristic C-terminal protein domain in addition to
a catalytic domain. For this report, full-length T. b.
rhodesiense rhodesain (including the C-terminal do-
main) and rhodesain without the C-terminal domain
(�C) were expressed in P. pastoris. For both forms, that
part of the gene encoding the pro-domain of the
protease was included for expression as it was found
previously for cathepsin L [19] and cruzain [20] that the
pro-region is necessary for proper folding of the en-
zyme. Rhodesain was amplified by the polymerase
chain reaction (PCR) from a unidirectional cDNA
library of the T. b. rhodesiense strain MVAT4 (kindly
provided by Dr John Donelson, University of Iowa,
Iowa city) that had been constructed in Lambda Zap II
(Stratagene, La Jolla, CA). PCR primers were: forward
5�-ATACTCGAGAAAAGAGCGTGCCTTGCGTCT-
GT-3� which incorporated an XhoI (Roche Molecular
Biochemicals, Indianapolis, IN) site immediately 5� of
the Pichia Kex 2 endopeptidase recognition site (both
sites are underlined); and reverse 5�-AATGCGGC-
CGCTCACTGGTGTGGGACCAG-3� for full length
rhodesain, and 5�-AATGCGGCCGCTCAGGGGC-
CTCCAACAACTGC-3� for rhodesain �C (both re-
verse primers incorporated a transcription termination
codon immediately 3� of a NotI site and both are
underlined). Amplification reactions (100 �l final vol-
ume) included 50 ng template, 10 mM Tris/HCl, pH
8.85, 25 mM potassium chloride, 5 mM ammonium
sulfate, 2 mM magnesium sulfate, 0.2 mM dNTP, 100
pmol of each primer and 1.0 U Pwo polymerase
(Roche). PCR was performed in a Perkin Elmer
Thermal Cycler with 35 cycles of 94, 55 and 72 °C,
each for 1 min. PCR products were resolved in 1%
agarose gels containing 0.5 �g ml−1 ethidium bromide,
and purified from the agarose (Qiagen, Valencia, CA).
Purified DNA was restriction digested overnight at
37 °C with XhoI and NotI, re-purified and then ligated
into the expression vector pPIC Z� A (Invitrogen
Corp., San Diego, CA) which had been similarly di-
gested with the same enzymes and purified. The result-
ing construct places the rhodesain gene 3� of the
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�-mating factor of P. pastoris, thereby targeting rhode-
sain for secretion. Sufficient recombinant plasmid was
produced in and purified from Escherichia coli (DH5�
strain; Life Technologies, Rockville, MD) for sequenc-
ing and electroporation of P. pastoris (see below). The
entire pro-mature-C-terminus of rhodesain was se-
quenced in both directions (Sequetech Corp., Mountain
View, CA). To obtain the sequence encoding the N-ter-
minal signal peptide of rhodesain, the protease gene
was amplified from the Lambda Zap II library by PCR
as described above using the forward primer 5�-AT-
GATGCTATTCTCTTTATTTCTTA-3� (based on the
previous rhodesain sequence accession CAA38238
[21]) and the rhodesain �C reverse primer. The am-
plified product was sequenced in both directions (Se-
quetech).

2.2. Site-directed mutagenesis

To produce rhodesain for crystallography, the previ-
ously unidentified glycosylation site at Asn295 of rhode-
sain �C (see Section 3) was mutated to alanine by
site-directed mutagenesis using sequential PCR steps
[22]. PCR was as described above and incorporated the
mutation primer 5�-GTTGGTTACAATGATGCTAG-
CAATCCACCC-3� or its anti-parallel counterpart
(bases encoding the mutation are underlined), the ap-
propriate forward or reverse primer and 5 ng of
rhodesain �C–pPIC Z� A plasmid as template. The
mutation primers used introduced a unique NheI
restriction site to monitor the success of the
mutation.

2.3. Expression of rhodesain in Pichia pastoris

Procedures to express rhodesain in P. pastoris were
modified from those detailed by the manufacturer (In-
vitrogen). Briefly, to allow for homologous incorpora-
tion of the recombinant plasmid into the AOX 1 locus
of the Pichia genome, recombinant pPIC Z� A (10 �g)
was linearized with SacI and purified. The X33 strain
of P. pastoris (Invitrogen) was electroporated at 1.5 kV
and 129 � in electroporation cuvettes (2 mm gap; BTX,
San Diego, CA). Pichia colonies growing at 30 °C
under zeocin (100 �g ml−1; Invitrogen)—selection on
yeast extract-peptone-dextrose (YPD) agar plates were
picked for expansion first in 10 ml and then in 500–
1000 ml of YPD medium containing the same concen-
tration of antibiotic. Expression of recombinant protein
was induced by incubating transformed Pichia for 24–
48 h at 30 °C in buffered minimal medium (200–400
ml) containing 1% methanol as the sole carbon source.
Protease activity in the medium was monitored by
hydrolysis of the fluorogenic peptidyl substrate benzy-
loxycarbonyl-phenylalanyl-arginine-7-amido-4-methyl-
coumarin (Z-Phe-Arg-NMec; see below).

2.4. Purification of recombinant rhodesain

Pichia culture supernatants containing rhodesain
were lyophilized and stored in a desiccator at 4 °C until
use. Lyophilized samples were resuspended in 10% of
the original volume in 0.05 M sodium acetate, pH 5.5
and complete equilibration with this buffer was accom-
plished using PD10 columns (Amersham Pharmacia
Biotech, Piscataway, NJ). The solution was concen-
trated 10-fold in Centricon-10 ultrafiltration units (10
kDa cutoff; Millipore, Bedford, MA), adjusted to pH
4.5 with 4 M sodium acetate, pH 4.5, and left overnight
at 37 °C in the presence of 2 mM dithiothreitol (DTT)
to allow the protease activity to ‘clear’ the solution of
any incompletely processed forms of rhodesain and
contaminating proteins. Finally, PD10 columns equili-
brated with 0.05 M sodium acetate, pH 5.5 were used
to remove DTT and exchange the buffer for storage of
rhodesain at −80 °C until use.

