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ABSTRACT: Oligopeptidases are emerging as important pathogenic factors and therapeutic targets in
trypanosome infections. We describe here the purification, cloning, and biochemical analysis of a new
oligopeptidase from two pathogenic African trypanosomes. This oligopeptidase, which we have called
tropolysin (encoded by thetrn gene), represents an evolutionarily distant member of the M3A subfamily
of metallopeptidases, ancestral to thimet oligopeptidase, neurolysin, and saccharolysin. Thetrn gene was
present as a single copy per haploid genome, was expressed in both the mammalian and insect stages of
the parasite life cycle, and encoded an 84 kDa protein. Both purified and hyperexpressed tropolysin
hydrolyzed bradykinin-derived fluorogenic peptide substrates at restricted sites, with an alkaline pH
optimum, and were activated by dithiothreitol and reduced glutathione and by divalent metal cations, in
the order Zn2+ > Co2+ > Mn2+. Under oxidizing conditions, tropolysin reversibly formed inactive
multimers. Tropolysin exhibited a preference for acidic amino acid side chains in P4, hydrophobic side
chains in P3, and hydrophobic or large uncharged side chains in P1, P1′, and P3′, while the S2′ site was
unselective. Highly charged residues were not tolerated in P1′. Tropolysin was responsible for the bulk of
the kinin-degrading activity in trypanosome lysates, potently (kcat ≈119 s-1) inactivated the vasoactive
kinins bradykinin and kallidin, and generated angiotensin(1-7) from angiotensin I. This hydrolysis both
abolished the capacity of bradykinin to stimulate the bradykinin B2 receptor and abrogated bradykinin
prohypotensive properties in vivo, raising the possibility that tropolysin may play a role in the dysregulated
kinin metabolism observed in the plasma of trypanosome-infected hosts.

African trypanosomes of the genusTrypanosomaare
pathogenic protozoan parasites that cause fatal disease in
humans and animals in sub-Saharan Africa.Trypanosoma
brucei rhodesienseandTrypanosoma brucei gambiensecause
acute and chronic human African sleeping sickness, respec-
tively, placing 60 million people at risk with 50000 deaths
reported per year, while the related trypanosomeTrypano-
soma brucei bruceicauses bovine African trypanosomiasis
or nagana(1). Africa is currently experiencing a massive
resurgence in the incidence of both human and bovine forms
of this disease as well as in drug resistance by trypanosomes

(1); thus there is a pressing need for the identification of
novel virulence factors, drug targets, and vaccines to improve
our understanding, treatment, and prevention of African
trypanosomiasis.

The peptidases of parasitic protozoans are emerging as
important virulence factors, drug targets, and vaccine can-
didates in trypanosome infections and include a cell surface
metallopeptidase, lysosomal cysteine peptidases, the protea-
some, and cytosolic serine oligopeptidases (2). Trypanosome
oligopeptidases in particular have demonstrated exciting
potential both as virulence factors and as therapeutic targets.
To date, only one group of oligopeptidases has received
attention: the prolyl oligopeptidase (S9A) subfamily of serine
peptidases, represented by prolyl oligopeptidase (EC 3.4.21.26;
POP)1 and oligopeptidase B (EC 3.4.21.83; OpdB). Both
POP (3) and OpdB (4) have been described from the South
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American trypanosome,Trypanosoma cruzi, the etiological
agent of Chagas’ disease, in which POP has been designated
as a chemotherapeutic target (5), and both POP and OpdB
have been validated as virulence factors (4, 6). Oligopepti-
dase B (but not POP) has been described fromTrypanosoma
brucei (7), Trypanosoma congolense(8), andTrypanosoma
eVansi (9). Drugs used to treat African trypanosomiasis
inhibit OpdB (10), and specific OpdB inhibitors exhibit anti-
trypanosome activity and improve outcome in a mouse model
of T. bruceiinfection (11), implicating OpdB as a therapeutic
target. Oligopeptidase B has also been validated as a
virulence factor in African trypanosomes, since it is released
into the host circulation by dead and dying parasites (9),
where it retains catalytic activity and degrades regulatory
peptides such as atrial natriuretic factor (ANF) (9), thereby
reducing circulating levels of these peptides, with serious
consequences for the metabolic homeostasis of the host.
Other studies have indicated that, in addition to OpdB, a
trypanosome-derived cation-sensitive, thiol-dependent pep-
tidase with kinin-degrading (kininase) activity was active in
the plasma of infected hosts (12), although this peptidase
was not identified. Thus, we set out to identify and
characterize novel oligopeptidases from African trypano-
somes, specifically those with kininase activity.

In the present study we describe the purification, cloning,
genetic analysis, and kinetic properties of a new oligopep-
tidase from two pathogenic African trypanosomes. This
oligopeptidase, which we have called tropolysin [trypano-
someoligopeptidase (metallopeptidase), encoded by thetrn
gene], represents a new member of the M3A subfamily of
metallopeptidases and is most closely related to the eukary-
otic thimet oligopeptidase/neurolysin cluster within this group
of enzymes. This is the first report of any member of the
M3 family of metallopeptidases from any protozoan organ-
ism. Tropolysin exhibits a unique substrate specificity within
the M3A subfamily and appears to be the primary kininase
activity in trypanosome extracts. This may have significant
implications for the pathogenesis of African trypanosomiasis.
Since tropolysin is also one of the most evolutionarily
divergent members of the M3A subfamily of metallopepti-
dases, this study provides new data on the enzymology of
this interesting family of peptidases and expands our
knowledge of the peptidolytic capacity of African trypano-
somes, which up until now has been limited to four
peptidases.

EXPERIMENTAL PROCEDURES

Parasites. T. brucei bruceiILTat 1.1 was originally
isolated from naturally infected bovine blood in Utembo,
Kenya, whileT. brucei rhodesienseIL3953 was originally
isolated from infected human blood in Nairobi, Kenya (9).
Bloodstream-form trypanosomes were either maintained in
culture or passaged in rats, and procyclicT. brucei brucei
ILTat 1.1 (tsetse fly midgut stage) were cultured and isolated
as described previously (9). Experimental animal protocols
were approved by local and national authorities.

Enzyme Assays. Tropolysin activity was measured against
a modified bradykinin (BK) substrate (7-methoxycoumarin-
4-yl)acetyl-Arg-Pro-Pro-Gly-Phe-Ser-Ala-Phe-Lys(2,4-dini-
trophenyl) [Mca-(Ala7,Lys(Dnp)9)-BK; Bachem]. Activity
was determined in 50 mM Tris-HCl, 100 mM NaCl, and

0.05% (v/v) Brij 35, pH 8, containing 0.1 mM DTT and 10
mM CaCl2 in an Hitachi F-2000 spectrofluorometer (λex )
320 nm, andλem ) 405 nm). Active enzyme concentration
([E]0) was determined by active site titration against Cbz-
(L,D)Pheψ(PO2CH2)(L,D)Ala-Arg-Tyr (13) as described previ-
ously (14).

