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Biotin-labelled peptidyl diazomethane inhibitors derived from the substrate-
like sequence of cystatin: targeting of the active site of cruzipain, the major
cysteine proteinase of Trypanosoma cruzi
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Biotin-labelled peptidyl diazomethane inhibitors of cysteine
proteinases, based on the N-terminal substrate-like segment of
human cystatin C, a natural inhibitor of cysteine proteinases,
were synthesized. These synthetic derivatives were tested as
irreversible inhibitors of cruzipain, the major cysteine proteinase
of Trypanosoma cruzi, to compare the kinetics of the inhibition
of the parasite proteinase with that of the mammalian cathepsins
B and L. The accessibility of the active sites of these proteinases
to these probes was also investigated. The inhibition of cruzipain
by Biot-LVG-CHN,, (where Biot represents biotinyl and L,V and
G are single-letter amino acid residue abbreviations) and Biot-
Ahx-LVG-CHN, (where Ahx represents 6-aminohexanoic acid)
was similar to that of unlabelled inhibitor. Biotin labelling of the
inhibitor slowed the inhibition of both cathepsin B and cathepsin
L. Adding a spacer arm (Ahx) between the biotin and the peptide
moiety of the derivative increased the inhibition of cathepsin B
but not that of cathepsin L. The discrimination provided by this

spacer is probably due to differences in the topologies of the
binding sites of proteinases, a feature that can be exploited to
improve targeting of individual cysteine proteinases. Analysis of
the blotted proteinases revealed marked differences in the ac-
cessibility of extravidin—peroxidase conjugate to the proteinase-
bound biotinylated inhibitor. Cruzipain molecules exposed to
Biot-LVG-CHN,, or Biot-Ahx-LVG-CHN, were readily identi-
fied, but the reaction was much stronger when the enzyme was
treated with the spacer-containing inhibitor. In contrast with the
parasite enzyme, rat cathepsin B and cathepsin L treated with
either Biot-LVG-CHN, or Biot-Ahx-LVG-CHN, produced no
detectable bands. Papain, the archetype of this family of
proteinases, was poorly labelled with Biot-LVG-CHN,, but
strong staining was obtained with Biot-Ahx-LVG-CHN,,. These
findings suggest that optimized biotinylated diazomethanes might
considerably improve their selectivity for the T. cruzi target
enzyme.

INTRODUCTION

Evidence has accumulated over the past few years showing that
cysteine proteinases from helminths and protozoans are essential
in parasite development [1,2]. The papain-like proteinases
expressed by the intracellular parasite Trypanosoma cruzi
(designated as cruzipain, cruzain or GP57/51) is recognized as a
potential target for chemotherapy against Chagas’ disease [3,4],
and a great deal is known of their biochemical and structural
properties [5-8]. The cruzipains are encoded by multicopy
polymorphic genes and are functionally and structurally similar
to mammalian cathepsin L [9,10]. As a distinctive feature,
however, they contain a proteolytically sensitive proline-rich
type of hinge structure followed by a contiguous polythreonine
sequence [11,12], which separates the catalytic domain and a long
(130 residues), highly antigenic C-terminal extension [11,13].
Like mammalian cathepsins, the cruzipain(s) are synthesized as
single-chain pre-proproteins [6]. Their expression is develop-
mentally regulated, reaching high levels during the replicating
stages of parasite development [6,9,14]. The three-dimensional
structure of the catalytic domain of recombinant cruzain co-
crystallized with its inhibitor Z-Phe-Ala-FMK (where Z
represents benzyloxycarbonyl) has recently been resolved, pro-
viding a valuable guide for detailed investigations of the con-

formation and specificity of the active site [8]. Further in-
formation on target selectivity is, however, needed to exploit the
potent trypanocidal effects of synthetic peptidyl inhibitors on
infected cultures [3,4] and in animal models of Chagas’ disease
[8]. The first-generation peptidyl diazomethane and peptidyl
fluoromethane inhibitors have limited selectivity for the parasite
enzyme because they were originally developed for papain and
closely related mammalian proteinases (reviewed in [15]).
Prompted by the observation that cruzipain is strongly inhibited
by several members of the cystatin superfamily [16,17], we
recently designed peptide substrates with intramolecularly
quenched fluorescence and peptidyl diazomethane inhibitors
from the N-terminal substrate-like segment of cystatin C, and
from the conserved QxVxG sequence in cystatins [18-20].
Although some of these substrates showed increased specificity
for cruzipain, the peptidyl diazomethanes Z-RLVG-CHN, and
GIcA-QVVA-CHN, still inhibited papain and rat cathepsins B
and L more efficiently [17,18]. We have attempted to overcome
these limitations by exploring the active site accessibility of
cystatin-based diazomethane inhibitors by labelling the N-
terminus of the peptidyl portion with biotin, or using a
6-aminohexanoate spacer to increase the distance between the
biotin and the peptidyl core of the inhibitor. The underlying
premise was that cysteine proteinases might have different active-

