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Rory E. Morty‡§, Roger Pellé¶, István Vadász‡, Graciela L. Uzcanga�**, Werner Seeger‡,
and José Bubis**
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Serine oligopeptidases of trypanosomatids are emerg-
ing as important virulence factors and therapeutic tar-
gets in trypanosome infections. We report here the iso-
lation and characterization of oligopeptidase B (OpdB)
and its corresponding gene from Trypanosoma evansi, a
pathogen of significant veterinary importance. The
T. evansi opdB gene was present as a single copy per
haploid genome containing an open reading frame of
2148 bp encoding a protein of 80.664 kDa. Purified OpdB
hydrolyzed substrates with basic residues in P1 (kcat/Km
for carbobenzyloxy-L-arginyl-L-arginyl-7-amido-4-meth-
ylcoumarin, 337 s�1��M�1) and exhibited potent arginyl
carboxypeptidase activity (kcat/Km for Val-Lys-Arg2
Arg-OH, 231 s�1�mM�1). While not secreted, T. evansi re-
leased OpdB into the plasma of infected hosts where it
retained catalytic activity. Plasma OpdB levels corre-
lated with blood parasitemia. In vitro, OpdB cleaved the
peptide hormone atrial natriuretic factor (ANF) at four
sites: Arg32Arg4, Arg42Ser5, Arg112Ile12, and Arg272
Tyr28, thereby abrogating smooth muscle relaxant and
prohypotensive properties of ANF. Circulating plasma
ANF levels in T. evansi-infected rats were depressed
from 130 to 8 pg�ml�1, and plasma ANF levels inversely
correlated with plasma OpdB activity. The in vitro half-
life of ANF in rat plasma was reduced 300-fold in plasma
from T. evansi-infected rodents, which contains high
levels of OpdB activity. Addition of OpdB inhibitors to
cell-free plasma from infected rodents significantly ab-
rogated this ANF hydrolysis. Furthermore the in vivo
ANF half-life was reduced 5-fold in T. evansi-infected
rats. Thus, we propose a role for OpdB in peptide hor-
mone dysregulation in trypanosomiasis, specifically in
generating the depressed plasma levels of ANF in mam-
mals infected with T. evansi.

The protozoan parasite Trypanosoma evansi (Steele 1885) is
the etiological agent of a disease called surra, which is a major
cause of livestock morbidity and mortality (1) and is thus of
significant economic importance in affected areas. It has the
broadest geographic (1) and host (2) ranges of any pathogenic
trypanosome. Acute infection causes a severe febrile illness char-
acterized by coughing, dyspnea, pulmonary edema, idiopathic
cardiomyopathy, hepatosplenomegaly and immunosuppression,
and death by respiratory distress or cardiac failure (1).

The pathogenic mechanisms underlying the development of
these lesions have not been elucidated, although they are often
attributed to bioactive substances, such as peptidases, phos-
pholipases, lipopolysaccharides, and free fatty acids, released
into the host circulation by dead and dying parasites (3). Par-
asite-derived peptidases in particular are emerging as impor-
tant pathogenic factors, and candidates include a cell surface
metallopeptidase, gp63 (4), a cysteine peptidase (5), and a
secreted collagenolytic serine peptidase (6). Other parasite pep-
tidases enter the host circulation upon intravascular destruc-
tion of the parasites (7). These peptidases hydrolyze biologi-
cally significant substrates in vitro. For example, a
trypanosome cysteine peptidase can generate Lys-bradykinin
from kininogen and can activate pre-kallikrein (8). However,
these peptidases are rapidly inhibited by host plasma pepti-
dase inhibitors upon release into the bloodstream. gp63 is
complexed by �2-macroglobulin (9), and trypanosome cysteine
peptidases are rapidly (ka � 5 � 107 M�1�s�1) and tightly (Ki �
5 pM) complexed with cystatins and kininogen (10, 11) with
concomitant loss of catalytic activity. Thus, their catalytic ac-
tivity in the host bloodstream is unlikely to contribute to pa-
thology. Indeed no trypanosome cysteine peptidase activity is
found in plasma from Trypanosoma brucei-infected rodents
(10). In contrast, a small subset of parasite peptidases is not
affected by plasma peptidase inhibitors, and these peptidases
retain their catalytic activity in the host bloodstream. Two
members of the prolyl oligopeptidase family exemplify this
group of peptidases. Oligopeptidase B (OpdB)1 has been iden-
tified in T. brucei (12) and Trypanosoma congolense (13), which
cause African trypanosomiasis, and also in Trypanosoma cruzi,
which causes Chagas disease (14). A second oligopeptidase,
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prolyl oligopeptidase (Tc80), has been characterized from
T. cruzi (15, 16). The inability of the host to regulate the
catalytic activity of these two peptidases is significant since in
the bloodstream they are brought into contact with host pep-
tide hormones. Abnormal degradation of these hormones could
impair host physiological homeostasis, an idea supported by
the reduction in plasma levels of some peptide hormones ob-
served in trypanosome infections (17), the unusual cleavage
observed when peptide hormones are incubated in serum from
trypanosome-infected rodents (18), and reports of endocrine
dysfunction after trypanosome lysis in the host bloodstream (19).

In this study, we isolated, characterized, and cloned the gene
encoding OpdB from T. evansi, the first peptidase ever cloned
and characterized from this important veterinary pathogen.
We then used a rodent model of T. evansi infection to address
the following question: can peptidases released intravascularly
by trypanosomes modulate peptide hormone levels in hosts?
Although reports exist that document the extracellular release
of parasite peptidases, this phenomenon has never been linked
to the abnormal peptide hormone metabolism observed in
trypanosome-infected hosts. Our data indicate that trypano-
some peptidases can modulate circulating host peptide hor-
mone levels. This has significant implications for our under-
standing of the pathogenesis of trypanosomiasis in particular
the dysregulation of processes controlled by peptide hormones
that are perturbed in trypanosome infections. These include
hypotension (20), elevated blood volume (21), and dysregula-
tion of the renin-angiotensin system (17) and the hypothalam-
ic-pituitary-adrenal (22) and pituitary-gonadal axes (23).

MATERIALS AND METHODS

Parasites—T. evansi TEVA1 was obtained from a horse naturally
infected in the Venezuelan savannah (24), while T. evansi IL3298 was
obtained from a naturally infected camel from Marsabit, Kenya (25).
Both T. brucei ILTat 1.1 and T. cruzi Y strain were passaged and
propagated as described previously (12, 14). Experimental animal pro-
tocols were approved by local and national authorities.

Gel Electrophoresis and Western Blotting—Tris-Tricine SDS-PAGE
(26) and immunoblotting with anti-OpdB IgY was performed as de-
scribed previously (13).

Purification of OpdB from Parasite Lysates—OpdB was isolated from
T. evansi TEVA1 lysates exactly as described for T. congolense (13)
except that the para-aminobenzamidine-Sepharose column was re-
placed with an agmatine-Sepharose column (200 � 15 mm, 1 ml�min�1),
and bound protein was eluted with 150 mM NaCl in 50 mM Tris-Cl, 1 mM

dithiothreitol, pH 8.
Cloning, Sequencing, and Site-directed Mutagenesis of the opdB

Gene—T. evansi strain IL3298 genomic DNA was isolated as described
previously (12). Forward (5�-GGT GGA AGA GAA GCT TAT CAC AGG
G-3�) and reverse (5�-CGT CTT GTC GAT GTT AGC CCC CAC AC-3�)
primers were synthesized to be complementary to non-coding sequences
flanking the T. brucei opdB open reading frame (GenBankTM accession
number AF078916 (12)). PCR products were cloned into pGEM-T-Easy
(Invitrogen) to create pRM157. Gene copy number was determined by
Southern blot probed with a [�-32P]dCTP-labeled opdb open reading
frame from pRM157 as described previously (12). Protein and DNA
sequences were compared with ClustalW software from the
MEGALIGN program (DNASTAR, Madison, WI) with a PAM250
weight table set with the following parameters: ktuple � 1, gap pen-
alty � 3, and gap window � 5 (27).