Kininase ActiVity in Parasite Lysates. Purified parasites
were resuspended in 50 mM Tris-HCl and 100 mM NaCl,
pH 7.4, containing 0.1 mM DTT and 10 mM CaCl2. Parasite
extracts were prepared by one freeze-thaw cycle, and
addition of Triton X-100 to 0.1% (v/v), and clarified by
centrifugation (15000g, 30 min, 4°C) (7). Hydrolytic activity
of parasite extracts was assayed against Mca-(Ala7,Lys-
(Dnp)9)-BK as described above, either alone or in the
presence of 1 mM 3,4-dichloroisocoumarin (DCI), 10µM
L-trans-epoxysuccinylleucylamido(4-guanidino)butane (E-
64), 1 mM 1,10-phenanthroline, or 10µM pepstatin A, to
detect serine, cysteine, metallopeptidase, and aspartic pep-
tidase activity, respectively. All assays were conducted at
pH 7.4 to approximate physiological pH.

Purification of Tropolysin and Cloning, Sequencing,
Genomic Analysis, in ViVo Expression, and Site-Directed
Mutagenesis of the Tropolysin-Encoding Gene.Methodologi-
cal details describing the purification of tropolysin fromT.
brucei bruceiILTat 1.1 lysates and the cloning, sequencing,
genomic analysis, in vivo expression, and site-directed
mutagenesis of thetrn gene are described in the Supporting
Information.

Enzymatic Characterization of Tropolysin. The pH profile
for native tropolysin purified fromT. brucei bruceiwas
determined by preincubating tropolysin (5 nM, active
concentration, 37°C, 5 min) in constant ionic strength
acetate-Mes-Tris (AMT) buffers (50 mM acetic acid, 50
mM Mes, 100 mM Tris-HCl, pH 4-11, with 0.1 mM DTT
and 10 mM CaCl2), prior to the addition of Mca-(Ala7,Lys-
(Dnp)9)-BK substrate. Thekcat andKm were determined as
described for substrate specificity; see below.

The metal ion dependence of native tropolysin purified
from T. brucei bruceiwas investigated by buffer-exchanging
tropolysin into CaCl2-free buffer (5 mM Tris-HCl, 100 mM
NaCl, pH 8) on a PD-10 column. The solution was made to
10 mM EDTA, and stored at 4°C for 24 h (15). Metal-
depleted tropolysin (apotropolysin) was buffer-exchanged
back into EDTA-free buffer, and preincubated (5 min, 37
°C) in the presence of various metal chlorides, prior to the
addition of Mca-(Ala7,Lys(Dnp)9)-BK substrate, from which
the specific activity was determined.

The thiol dependence of native tropolysin purified from
T. brucei bruceiwas investigated by buffer exchanging
tropolysin into DTT-free buffer (5 mM Tris-HCl, 100 mM
NaCl, 10 mM CaCl2, pH 8) on a PD-10 column. Tropolysin
was incubated for 24 h at 4°C in DTT-free buffer to promote
inactivation. Tropolysin was preincubated (5 min, 37°C) in
the presence of DTT (0-2 mM) or reduced glutathione
(GSH, 0-8 mM) prior to the addition of Mca-(Ala7,Lys-
(Dnp)9)-BK substrate, from which the specific activity was
determined. To investigate whether tropolysin formed mul-
timers under nonreducing conditions, tropolysin was incu-
bated (24 h, 4°C) in 50 mM Tris-HCl, 100 mM NaCl, and
10 mM CaCl2, pH 8, in either the presence or absence of
100 µM DTT. Samples were resolved by passage over a
Sephacryl S-200 HR column (1250× 15 mm, 0.24 mL‚min-1)
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equilibrated in 50 mM Tris-HCl, 100 mM NaCl, and 10 mM
CaCl2, pH 8, in the presence or absence of 100µM DTT. In
both instances, column fractions were reduced with 100µM
DTT prior to assaying hydrolytic activity against Mca-(Ala7,-
Lys(Dnp)9)-BK.

Substrate specificity of native tropolysin purified fromT.
brucei bruceiand recombinant tropolysin from both parasites
was explored using a series of intramolecularly quenched
fluorogenic peptide substrates based on the core BK sequence
of the general formulao-aminobenzoyl (Abz)-Gly-Phe-Ser-
Pro-Phe-Arg-Gln-2,4-ethylenediamine (EDDnp), synthesized
as described previously (14). Substrate specificity was
determined by preincubation of tropolysin (1-5 nM, active
concentration, 37°C, 1 min) in 50 mM Tris-HCl, 100 mM
NaCl, and 0.05% (v/v) Brij 35, pH 8, containing 0.1 mM
DTT and 10 mM CaCl2, prior to the addition of substrate.
TheKm, Vmax, andkcat were determined exactly as described
previously (7). In some instances, peptides were cleaved at
two separate sites in the same reaction (FVS and PVF), in
which case theVmax and, hence,kcat for the two separate
reactions were determined simultaneously as described
previously (14, 16).

Inhibition of tropolysin by metallopeptidase inhibitors,
metal ion chelators, and alkylating agents was determined
by preincubation of tropolysin (5 nM, active concentration)
in 50 mM Tris-HCl, 100 mM NaCl, and 0.05% (v/v) Brij
35, pH 8, containing 0.1 mM DTT containing the relevant
inhibitor, prior to determination of activity against Mca-
(Ala7,Lys(Dnp)9)-BK. For slow, tight-binding ([E]0/Ki >
0.01) inhibitors, theKi was calculated as described previously
(17), although a longer preincubation of tropolysin (for 24
h) either alone or in the presence of inhibitor (0.5-5[E]0)
was employed (13).

Hydrolysis of regulatory peptides was monitored by high-
performance liquid chromatography (HPLC) on aµBonda-
pack C18 column (Waters) and by matrix-assisted laser
desorption/ionization time-of-flight (MALDI-TOF) mass
spectrometry, on a Voyager-DE STR (Applied Biosystems),
using R-cyanohydroxycinnamic acid as matrix, exactly as
described previously (9).

Bioassay for BK B2 Receptor ActiVation. The isolated
guinea pig ileum assay was employed to investigate BK B2

receptor activation by BK and its degradation products after
hydrolysis by tropolysin, as described previously (18), except
that 50 nM atropine was incorporated into Tyrode’s solution.

Bioassay for BK ProhypotensiVe ActiVity. New Zealand
white rabbits (≈3 kg) were anesthetized and catheterized
exactly as described previously (9). After 20-30 min
equilibration, a 2 mL bolus of 50 mM Tris-HCl and 100
mM NaCl, pH 8, containing 0.1 mM DTT and 10 mM CaCl2,
was infused over 30 s via a three-way stopcock in the right
ear vein catheter (volume control). Subsequently, intact BK
(10 nmol‚kg-1, in 2 mL) was infused, followed by BK (10
nmol‚kg-1, in 2 mL) that had been preincubated with
catalytically active recombinant tropolysin at a 1:50 (mol/
mol, by activity/mass) tropolysin:BK ratio for 1 h at 37°C
or with a catalytically inactive recombinant tropolysin-
(E532Q) at a 1:50 (mol/mol, by mass/mass) ratio for 1 h at
37 °C. Finally, catalytically inactive recombinant tropolysin-
(E532Q) [0.2 nmol (by mass)‚kg-1, in 2 mL] was applied
as a bolus over 30 s. The mean arterial pressure (MAP) was
allowed to stabilize (≈20 min) between applications.