Abbreviations used: AMC, 7-amino-4-methylcoumarin; Ahx, 6-aminohexanoic acid; Biot, biotinyl; DTT, dithiothreitol; Z, benzyloxycarbonyl.
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site topologies that could favour or restrict the access of the
biotinylated inhibitor to the cleft. The kinetics of the interaction
of the biotinylated derivatives with mammalian cathepsins B and
L and cruzipain (isolated from the Dm28c strain of 7. cruzi) were
compared. The results indicate that the active site of cruzipain is
more accessible to these probes than are its mammalian counter-
parts. In addition to their implications for the design of inhibitors,
these probes might help to locate catalytically active cruzipain in
viable organisms.

EXPERIMENTAL
Materials

Prestained molecular mass markers were from Bio-Rad (Ivry-
sur-Seine, France). Dithiothreitol (DTT) and BSA were obtained
from Sigma (St. Quentin-le-Fallavier, France). Z-Phe-Arg-AMC
(where AMC represents 7-amino-4-methylcoumarin) and Z-Arg-
Arg-AMC were purchased from Bale Biochimie (Voisins-le-
Bretonneux, France). Extravidin—peroxidase conjugate and 4-
chloro-1-naphthol were from Sigma. Unless otherwise stated, all
amino acids were of the L-configuration and were from Bachem
(Budendorf, Switzerland). Biotin-N-hydroxysuccinimide ester
and biotinamido-6-hexanoate-N-hydroxysucinimide ester were
purchased from Pierce (Interchim, Montlugon, France). TLC
was performed on Merck silica gel plates. All other reagents were
of analytical grade.

Synthesis of peptidyl diazomethanes

Z-RLVG-CHN, was a gift from Dr. Magnus Abrahamson
(University Hospital, Lund, Sweden) [21]. Biot-LVG-CHN,
(where Biot represents biotinyl) and Biot-Ahx-LVG-CHN,
(where Ahx represents 6-aminohexanoic acid) were synthesized
from t-butoxycarbonyl-LVG-OMe, prepared by standard pep-
tide chemistry. The N-biotinyl active ester moiety was appended
to HCLLH-LVG-OMe in dimethylformamide in the presence of
di-isopropylethylamine. The diazomethane peptides were
obtained from the corresponding biotinylated peptide methyl
ester, after saponification of the methyl ester with 1 M NaOH in
DMSO by the method of Green and Shaw [22]. Peptides were
purified by reverse-phase HPLC, and characterized by proton
NMR with a Bruker AM 300 spectrometer.

Enzymes

Papain was purchased from Boehringer (Mannheim, Germany).
Cathepsins B and L were purified from rat liver [23]. Cruzipain
(Dm28c strain) was purified from epimastigotes of 7. cruzi [24].

Cathepsin B was assayed on Z-Arg-Arg-AMC, cathepsin L,
cruzipain and papain on Z-Phe-Arg-AMC, and their enzymic
activities were recorded on a Kontron SFM 25 spectrofluorimeter
with excitation at 350 nm and emission at 460 nm. These assays
were conducted in activating buffer (0.1 M phosphate buffer,
pH 6.0, containing 1 mM EDTA, 2 mM DTT and 0.1 %, Brij 35)
for cathepsins B and L, in 0.1 M phosphate buffer, pH 6.8,
containing 1 mM EDTA, 2mM DTT and 0.19, Brij 35 for
papain, and in 0.1 M phosphate buffer, pH 6.0, containing
10 mM DTT for cruzipain. Cysteine proteinases were titrated
with  trans-epoxysuccinyl-L-leucylamido-(4-guanidino)butane
[25].