Hyperexpression of Recombinant OpdB—The T. evansi IL3298 opdB
gene was amplified by PCR from pRM157 with Pfu Turbo polymerase
(Stratagene) using forward (5�-GG ACA CAT ATG ATG CAA ACT GAA
CGT GGT CC-3�) and reverse (5�-TAC GCT CAT ATG CTA CTT CCG
CAG CAG CGG CC-3�) primers (with internal NdeI sites in bold type;
the initiation codon of the forward primer is underlined). The blunt-
ended PCR product was cloned into the SmaI site of pBlueScript II
KS(�) to create pRM158, and the 2.2-kb NdeI-NdeI fragment was
excised from pRM158 and subcloned into the pET19b expression vector
(Novagen) to create pRM159. The OpdB active site serine was converted
to an alanine residue by site-directed mutagenesis using the
QuikChangeTM system (Stratagene) with forward (5�-TGC GAG GGA
AGA GCT GCT GGT GGA TTG-3�) and reverse (5�-CAA TCC ACC AGC

AGC TCT TCC CTC GCA-3�) primers (the mutated codon is underlined,
and the base pair changes are in bold type) and pRM159 as template,
creating pRM160. Plasmids were transformed into Escherichia coli
BL21(�DE3), and N-terminal polyhistidine-tagged fusion proteins were
expressed as described previously (28).

Immunoaffinity Purification of anti-OpdB IgY—Recombinant OpdB
(30 mg) was coupled to cyanogen bromide-activated Sepharose 4B (30
ml, packed volume) (29). Coupling efficiency was estimated at 92%.
Anti-OpdB IgY (13) (100 mg) was affinity-purified on an OpdB-Sepha-
rose affinity chromatography column as described previously (13) with
an estimated affinity-purified antibody yield of 9%. Affinity-purified
antibodies were dialyzed extensively against Ringer’s solution (4 � 6 h,
4 °C) to remove residual reagents left over from the affinity purification
procedure. Antibody preparations were concentrated in CentriconTM

concentrators (30-kDa cut-off, Millipore) according to the manufactur-
er’s instructions.

Enzymatic Characterization of OpdB—Activity of OpdB was rou-
tinely determined against 5 �M N-carbobenzyloxy (Cbz)-L-Arg-L-Arg-7-
amido-4-methylcoumarin (AMC) at 37 °C in 50 mM Tris-Cl, 5 mM dithi-
othreitol, pH 8.0 in a Hitachi F-2000 spectrofluorometer (�ex � 370 nm,
�em � 460 nm) (12). Protein assays were conducted according to Brad-
ford (30). Active enzyme concentration was determined with 4-methyl-
umbelliferyl-p-guanidinobenzoate (12). Substrate specificity of native
and recombinant T. evansi OpdB was determined using AMC- or
�-naphthylamine (�NA)-derived fluorogenic peptide substrates
(Bachem) as described previously (12). For carboxypeptidase activity of
OpdB against unblocked peptides or peptides N-terminally blocked
with a 3-(2-furyl)acryloyl moiety, reactions consisted of OpdB (18–50
fmol of active enzyme) in 50 mM Tris-Cl, 5 mM dithiothreitol, pH 8 (50
�l), prewarmed to 37 °C. Prewarmed substrate solution (50 �l) was
added, and at timed intervals reactions were stopped and resolved by
HPLC as described previously (10). The effect of pH on OpdB activity,
the Ki for non-tight binding reversible competitive inhibitors, and the ka

for irreversible inhibitors were investigated as described previously
(12). Degradation of atrial natriuretic factor (ANF) was studied by
incubating rat ANF-(1–28) (Bachem), the predominant circulating form
of ANF (31), at a 1:100 (mol:mol) OpdB:ANF ratio in 50 mM Tris-Cl, pH
8. At timed intervals, reaction products were resolved by reverse-phase
high pressure liquid chromatography on a �Bondpack C18 column (Wa-
ters) eluted at a flow rate of 1 ml�min�1 with a linear gradient of
H2O:CH3CN:trifluoroacetic acid (95:5:0.1) increasing to H2O:CH3CN:
trifluoroacetic acid (55:45:0.1) over 30 min, monitored at 214 nm. The
ANF degradation products in HPLC fractions were identified by ma-
trix-assisted laser desorption ionization time-of-flight (MALDI-TOF) as
described previously (32).

Detection of OpdB Activity in the Plasma of T. evansi-infected Ro-
dents—Adult male Sprague-Dawley rats (300 g; n � 4) were infected
intraperitoneally with T. evansi IL3298 (1 � 104 trypanosomes/rat). At
peak bloodstream parasitemia (�5 �108 trypanosomes�ml of plasma�1)
blood was drawn from the tail vein (150 �l) into an equal volume of
ice-cold 57 mM Na2HPO4, 3 mM NaH2PO4, 44 mM NaC1, 56 mM D(�)-
glucose, 0.1 mM hypoxanthine, 2% (m/v) sodium citrate, pH 7.4, and
centrifuged (1500 � g, 5 min, 4 °C). Supernatants were confirmed to be
trypanosome-free by light microscopy. This procedure has previously
been proven to yield parasite-free and cell-free plasma without destruc-
tion of live parasites in the plasma. Therefore, there is no artifactual
extracellular release of intracellular trypanosome proteins (7). Plasma,
similarly prepared from rats that had been “mock-infected” with 1 � 104

heat-killed trypanosomes/rat, was used as a control. The inhibitors
3,4-dichloroisocoumarin (DCI) and soybean trypsin inhibitor (SBTI)
were used to discriminate serine oligopeptidase from trypsin-like serine
protease activity, while activity-neutralizing anti-OpdB antibodies (7)
were used to specifically detect OpdB activity. This combination of
inhibitors is diagnostic for OpdB activity in complex biological fluids (7).
For detection of immunoreactive OpdB in infected rat plasma, rats were
euthanized at peak parasitemia, and blood was harvested by cardiac
puncture and processed as described above. Whole plasma yielded
poorly resolved bands on a Western blot; therefore, cell-free plasma was
partially fractionated by precipitation and chromatography on
Q-Sepharose and agmatine-Sepharose as described for purification of
OpdB from T. evansi lysates. Fractionated plasma was resolved by
SDS-PAGE and blotted for OpdB.

Subcellular Fractionation of T. evansi—Subcellular fractionation
was undertaken exactly as described previously (33). Briefly blood-
stream-derived T. evansi trypomastigotes (1010 cells) were washed in
0.25 M sucrose, 50 mM Hepes, 25 mM KCl, pH 7.4 at 4 °C and disrupted
in a French pressure cell. Cell fractions (designated as “nuclear,” “large
granule,” “small granule,” “crude microsomal,” and “soluble superna-

Oligopeptidase B from T. evansi10926

 by guest, on July 31, 2010
w

w
w

.jbc.org
D

ow
nloaded from

 

http://www.jbc.org/


tant” fractions) were prepared by centrifugation as described previously
(33). These fractions were screened for enrichment of fraction markers:
hexokinase (a glycosome marker) (34), �-mannosidase (a dense granule
marker) (35), and alanine aminotransferase (a cytosol marker) (35) to
evaluate the fractionation. Fractions were also screened for OpdB ac-
tivity (measured as Cbz-Arg-Arg-AMC-hydrolyzing activity sensitive to
inhibition by anti-OpdB IgY at 75 �g�ml�1).