Statistics. Intergroup differences were estimated by a
statistical analysis of variance (ANOVA). Fisher’s protected
least significant difference test was employed to compare
individual groups. Differences within the same group were
evaluated with Student’st-test.

RESULTS AND DISCUSSION

Kininase ActiVity of T. brucei brucei Lysates. The kininase
activity of T. brucei bruceilysates was evaluated against
the BK-derived substrate Mca-(Ala7,Lys(Dnp)9)-BK. The
Mca-(Ala7,Lys(Dnp)9)-BK-hydrolyzing activity was in-
hibited 70( 5% by 1,10-phenanthroline and 25( 3% by
DCI, implicating both metallopeptidase and serine peptidase
activity (data not shown). Multiple BK-degrading metal-
loendopeptidases have been described from mammals,
including meprin, neutral endopeptidase, thimet oligopepti-
dase, angiotensin I-converting enzyme, neurolysin, and
mitochondrial intermediate peptidase (19). However, no
homologues of any of these enzymes have been described
from protozoans. We therefore set out to purify the enzyme-
(s) responsible for this activity from trypanosome lysates.

Purification of a Mca-(Ala7,Lys(Dnp)9)-BK-Degrading
Metallopeptidase from T. brucei brucei Lysates.A Mca-
(Ala7,Lys(Dnp)9)-BK-degrading metallopeptidase, which we
have called tropolysin, was purified fromT. brucei brucei
lysates 39-fold in a six-step procedure with a 0.98% yield
(Table S1; see Supporting Information). The purified enzyme
was 12% active as judged by active site titration and had a
molecular mass of≈85 kDa by reducing Tris-Tricine SDS-
PAGE (Figure S1A; see Supporting Information). Three
peptides (boxed, in Figure 1A) obtained from an endopro-
teinase Glu-C digest of the purified protein displayed
sequence similarity to various members of the M3A subfam-
ily of metallopeptidases. One of these peptides, FGHAIH,
displayed weak similarity to dipeptidyl carboxypeptidase
(DCP; EC 3.4.15.5)) fromCaulobacter crescentus(E-value
of 518). A second peptide, XSFGHLTGYG, displayed
similarity to a putative mitochondrial intermediate peptidase
(MIP; EC 3.4.24.59) fromCryptococcus neoformans(E-
value of 147). A third peptide, MLRNFLGR, displayed
strong sequence similarity to thimet oligopeptidase (TOP,
EC 3.4.24.15) fromXenopus laeVis (E-value of 4.7) and
Homo sapiens(E-value of 286). Thus, we speculated that
the peptidase we had isolated was related to TOP. To confirm
the identity of the peptidase, and to facilitate production of
recombinant protein, we set out to clone the gene encoding
tropolysin fromT. brucei brucei.

Cloning, Genomic Analysis, and in ViVo Expression of the
Tropolysin-Encoding Genes from T. brucei brucei and T.
brucei rhodesiense.A 307-bp expressed sequence tag (EST;
GenBank/EBI accession number T26735) obtained from a
T. brucei rhodesienseWRATat1.1 EST library has been
described (20) that displays 60% similarity to the corre-
sponding sequence from porcine TOP. Using this 307-bp
fragment as a probe, we screened aT. brucei bruceigenomic
DNA library and obtained the full coding sequence of the
T. brucei bruceitropolysin gene, which we designatedtrn
(tropolysin). TheT. brucei brucei trngene contained an open
reading frame (ORF) of 2232 bp, encoding a protein of 84
kDa with a predicted pI of 5.91. This sequence has been
deposited in the GenBank/EBI database under accession
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number AY623661. Using primers complementary to regions
upstream and downstream of theT. brucei bruceiORF, the
T. brucei rhodesiense trngene was obtained by PCR using
genomic DNA from T. brucei rhodesienseIL3953 as a
template. TheT. brucei rhodesiense trngene also contained
an ORF of 2232 base pairs, encoding a protein of 84 kDa
with a predicted pI of 5.73. This sequence has been deposited
in the GenBank/EBI database under accession number
AY623662. Catalytically active recombinant tropolysins from
both parasites were expressed inEscherichia coliwith an
average yield of 8 mg/L of culture.

The tropolysins that we describe here display 97.6%
identity to one another at the protein sequence level.
Tropolysins display highest (28-29%) sequence identity to
mammalian TOPs (Figure 1B), the type peptidase for the
M3A subfamily of metallopeptidases. Slightly weaker (27-
28%) identity was exhibited with mammalian neurolysin,
while even weaker (21-22%) identity was exhibited with
bacterial oligopeptidase A. The primary sequence of tropo-
lysin contains the canonical HEXXH motif (Figure 1A) that
contains the catalytic Glu residue, flanked by two histidine
residues that ligate the catalytic zinc atom (21, 22). The
tropolysin sequences also contain a third zinc ligand (Glu560)
that is conserved in all TOPs (22). Additional key residues
place the tropolysin closer to the TOP group rather than the

neurolysin group. For example, Ala607 has been identified
as an important determinant of substrate specificity in TOP
(23) and is conserved among TOPs but is converted to a
Gly in neurolysin. This Ala residue is also conserved in
tropolysin (Ala673). In addition to sequence differences,
tropolysin possesses a 55 amino acid N-terminal extension
that is absent in all other members of the M3A subfamily of
metallopeptidases. Tropolysin diverges from most other
eukaryotic members of the M3A subfamily before the TOP/
neurolysin groups diverge from the fungal members of the
M3A subfamily, represented by the saccharolysins and
oligopeptidase MepB (Figure 1B). Thus, tropolysin is
ancestral to TOP, neurolysin, and saccharolysin and repre-
sents a novel enzyme.