2.5. SDS-PAGE, N-terminal sequencing and
glycosylation status of recombinant rhodesain

Purification of rhodesain was monitored by sodium
dodecyl sulphate-polyacrylamide gel electrophoresis
(SDS-PAGE) [23] through 4–12% gradient gels (Invit-
rogen). Gels were stained in 40% methanol, 10% acetic
acid containing 0.5% Coomassie Brilliant Blue R-250
(BIO-RAD, Hercules, CA) and destained in the same
solution without Coomassie. For N-terminal sequenc-
ing, samples were subjected to SDS-PAGE and trans-
ferred to polyvinylidene difluoride (PVDF) membranes
(Immobilon-P, Millipore) for 45 min at 25 V using the
procedures and apparatus supplied by Invitrogen.
Bands were visualized in 0.1% Ponceau S (Sigma, St.
Louis, MO), excised and destained in water. Sequencing
was performed by the UCSF Biomolecular Resource
Facility using the Edman degradation technique.

To determine the glycosylation status of recombinant
rhodesain, purified enzyme (40 �g as measured by the
BCA reagent; Pierce Rockford, IL) was incubated with
PNGase F according to the procedures described by
New England Biolabs, Beverly, MA (product number
704S). Briefly, sample was reduced and boiled for 10
min in 5% SDS and 10% �-mercaptoethanol. One-tenth
volumes of 0.5 M sodium phosphate, pH 7.5 and 10%
NP-40 were then added and the solution incubated with
500 U PNGase F for 4 h at 37 °C. Samples were
separated by SDS-PAGE and stained as described
above.

2.6. Production of antisera to rhodesain

Antisera to full length rhodesain and rhodesain �C
were raised in New Zealand white rabbits by Covance,
Richmond, CA. Prior to each injection protocol, preim-
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mune serum was collected and stored at −20 °C. Each
injection used PNGase F-treated rhodesain (200 �g)
that had been excised from SDS-polyacrylamide gels
and mixed with an equal volume (200 �l) of adjuvant.
Freund’s complete adjuvant was used for the primary
injection (day 1), whereas Freund’s incomplete adju-
vant was used for the second and third injections on
days 18 and 36, respectively. Rabbits were exsan-
guinated at 54 days and sera stored at −20°C.

2.7. Culti�ation of T. b. brucei and T. b. rhodesiense

Bloodstream forms of the pleomorphic T. b. brucei
variant clone AnTat 1.1 [24] were grown in NMRI
mice. Dividing long slender and cell-cycle arrested short
stumpy trypanosomes were purified from blood by
DEAE–cellulose chromatography [25] 3 and 5 days
post-infection, respectively. Procyclic insect forms of T.
b. brucei AnTat 1.1 were cultivated at 27 °C in SDM-
79 medium [26] supplemented with 10% heat-inacti-
vated fetal bovine serum. Bloodstream forms of the
monomorphic T. b. rhodesiense clone STIB 704
[27] were grown under a humidified atmosphere at
37 °C containing 5% CO2 in HMI-9 medium [28],
supplemented with 16.7% heat-inactivated fetal bovine
serum.

2.8. Immunoblotting

Pure full length rhodesain and rhodesain �C (5 �g)
were resolved by SDS-PAGE (4–12% gradient gels)
and transferred to PVDF membrane as described
above. For parasite extracts of long slender, short
stumpy and procyclic T. b. brucei, and long slender T.
b. rhodesiense, 6×107 per ml cells were lysed on ice in
50 mM Na–Hepes, 2.5 mM ethylenediaminettetraacetic
acid (EDTA), 2 mM EGTA, pH 7.0 supplemented with
protease inhibitors (200 �M tosyl lysyl chloromethyl
ketone (TLCK), 400 �M PMSF, 10 �M leupeptin,
2 �M trans-epoxysuccinyl-L-leucylamido-(4-guanidino)-
butane (E-64) and 1 �M pepstatin A) until no intact
parasites could be seen microscopically. Each parasite
extract (2 �g) was subjected to SDS-PAGE (10% gels)
and transferred to PVDF. Following blocking of the
membrane overnight in 10 mM Tris, 0.1 M NaCl, pH
8.0, 0.05% Tween 20 (TBS-T) containing 5% horse
serum and 1% milk powder (HSMP), the membrane
was incubated with preimmune, anti-full length rhode-
sain or anti-rhodesain �C serum at a dilution of 1/4000
(pure rhodesain) or 1/1000 (parasite extracts) in HSMP-
TBS-T for 60 min. The membrane was then washed
5×5 min in TBS-T and incubated for 1 h in HSMP-
TBS-T containing either alkaline phosphatase-conju-
gated goat anti-rabbit IgG diluted 1/4000 (2.5 �g; Life
Technologies) for pure rhodesain or horseradish perox-
idase-conjugated goat anti-rabbit IgG diluted 1/5000 (4

�g; Santa Cruz Biotechnology, Santa Cruz, CA) for
parasite extracts. After the same washing steps, blots
with pure rhodesain were developed in 0.1 M Tris/HCl,
0.1 M NaCl, 5 mM MgCl2, pH 9.0 containing 0.33%
nitro blue tetrazolium (NBT; Promega, Madison, WI)
and 0.66% 5-bromo-4-chloro-3-indolyl-1-phosphate
(BCIP; Promega). Development was stopped by incu-
bating the membrane in TBS containing 5 mM EDTA.
For development of blots with parasite extracts, the
ECL kit was employed as described by the manufac-
turer (Amersham Pharmacia Biotech). Band intensities
as developed by ECL were quantified by densitometry
using the software NIH Image Version 1.62.