In Vitro Release of OpdB by T. evansi—Secretion of OpdB by T. evansi
IL3298 in vitro was studied as described previously (6, 7). Bloodstream-
derived T. evansi were resuspended (1 � 108 cells�ml�1) in minimal
essential medium supplemented with 0.3 g�liter�1 L-glutamine, 0.25 mM

L-cysteine, 0.01 mM bathocuproinedisulfonic acid, 15% (v/v) fetal bovine
serum at 37 °C. Aliquots (100 �l) were removed at 0, 10, 30, and 60 min
and centrifuged (1500 � g for 2 min at 4 °C). Trypanosome-free superna-
tants were assayed for activity against Cbz-Arg-Arg-AMC (5 �M) and
N-succinyl-Gly-Pro-Leu-Gly-Pro-AMC (5 �M) as described above.

A Rat Model of Lethal Endotoxic Shock—Lethal endotoxic shock was
induced in rats by slow (10-min) intravenous administration of 20
mg�kg�1 E. coli 0127:B8 lipopolysaccharide (LPS; Sigma) via the tail
vein (36). Rats generally expired between 9 and 16 h; therefore, plasma
was harvested by cardiac puncture at 4 and 8 h post-LPS administra-
tion after which rats were sacrificed.

Determination of Plasma ANF Levels—Blood samples (0.5 ml) were
extracted from the tail vein of rats 2 and 4 days preinfection, on the day
of infection, and at 2-day intervals postinfection. Blood was extracted
into an equal volume of ice-cold 57 mM Na2HPO4, 3 mM NaH2PO4, 44
mM NaCl, 56 mM D(�)-glucose, 0.1 mM hypoxanthine, 2% (m/v) sodium
citrate, pH 7.4, supplemented with 2 mM DCI and centrifuged (1500 �
g for 5 min at 4 °C). Plasma was first clarified on a C18 Sep-column
(Bachem) after which plasma ANF levels were quantified with a rat
ANF radioimmunoassay (Bachem) according to the manufacturer’s in-
structions. Where necessary, larger quantities of blood were extracted
from rats to bring the ANF levels within the detection limit of the assay
(0.1–64 pg/tube).

Half-life Determination for 125I-ANF—[125I-Tyr28]ANF-(1–28)
(Bachem; 2000 Ci�mmol�1) was incubated in trypanosome- and cell-free
plasma from trypanosome-infected and healthy rats for 5 min. At 30-s
intervals, aliquots were resolved by HPLC as described above. Radioac-
tivity associated with the intact ANF peak was quantified in a �-counter.
A ratio was determined for the fraction of radiation recovered at time t (Ct)
representing intact ANF-(1–28) versus that initially applied (Ctot). Linear
regression of a semilog plot of ln(Ct/Ctot) versus time yielded a graph with
a slope � k where k is the rate of disappearance of intact ANF. The
half-life, t1⁄2, is given by t1⁄2 � 0.693/k. For the estimation of ANF half-life
in T. evansi-infected hosts, rats (�300 g) were selected at midlevel para-
sitemia (between days 6 and 8, postinfection; blood parasitemia
�107�ml�1). Rats with higher parasitemia did not tolerate surgery and
catheter placement. Rats were anesthetized with sodium pentobarbital
(50 mg�kg�1, intraperitoneal), and the left carotid artery and the right
jugular vein were catheterized with PE-50 tubing. A bolus dose of [125I-
Tyr28]ANF-(1–28) (1 �Ci) was administered via the jugular catheter
through which continuous infusion of Ringer’s solution (50 �l�min�1) was
maintained. At timed intervals (every 30 s for 5 min), arterial blood
samples (0.5 ml) were extracted and processed for HPLC and �-counting
as described above. In some cases, either preimmune IgY or anti-OpdB
IgY was infused via the jugular catheter at a rate of 17.5 �g�min�1 for 2 h
prior to application of the [125I-Tyr28]ANF-(1–28) bolus.

Smooth Muscle Contraction Assay for ANF—Adult male Sprague-
Dawley rats (�300 g) were sacrificed by decapitation, and the aortas
were extracted and placed in ice-cold Krebs-Henseleit solution (119.1
mM NaCl, 4.7 mM KCl, 1.2 mM MgSO4, 1.2 mM KH2PO4, 25.0 mM

NaHCO3, 2.5 mM CaCl2, and 5.5 mM D(�)-glucose) continuously gassed
with 95% (v/v) O2, 5% (v/v) CO2. Adipose and connective tissue was
gently removed, and the midthoracic region was cut into 2-mm sections.
Aortic rings were mounted in a Mulvany myograph (J. P. Trading) in an
organ bath for recording of isometric tension. Aortic rings were
mounted on two 40-�m stainless steel wires exactly as described pre-
viously (37) except that rings were precontracted with 10 �M phenyl-
ephrine to estimate maximal force. Intact ANF-(1–28) was incubated
with catalytically active or inactive OpdB at a 1:100 (mol:mol) OpdB:
ANF ratio for 30 min. The reaction mixtures, containing 10 �M to 10 pM

ANF-(1–28) (either intact or fragmented by OpdB), OpdB alone (0.1 �M

to 0.1 pM, active concentration), or its catalytically inactive S563A
variant (0.1 �M to 0.1 pM by mass) were applied to the aortic rings. Ring
contraction and relaxation were monitored continuously by a force
displacement transducer coupled to a polygraph.

Bioassay for ANF Prohypotensive Activity—New Zealand White rab-
bits (�3 kg) were maintained under anesthesia by perfusion of 25

mg�ml�1 ketamine, 1% (v/v) xylazine in 0.9% (m/v) NaCl infused at a
rate of 8 ml�h�1 via a catheter in the left ear vein. Fluid replacement
was undertaken with 0.9% (m/v) NaCl simultaneously infused at 20
ml�h�1 via the same catheter. The left carotid artery and right ear vein
were catheterized and connected to pressure transducers for on-line
monitoring of arterial and venous pressure. After 20–30 min of equili-
bration, a catalytically inactive OpdB(S563A) variant (10 �g) was ap-
plied as a bolus via a three-way stop-cock in the right ear vein catheter.
Twenty minutes later wild-type OpdB (10 �g) was administered. In a
different group of rabbits, rat ANF-(1–28) (8 �g�kg�1) was applied as a
bolus via the right ear vein catheter after preincubation of ANF at
a 1:100 (mol:mol) OpdB:ANF ratio with catalytically active or inactive
OpdB variants for 30 min at 37 °C in 50 mM Tris-Cl, pH 8. Blood
pressure was monitored continuously over the course of the experiment.
Data presented are for a single rabbit but are representative of data
from two other rabbits.

RESULTS AND DISCUSSION

Purification of OpdB—Oligopeptidase B was purified from
T. evansi lysates 714-fold in a four-step procedure with a 38%
yield (Table I). The purified enzyme was 66% active as judged
by active site titration. This is the first protease ever purified
from T. evansi. Purified T. evansi OpdB was homogenous by
reducing SDS-PAGE, yielding a single band at �80 kDa (Fig.
1). A band of comparable size was observed in Western blots of
T. evansi, T. brucei, and T. cruzi lysates probed with anti-
T. brucei OpdB antibodies (Fig. 1).

Cloning and Sequencing of the opdB Gene—The opdB gene
isolated from T. evansi contained an open reading frame of
2148 bp encoding a polypeptide of 715 amino acids with a
predicted molecular mass of 80.664 kDa. This is the first pro-
tease-encoding gene cloned and sequenced from T. evansi. The
predicted molecular mass compares well with the size of the
native enzyme purified from T. evansi lysates (Fig. 1). The
T. evansi opdB gene exhibited a 99.4% identity with its
T. brucei homologue, and their encoded proteins share 99.6%
identity. The T. evansi opdB gene was present as a single copy
per haploid genome as judged by Southern blot of endonucle-
ase-restricted T. evansi genomic DNA probed with the full-
length opdB coding sequence (Fig. 1). The opdB gene was
expressed in E. coli as a soluble, catalytically active polyhisti-
dine affinity-tagged enzyme with a protein yield of between 30
and 40 mg/liter of bacterial culture. The hyperexpressed protein
yielded a single band on an SDS-polyacrylamide gel that mi-
grated at a molecular mass corresponding to �80 kDa (Fig. 1).