Trypanosomagenomic DNA digested with restriction
endonucleases that do not cut within thetrn ORF (PstI and
HindIII) yielded single bands on a Southern blot when probed
with the full-lengthtrn gene. In contrast, endonucleases that
cut once within thetrn ORF (DrdI andBsaI) generated two
bands (Figure S1B). Thus, thetrn gene was present as a
single copy per haploidTrypanosomagenome. Messenger
RNA for the trn gene was detected in both the bloodstream
trypomastigote and the procyclic insect forms ofT. brucei
brucei. Furthermore, messenger RNA was detected in
bloodstream-derived and in cultured trypomastigote forms

FIGURE 1: Tropolysin from African trypanosomes. (A) Amino acid sequence of tropolysin fromT. brucei brucei. The sequences of three
peptides obtained after endoproteinase Glu-C cleavage of the purifiedT. brucei bruceitropolysin are boxed. Cysteine residues are circled,
and the peptide sequence corresponding to the EST sequence used to probe theT. brucei bruceilibrary is underlined. The canonical
HEXXH sequence is in bold type. (B) An unrooted dendrogram comparing full-length amino acid sequences using the CLUSTAL W
alignment software of the MEGALIGN program (DNASTAR). The scale at the bottom measures the distance between sequences. Units
indicate the number of substitution events. Sequences were obtained from the GenBank/EBI database under the following accession
numbers: BAA19060 (Sus scrofaneurolysin), CAC27329 (Homo sapiensneurolysin), NP_083723 (Mus musculusneurolysin), S43250 (S.
scrofaTOP), AAA82606 (H. sapiensTOP), AAG35061 (M. musculusTOP), P25375 (Saccharomyces cereVisiaesaccharolysin), EAK96908
(Candida albicanssaccharolysin), AAB66656 (Aspergillus fumigatusoligopeptidase MepB), AAT46476 (T. brucei bruceitropolysin),
AAT46477 (T. brucei rhodesiensetropolysin), A42298 (Salmonella entericaserovarTyphimuriumOpdA), AAA16155 (E. coli OpdA),
NP_407415 (Yersinia pestisOpdA), A42297 (S. entericaserovarTyphimuriumDCP), NP_047105 (Leishmania majorDCP), NP_081712
(M. musculusMIP), and NP_005923 (H. sapiensMIP). (C) Multiple sequence alignment of the amino acid sequences surrounding the
catalytic Glu residue (*) and the canonical HEXXH motif of 11 members of the M3A subfamily of metallopeptidases. Four substrate-
binding residues (S) are indicated. Sequence origins are the same as those used in (B).

Tropolysin from African Trypanosomes Biochemistry, Vol. 44, No. 44, 200514661



of T. brucei rhodesiense(Figure S1C) without quantitative
differences between the expression levels. These data indicate
that thetrn gene is expressed in mammalian and insect stages
of the African trypanosome life cycle.

Kinetic Analysis of Tropolysin. Tropolysin hydrolyzed
Mca-(Ala7,Lys(Dnp)9)-BK with a Km of 0.9 µM and akcat

of 4.1 s-1 and exhibited an alkaline pH optimum (Figure 2).
TheKm was relatively unaffected by pH over the range 6-9
(Figure 2A). In contrast, pH exerted a dramatic effect on
the kcat over this pH range (Figure 2B). The acidic limb of
the bell-shaped pH profile in Figure 2C indicates that an
ionization event between pH 5.5 and pH 7 plays an important
role in catalysis and may reflect the ionization of the His
(pKa ≈6.1) or Glu (pKa ≈4.1) zinc ligands. The dramatic
effect of pH on the alkaline limb of the profile has previously
been associated with a conformational change in eukaryotic
TOP (24). Given a pH optimum of≈7.8, we routinely
employed a pH of 8 in our kinetic studies.

Tropolysin was potently inhibited by Cbz-(L,D)Pheψ(PO2-
CH2)(L,D)Ala-Arg-Tyr, a phosphinic peptide inhibitor that is
a potent and specific slow, tight-binding inhibitor of TOP
(13) (Table 1). A related phosphinic peptide inhibitor of
neurolysin, Gly-Pro-(L,D)Pheψ(PO2CH2)Gly-Pro-Nle, was also
a potent tropolysin inhibitor, although 200-fold weaker than
Cbz-(L,D)Pheψ(PO2CH2)(L,D)Ala-Arg-Tyr. Metal ion chelators

EDTA and 1,10-phenanthroline (although not the non-
chelating analogue, 1,7-phenanthroline) were strong inhibi-
tors of tropolysin (Table 1), consistent with tropolysin being
a metal-dependent enzyme. Tropolysin was not inhibited by
inhibitors of other kininases, including phosphoramidon (an
inhibitor of thermoylsin and neprilysin) and thiorphan (an
inhibitor of neprilysin), although weak inhibition was
observed with captopril (an inhibitor of angiotensin I-
converting enzyme, ACE). The thiol-alkylating agentsN-
ethylmaleimide andp-(chloromercuri)benzoate were potent
inhibitors of tropolysin (Table 1), indicating the presence of
one or more free thiol groups in the tropolysin molecule that
were required for substrate binding and/or catalysis. This
phenomenon has also been reported for TOP (25). The crystal
structure of TOP has been solved (26), and Cys427, located
near the catalytic site, is believed to mediate this inhibition.
Cys427 is conserved in tropolysin (Cys483; Figure 1A) and
may mediate this inhibition, although this has not been
experimentally demonstrated. Interestingly, iodoacetamide,
which also reacts with thiol groups in proteins, was a
comparatively poor inhibitor of tropolysin activity. Both
p-(chloromercuri)benzoate andN-ethylmaleimide would form
large, bulky and charged adducts on a Cys residue, while
iodoacetamide would form a small, uncharged adduct. Thus,
it seems that a large, bulky charged adduct formed on Cys483

of tropolysin impairs activity, while a smaller or uncharged
adduct would not. Class-specific inhibitors of other pepti-
dases, including DCI, E-64, and pepstatin were without any
effect on tropolysin activity (results not shown).

Tropolysin activity was strongly affected by divalent metal
cations (Table 2). Zinc was the most potent activator (23-
fold) of metal-depleted tropolysin (apotropolysin), with
maximal activation observed at 1µM. These data suggested
to us that zinc was the natural cofactor for tropolysin. Indeed,
65Zn has been detected in TOP (21). At higher concentrations,
zinc was potently inhibitory. Co2+ and Mn2+ also restored
activity to apotropolysin, although at much higher (10-100-
fold) concentrations. Furthermore, at high concentrations,
Co2+ and Mn2+ were able to “superactivate” tropolysin,
which reached specific activities in excess of what was
achievable with zinc. In TOP, this phenomenon has previ-
ously been reported for Co2+ (25). Ca2+ and Mg2+ were
activators of tropolysin activity, while Fe2+ and Ni2+ ions
were potently inhibitory. The pronounced inhibition by Ni2+

probably accounts for the poor specific activity we obtained
when recombinant tropolysin was purified on Ni2+-agarose,
in contrast to the excellent specific activity that eluted from
Co2+-agarose.