2.9. Radiolabeling of cysteine protease acti�ity in
trypanosome extracts

Extracts of bloodstream-form pleomorphic T. b. bru-
cei variant clone AnTat 1.1 were prepared as described
above for the immunoblotting experiments, but in the
absence of the protease inhibitor cocktail. Labeling
experiments were performed essentially as previously
described [29]. Lysates (100 �g protein) were added to
reaction buffer (50 mM Tris, pH 5.5, 5 mM MgCl2, 2
mM DTT) in a final volume of 100 �l. Radiolabeled
morpholinourea-leucinyl-homophenylalanine vinyl sul-
fone phenol (125I-LHVS-PhOH; approximately 106 cpm
per sample) was added and samples incubated on ice
for 2 h. To determine whether the reaction of the
radiolabeled vinyl sulfone with the protease target was
specific, lysates were preincubated for 30 min at room
temperature with 10 �M of the selective cysteine
protease inhibitors benzyloxycarbonyl-phenylalanyl-
alanine diazomethane (Z-Phe-Ala-CHN2; Bachem, Tor-
rance, CA) or N-methyl-piperazine-phenylalanyl-homo-
phenylalanine-vinyl sulfone phenyl (N-Me-pip-Phe-
homoPhe-VSPh; kindly given by Dr James Palmer,
Axys Pharmaceuticals, South San Francisco, CA) prior
to addition of the radiolabeled inhibitor. The labeling
reaction was quenched by addition of 4× SDS sample
buffer followed by boiling. Labeling profiles were ob-
tained by separation of protein by SDS-PAGE (12.5%
gels) followed by autoradiography [30].

2.10. Immunoelectron microscopy

Bloodstream forms of T. b. rhodesiense clone STIB
704 were fixed with 2% formaldehyde/0.05% glutaralde-
hyde in phosphate buffered saline (PBS), and infiltrated
with a mixture of 20% polyvinylpyrrolidon/1.8 M su-
crose [31]. Ultrathin cryosections were blocked with 1%
skimmed milk/0.5% bovine serum albumin (BSA) in
PBS, incubated with anti-rhodesain �C rabbit serum
(1:50)/protein A-15 nm gold or preimmune serum
(1:50)/protein A-15 nm gold as previously described
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[32]. For double-labeling, anti-rhodesain �C/protein
A-15 nm gold-labeled cells were fixed with 0.5% glu-
taraldehyde for 10 min and then incubated with
mouse monoclonal IgM (1/200 dilution) to the T. b.
brucei lysosomal glycoprotein CB1 ([33] Cedarlane,
Hornby, Ont., Canada) and goat anti-mouse IgM
IgG-10 nm gold (Aurion, Wageningen, The
Netherlands). Final uranylacetate staining and
methyl cellulose embedding were performed as de-
scribed [34].

2.11. Measurement of rhodesain acti�ity with NMec
substrates

For comparison with rhodesain, many of the stud-
ies involving 7-amido-4-methylcoumarin (NMec) sub-
strates included the orthologous enzyme cruzain (2
nM) from T. cruzi (produced recombinantly according
to [20] and minus the C-terminal domain). The stan-
dard assay used Z-Phe-Arg-NMec and initial rates of
activity were measured at room temperature in black
96-well microtiter plates (Corning, Corning, NY) us-
ing a Labsystems Fluoroskan II fluorometer at excita-
tion and emission wavelengths of 350 and 460 nm,
respectively. Full length rhodesain or rhodesain �C (2
nM) was preincubated for 5 min in 100 �l 0.1 M
sodium acetate, pH 5.5, containing 2 mM DTT. Sub-
strate (100 �l; 20 �M), in the same buffer, was added
and the reaction continued for 5 min. For determina-
tion of the Michaelis constant, Km, a range of sub-
strate concentrations between 0.1 and 40 �M was
employed and the value estimated graphically [35].
The concentration of active enzyme used in assays
was determined by active site titration with E-64, a
stoichiometric irreversible inhibitor of papain-like cys-
teine proteases [36]. Experiments were also performed
with rhodesain �C to compare the initial rates of
hydrolysis of Z-Leu-Arg-NMec, Z-Val-Arg-NMec
(kindly provided by Dr Dieter Brömme, Mount Sinai
School of Medicine, New York) and Z-Arg-Arg-
NMec (Bachem), with that of Z-Phe-Arg-NMec. For
these tests, the effect of pH on the hydrolysis of a
given substrate was measured at pH 4.0, 5.0, 6.0 and
7.0 as described below.

2.12. pH acti�ity and stability of rhodesain

A citrate–phosphate buffer (0.1 M) was used to
obtain initial rates of activity over the pH range of
3.0–8.0. Results were compared with cruzain. All
buffers contained 0.3 M NaCl to minimize variations
in ionic strength. The pH stability of full length
rhodesain, rhodesain �C and cruzain was determined
by incubating the protease at 37 °C in 0.1 M sodium
acetate, pH 5.5 (representing lysosomal pH) and 0.1
M sodium phosphate, pH 7.3 (cytosolic and extracel-

lular pH) without DTT. At various times up to 3 h,
aliquots were withdrawn and activity measured with
Z-Phe-Arg-NMec as described above.