Kinetic Analysis of T. evansi OpdB—There was little differ-
ence between the amidolytic activity of native, purified OpdB
and His6-tagged recombinant OpdB against AMC peptide sub-
strates, indicating that the affinity tag did not appreciably
alter OpdB activity. The best substrate was Cbz-Arg-Arg-AMC
(kcat/Km of 337 �M�1�s�1, comparing well with the 528 �M�1�s�1

reported for OpdB from T. brucei) (12). This substrate also
exhibited the lowest Km (0.2 �M). No activity was observed
against Cbz-Arg-Arg-AMC with the catalytically inactive OpdB
variant in which the active site Ser563 was converted to an Ala
(see Fig. 1A). Basic residues were obligatory in P1 and pre-
ferred (although not obligatory) in P2 (nomenclature of Ref. 38)
where hydrophobic residues as well as glycine and proline were

TABLE I
Purification of OpdB from T. evansi TEVA1 lysates

Fraction Activity Specific activity Purification Yield

pmol�s�1 pmol�s�1�mg�1 -fold %

Lysate 2,008 24 1 100
TPPa 1,808 96 4 90
Q-Sepharose 1,668 181 8 83
Agmatine-Sepharose 1,302 692 29 65
Immunoaffinity 754 17,000 714 38

a TPP, three-phase partitioning.
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also accepted (Table II). A range of residues was also accepted
in P3 (hydrophobic � small, uncharged; Table II). Thus, the
T. evansi OpdB substrate specificity parallels that of T. brucei
OpdB (12). While displaying poor arginyl aminopeptidase ac-
tivity, OpdB displayed a strong arginyl carboxypeptidase ac-
tivity (Table III), which has previously been identified by He-
merly et al. (32) but which has not been characterized for any
OpdB to date. Oligopeptidase B liberated Arg4 from H-Val1-
Lys2-Arg3-Arg4-OH with a kcat/Km of 231.6 s�1�mM�1 and a Km

of 0.19 mM with liberation of Arg3 upon prolonged incubation
(�15 min; not shown). Shortening the peptide to H-Arg1-Arg2-
Arg3-OH, OpdB liberated Arg3 generating H-Arg-Arg-OH and
H-Arg-OH with a kcat/Km of 60 s�1�mM�1 and a Km of 0.63 mM.
No further degradation of H-Arg-Arg-OH to two H-Arg-OH
molecules occurred, and when H-Arg-Arg-OH was supplied as
the sole substrate, no hydrolysis of the Arg-Arg bond was ob-
served, perhaps indicating that at least both P1 and P2 must be
occupied in addition to P1� for carboxypeptidase activity to pro-
ceed (i.e. the Arg-Arg dipeptide was too short). Both Arg and Lys
were acceptable in P1 for carboxypeptidase activity, and both Phe
and Tyr were acceptable in P2. Thus, the same P1 and P2 pref-
erences were exhibited for arginyl carboxypeptidase activity as
were apparent for amidolytic (endopeptidase) activity (Table II).

Oligopeptidase B was rapidly inactivated by DCI (ka � 224 	
28 M�1�s�1); therefore we used this inhibitor in our physiolog-
ical experiments. The monobasic inhibitors benzamidine and
agmatine were poor OpdB inhibitors (Ki � 200 �M), explaining
why agmatine is a poor affinity ligand in our purification pro-
tocol (Table I) since OpdB eluted from agmatine-Sepharose at
low (150 mM) salt concentrations. High molecular mass inhib-

TABLE II
Amidolytic activity of OpdB from T. evansi

Substratea
Native OpdB Recombinant OpdBb

Km kcat kcat/Km Km kcat kcat/Km

�M s�1 s�1��M
�1 �M s�1 s�1��M

�1

Cbz-Arg-Arg-AMC 0.2 64 336.8 0.2 59 268.2
Boc-Leu-Arg-Arg-AMC 0.8 108 140.3 1.0 154 157.1
Boc-Leu-Lys-Arg-AMC 1.0 94 95.0 1.1 132 117.9
Boc-Gly-Arg-Arg-AMC 1.3 81 61.0 2.1 101 48.4
Boc-Ala-Arg-Arg-AMC 1.7 102 59.3 2.1 122 57.8
Boc-Leu-Gly-Arg-AMC 1.3 57 44.2 1.2 74 61.7
Boc-Gly-Lys-Arg-AMC 1.9 76 39.6 1.2 55 43.0
Cbz-Phe-Arg-AMC 2.3 59 26.5 3.0 77 23.5
Boc-Val-Gly-Arg-AMC 3.0 64 21.1 2.1 58 27.2
Boc-Val-Leu-Lys-AMC 3.0 18 5.9 4.4 22 5.0
H-Ala-Phe-Lys-AMC 4.4 23 5.2 5.0 34 6.8
Cbz-Arg-AMC 4.0 17 4.3 3.0 26 8.6
Boc-Ala-Gly-Pro-Arg-AMC 13.5 12 0.9 10.2 9 0.8
Boc-Val-Pro-Arg-AMC 12.2 8 0.7 14.3 12 0.8
H-Arg-AMC 40.0 1 0.03 48.0 2 0.05
Cbz-Gly-Gly-Arg-�NA 2.9 48 16.6 3.3 33 10.0
H-Arg-Arg-�NA 2.4 30 12.5 2.0 21 10.5
H-Phe-Arg-�NA 3.8 18 4.7 4.9 17 3.5
H-Gly-Arg-�NA 4.8 12 2.5 4.7 11 1.9

a No degradation of N-succinyl-Gly-Pro-Leu-Gly-Pro-AMC, glutaryl-
Gly-Gly-Phe-AMC, H-Gly-Pro-AMC, or H-Asp-Arg-�NA was observed.
The S.E. of the Km was within 5% (n � 3). Boc, t-butoxycarbonyl.

b The active site-mutated recombinant OpdB(S563A) exhibited no
activity against Cbz-Arg-Arg-AMC (5 �M) or t-butoxycarbonyl-Leu-leu-
Arg-AMC (5 �M) under the same conditions.

TABLE III
Carboxypeptidase activity of OpdB from T. evansi

Substratea
Native OpdB Recombinant OpdB

Km kcat kcat/Km Km kcat kcat/Km

mM s�1 s�1�mM
�1 mM s�1 s�1�mM

�1

H-Val-Lys-Arg2Arg-OHb 0.2 44 232 0.3 38 127
H-Arg-Arg2Arg-OH 0.6 38 60 1.1 29 27
H-Gly-Gly-Lys2Arg-OH 1.6 54 33 2.2 40 18
FA-Tyr-Lys2Arg-OH 1.1 18 15 1.9 12 6
H-Phe-Arg2Arg-OH 2.7 21 8 3.0 16 5

a No degradation of the following substrates (20 mM) was observed
over a 30-min time course: H-Arg-Arg-OH and H-Lys-Arg-OH. The
scissile bond is indicated with 2. The S.E. of the Km was within 7% of
the mean of three independent determinations. FA, 3-(2-furyl)acryloyl.

b Prolonged incubation of this substrate (�15 min) yielded a second-
ary cleavage at Lys2Arg.