Tropolysin activity was very sensitive to reducing agents
(Figure 3). Native tropolysin purified fromT. brucei brucei
was potently (up to 5-fold) activated by DTT in the
concentration range 50-200 µM (Figure 3A). Similarly,
reduced glutathione (GSH) maximally activated tropolysin
activity at 1 mM. Recombinant tropolysin from bothT.
brucei brucei and T. brucei rhodesiensewas similarly
affected (Figure 3B). TOP is also activated by reducing
agents (25). This thiol-mediated activation of TOP activity
has been attributed to the formation of inactive covalent TOP
multimers, which may block access of substrate to the active
site (27) or may promote a conformational change in the
TOP molecule that impairs activity (28). Indeed, when
purified tropolysin was incubated in the absence of reducing

FIGURE 2: pH profile of tropolysin. Kinetic parametersKm (A) and
kcat (B), and thuskcat/Km (C), were determined for activity of native
tropolysin purified fromT. brucei bruceiagainst Mca-(Ala7,Lys-
(Dnp)9)-BK in constant ionic strength AMT buffers over the pH
range 5-10. Data represent the meanKm or kcat ( SD (n ) 3).
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agents, multimer formation was observed, since a protein
peak devoid of catalytic activity was eluted from a molecular
exclusion chromatography column at approximately 180 kDa.
After reduction with 100µM DTT, activity was detected
against Mca-(Ala7,Lys(Dnp)9)-BK (Figure 3C). These data
indicate that tropolysin does form multimers under nonre-
ducing conditions. In TOP, multimer formation is believed
to be mediated by a tight cluster of three solvent-accessible
Cys residues (Cys246, Cys248, and Cys253) (27) and also by
Cys46, Cys682, and Cys687 (28). Interestingly, none of these
cysteine residues are conserved in tropolysin (Figure 1A).
However, tropolysin does contain 13 Cys residues (circled
in Figure 1A), three of which are located in the disordered
N-terminus of the molecule and are (by analogy with TOP)
likely to be solvent accessible (26) and, thus, in a position
to mediate multimer formation. Indeed, at least one Cys
residue in the disordered N-terminus of TOP is believed to
mediate thiol activation (28).

Higher concentrations of reducing agents (>250µM DTT
or >1 mM GSH; Figure 3A) inhibited tropolysin activity.
This may be attributed either to the disruption of intramo-
lecular disulfide bridges or to the high thiophilicity of the
catalytic zinc atom. Since TOP does not contain any disulfide
bridges (26), and replacement of the highly thiophilic Zn2+

with the less thiophilic Mn2+ in TOP reduced the degree of
inhibition observed with DTT (15), it is probable that the
inhibition of tropolysin results from a direct interaction
between DTT and the catalytic zinc atom.

Interestingly, oligopeptidase B, a serine oligopeptidase
from African trypanosomes, is also activated by reducing

agents in the low millimolar range (29). The trypanosome
cytosol is a strongly reducing environment, and total cyto-
solic GSH concentrations are in the region of 1 mM (29). In
Figure 3A (inset), we illustrate that this is the optimal GSH
concentration for maximal activation of tropolysin. These
data raise the possibility that the activity of both tropolysin
and OpdB is regulated by intracellular reducing agents in
the cytosol of African trypanosomes.

Substrate Specificity of Tropolysin. The substrate specific-
ity of tropolysin was explored with a series of intramolecu-
larly quenched fluorogenic substrates based on the core BK
sequence of the general formulao-aminobenzoyl (Abz)-Gly-
Phe-Ser-Pro-Phe-Arg-Gln-2,4-ethylenediamine (EDDnp) (14).
The hydrolysis data are summarized in Table 3, and the
conclusions drawn from those data are summarized in Figure
4. The Abz-Gly1-Phe2-Ser3-Pro4-Phe5-Arg6-Gln7-2,4-EDDnp
peptide was hydrolyzed exclusively at the Pro4VPhe5 bond
by tropolysin (Tables 3 and S2; see Supporting Information).
Similarly, when Gly1 was replaced with Glu, Ser, Gly, and
Phe, cleavage was observed only at Pro4VPhe5. The lowest
Km and the highestkcat/Km were observed with Glu in position
1 (Table S2), suggesting a P4 substrate preference of Glu>
(Ser, Gly) > Phe for this substrate. When the carboxylic
acid side chain of Glu1 was replaced with an uncharged
amine (Gln or Asn), theKm was elevated 3-fold, and the
kcat/Km dropped 2-fold. Furthermore, cleavage was now
evident at two sites in the peptide, Pro4VPhe5 and Phe2VSer3,
although the Pro4VPhe5 cleavage was the predominant cleav-
age. An elevatedKm and secondary cleavages were also
observed when Glu1 was replaced with Leu, Ala, and Ile.
We surmise from these data that tropolysin best accom-
modates large acidic side chains in P4. This represents a
major substrate specificity shift from TOP and neurolysin,
which do not demonstrate a particular preference for acidic
side chains in the P4 position (14). The crystal structure of
TOP (26) has implicated His495 in the substrate-binding loop
of TOP in recognition of the substrate P4 residue (see Figure
4). In tropolysin, this residue is replaced by the more basic
Arg553 (Figure 1C), which may account for the increased
specificity for an acidic residue in P4 in tropolysin.

When Phe2 of the substrate Abz-Gly1-Phe2-Ser3-Pro4-Phe5-
Arg6-Gln7-EDDnp was replaced with a variety of residues,
a single cleavage at Pro4VPhe5 was observed (Tables 3 and
S3), with Pro and bulky hydrophobic residues (Phe) best

Table 1: Inhibition of Tropolysin by Synthetic Inhibitors

relative activity (%)a or Ki (nM)

inhibitor
concn
(mM)

purified
tropolysin (T.b.b.)

recombinant
tropolysin (T.b.b.)

recombinant
tropolysin (T.b.r.)

Gly-Pro-(L,D)Pheψ(PO2CH2)Gly-Pro-Nleb 39.7( 8.1 (Ki) 58.2( 4.6 (Ki) 51.8( 7.7 (Ki)
Cbz-(L,D)Pheψ(PO2CH2)(L,D)Ala-Arg-Tyr 0.2( 0.1 (Ki) 0.1( 0.04 (Ki) 0.1( 0.06 (Ki)
1,7-phenanthroline 1.0 97.0( 1.2 93.3( 4.3 96.6( 2.2
1,10-phenanthroline 1.0 0.2( 0.0 0.3( 0.1 0.2( 0.1
EDTA 1.0 32.2( 2.1 23.4( 1.7 31.8( 1.9
iodoacetamide 1.0 84.4( 0.9 88.6( 1.1 80.7( 2.3
N-ethylmaleimide 1.0 22.2( 1.4 18.9( 1.0 19.7( 2.2
p-(chloromercuri)benzoate 0.1 0.9( 0.1 0.2( 0.0 0.6( 0.1
captopril 0.01 78.2( 1.9 82.2( 1.8 77.5( 0.9
thiorphan 0.01 99.1( 1.1 98.5( 2.2 96.9( 3.3
phosphoramidon 0.01 102.2( 2.2 99.4( 2.4 97.8( 1.7

a Relative activity represents the activity of an aliquot of TOP preincubated with the respective inhibitor for 5 min, relative to the activity of an
aliquot of TOP, preincubated in the absence of inhibitor, but in the same concentration of inhibitor solvent (usually 0.5% dimethyl sulfoxide).b Nle,
2-aminohexanoic acid.