2.13. Effects of �inyl sulfone and epoxide inhibitors

The C-terminal domain of rhodesain, like that of
its ortholog, cruzain, does not contribute to the catal-
ysis of small synthetic substrates (see Section 3).
Therefore, experiments with small-molecule inhibitors
utilized rhodesain �C for comparison with recombi-
nant cruzain (also �C). Reactions were performed as
described [37] at pH 5.5 with Z-Phe-Arg-NMec under
the conditions detailed above. The time-dependent in-
hibition of rhodesain �C and cruzain was analyzed
using progress curves in the presence and absence of
inhibitor. Reactions were started by addition of en-
zyme to solutions of substrate and inhibitor. Values
for the pseudo-first-order rate constant kobs at each
concentration of inhibitor [I ]o were computed for in-
dividual curves by fitting the data to Eq. (1) when
[I ]o�10 times the enzyme concentration [E ]o, where
[P ] is the concentration of product formed over time
t, and �0 is the initial velocity of the reaction.

[P ]=
�0

kobs

(1−exp−kobst) (1)

If kobs varied linearly with [I ]o, then the association
constant kass was determined by linear regression
analysis using Eq. (2).

kobs=
kass[I ]o

(1+ [S ]o/Km)
(2)

where [S ]o is the concentration of substrate.
If kobs varied hyperbolically with [I ]o, then non-lin-

ear regression analysis was performed to determine
the inactivation constant kinact and the inhibition con-
stant Ki using Eq. (3).

kobs=
kintact[I ]o

([I ]o+Ki *(1+ [S ]o/Km))
(3)

where Ki *=Ki(1+ [S ]o/Km).

2.14. Homology-based modeling of rhodesain on
cruzain

A model structure of rhodesain �C was constructed
using the 1.6 A� structure of cruzain bound to a pepti-
domimetic vinyl sulfone inhibitor (PDB ID: 1F2A)
[38] and the 2.8 A� structure of papain (PDB ID:
1PAD) as 3-D templates of related fold. Homology
models of rhodesain were generated with MODELER
[39], a module of the Quanta software package
(MSI). Quanta was used for visualization and com-
parison of generated models.
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3. Results and discussion

3.1. Production of pure, acti�e recombinant rhodesain

Full length rhodesain and rhodesain �C were
secreted as active enzymes from P. pastoris. Also, the
deglycosylated rhodesain �C generated by site-directed
mutagenesis was active. Proteolysis was monitored with
the peptidyl fluorogenic substrate Z-Phe-Arg-NMec.
Purification of the various rhodesain preparations from
induced P. pastoris culture supernatants (Fig. 1A, B
and C, lane 1) was relatively simple involving a conve-
nient lyophilization step, a ‘clearing’ step at acid pH (to
remove any remaining enzyme proforms and protein
contaminants), and buffer exchanges. A similar clearing
procedure has been used to remove contaminants for
purification of orthologous cysteine proteases [40].
Upon clearing, two protein species were visualized by
SDS-PAGE for full length rhodesain (Fig. 1A, lane 2)
and rhodesain �C (Fig. 1B, lane 2), resolving at 36 and
34 kDa, and 27 and 24 kDa, respectively. A single band
at 25 kDa was resolved for the deglycosylated mutant
(Asn295�Ala) of rhodesain �C (Fig. 1C, lane 2).

For all purified protein bands, the N-terminal amino
acid sequences were identical (T G R A P), thus indi-
cating that all but three of the pro-domain amino acids

had been removed (see [21] for sequence of rhodesain).
These bands, representing mature rhodesain, are the
major proteins secreted by transformed P. pastoris. The
secretion of mature fully active rhodesain contrasts
with the production of cathepsins F [41] and V [42],
which were produced as pro-enzymes in the same ex-
pression system. For those enzymes, auto-activation at
acid pH was necessary to convert the pro-cathepsins to
their mature active forms.

The presence of two bands for full length rhodesain
and rhodesain �C is consistent with the modification of
one or more glycosylation sites. Treatment with the
N-glycosidase PNGase F prior to electrophoresis elimi-
nated the upper band in full length rhodesain (Fig. 1A,
lane 3). Similar results were obtained with rhodesain
�C (not shown). The difference in molecular mass
between full length rhodesain and rhodesain �C (ap-
proximately 10 kDa) is consistent with the theoretical
value of 11.1 kDa for the C-terminal domain.

Final protein yields of purified rhodesain �C and its
deglycosylated variant were in the range of 40–60 mg
l−1 of induced Pichia culture, whereas those of full
length rhodesain were in the range of 20–40 mg l−1.
Active site titration experiments with the irreversible
peptidyl epoxide inhibitor E-64 indicated that 50–75%
of each purified rhodesain preparation was folded prop-