FIG. 1. Oligopeptidase B from T. evansi. A, multiple sequence alignment of the amino acid sequences surrounding the catalytic serine residue
(*) and the prolyl oligopeptidase family consensus sequence (boxed) for 10 members of the prolyl oligopeptidase family. Sequences were obtained
from the GenBankTM/EBI data base under the following accession numbers: AF078916 (T. brucei OpdB), U69897 (T. cruzi OpdB), AF109875
(Leishmania major OpdB), D10976 (E. coli OpdB), D38405 (Moraxella lacunata OpdB), AAK39550 (Treponema denticola OpdB), D10980
(Flavobacterium meningosepticum (F. menin) prolyl oligopeptidase (POP)), U08343 (Pyrococcus furiosus prolyl oligopeptidase), and M64227 (Sus
scrofa prolyl oligopeptidase). B, an unrooted dendrogram was prepared by comparing the full-length amino acid sequences using the ClustalW
alignment software of the MEGALIGN program (DNASTAR). The scale at the bottom measures the distance between sequences. The units indicate
the number of substitution events. C, lysates prepared from T. evansi, T. brucei, and T. cruzi (15 �g) were resolved by reducing SDS-PAGE and
probed with anti-T. brucei OpdB IgY (left panel). Oligopeptidase B purified from T. evansi extracts (2 �g) (middle panel) and recombinant wild type
(WT) and a catalytically dead variant (S563A) of T. evansi OpdB hyperexpressed in E. coli and affinity-purified on Ni2�-agarose (2 �g) were
resolved by reducing SDS-PAGE and visualized by Coomassie Blue staining (right panel). D, genomic DNA from T. evansi was digested with EcoRI,
NdeI, and BglII (which do not cut within the opdB open reading frame) and HindIII, ApaI, and XhoI (which cut once within the opdB open reading
frame). Digestions were resolved on a 0.8% agarose gel and transferred to a nylon membrane, and the opdB gene was detected with a 32P-labeled
DNA opdB probe.
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itors of serine peptidases (serpins), including SBTI, ovomucoid,
�1-proteinase inhibitor, �2-antiplasmin, and antithrombin III,
did not inhibit OpdB (Table IV). The lack of effect of these
serpins is attributable to the presence of a �-propeller domain
at the N terminus of these oligopeptidases (39) that acts as a
steric gate that restricts access to the OpdB active site, allow-
ing only oligopeptides to reach the substrate binding and cat-
alytic machinery. This steric gate also prevents these high
molecular mass serpins from forming inhibitory complexes
with OpdB (40). This inability of mammalian plasma peptidase
inhibitors to inhibit OpdB activity is important since, upon
release by parasites into the host circulation, OpdB would
retain catalytic activity. Along these lines, OpdB is not only
active but is also maximally stable at the pH of the host plasma
(Fig. 2A). These data are consistent with an enzyme located in
the trypanosome cytoplasm. Indeed OpdB of T. cruzi has been
localized to the parasite cytosol (14).

Extracellular Release of OpdB—Upon in vitro incubation of
T. evansi, no release of Cbz-Arg-Arg-AMC-hydrolyzing activity
into the medium was observed, although secretion of a N-
succinyl-Gly-Pro-Leu-Gly-Pro-AMC-hydrolyzing activity
(marker for a secreted trypanosome prolyl oligopeptidase (6))
was evident (Fig. 2B). Our subcellular fractionation studies
further indicated that OpdB was located in the trypanosome
cytosol since OpdB activity was enriched only in the high speed
soluble supernatant that contains the cytosolic fraction as ev-
ident from the enrichment in alanyl aminopeptidase activity, a
cytosolic marker (35) (Fig. 2E). No enrichment of OpdB activity
was observed in granule or in nuclear/debris fractions (Fig. 2E).
These observations are consistent with the lack of a secretion
signal in the OpdB sequence and the cytosolic localization of
the T. cruzi OpdB homologue (14). In contrast, cell-free plasma
of infected rodents displayed a potent Cbz-Arg-Arg-AMC-hy-
drolyzing activity that was absent in mock-infected rodents
(Fig. 2C). This activity was inhibited by DCI (which inhibits
both serine proteases and serine oligopeptidases) but was in-
sensitive to SBTI (which only inhibits serine proteases but not
serine oligopeptidases), thus implicating a serine oligopepti-
dase. This combination of substrate and inhibitors is diagnostic
for OpdB (7). Activity-neutralizing anti-OpdB antibodies abro-
gated this activity, while preimmune antibodies at the same
concentration did not, suggesting that OpdB was released by
parasites into the host bloodstream (Fig. 2C). In support of this,
bloodstream parasitemia correlated well (r2 � 0.87) with OpdB
activity in the plasma of T. evansi-infected rats (Fig. 2D). Using
the same combination of inhibitors in rats treated with a lethal
dose of LPS, no OpdB-like activity was observed in the acute
phase plasma of rats in endotoxic shock. Indeed a small (2–3-
fold) increase in Cbz-Arg-Arg-AMC-hydrolyzing activity was
observed in LPS-treated rats 8 h post-LPS administration (Fig.
2C); however, this activity was inhibited by SBTI and was not
inhibited by anti-OpdB IgY. Taken together, these data indi-
cate that the Cbz-Arg-Arg-AMC-hydrolyzing activity that is

increased in the plasma of LPS-treated rats was not an OpdB-
like activity, although it can also be attributed to a trypsin-like
serine peptidase. Peptidases of the extrinsic coagulation path-
way are activated in animal models of LPS-induced endotoxic
shock (41), and it is likely that one of these peptidases is
responsible for this activity. Immunoreactive OpdB was evi-
dent in cell-free plasma of T. evansi-infected rodents but was
absent in mock-infected rodents (Fig. 3). No OpdB immunore-
activity was observed in plasma from rats treated with a lethal
dose of LPS at 4 and 8 h post-LPS administration (results not
shown). Together these data suggest that the OpdB present in
the plasma of infected hosts is released in vivo by dead or dying
trypanosomes that are lysed in the host circulation by the
various antimicrobial host defense mechanisms.

Cleavage of ANF by OpdB in Vitro—Given the high kcat for
the amidolytic (up to 108 s�1) and carboxypeptidase (up to 54
s�1) activity of OpdB, its presence in the host plasma has
serious implications for the pathogenesis of surra particularly
since this enzyme is active and optimally stable at the pH of the
blood (Fig. 2A) and is not regulated by endogenous plasma
peptidase inhibitors (Table IV). Unregulated OpdB activity in
the bloodstream could influence peptide hormone homeostasis
in the host, an idea supported by the observed reductions in
circulating levels of peptide hormones, such as ANF, in the
plasma of dogs infected with African trypanosomes (17). It
seemed possible that OpdB could be responsible for these re-
duced ANF levels since the ANF primary sequence contains
five putative OpdB cleavage sites (Table V). Co-incubation of
OpdB and ANF-(1–28), the major circulating form of ANF in
the rat (31), generated four cleavage products that were sepa-
rated by reverse-phase HPLC (Table V). No cleavage occurred
at the Arg-Ile bond in Asp13Arg14Ile15, probably due to the
acidic Asp13 residue in P2, since H-Asp-Arg-�NA was not
cleaved by OpdB either (Table II). However, MALDI-TOF anal-
ysis of the reduced HPLC-purified fragments indicated cleav-
age at Leu2Arg32Arg4, Arg3Arg42Ser5, Gly10Arg112Ile12,
and Phe26Arg272Tyr28.