Table 2: Reactivation by Divalent Metal Cations of Apotropolysin
Purified fromT. brucei brucei

metal
concn
(µM)

specific activity
(∆F‚s-1‚mg-1) metal

concn
(µM)

specific activity
(∆F‚s-1‚mg-1)

none 72( 8 Fe(II) 1 72( 8
Zn(II) 1 1634( 277 100 18( 4

10 1088( 143 Ca(II) 1 101( 3
100 217( 26 100 377( 21

1000 54( 11 Mg(II) 1 127( 42
Co(II) 1 729( 44 100 191( 18

10 1408( 119 Ni(II) 1 88( 17
100 2232( 125 100 29( 19

Mn(II) 1 886 ( 12
10 1918( 119

100 2902( 209
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accommodated in P3, which is similar to what is observed
with TOP (14). However, acidic residues were also accom-
modated in P3, in strong contrast to TOP, where they are
very poorly tolerated (14). This accommodation of acidic
residues in P3 (and P4, described above) is probably attribut-
able to the higher incidence of basic amino acid side chains
in the substrate-binding loop of tropolysin (Figure 4). In
addition to the Hisf Arg substitution, several other
replacements are observed in the substrate-binding loop of
tropolysin. Most notably, Glu497 in TOP is replaced with
Lys555 in tropolysin, and Glu487 in TOP is replaced with
Lys545 in tropolysin (Figures 1C and 4). These replacements
are significant because they both exchange acidic for basic
residues. Similarly, Gln485 in TOP is replaced with Arg543

in tropolysin (Figures 1C and 4). Thus, the area of the
substrate-binding loop in tropolysin that recognizes the P3

and P4 substrate residues is very basic compared to TOP,
probably accounting for the preference for acidic side chains
in P3 and P4.

When Pro4 of the substrate Abz-Gly1-Phe2-Ser3-Pro4-Phe5-
Arg6-Gln7-EDDnp was replaced with a variety of residues,
a single cleavage at Xaa4VPhe5 was exclusively observed
(Tables 3 and S4), with large bulky hydrophobic residues
(Phe), and other large residues Gln and Pro best accom-
modated in P1, which is similar to what is observed with
TOP (14). Electrostatic interactions did not appear to play a
significant role in P1 recognition, because, despite the high
incidence of basic residues in the tropolysin substrate-
recognition loop, acidic residues (Glu) were not favored in
P1.

When Phe5 of the substrate Abz-Gly1-Phe2-Ser3-Pro4-Phe5-
Arg6-Gln7-EDDnp was replaced with an uncharged (Asn)
residue, a single cleavage at Pro4VXaa5 was exclusively
observed, in the case of both Phe and Asn in position 5
(Tables 3 and S5), indicating a preference for hydrophobic
or large, uncharged residues in P1′. However, when Phe5 was
replaced with charged residues (His, Arg, or Asp) cleavage
was evident at two sites in the peptide, Pro4VXaa5 and
Phe2VSer3, with the Phe2VSer3 cleavage predominant. We
surmised from these data that charged residues were not
preferred in P1′. In particular, the charged residues Arg and
Asp were not tolerated in P1′, elevating theKm 3-4-fold. In
TOP, Glu469 is implicated in recognition of the substrate P1′

FIGURE 3: Reductive activation of tropolysin. (A) Native tropolysin
purified from T. brucei bruceiwas incubated in DTT-free buffer
(5 mM Tris-HCl, 100 mM NaCl, 10 mM CaCl2, pH 8) for 24 h at
4 °C to promote inactivation, after which tropolysin was preincu-
bated (5 min, 37°C) in the presence of DTT (0-2 mM) or reduced
glutathione (GSH, 0-8 mM, inset) prior to the addition of Mca-
(Ala7,Lys(Dnp)9)-BK substrate, from which the specific activity was
determined. (B) The activation of nativeT. brucei bruceitropolysin
and recombinant tropolysin fromT. brucei bruceiand T. brucei
rhodesiensewas studied as described for (A), in the absence (closed
bars) and presence (open bars) of 100µM DTT. Data represent
the mean specific activity( SD (n ) 3). *, P < 0.001 between
treated and untreated groups. (C) To determine whether tropolysin
formed multimers under nonreducing conditions, tropolysin was
incubated (24 h, 4°C) in 50 mM Tris-HCl, 100 mM NaCl, and 10
mM CaCl2, pH 8, in either the presence (9) or absence (0) of 100
µM DTT. Samples were resolved by passage over a Sephacryl
S-200 HR column (1250× 15 mm, 0.24 mL‚min-1) equilibrated
in 50 mM Tris-HCl, 100 mM NaCl, and 10 mM CaCl2, pH 8, in
the presence (9) or absence (0) of 100µM DTT. In both instances,
column fractions were reduced with 100µM DTT prior to assaying
hydrolytic activity against Mca-(Ala7,Lys(Dnp)9)-BK.

Table 3: Hydrolysis of Peptides of the General Formula
Abz-GFSPFRQ-EDDnp at the PVF Bond by Recombinant
Tropolysin fromT. brucei brucei

kcat
PF/Km (s-1‚µM-1) for amino acid at positionaamino

acid P4 P3 P1 P1′ P2′ P3′
Ala 3.0 1.4 nd nd 2.6 nd
Arg nd nd 3.6 0.5 3.7 0.7
Asn 4.6 1.6 nd 1.3 nd nd
Asp nd 1.6 nd 0.1 nd nd
Gln 2.2 nd 4.5 nd nd 3.0
Glu 8.3 nd 0.8 nd nd nd
Gly 3.7 nd nd nd nd nd
His nd nd 3.1 0.7 1.6 nd
Ile 2.9 nd nd nd nd nd
Leu 2.7 2.3 nd nd 1.8 6.4
Phe 3.2 3.1 5.0 3.7 nd nd
Pro nd 3.0 3.7 nd 0.5 nd
Ser 4.7 1.7 2.5 nd 0.5 1.5
a nd, no hydrolysis detected.
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and P3′ residues (26). In tropolysin, Glu469 is replaced with
a Val residue (Figures 1C and 4). Furthermore, nearby Tyr471

(in TOP) is replaced with Phe in tropolysin. Thus, the P1′
(and perhaps P3′) recognition area of the tropolysin substrate-
binding loop is more hydrophobic in character than TOP.
This perhaps accounts for the poor accommodation of highly
charged residues in P1′. This represents another difference
in substrate specificity when compared with TOP, where the
side chains of the basic residues His and Arg (but not acidic
residues; see Figure 4) are the preferred residues in P1′ (14).

When Arg6 of the substrate Abz-Gly1-Phe2-Ser3-Pro4-Phe5-
Arg 6-Gln7-EDDnp was replaced with other basic (His) or
hydrophobic (Ala) residues, a single cleavage at Pro4VPhe5

was exclusively observed (Tables 3 and S6), indicating a
preference for basic or hydrophobic residues in P2′. However,
when Arg6 was replaced with Ser or Pro, cleavage was
evident at two sites in the peptide, Pro4VPhe5 and Phe2VSer3,
with the Phe2VSer3 cleavage predominant with the Ser
substitution and equivalent with the Pro substitution. Thus,
the P2′ preference appears to be relatively unselective and
parallels the specificity of TOP (14). The presence of several
acidic residues in the P′ recognition area of the TOP
substrate-binding loop (Asp524, Asp525; Figure 1C) may
account for the slight preference for basic residues in P2′,
but this would not explain the accommodation of hydropho-
bic residues in P2′ as well.