Fig. 1. Purification of full length rhodesain, rhodesain �C and the deglycosylated mutant (Asn295�Ala) of rhodesain �C. (A) concentrated
induction medium and fractions thereof from P. pastoris transformed with pPIC Z� A-full length rhodesain were prepared as described in the text
and subjected to SDS-PAGE in a 4–12% gradient gel (30 �g protein load). Lane 1, concentrated induction medium; lane 2, concentrated medium
allowed to clear overnight at 37 °C; lane 3, cleared medium incubated with PNGase F; lane 4, as for lane 3 but without PNGase F; lane 5, as
for lane 3 but without rhodesain. (B) as described for (A) but using P. pastoris transformed with pPIC Z� A-rhodesain �C (30 �g protein load).
Lane 1, concentrated induction medium; lane 2, concentrated medium allowed to clear overnight at 37 °C. (C) as described for (A) but using P.
pastoris transformed with the deglycosylated mutant (Asn295�Ala) of rhodesain �C (40 �g protein load). Lane 1, concentrated induction medium;
lane 2, concentrated medium allowed to clear overnight at 37 °C. Gels were stained with Coomassie Blue R-250. For (A), (B) and (C), molecular
masses in kDa are indicated on the right.
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Fig. 2. Immunoblotting of recombinant rhodesain and lysates of life cycle stages of T. b. rhodesiense and T. b. brucei. (A) Pure recombinant full
length rhodesain and rhodesain �C (5 �g of each) were subjected to SDS-PAGE (4–12% gels), blotted onto PVDF and probed with their
respective rabbit anti-sera. Alkaline phosphatase-conjugated goat anti-rabbit IgG was used as secondary antibody and the blot was developed with
BCIP/NBT solution. Lanes 1 and 3, full length rhodesain and rhodesain �C probed with their respective hyperimmune sera, and, lanes 2 and 4,
probed with pre-immune sera. Molecular masses in kDa are indicated on the right. (B) Extracts (2 �g) of various life cycle stages of T. b.
rhodesiense and T. b. brucei were subjected to SDS-PAGE (10% gel), blotted to PVDF and reacted with rabbit anti-rhodesain �C serum. The
secondary antibody was horseradish peroxidase-conjugated goat anti-rabbit IgG and the blot was developed with the ECL reagent. Lane 1,
extracts of T. b. rhodesiense long slender forms; lanes 2–4, extracts of T. b. brucei long slender, short stumpy and procyclic forms. Molecular
masses in kDa are indicated on the right. The result shown is one of a total of three experiments performed yielding identical results.

erly and active on a protein-weight basis. The simplicity
of the preparation of pure rhodesain using P. pastoris is
a significant improvement over the use of E. coli as an
expression system [43]. In that system, rhodesain was
sequestered in insoluble inclusion bodies, processed het-
erogeneously, and only partially renaturable.

3.2. Sequence analyses of rhodesain and identification
of a no�el pro-peptide motif

Initial attempts to produce non-glycosylated rhode-
sain �C for crystallography failed and a doublet band-
ing pattern was visualized on SDS gels (Fig. 1B, lane 2).
We, therefore, sequenced the entire 1350 bp open read-
ing frame (ORF) of full length rhodesain in both
directions to identify a possible cryptic glycosylation
site. Such was found at Asn295 (numbering system as
reported for sequence accession CAA38238, [21]). The
different strains of T. b. rhodesiense used here
(MVAT4) and previously (WRATat 1.1, [21]) as
sources of DNA most likely explain the presence of this
unique site. The site-directed mutation Asn295�Ala
successfully eliminated this glycosylation site as judged
by SDS-PAGE (compare lane 2 in Fig. 1B and C).
Complete examination of the present sequence iden-
tified a total of 12 nucleotide changes from that re-
ported previously. Nine of these are silent. There are
three amino acid changes; Leu115 for Val, Ser297 for
Asn, and Leu412 for Pro. Otherwise, the primary se-

quences of rhodesain from both strains are identical
and share two potential glycosylation sites, one in the
pro-region (Asn120) and the other in the C-terminal
domain (Asn397).

Rhodesain and its orthologs from T. b. brucei ([16],
CAA34485), T. congolense ([44], CAA30181), T. rangeli
([45], AAA79289) and T. cruzi ([20], AAA30181) pos-
sess an ER(A/V)FNAA motif (EX3RX2(A/V)(F/
W)X2NX3AX3A) in the pro-peptide which does not
vary and is apparently unique to the genus Try-
panosoma. The motif is analogous to the ER(I/
V)FNAQ and ER(I/V)FNIN motifs of the mammalian
cathepsin F/W [46], and cathepsin L groups [47], re-
spectively. Components of this motif function to stabi-
lize the interaction of the second �-helix with that of a
subsequent �-sheet in the pro-domain [48]. The corre-
sponding motif (ER(V/N/A)(F/S)N(A/M)(N/Q) of the
orthologous Leishmania cysteine proteases from Leish-
mania major ([18], AAB48120), Leishmania mexicana
([49], CAA44094; [50], CAA90237) and Leishmania
dono�ani ([51], AAC38833) differs from that of the
trypanosomes and exhibits considerable variability
within the genus. The separation of Trypanosoma and
Leishmania described above accords with their separate
placements in dendograms constructed using distance
and parsimony analyses based on the sequences of
either cathepsin L-like proteases or ribosomal RNA
genes [18].
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3.3. Identification of rhodesain/brucipain in
trypanosome life cycle stages

Rabbit hyperimmune antisera to full length rhode-
sain and rhodesain �C reacted with their respective
target recombinant proteins (Fig. 2A, lanes 1 and 3).
Pre-immune sera did not react (Fig. 2A, lanes 2 and 4).
When tested with extracts of the different life-cycle
stages of trypanosomes, antiserum to rhodesain �C
reacted with a major 40 kDa protein in bloodstream
forms of T. b. rhodesiense (Fig. 2B, lane 1), and in long
slender, short stumpy and procyclic forms of T. b.
brucei (Fig. 2B, lanes 2–4, respectively). Cross-reactiv-
ity of the anti-rhodesain �C serum with the ortholog
brucipain in T. b. brucei was not unexpected given that
the proteases share 98.4% identity in amino acid se-
quence. By scanning densitometry, the reaction of the
antiserum with protease in extracts of the short stumpy
stage was approximately 5-fold stronger than in either
of the long slender or procyclic stages, thus suggesting
that short stumpies contain more brucipain. This obser-
vation is consistent with the demonstration using
fluorogenic substrates that short stumpies of T. b.
rhodesiense [52] and T. b. brucei [53] contain higher
cysteine protease activities than either long slenders or
procyclics. The higher levels of protease activity in the
short stumpy stage might be associated with the protein
and cellular reorganization necessary to prepare the
parasite for survival in the tsetse fly. Using anti-rhode-
sain �C serum, a major 40 kDa band was also iden-
tified by immunoblotting extracts of T. b. e�ansi, a
mechanically transmitted trypanosome of horses and
wildlife in central Asia and South America (M. Gon-
zatti, personal communication).