Structure-activity relationships with ANF indicate that loss
of Arg4 generates a truncated ANF analogue with a 10-fold
reduction in natriuretic activity (42) and a 7-fold reduction in
vasorelaxant activity (43). Loss of Arg3 has less effect, causing
a 3-fold decrease in vasorelaxant properties (43). Thus, the
Leu2Arg32Arg42Ser5 cleavages by OpdB are likely to have
physiological significance. In contrast, loss of Tyr28 (which is
also observed with OpdB; Table V) does not alter vasorelax-
ation properties of ANF (43), but removal of both Arg4 and
Tyr28 together have additive deleterious effects (43). Therefore,
processing of ANF by OpdB at all of these sites would be
physiologically relevant. Preservation of the ANF ring struc-
ture is also critical for ANF bioactivity, and cleavage within the
ring region at Asp13 by a Staphylococcus protease abolishes
ANF vasorelaxant activity (44). Indeed cleavage within the
ANF ring at Cys72Phe8, which leaves the disulfide bridge

TABLE IV
Inhibitor profile of OpdB from T. evansi

Inhibitora Native OpdB Recombinant OpdB

Irreversible inhibitors (ka (M�1�s�1) 	 S.D.)
3,4-Dichloroisocoumarin 224 	 28 273 	 41
4-(2-Aminoethyl)benzenesulfonyl fluoride 60 	 6 72 	 9
Phenylmethanesulfonyl fluoride 0.04 	 0.01 0.17 	 0.03

Reversible inhibitors (Ki (�M) 	 S.D.)
Antipain 2 	 0.2 � 10�3 1 	 0.1 � 10�3

Leupeptin 21 	 4 � 10�3 29 	 7 � 10�3

Benzamidine 218 	 36 254 	 45
Agmatine 188 	 13 207 	 30

a No inhibitory activity was observed for soybean trypsin inhibitor (100 �g�ml�1), turkey ovomucoid (100 �g�ml�1), �1-proteinase inhibitor (50
�g�ml�1), �2-antiplasmin (50 �g�ml�1), or antithrombin III (25 �g�ml�1).
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intact, is the primary ANF degradative cleavage occurring in
the renal brush border (45). We illustrate in Table V that OpdB
also cleaves ANF within the ring structure at Gly10Arg112
Ile12. In summary, OpdB can cleave ANF at four distinct sites,
all of which may render ANF either partly or completely bio-
logically inactive. Therefore, two bioassays were used to eval-
uate the in vitro and in vivo effects of ANF cleavage by OpdB.

Cleavage by OpdB Abrogates ANF Biological Activity—In
vitro incubation of ANF with OpdB at 1:100 (mol:mol) OpdB:ANF
ratios for 30 min abrogated the vasorelaxant capacity of ANF as
evaluated by an aortic ring relaxation assay since no aortic ring
relaxation was observed (Fig. 4). In contrast, ANF incubated at
the same ratio with a catalytically inactive OpdB(S563A) variant
retained full vasorelaxant properties, causing 84 	 4% relaxation

FIG. 2. Oligopeptidase B is released by T. evansi into the host circulation. A, effect of pH on the activity (f) and stability (�) of T. evansi
OpdB evaluated against Cbz-Arg-Arg-AMC in constant ionic strength acetate-Mes-Tris buffers at 37 °C. B, T. evansi were resuspended (1 �108

cells�ml�1) in defined medium as described under “Material and Methods” at 37 °C. Aliquots (100 �l) were removed at 0, 10, 30, and 60 min;
centrifuged; and assayed for amidolytic activity against substrates for OpdB (Cbz-Arg-Arg-AMC; closed bars) and prolyl oligopeptidase (N-succinyl-
Gly-Pro-Leu-Gly-Pro-AMC; open bars). Data reflect the mean activity (pmol�s�1) 	 S.D. (n � 3) of a 100-�l aliquot of trypanosome-free medium
normalized for background (the same activity in a 100-�l aliquot of medium to which no trypanosomes had been added). *, p 
 0.001 between the
indicated data point and the corresponding value at the previous time point. C, plasma harvested from healthy (closed bars), T. evansi-infected rats
at peak parasitemia (1 �108 trypanosomes�ml�1; 10–12 days postinfection) (light gray bars), or LPS-treated rats 8 h post-LPS administration (dark
gray bars) was assayed for activity against Cbz-Arg-Arg-AMC in the presence of SBTI (100 �g�ml�1), DCI (1 mM), or 250 �g�ml�1 preimmune IgY
or anti-OpdB IgY. *, p 
 0.05; **, p 
 0.001 compared with untreated plasma. D, plasma from T. evansi-infected rats was assayed over the course
of an infection for amidolytic activity against Cbz-Arg-Arg-AMC in the presence of 250 �g�ml�1 non-immune (●) or anti-OpdB (E) IgY. In B and
D, “OpdB activity” reflects the activity observed in the presence of SBTI (100 �g�ml�1). E, subcellular fractionation of T. evansi cell bodies into crude
nuclear (N), large granule (LG), small granule (SG), crude microsomal (M), and high speed soluble supernatant (S). The specific activities of marker
enzymes and OpdB are described relative to the specific activity of the homogenate (H). AFU, arbitrary fluoresence units; p.i., pre-immune.
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of aortic rings at 1 �M ANF. Neither catalytically active nor
catalytically inactive OpdB alone possessed intrinsic vasorelax-
ant activity (Fig. 4, inset). The prohypotensive properties of ANF
were also destroyed upon incubation with catalytically active,
recombinant OpdB (Fig. 5). A bolus intravenous injection of 10 �g
of catalytically active OpdB or a catalytically inactive
OpdB(S563A) variant did not alter arterial or venous blood pres-
sure (Fig. 5A) in live, anesthetized rabbits. Preincubation of rat
ANF-(1–28) with catalytically active OpdB at a 1:100 (mol:mol)
OpdB:ANF ratio for 30 min abrogated prohypotensive properties
of ANF (Fig. 5B) since no reduction in mean arterial blood pres-
sure was observed after intravenous administration. In contrast,
when catalytically inactive OpdB(S563A) was used in the prein-
cubation, ANF retained full prohypotensive activity (Fig. 5B),
transiently reducing mean arterial blood pressure from 62.2 	
3.1 to 38.5 	 2.6 mm Hg, which was identical to the effect
observed when ANF was applied without preincubation (not
shown). Thus, hydrolysis of ANF by OpdB destroys ANF biolog-
ical activity.

Plasma ANF Levels Are Inversely Correlated with Plasma
OpdB Activity in a Rodent Model of Surra—In a rodent model
of surra, plasma OpdB activity was evident 6 days postinfec-
tion, corresponding to the first parasite lytic phase in the
bloodstream (46). Thereafter plasma OpdB activity increased
to �215 arbitrary fluorescent units�s�1�ml of plasma�1 (Fig.
6A). Plasma ANF levels were �125 pg�ml�1 in healthy rats.
Four days postinfection, a small but reproducible increase in
plasma ANF was observed, up to �185 pg�ml�1. Thereafter a
steady decline in plasma ANF levels was observed, down to
�20 pg�ml�1 (Fig. 6B). Since circulating plasma ANF levels

inversely correlated (r2 � 0.91) with plasma OpdB activity (Fig.
6C), we believed that parasite-derived OpdB may mediate this
fall in plasma ANF levels. However, the possibility also existed
that host-derived plasma peptidases that were induced during
an infection could also mediate this fall in plasma ANF levels
since a systemic inflammation itself may cause elevated levels
of plasma peptidases in the host bloodstream. For example, in
animal models of LPS-induced endotoxic shock, the extrinsic
coagulation pathway is activated (41), although the intrinsic
coagulation pathway and the kallikrein-kinin system is not
(47). To address whether depleted ANF levels resulted from
host-derived peptidases that are stimulated during systemic
inflammation, a lethal dose of E. coli LPS was administered
intravenously to healthy rats, and plasma samples were draw
at 2-h intervals post-LPS administration. Elevated levels of
Cbz-Arg-Arg-AMC-hydrolyzing activity were detected in LPS-
treated rats (Fig. 6D). This activity was increased 4-fold 8 h
post-LPS administration. However, anti-OpdB antibodies had
no effect on this Cbz-Arg-Arg-AMC-hydrolyzing activity, sug-
gesting that an OpdB-like peptidase was not responsible. Fur-
thermore, over the 8-h post-LPS administration time frame, a
dramatic increase in plasma ANF was observed from �130 to
�500 pg�ml�1 (Fig. 6D). Therefore, it appears that peptidases
that degrade ANF are not induced during systemic inflamma-
tion, but rather it is the secretion of ANF that is induced. These
data are consistent with the observed elevations in plasma
ANF after LPS challenge that have been observed in sheep (48)
and dogs (49). Given the inverse correlation between plasma
OpdB activity and plasma ANF levels, we believed it plausible
that OpdB released by trypanosomes into the rat circulation
could modulate plasma ANF levels. Therefore, we investigated
the in vitro and in vivo half-lives of ANF in plasma of healthy
and T. evansi-infected rats.