When Gln7 of the substrate Abz-Gly1-Phe2-Ser3-Pro4-Phe5-
Arg6-Gln7-EDDnp was replaced with hydrophobic (Leu) or
small (Gly) residues, a single cleavage at Pro4VPhe5 was
observed exclusively (Tables 3 and S7). A Leu replacement
yielded the lowestKm and highestkcat/Km, indicating that
large, hydrophobic side chains were preferred in P3′. This
contrasts with TOP, where basic amino acid side chains such
as Arg are best accommodated in P3′. In TOP, Glu469 is
implicated in recognition of the substrate P3′ (as well as P1′)
residues (26) and most likely electrostatically interacts with

the P3′ residue, hence the preference for Arg in P3′ by TOP.
In tropolysin this Glu residue is replaced with a Val residue
(Figures 1C and 4). Thus, the P3′ recognition area of the
tropolysin substrate-binding loop is more hydrophobic in
character than TOP, hence the preference for Leu in P3′. In
support of this idea, when Phe5 was replaced with charged
residues (His, Arg, or Asp; Table S5), cleavage was evident
at two sites in the peptide, Pro4VPhe5 and Phe2VSer3, and
cleavage occurred at equivalent rates. In both cases, Arg (or
another charged residue) would be present in P3′, probably
accounting for the equivalent rate of hydrolysis of the
Pro4VPhe5 and Phe2VSer3 bonds.

The substrate specificity of tropolysin is summarized in
Figure 4, together with putative interactions between key
determinants of substrate specificity. The preponderance of
basic residues in the P4 binding region directs specificity for
acidic residues in P4, in contrast to TOP, where they are not
tolerated, because the TOP P4 binding region is acidic. The
tropolysin P′ binding region has hydrophobic characteristics,
directing specificity for hydrophobic residues in P1, P1′, and
P2′. Again, this contrasts with TOP, where a preponderance
of charged and acidic residues direct specificity for basic
side chains in P1′ and P3′. Taken together, these data suggest
that tropolysin exhibits a distinct substrate specificity when
compared to TOP and neurolysin. While we propose that
some of these differences in substrate specificity may be
mediated by nonconservative replacements of key substrate-
recognizing side chains, these replacements still cannot
explain all of the substrate specificity differences that we
observed. A crystal structure of tropolysin in a complex with
peptide substrates will be required to resolve the structural
basis underlying this altered substrate specificity of tropo-
lysin.

CleaVage of VasoactiVe Peptides by Tropolysin. The
vasoactive kinins BK and kallidin (Lys-BK) were cleaved
by recombinant tropolysin with akcat of 80-120 s-1 and a

FIGURE 4: Structural framework comparing the interactions of the S4-S3′ regions of tropolysin and TOP. The substrate specificity of
tropolysin over residues P4-P3′, experimentally determined in this study (Tables 3 and S2-S7), is summarized at the top of the figure. Key
residues of tropolysin and TOP that mediate interactions with P4-P3′ substrate residues are indicated, along with their numbering in the
primary sequences fromT. brucei brucei(for tropolysin) andH. sapiens(for TOP). Key residues conserved between the two enzymes are
indicated with a white double-headed arrow. Nonconserved residues are indicated with a gray double-headed arrow when replacements
cause a mild change in the physicochemical properties of the residue, while dramatic changes (such as a charge reversal) are indicated with
a black double-headed arrow. The residue preferences for TOP are indicated at the bottom of the figure (from refs14 and 26). Where
residues are not tolerated, they are crossed out. TOP, thimet oligopeptidase.
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Km of 30-50 µM (kcat/Km ≈ 2.3 s-1‚µM-1; Table 4). Thus,
both naturally occurring kinins were excellent substrates of
tropolysin, confirming that tropolysin is indeed a kininase.
Furthermore, angiotensin I (AngI) was cleaved by tropolysin,
although hydrolysis was not as efficient as that observed for
the kinins (kcat/Km ≈ 0.3 s-1‚µM-1; Table 4). Angiotensin II
was not cleaved by tropolysin (Table 4). To confirm that
bacterial peptidases carried over in trace amounts from the
hyperexpression procedure were not responsible for the
observed activity against regulatory peptides, a catalytically
inactive tropolysin was prepared by converting the essential
catalytic Glu532 residue (equivalent to Glu474 in TOP; Figure
1C) to a Gln residue. This conversion has been shown to
yield a catalytically inactive TOP molecule (21, 22). Reaction
products were then analyzed by MALDI-TOF mass spec-
trometry. When BK was incubated with catalytically inactive
recombinant tropolysin(E532Q) at a 1:200 (mol/mol; by
mass/mass) tropolysin:BK ratio for 30 min, a single product
corresponding to intact BK was detected (m/z [M + H]+

calculated 1059.56, found 1060.42; Figure 5A). However,
upon incubation with wild-type recombinant tropolysin, two
peptide products were identified as BK(1-5) (m/z [M + H]+

calculated 572.31, found 572.84) and BK(6-9) (m/z [M +

H]+ calculated 505.27, found 505.77) (Figure 5B). Similarly,
when kallidin was incubated with catalytically inactive
recombinant tropolysin(E532Q) at a 1:200 (mol/mol; by
mass/mass) tropolysin:kallidin ratio for 30 min, a single
product corresponding to intact kallidin (m/z [M + H]+

calculated 1187.66, found 1188.46) was observed, while
catalytically active recombinant tropolysin generated two
fragments: kallidin(1-6) (m/z [M + H]+ calculated 700.40,
found 700.91) and kallidin(7-10) (m/z [M + H]+ calculated
505.27, found 505.59) (spectra not shown). When AngI was
incubated with catalytically inactive recombinant tropolysin-
(E532Q) at a 1:100 (mol/mol; by mass/mass) tropolysin:AngI
ratio for 30 min, a single product corresponding to intact
AngI was detected (m/z [M + H]+ calculated 1295.68, found
1296.44; Figure 5C). However, upon incubation with cata-
lytically active recombinant tropolysin, two peptide products
with specific m/z values for AngI(1-7) (m/z [M + H]+

calculated 898.47, found 899.09) and AngI(8-10) (m/z [M
+ H]+ calculated 415.22, found 415.57) were observed
(Figure 5D). Thus, tropolysin cleaved BK and kallidin
exclusively at the PheVSer bond and AngI at the ProVPhe
bond.

Interestingly, our BK-derived fluorescent peptide substrates
(Abz-GFSPFRQ-EDDnp) were generally cleaved at the
ProVPhe bond (Tables S2-S7), although the native BK
peptide (RPPGFSPFR) was cleaved exclusively at the
PheVSer bond (Table 4 and Figure 5). These data indicate
that the N-terminal Arg1-Pro2-Pro3 of BK may contain
additional recognition elements for tropolysin that are not
present in the fluorogenic peptide, which promote preferential
cleavage at the PheVSer bond. Indeed, Met490 in TOP
(equivalent to Thr548 in tropolysin; Figure 1C) is implicated

Table 4: Hydrolysis of Vasoactive Kinins by Tropolysin Purified
from T. brucei brucei

peptide Km (µM) kcat (s-1) kcat/Km (s-1‚µM-1)

bradykinin 32( 19 79( 41 2.5
kallidin 56 ( 28 119( 39 2.1
angiotensin I 92( 23 28( 21 0.3
angiotensin II nd nd nd

a nd, no hydrolysis detected.