Kinetics

Studies were performed by continuous assay by the method of
Tian and Tsou [26]. Briefly, the inactivation of proteinases by

inhibitors was monitored in the presence of the substrate,
allowing competition for the enzyme binding site. In this system,
product formation in the presence of an irreversible inhibitor
approaches an asymptote, as described by:

log([P],, —[P]) = log[P], —0.43k,,t M

where [P], is the concentration of product formed at a time
approaching infinity, [P] is the concentration of product at time
t, k. is an apparent pseudo-first-order rate constant that relates
to k,, the second-order rate constant for association of the
inhibitor with the enzyme in the presence of the substrate as
described by:

ks = K [1/(1+[S)/K,,) 2)

where [I] and [S] are the inhibitor and substrate concentrations
respectively, and K is the Michaelis-Menten constant. The
second-order rate constant for inhibition, k,, is deduced from
the slope of a plot of log([P],, —[P]) against ¢ in accordance with
eqn. (1).

Reactions were performed under experimental conditions
where less than 10 9, of the substrate was hydrolysed before the
proteinase was inactivated. Mixtures of 25 yM Z-Phe-Arg-AMC
and peptidyl diazomethane (0-50 M) were preincubated for
2 min at 30 °C in a final volume of 400 xl. The enzyme reaction
was started by adding 0.2 nM cruzipain, and the rate of substrate
hydrolysis was monitored until inhibition was complete. The
native enzyme was also checked to ensure that it retained full
proteolytic activity under the experimental conditions. The
inactivation of cathepsins B and L was recorded under similar
conditions.

Detection of affinity-labelling probes

Enzymes (0.1 #M) were incubated in their respective activating
buffers with a large excess of peptidyl diazomethane (molar ratio
1:200) for 1h at 30 °C. Samples (10 ul of a 50 nM enzyme
solution) were subjected to SDS/PAGE [159%, (w/v) gels] under
reducing conditions [27]. Proteins were blotted by electro-
transfer, and the nitrocellulose sheet was saturated by incubation
for 1 h at 37 °C with PBS containing 1%, (w/v) BSA. The sheet
was washed three times with PBS containing 0.1 9, Tween-20,
and incubated with extravidin—peroxidase for 2h at room
temperature under gentle agitation, diluted 1:500 in PBS con-
taining 39, (w/v) BSA and 0.059%, Tween-20. It was again
washed three times and the peroxidase activity was revealed with
4-chloro-1-naphthol (Sigma) or with the enhanced chemilumi-
nescence kit from Amersham. Parallel experiments were per-
formed by dot blotting with and without prior reduction of the
enzyme-inhibitor complex.

RESULTS AND DISCUSSION

Targeting the active site of parasite proteinases during infection
of the host without impairing the functioning of host proteins is
a new and promising approach for developing chemotherapeutic
agents against parasitic disesases [28]. However, no specific
cruzipain substrate or inhibitor has yet been described that
discriminates between this proteinase and related host cysteine
proteinases during infection. We have previously shown the
important contribution of residues in prime position with respect
to the substrate cleavage site to cruzipain specificity [17], a
feature that runs counter to the development of proteinase-
specific peptidyl diazomethane or peptidyl fluoromethane inhibi-
tors. An alternative method of specific targeting of cruzipain is
to assume that the access of peptide inhibitors to the proteinase
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Leu-Val-Gly-CHN,

Leu-Val-Gly-CHN,

Figure 1  Structure of the biotinylated probes: (a) Biot-Ahx-LVG-CHN,; (b)
Biot-LVG-CHN,
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Figure 2 Progress curves for the generation of 7-amino-4-methylcoumarin
from the cruzipain-catalysed hydrolysis of Z-Phe-Arg-AMC in the presence
of Biot-LVG-CHN,

The inactivation of cruzipain was measured by continuous monitoring of the increase of
fluorescence, as described in the Experimental section, in the presence of a fixed concentration
of substrate (25 #M) and various amounts of Biot-LVG-CHN,, as described in [17].

active site could be modulated by a bulky hydrophobic derivative
such as biotin, because of the variability of the amino acid
sequence within the active site of cysteine proteinases, and
because of the somewhat different conformations of the active
sites of those cysteine proteinases whose three-dimensional
structures are known (reviewed in [29]). This would provide
further discrimination between related cysteine proteinases of the
papain family, and help to locate the parasite proteinase in situ.