T. evansi OpdB Reduced ANF Plasma Half-life in Vitro and
in Vivo—Plasma extracted from healthy rats exhibited very
poor hydrolytic activity against [125I-Tyr28]ANF-(1–28) (t1⁄2,
88 	 16 min (Fig. 7, A and G)). These data are consistent with
reports that ANF is very stable in whole plasma in vitro (50)
since ANF is removed from the circulation by clearance recep-
tors (51) and is broken down by hydrolysis by membrane-bound
neutral endopeptidase (51), a process that takes place primar-
ily in the kidney (50). Since both the ANF clearance receptors
and neutral endopeptidase are membrane-bound entities,
plasma has little or no intrinsic ANF-degrading activity. How-
ever, in plasma from T. evansi-infected rats, the ANF t1⁄2 was
dramatically reduced 300-fold to 0.32 	 0.20 min (Fig. 7, A and
G). These data indicated that a peptidase either released by
T. evansi in vivo or induced by a T. evansi infection in the rat
dramatically increased the rate of ANF turnover in the plasma.

FIG. 3. Immunoreactive OpdB is present in the plasma of
T. evansi-infected rats. Partially fractionated plasma either from
three rodents mock-infected with heat-killed T. evansi (lanes 1–3) or
three rodents infected with live T. evansi (lanes 4–6) were resolved by
reducing Tris-Tricine SDS-PAGE on a 10% polyacrylamide gel and
transferred to an ImmobilonTM-P membrane. Blots were probed with
anti-T. brucei OpdB IgY and developed with a peroxidase-based en-
hanced chemiluminescence system.

TABLE V
Degradation of ANF by OpdB

Intact rat ANF-(1–28) was incubated with OpdB at a 1:100 (mol:mol) OpdB:ANF ratio for 30 min at 37°C in 50 mM Tris-Cl, pH 8. Reaction
products were resolved by reversed-phase HPLC, and components of the separated peaks were identified by MALDI-TOF.

a Represents intact rat ANF-(1–28). The arrows indicate OpdB cleavage points in the molecule.
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In plasma from LPS-challenged rats, drawn at 4 and 8 h after
LPS challenge, the ANF t1⁄2 was slightly elevated to �90 and
100 min, respectively (Fig. 7B and G). Thus, no ANF-hydrolyz-
ing peptidases appeared to be induced in a rodent model of
endotoxic shock. These data are consistent with our observa-
tions that ANF levels are not reduced after lethal LPS chal-
lenge (Fig. 6D). However, addition of the broad spectrum irre-
versible serine peptidase inhibitor DCI increased the ANF t1⁄2 in
plasma from healthy rats a meager 1.5-fold to 122 	 25 min,
indicating that host plasma serine peptidases were able to
degrade ANF albeit very slowly. In plasma from T. evansi-
infected rats, DCI increased the plasma ANF t1⁄2 a dramatic
250-fold from 0.32 	 0.20 to 82 	 22 min (Fig. 7, C and G).
These data indicate that it was primarily a serine peptidase in
the plasma from T. evansi-infected rats that was responsible
for the rapid ANF turnover. However, in plasma from
T. evansi-infected rats, DCI was not able to elevate the ANF t1⁄2
to that observed in DCI-treated plasma from healthy rats
(122 	 25 min). Thus, other DCI-insensitive peptidases (and
thus, probably not serine peptidases) present in the plasma of
T. evansi-infected rats were also able to hydrolyze ANF. Exog-
enous addition of recombinant OpdB to whole plasma from
healthy rats (to an activity of 2500 pmol�s�1�ml of plasma�1,
which approximates the activity observed in plasma from rats
at high parasitemia) caused a dramatic decrease in the ANF t1⁄2
(down to 0.99 min) in comparison with that observed when a
catalytically inactive OpdB(S563A) variant was added to the
healthy plasma instead (ANF t1⁄2 � 85 min; Fig. 7D). These data
suggest that OpdB, in whole plasma, can indeed modulate the
ANF t1⁄2 in vitro. In addition to the serine peptidase inhibitor
DCI, we also used two potent inhibitors of trypanosome cys-
teine peptidases to investigate whether trypanosome cysteine
peptidases that may be released by trypanosomes in the blood-
stream can also modulate ANF levels in the plasma. Blood-
stream-form African trypanosomes express both cathepsin L-
like and cathepsin B-like cysteine peptidases with the latter
being up-regulated in bloodstream-form parasites (52), and the
Arg3Arg4Ser5 region of ANF would be particularly susceptible
to attack by cathepsin B-type enzymes. The broad spectrum
cysteine peptidase inhibitor L-trans-epoxysuccinyl-L-leucyl-
amido(4-guanidino)butane (E-64) was used at 10 �M, which is

sufficient to completely inhibit cysteine peptidases from Afri-
can trypanosomes (10); although it is without activity against
OpdB, which, atypically for serine peptidases, is also inhibited
by E-64 albeit at much higher concentrations (Ki for OpdB, 62
�M (12)). In plasma from T. evansi-infected rats, the ANF t1⁄2
was unchanged (�0.29 min) in the presence or absence of E-64
(Fig. 7, A and E, compare closed boxes). Similarly in the pres-
ence of 100 �M Cbz-Phe-Ala-diazomethyl ketone (CHN2), a
potent (ka � 6.5 � 105 M�1�s�1 (53)) inhibitor of trypanosome
cysteine peptidases, there was no significant difference in the
ANF t1⁄2, which remained stable around 0.26 min in the plasma
from T. evansi-infected rats (Fig. 7, compare A and F). Thus, we
conclude from these data that cysteine peptidases from
T. evansi do not alter ANF stability in the plasma.

Incubation of plasma from healthy rats with anti-OpdB an-
tibodies did not appreciably alter the ANF t1⁄2 (Fig. 8, A and E)
in comparison with control plasma to which no antibodies were
added (Fig. 7, A and G). However, anti-OpdB antibodies in-
creased the ANF t1⁄2 in plasma from T. evansi-infected rats
230-fold from 0.32 	 0.20 (Fig. 7, A and G) to 73 	 18 min (Fig.
8, A and E). Since these anti-OpdB antibodies potently and

FIG. 4. Oligopeptidase B abrogates the vasorelaxant proper-
ties of ANF. Rat ANF-(1–28) preincubated with catalytically active
OpdB (E) or a catalytically inactive OpdB(S563A) variant (●) was
applied to aortic rings precontracted with 10 �M phenylephrine. Data
represent the percentage of relaxation relative to uncontracted rings
and are indicated by the mean 	 S.E. (n � 3). *, p 
 0.001 between ●
and E groups at the same ANF concentration. Both wild-type (E) and
catalytically inactive OpdB (●) had no intrinsic vasorelaxant properties
at the doses used in this study (inset).