FIGURE 5: Degradation of regulatory peptides by tropolysin. BK was preincubated with catalytically inactive recombinant tropolysin-
(E532Q) (A) or catalytically active recombinant tropolysin (B) at 1:250 [mol/mol, by mass/mass for tropolysin(E532Q) and by activity/
mass for tropolysin] tropolysin:BK ratios for 30 min at 37°C. In a second set of reactions, AngI was preincubated with catalytically
inactive tropolysin(E532Q) (C) or catalytically active tropolysin (D) at 1:250 [mol/mol, by mass/mass for tropolysin(E532Q) and by activity/
mass for tropolysin] tropolysin:BK ratios for 30 min at 37°C, after which reaction products were analyzed by MALDI-TOF mass spectrometry.
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in recognition of the P7 residue in substrate peptides (26).
Thus, additional recognition elements exist in tropolysin that
would not be detected with our fluorogenic peptides, which
are too short to facilitate P7-S7 interaction. Furthermore,
TOP does not cleave the two C-terminal peptide bonds in a
peptide (30). In native BK, the Pro-Phe bond is located in
this excluded region, while in our fluorogenic peptides, the
addition of a C-terminal Gln residue places the Pro-Phe
bond in the included region of the peptide.

CleaVage by Tropolysin Abrogates BK Biological ActiVity.
Incubation of BK with recombinant tropolysin at 1:50 (mol/
mol; by activity/mass) tropolysin:BK ratios for 1 h abrogated
BK B2 receptor stimulation by BK, as judged by the
contractile response of the guinea pig ileum (Figure 6). In
contrast, incubation at the same ratios with catalytically
inactive recombinant tropolysin(E532Q) preserved the BK
B2 receptor stimulation properties of BK (Figure 6). Neither

recombinant tropolysin nor catalytically inactive recombinant
tropolysin(E532Q) possessed intrinsic ileum-contracting
activity (data not shown). These data indicate that tropolysin
can destroy the BK B2 receptor-stimulating properties of BK
and are consistent with reports that BK B2 receptor stimula-
tion requires the presence of both Arg1 and Arg9 in the same
BK molecule (19), in contrast to BK B1 receptor stimulation,
and other BK-mediated processes, in which BK degradation
products may participate (19). Since the guinea pig ileum
assay exclusively measures responses mediated by the BK
B2 receptors, a more meaningful measure of BK activity is
obtained in a live animal model of BK-induced hypotension.
The prohypotensive properties of BK were abrogated after
incubation with catalytically active recombinant tropolysin
(Figure 7) at 1:50 (mol/mol; by activity/mass) tropolysin:
BK ratios for 1 h, while incubation at the same ratios with
recombinant catalytically inactive tropolysin(E532Q) did not
impair the prohypotensive properties of BK. Neither recom-
binant tropolysin nor catalytically inactive recombinant
tropolysin(E532Q) possessed intrinsic prohypotensive activity
(Figure 7). Together, these data suggest that the degradation
of vasoactive kinins by tropolysin destroys the biological
activity of these kinins.

Tropolysin in PerspectiVe. The peptidases of parasitic
protozoans are currently the subject of considerable interest,
in the hope of identifying novel virulence factors, drug
targets, and vaccine candidates. To date, our knowledge of
the peptidolytic capacity of African trypanosomes has been
limited to four peptidases. We report here the purification,
cloning, and biochemical characterization of tropolysin, a
new peptidase from two highly pathogenic African trypa-
nosomes. This peptidase, which is a new member of the M3A
family of metallopeptidases, displays a unique substrate
specificity compared with its eukaryotic relatives, and this
is the first report of any member of the M3 family of
metallopeptidases from any protozoan organism.

We document in this study that tropolysin has potent
kininase activity, and this may have relevance to the
pathogenesis of African trypanosomiasis. The kallikrein-
kinin system is severely dysregulated in trypanosome-

FIGURE 6: Tropolysin abrogates BK B2 receptor stimulation by
BK. BK was preincubated with catalytically active recombinant
tropolysin (9) or catalytically inactive recombinant tropolysin-
(E532Q) (0) at 1:50 [mol/mol, by activity/mass for tropolysin and
by mass/mass for tropolysin(E532Q)] tropolysin:BK ratios for 30
min at 37°C and applied to ileum segments, as described in the
Experimental Procedures. Data represent the mean percentage of
maximal contraction( SD (n ) 3). *, P < 0.01 between9 and0
groups at the same BK concentration.

FIGURE 7: Tropolysin abrogates the prohypotensive properties of BK. Agents were applied as a bolus over 30 s directly to the venous
circulation of an anesthetized rabbit via the right ear vein, as indicated, while mean arterial and venous pressures were continuously monitored
by catheters in the left carotid artery and right ear vein. At 20 min intervals agents were applied (indicated above the arterial pressure trace)
as described in the Experimental Procedures. Data presented are for a single rabbit but are representative of data from three other rabbits.
The spikes on the venous pressure traces occur during the administration of the agents since they are administered via the pressure sensor
catheter and thus do not indicate changes to venous pressure.
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infected hosts (31), which is thought to contribute to vascular
lesions observed in African trypanosomiasis (32). Upon
release by dead or dying trypanosomes in the host blood-
stream, tropolysin would be in an excellent position to
influence the activity of host vasoactive kinins, similar to
what has been described for OpdB (33). Other investigators
have suggested that, in addition to OpdB, a trypanosome-
derived “cation-sensitive, thiol-dependent peptidase” is active
in the plasma of infected hosts (12). In this study, we describe
exactly this type of peptidase, since tropolysin is both cation
sensitive and thiol dependent. Studies on the possible role
of tropolysin in modulating regulatory peptide dynamics in
the plasma of trypanosome-infected hosts are currently
underway in our laboratories. Furthermore, other oligopep-
tidases from trypanosomes have also received attention as
candidate therapeutic targets (5, 10, 11), and since TOP in
mammals plays a key role in intracellular protein turnover,
tropolysin may represent an attractive chemotherapeutic
target in trypanosomes.
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Purification table for the isolation of tropolysin fromT.
brucei bruceilysates (Table S1), documentation of the purity
of the tropolysin preparations, as well as the analysis of gene
copy number and expression of thetrn gene in different
trypanosome life-cycle stages (Figure S1), and raw kinetic
data for the hydrolysis of substituted fluorogenic peptides
by recombinant tropolysins fromT. brucei bruceiand T.
brucei rhodesienseand by native tropolysin fromT. brucei
brucei (Tables S2-S7). This material is available free of
charge via the Internet at http://pubs.acs.org.
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