Inhibition of cysteine proteinase by biotinylated inhibitors

Cystatin-derived peptidyl diazomethane inhibitors were N-
terminally labelled with biotin, directly or via a spacer arm, to
investigate the capacity of the probe to access the active site (see
Figure 1). Biotin-labelled inhibitors were first assayed kinetically
on rat cathepsins B and L and on cruzipain. The rate constants
for inactivation were compared with those obtained with
unlabelled inhibitors. Figure 2 shows the time course for the
formation of 7-amino-4-methylcoumarin, released from Z-Phe-

Table 1  Second-order inhibition constants («,.) of cruzipain and rat lysosomal
cathepsins by peptidyl diazomethanes

Second-order constants were determined as described in the Experimental section.

ks M71es7Y)

Z-RLVG-CHN, Bio-LVG-CHN, Bio-Ahx-LVG-CHN,
Cruzipain 5900" 1500 1200
Cathepsin L 2410001 7500 16000
Cathepsin B 31000+ 100 7000

*Results taken from [17].
T Results taken from [18].

Arg-AMC by cruzipain from the Dm28c clone, in the presence of
Biot-LVG-CHN,. The observation that the curves obtained at
two different inhibitor concentrations have the same initial slopes
suggests strongly that no significant non-covalent enzyme-
inhibitor binding occurs during the course of competitive,
irreversible inhibition, and therefore that the mechanism obeys
the simple model:

Fass

E+1- EI 3)

This was further confirmed by plotting k. against [I], which
gave a straight line (not shown). Similar results were obtained
with cathepsins B and L, indicating that biotinylated inhibitors
still have access to the active site of proteinases. However, the
rate at which inhibition occurs changes markedly with the
proteinase used (Table 1). Biot-LVG-CHN, inactivated cathepsin
L at one-thirtieth of the rate of the unlabelled inhibitor. The ratio
was about 1:300 for cathepsin B. However, the rate of cruzipain
inhibiton was only slightly decreased by the biotinylated in-
hibitor. Parallel experiments using papain showed that
biotinylation significantly increased (4-fold) the rate of inhibition
(results not shown). Biotinylation might therefore selectively
affect the access of the peptidyl diazomethane to the active site of
papain-related proteinases. This finding could be used as the
platform on which to develop more selective probes for the
parasite proteinase, using the relatively low sensitivity of
cruzipain to biotinylation of the inhibitor compared with its
mammalian homologues. How biotin might impair access to the
active site of cathepsin B and L was further investigated by
introducing an alkylated spacer between the biotin group and the
peptide chain. The rate of inhibition of cruzipain and cathepsin
L was not significantly changed by using Biot-Ahx-LVG-CHN,,.
However, the presence of the spacer arm greatly increased the
rate at which cathepsin B was inhibited (Table 1). Whether this
is due to interactions of biotin with critical residues in the
substrate-binding site or whether it is due to an unfavourable
environment within the active site of cathepsin B cannot be
answered yet. We therefore studied the accessibility of biotin to
extravidin after proteinase—inhibitor complexes were formed.
This affinity labelling could help to discriminate further between
cysteine proteinases and be used as a first step to identify mature
forms of cysteine proteinases in living cells or tissues.

Affinity labelling of cysteine proteinases

Rat cathepsins B and L, and Dm28c cruzipain bound to
biotinylated inhibitors, were revealed by extravidin—peroxidase
conjugates after Western blotting. Only the cruzipain-bound
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Figure 3 Interaction between cystein proteinases and biotinylated

diazomethane inhibitors

(a) Affinity-labelling of cysteine proteinases by the biotinylated cystatin-derived probes. Enzymes
were incubated with Biot-LVG-CHN, or Biot-Ahx-LVG-CHN,, and electroblotted after SDS/PAGE
(see the Experimental section).The nitrocellulose sheet was incubated with extravidin—peroxidase
conjugate (1:500) and revealed with 4-chloro-1-naphthol. Each sample corresponds to 10 ul
of a 50 nM enzyme solution. Samples are: lane 1, pre-stained molecular mass markers
(Biorad); lane 2, cruzipain/Z-RLVG-CHN,; lane 3, papain/Biot-LVG-CHN,; lane 4, papain/Biot-
Ahx-LVG-CHN,; lane 5, cathepsin L/Biot-LVG-CHN,; lane 6, cathepsin L/Biot-Ahx-LVG-CHN,;
lane 7, cathepsin B/Biot-LVG-CHN,; lane 8, cathepsin B/Biot-Ahx-LVG-CHN,; lane 9,
cruzipain/Biot-LVG-CHN,; lane 10, cruzipain/Biot-Ahx-LVG-CHN,,. (b) Schematic drawing of the
interaction between cysteine proteinases and biotinylated inhibitors without (top) and with
(bottom) the spacer arm, illustrating the different accessibilities of the active site of each
proteinase. Peptidyl diazomethanes are represented by the shaded stemmed structure, and
peroxidase-labelled extravidin is represented as a four-armed structure.