3.4. Identification of rhodesain/brucipain as the major
trypanosome cysteine protease

The identification of a 40 kDa cysteine protease in
trypanosome extracts was confirmed by use of the
radiolabeled, active site-directed inhibitor 125I-LHVS-
PhOH (Fig. 3, lane 1). This band was the major react-
ing protease species. The reaction could be inhibited by
prior incubation of extracts with the known try-
panosome cysteine protease inhibitors Z-Phe-Ala-
CHN2 and N-Me-pip-Phe-homoPhe-VSPh (Fig. 3,
lanes 2 and 3). Fainter labeled proteases at 33 and 29
kDa were also visualized and may represent differen-
tially glycosylated forms of brucipain lacking the C-ter-
minal domain, or other minor cysteine proteases.
Together, the results of the immunoblotting and active-
site labeling experiments demonstrate that rhodesain/
brucipain is the predominant cysteine protease activity
of 40 kDa in T. b. rhodesiense and T. b. brucei. The 40
kDa value is consistent with the mature glycosylated
protease bound to its C-terminal domain.

3.5. Localization of rhodesain in the lysosome

Heretofore, only indirect evidence has suggested that
the major cysteine protease of T. brucei was localized in
the lysosome as judged by the detection of proteolytic
activity associated with cellular fractions containing
lysosome-like organelles [10]. Here, immunoelectron
microscopy of T. b. rhodesiense bloodstream forms with
anti-rhodesain �C serum directly demonstrates that the
protease is localized in the lysosome (Fig. 4A). Preim-
mune serum did not react (Fig. 4C). Rhodesain co-lo-
calizes with the major lysosomal glycoprotein CB1, a
lysosomal marker of T. brucei ([33], Fig. 4B). The same
pattern of labeling was observed with sections of T. b.
brucei bloodstream forms (not shown). The localization
of rhodesain in the lysosome is consistent with the
previous demonstration that incubation of try-
panosomes with the cysteine protease inhibitor Z-Phe-
Ala-CHN2 leads to an accumulation of undegraded
protein in that organelle [14]. As the major proteolytic
activity in the lysosome, rhodesain is likely to be in-
volved in the degradation of parasite proteins and

Fig. 3. Active site radiolabeling of brucipain in extracts of T. b.
brucei. Cell extracts (100 �g) of T. b. brucei were incubated with the
radiolabeled cysteine protease inhibitor 125I-LHVS-PhOH and sub-
jected to SDS-PAGE (12.5% gel) followed by autoradiography. Lane
1, extracts incubated with the radiolabel without prior inhibition with
non-labeled inhibitor; lanes 2 and 3, extracts pre-incubated with the
selective cysteine protease inhibitors Z-Phe-Ala-CHN2 and N-Me-
pip-Phe-homoPhe-VSPh, respectively, prior to addition of 125I-
LHVS-PhOH. Note the almost complete blocking of binding of
125I-LHVS-PhOH by preincubation with the non-labeled inhibitors.
Molecular masses in kDa are indicated on the right.
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Fig. 4. Ultrathin cryosection immunogold labeling of rhodesain in T.
b. rhodesiense bloodstream forms. (A) Cross-section that was labeled
with anti-rhodesain �C rabbit serum and protein A-15 nm gold. (B)
Cross-section that was double-labeled with both anti-rhodesain �C
rabbit serum/protein A-15 nm gold and mouse monoclonal antibod-
ies to the T. b. brucei lysosomal glycoprotein CB1/anti-mouse IgM-10
nm gold. (C) Cross-section that was labeled with preimmune serum
and protein A-15 nm gold. ly, Lysosome; g, glycosome; m, mitochon-
drion. Bar, 0.5 �m.

determined previously [20]. The pH profiles of all three
enzymes were similar with maximal activity against
Z-Phe-Arg-NMec between pH 5.0 and 5.5 (Fig. 5A).
Therefore, the presence of the C-terminal domain of
rhodesain seems not to influence the pH activity of the
enzyme. The acid pH optima of rhodesain and cruzain
are consistent with their lysosomal localization and
similar to the pH optima of mammalian cathepsins,

Fig. 5. pH dependent activities and stabilities of full length rhodesain,
rhodesain �C and cruzain with Z-Phe-Arg-NMec as substrate. (A)
For pH profiles, each protease was preincubated in 0.1 M citrate-
phosphate, 0.3 M NaCl, 2 mM DTT. Then, the same volume of
buffer containing Z-Phe-Arg-NMec (20 �M) was added. Activity was
measured at room temperature by fluorescence emission at 460 nm
(�, full length rhodesain; �, rhodesain �C; �, cruzain). For each
protease, activities were compared with the maximum, which was set
to 100%. (B) For pH stability experiments, each protease was incu-
bated at 37 °C in either 0.1 M sodium acetate, pH 5.5 (to simulate
the lysosomal pH) or 0.1 M sodium phosphate, pH 7.3 (cytosolic and
extracellular pH) for up to 3 h. At the times indicated, aliquots were
removed and activity measured at room temperature with 10 �M
Z-Phe-Arg-NMec by fluorescence emission at 460 nm. At pH 5.5, �,
full length rhodesain; �, rhodesain �C; �, cruzain. At pH 7.2, �,
full length rhodesain; �, rhodesain �C; �, cruzain. For both A and
B, experiments were performed in triplicate and S.D. values were
never greater than 5% of the mean.

intracellularly transported host proteins in both the
insect and the mammalian host. A function for the
orthologous enzyme, congopain, in the degradation of
variant surface glycoprotein in the lysosome has been
discussed [54].