biotin remains accessible to the conjugate, regardless of the
probe used. The staining, however, was more pronounced with
Biot-Ahx-LVG-CHN, (Figure 3a). Preincubation of cruzipain
with Z-RLVG-CHN, completely blocked binding of the biotin
label by this proteinase, confirming the specific targeting of the
active-site-reactive thiol by the inhibitor. Cathepsin B was not
labelled by either Biot-LVG-CHN, or Biot-Ahx-LVG-CHN,
under the conditions used, and cathepsin L was only faintly
labelled by incubation with the longer diazomethane (Figure 3a).
Therefore selective identification of the parasite proteinases could
be obtained via affinity labelling with cystatin-derived inhibitors.
These results might indicate significant differences in the topology
of the active site of cysteine proteinases. Like cruzipain, papain
was labelled by both inhibitors, but was much better stained by
Biot-Ahx-LVG-CHN, than by Biot-LVG-CHN, (Figure 3a).
Similar results were obtained by detection of chemiluminescence,
showing that the non-detection of mammalian cathepsins was
not due to the low sensitivity of the staining method. Analysis by
dot-blotting of the samples, with or without prior reduction,
gave the same results (not shown). The structural basis for the
different reactions of cruzipain and its mammalian counterparts
remains unclear. The results of Western blotting are summarized
in Figure 3(b). The non-recognition of the biotinylated inhibitor

complexed with cathepsin B could be due to the occluding loop
in the vicinity of the active site [30], preventing extravidin from
binding to the biotin in the enzyme-inhibitor complex. However,
peptidyl diazomethane labelled with biotin on its P2 site (Biot-
Phe-Ala-CHN,) have been shown to remain accessible to
streptavidin—alkaline phosphatase when the inhibitor is bound to
cathepsin B [31]. The three-dimensional structure of cathepsin L
is not yet available but this proteinase has no occluding loop,
similar to that of cathepsin B, that would explain the poor
accessibility of the biotinylated inhibitor bound to the proteinase.

A recent crystallographic study has shown that the unprimed
specificity of papain is determined by S1 to S3 subsites, and that
the P4 residue in substrates or inhibitors protudes from the
papain-binding site, and interfaces with solvent molecules with-
out any specific interactions [32]. This agrees with previous
molecular modelling studies describing the interaction between
papain and a cystatin-derived tetrapeptide [20]. The observation
that a biotin in P4 does not prevent the irreversible inhibitor
from binding to the enzyme active site also agrees with this
finding. Because of its hydrophobicity, the protruding biotin in
proteinase—diazomethane complexes could interact with hydro-
phobic surface residues. In the avidin—biotin complex the bulky
heterocycle of the biotinyl moiety sandwiches tightly with aro-
matic rings in avidin [33]. There could be favourable stacking
interactions between the terminal part of the probe and aromatic
residues in the vicinity of the active site. Hence the accessibility
of the enzyme-biotinylated inhibitor complex to the extravidin—
peroxidase conjugate might depend on the fine structural features
of each target proteinase.

The ability of biotinylated peptidyl diazomethane inhibitors,
derived from the cystatin sequence, to specifically label cruzipain
makes them versatile tools for targeting the parasite proteinase in
mammalian cells infected by 7. cruzi. Preliminary studies on
living forms of 7. cruzi indicate that these biotinylated inhibitors
are targeted to intracellular vesicles, their localization coinciding
with that of cruzipains (A.C. dos Santas Monteiro, M. A.
Vannier-Santos, G. Lalmanach, A. P. C. A. Lima, F. Gauthier
and J. Scharfstein, unpublished work).
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