3.6. pH profile and stability of rhodesain compared
with cruzain

At optimal pH with Z-Phe-Arg-NMec as substrate,
full length rhodesain and rhodesain �C had Km values
of 1.2�0.3 and 1.5�0.4 �M, respectively (means�
S.D. values from three separate experiments). For
cruzain, a Km value of 0.96�0.049 �M had been
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such as cathepsins F [41], V [42] and L [55]. However,
unlike some mammalian cathepsins, such as cathepsin
F and L, which are inactivated quickly at pH values at
and above 7.0, the trypanosome proteases retained
significant activity (�50% of original at pH 8.0). Simi-
larly, brucipain, purified from T. b. brucei extracts, has
been shown to maintain significant activity up to pH
9.0 [12].

In addition, pH stability experiments demonstrated
that full length rhodesain, rhodesain �C and cruzain
are stable at the cytosolic and extracellular pH of 7.3
(Fig. 5B). All enzymes displayed only a slow loss of
activity over 3 h, at which time greater than 30% of
original activity remained. The activity and stability of
rhodesain at neutral pH is interesting given the report
that cysteine protease activity is secreted by living intact
T. b. brucei in culture [56]. If secreted into the infected
host, it might be expected that rhodesain would be
inhibited by serum protease inhibitors such as the kini-
nogens and �2-macroglobulin, as has been reported in
vitro for brucipain [12]. Nevertheless, brucipain has
been shown to form active complexes with L-kininogen
[57] and it is possible for rhodesain that such circulating
complexes and/or the retention of proteolytic activity
may confer some advantage to the parasite by modulat-
ing host physiology or the immune response.

3.7. S2 subsite specificity of rhodesain compared with
cruzain

For papain-like cysteine proteases, such as rhodesain,
the S2 subsite (in the nomenclature of Schechter and
Berger [58]) of the active site cleft defines the primary
specificity towards peptidyl substrates. The S2 specific-
ity of rhodesain �C (Fig. 6A) was compared with that
of cruzain (Fig. 6B) using four dipeptidyl fluorogenic
substrates in which the P2 amino acid was varied (Phe,
Leu, Val or Arg). Analyses were conducted at pH 4.0,
5.0, 6.0 and 7.0. Consistent with the preference of many
mammalian cysteine-class cathepsins [41,42], both try-
panosome enzymes prefer bulky hydrophobic amino
acids in S2. Rhodesain has an equal preference for
leucine and phenylalanine whereas cruzain prefers
phenylalanine. Both enzymes are approximately 50%
less reactive with the substrate containing a �-branched
valine. Taken together, rhodesain resembles more
cathepsin F in its S2 specificity, whereas cruzain is more
similar to cathepsin L [42]. The major difference be-
tween the rhodesain and cruzain was in their respective
abilities to degrade the substrate with arginine at P2.
The presence of glutamate at the base of the S2 subsite
(Glu333 (Glu205 in papain numbering)) in cruzain would
allow interaction with the positively charged arginine
side chain [59], whereas the corresponding alanine in
rhodesain would not have such an attraction.

Fig. 6. Specificity of the S2 subsite of rhodesain �C compared with
cruzain. Each protease was tested at four pH values with four
substrates (10 �M) varying at the P2 position (Z-Xxx-Arg-NMec,
where Xxx indicates phenylalanine (�), leucine (�), valine (�), or
arginine (�). Activity was measured at room temperature by fluores-
cence emission at 460 nm. (A) and (B), data for rhodesain �C and
cruzain, respectively. For both A and B, experiments were performed
in triplicate and S.D. values were never greater than 5% of the mean.

3.8. Inhibition of rhodesain by �inyl sulfone and
peptidyl epoxide inhibitors

Earlier peptidyl and peptidomimetic irreversible in-
hibitors used to target African trypanosome cysteine
proteases have focused on interactions with the non-
prime subsites (particularly S2) in the active site cleft
[13]. As part of an ongoing program to develop new
cysteine protease inhibitors targeting rhodesain, cruzain
and additional cysteine proteases of other important
parasitic organisms, we tested a series of vinyl sulfonyl
inhibitors [60] that were designed to explore the S�
subsites of rhodesain �C (Table 1). Cruzain was in-
cluded in each assay for comparison. A number of
inhibitors with a single-atom spacer between the sulfo-
nyl group and a phenyl moiety were tested (R=OPh,
CH2Ph or NHPh) and compared with an inhibitor with
the same phenyl substituent, but without a spacer (R=
Ph). For both rhodesain �C and cruzain, the inhibitor
with R=OPh is most potent with 20- and 30-fold
greater activities, respectively, compared with the in-
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hibitor without a spacer (R=Ph). With R=CH2Ph,
the activity drops to 2–3-fold compared with the in-
hibitor with R=Ph, and extending the length of the
spacer to two carbons (R=CH2CH2Ph) led to a fur-
ther 5–10-fold decrease in activity. The inhibitor with
R=NHPh is rejected by rhodesain �C, being 6–7-fold
less active than the inhibitor with R=Ph, whereas for
cruzain there is a 2-fold loss of activity. The simple
ethyl ester (R=OEt) compared with the phenoxy sub-
stituted inhibitor (R=OPh) is significantly less potent
against both enzymes. Interestingly, switching the R-
group from Ph to 2-pyridyl resulted in a 10- and 5-fold
increase in inhibitor activity against rhodesain and
cruzain, respectively. Qualitatively, therefore, the two
enzymes react similarly to this series of vinyl sulfonyl
inhibitors. Studies of additional inhibitor analogs in the
R=OPh and R=2-pyridyl series as potential drug
candidates appear warranted based on these promising
enzyme inhibition data.

Further comparative analysis of rhodesain and
cruzain was performed using a series of peptidyl epox-
ide inhibitors based on the natural product E-64 as a

Table 2
Inhibition of rhodesain �C and cruzain by peptidyl epoxide inhibitors

R-groupbX-groupa kass (M−1 s−1)

Rhodesain Cruzain

4584�984c3804�624OHD-homoPhe
OH 57 750�1836dL-homoPhe 75 720�27 576d

D-Leu OH 5016�23048274�1800
OHL-Leu 92 232�4686d 65 700�13 698d

D-homoTyr OH 12 618�5412 17 706�1272
D-homoPhe 98 466�9102d93 702�6504dNHOCH2Ph

n.i.e n.i.NHOCH2PhL-homoPhe
NHOCH2PhD-homoTyr 34 020�6180 441 600�57 760

Recombinant rhodesain �C and cruzain (prepared according to [20])
were tested at 2 nM. Tests were performed in triplicate (S.D. values
included). Concentration of substrate Z-Phe-Arg-AMC was 5 �M.

a Refer to the group X, of the structure depicted above.
b Refer to the group R, of the structure depicted above.
c kinact/Ki value.
d kobs/I, at lowest [I ] significantly different from control.
e No inhibition, i.e. the values were no different from controls with

dimethylsulfoxide (DMSO) alone up through 10 �M I.
Table 1
Inhibition of rhodesain �C and cruzain by peptidomimetic vinyl
sulfone inhibitors and their derivatives designed to probe the S�
subsites

kass (M−1 s−1)R-groupa

CruzainRhodesain

Ph 268 200�44 760 596 400�116 400b

OPh 5 808 000�1 656 000 16 802 082�340 000
37 300�7104NHPh 246 000�84 400

CH2Ph 891 000�27 300 1 398 000�294 000
149 400�15 000181 800cCH2CH2Ph

129 000�30 000OEt 153 000�24 000
2-Pyridyl 3 417 600�225 6002 910 000�396 000

Recombinant rhodesain �C and cruzain (prepared according to [20])
were tested at concentrations of 2 nM. Tests were in duplicate or
triplicate (with S.D. values). Concentration of substrate Z-Phe-Arg-
AMC was 5 �M.

a R-group refers to the structure depicted above.
b kinact/Ki value.
c kobs/I value.

lead structure [61]. The design, synthesis and evaluation
of these E-64 analogs as inhibitors of cruzain are
described elsewhere [62,63]. We have studied the effects
of varying the P2 amino acid side chain X and the
terminal substituent R that extends into the S� area
(Table 2). The side chains of the amino acids L-leucine
(Leu), L-homophenylalanine (homoPhe) and L-homoty-
rosine (homoTyr) are presumed to interact with the S2

subsite, by analogy to the interaction of the leucine side
chain in E64c with papain [64]. This series of inhibitors,
in the main, was less potent than the vinyl sulfone
series. Both proteases preferred the L-stereoisomer of
homophenylalanine, leucine and homotyrosine when R
was a simple OH group. Extending the terminal R
substituent into the S� sites, as exemplified by X=L-ho-
moPhe, R=NHOCH2Ph, abolished inhibition. How-
ever, inhibitor activity could be rescued by changing the
P2 amino acid from the L-isomer to the D-isomer.
Finally, the inhibitor based on D-homoTyr with R=
NHOCH2Ph discriminated cruzain from rhodesain the
most (13-fold). Indeed, this inhibitor seems thus far
selective for cruzain as lower second order rate con-
stants were also measured for bovine cathepsin B,
2228�323 (kass); papain, 1300�539 (kass) and L. major
cathepsin B, 83 600�11 756 (kinact/Ki) (E. Hansell, un-
published results).
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3.9. Homology-based modeling of rhodesain

Based on homology modeling of rhodesain on
cruzain, there are no sequence differences in the vicinity
of the active site binding region that can explain the
quantitative differences in the kinetic behavior between
the enzymes with the vinyl sulfone and epoxide in-
hibitors. The only notable sequence changes within a 7
A� sphere of the active site region occur near the S3 site,
where Ser186 of cruzain is replaced by phenylalanine in
rhodesain, and at the base of the S2 cleft, where gluta-
mate (Glu333) is changed to alanine. Phenylalanine in S3

can potentially make constructive hydrophobic interac-
tions with the aromatic blocking group of the vinyl
sulfone inhibitors. However, as the blocking group was
held constant in all of the vinyl sulfone inhibitors
tested, this does not explain the observed kinetic results.
Glutamate found at the base of the S2 cleft in cruzain is
positioned away from the binding cleft and does not
interfere with the hydrophobic interactions of the
phenyl moiety of the inhibitor at P2 as judged from
numerous vinyl sulfone-bound cruzain structures [38],
as well as other cruzain structures [59]. Therefore, the
presence of alanine at the same position in rhodesain
should not markedly affect inhibition potential. We can
only conclude at this stage that allosteric effects are
involved in the inhibition specificity of the two en-
zymes. The impact of sequence changes in loops as well
as in buried regions at a distance from the active site
cleft will be assessed from an X-ray crystal structure of
the rhodesain Asn295�Ala mutant, an effort currently
in progress (L. Brinen, unpublished results).
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