FIG. 5. Oligopeptidase B abrogates the prohypotensive prop-
erties of ANF. A, a catalytically inactive OpdB variant (a; 10-�g bolus)
followed by a wild-type, catalytically active (b; 10-�g bolus) OpdB was
applied directly to the rabbit circulation via the right ear vein as
indicated, while arterial (upper trace in each panel) and venous (lower
trace in each panel) blood pressure was monitored by catheters in the
left carotid and right ear vein. B, similarly, rat ANF-(1–28) incubated
with wild-type, catalytically active OpdB (a) and a catalytically inactive
OpdB(S563A) variant (b) at 1:100 ratios (mol:mol) OpdB:ANF for 30
min was applied to the rabbit circulation via the right ear vein as
indicated. The spikes on the venous pressure traces occur during the
administration of the agents since they are administered via the pres-
sure sensor catheter and thus do not indicate changes to venous
pressure.
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specifically inhibit OpdB activity without inhibiting the activ-
ity of plasma serine peptidases (7), OpdB appears to be primar-
ily responsible for the dramatically decreased ANF t1⁄2 in
plasma from T. evansi-infected rats. A parallel situation was
observed when these antibodies were used after affinity puri-
fication on OpdB-Sepharose. The potency of the antibody prep-
aration was considerably increased since at 15 �g�ml�1 the
ANF t1⁄2 in plasma from T. evansi-infected rats was restored to
that observed in plasma from uninfected rats (74 min; Fig. 8, B
and E). Preimmune serum at the same concentration did not
elevate ANF t1⁄2 in T. evansi-infected rat plasma, which re-
mained at 0.34 min (Fig. 8, B and E). Since these anti-OpdB
antibodies are monospecific for OpdB and do not neutralize the
activity of other plasma serine peptidases including, inter alia,
mast cell tryptase, kallikrein, plasmin, thrombin, and factor Xa
(7), these data strongly suggest that OpdB in the plasma of
T. evansi-infected rats is largely responsible for ANF degrada-
tion. In support of this idea, exogenous addition of catalytically
active OpdB and activity-neutralizing anti-OpdB antibodies
together to plasma from healthy rats yielded an ANF plasma
half-life of 70 	 12 min, which is comparable to control values
in healthy rat plasma. However, when the anti-OpdB antibod-
ies were replaced with preimmune antibodies, the plasma ANF
t1⁄2 was reduced 77-fold to 0.9 	 0.30 min (antibodies at 250
�g�ml�1; Fig. 8, C and E), approximating that obtained when
catalytically active OpdB alone was added to healthy rat
plasma (ANF t1⁄2 of 0.99 	 0.29 min; Fig. 7, D and G). To explore

whether host peptidases that may be induced during systemic
inflammation could contribute to the ANF degradation that we
observed, a rat model of LPS-induced lethal endotoxic shock
was used. The ANF t1⁄2 was determined in the presence of
preimmune or anti-OpdB IgY in plasma that was extracted
from rats 8 h post-LPS challenge. Both in the presence of
anti-OpdB IgY and in the presence of preimmune IgY at 250
�g�ml�1 (Fig. 8, D and E), the ANF t1⁄2 was unchanged when
compared with the ANF t1⁄2 in plasma from healthy rats (Fig. 7,
A and G). The same result was obtained using affinity-purified
anti-OpdB IgY and preimmune IgY at 15 �g�ml�1 (results not
shown). Taken together, these data confirm that trypanosome-
derived OpdB in the plasma can modulate the ANF t1⁄2 in vitro.

To explore this idea in vivo, [125I-Tyr28]ANF-(1–28) was ad-
ministered intrajugularly to healthy and to T. evansi-infected
rats at midlevel parasitemia, and the intact [125I-Tyr28]ANF-
(1–28) in arterial blood samples was determined at 30-s inter-
vals postadministration. In healthy rats, the ANF t1⁄2 was 1.1 	
0.26 min (Fig. 7, F and H), which falls well within the range
reported by other investigators using the same technique in
healthy rats: 0.5 (54) to 2.1 min (55). However, in T. evansi-
infected animals, the plasma ANF t1⁄2 was reduced 5-fold to
0.24 	 0.15 min (Fig. 9, A and C). Thus, intact live animals
infected with T. evansi also display faster ANF turnover. The
very low t1⁄2 observed in T. evansi-infected rats is probably
attributable to the combined effects of plasma OpdB, mem-
brane-bound neutral endopeptidase, and ANF clearance recep-

FIG. 6. Plasma OpdB and plasma ANF levels are inversely correlated. A, the OpdB activity was determined in the plasma of
T. evansi-infected rats (n � 6) in the presence of 250 �g�ml�1 preimmune (open bars) and anti-OpdB (closed bars) IgY as described under “Materials
and Methods.” ***, p 
 0.001 between open and closed bars on the same day postinfection. B, plasma ANF levels in rats infected with T. evansi
were determined by radioimmunoassay from blood samples taken 2 and 4 days prior to intraperitoneal infection and at 2-day intervals
postinfection. The bars represent the data range, while the boxes represent lower and upper quartiles. The line within the quartile box indicates
the median (n � 6). *, p 
 0.05; **, p 
 0.005; and ***, p 
 0.001, comparing a data point to the previous data point (i.e. 2 days earlier). C, an inverse
correlation exists between circulating plasma ANF levels and plasma OpdB activity. Dashed lines indicate the 95% confidence intervals. D, plasma
ANF levels in rats challenged with a lethal dose of LPS to induce endotoxic shock were determined by radioimmunoassay from blood samples taken
2 h prior to intravenous application of LPS (20 mg�kg�1) and at 2-h intervals postinfection. The bars represent the data range, while the boxes
represent lower and upper quartiles. The line within the quartile box indicates the median (n � 4). **, p 
 0.005; and ***, p 
 0.001, comparing
a data point to the previous data point (i.e. 2 h earlier). On the same axes, Cbz-Arg-Arg-AMC-hydrolyzing activity was determined in the plasma
of LPS-challenged rats (n � 4) in the presence of 250 �g�ml�1 preimmune (open bars) and anti-OpdB (closed bars) IgY as described under “Materials
and Methods.” Differences between open and closed bars on the same day postchallenge were not significant (p � 0.05). AFU, arbitrary fluorescent
units.
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FIG. 7. Oligopeptidase B reduces the plasma half-life of 125I-ANF. A, half-life of 125I-ANF-(1–28) in cell- and parasite-free plasma extracted
from healthy rats (�; r2 � 0.87) and in plasma extracted from T. evansi-infected rats (f; r2 � 0.97). B, half-life of 125I-ANF-(1–28) in cell-free plasma
extracted from rats challenged with LPS (20 mg�kg�1, intravenously) at 4 h (�; r2 � 0.96) and 8 h (f; r2 � 0.91) postchallenge. C, the effect of DCI
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tors in the vasculature. Considering that the t1⁄2 studies in live
rats were performed at low to midlevel parasitemia (since
animals with high parasitemia did not tolerate surgery) and

that plasma OpdB activity increases with increasing parasite-
mia (Fig. 2D), it is likely that the in vivo t1⁄2 of ANF in
T. evansi-infected rats with high parasitemia would be even

(2 mM) on the half-life of 125I-ANF-(1–28) in cell- and parasite-free plasma extracted from healthy rats (�; r2 � 0.98) and in plasma extracted from
T. evansi-infected rats (f; r2 � 0.97). D, effect of recombinant catalytically active OpdB (Œ; �1 �g�ml�1 plasma; yielding a specific activity of 2500
pmol�s�1�ml of plasma�1; r2 � 0.97) and recombinant, catalytically inactive OpdB(S563A) (‚; �1 �g�ml�1 plasma; r2 � 0.98) on the half-life of
125I-ANF-(1–28) in healthy, cell-free plasma. E, the effect of E-64 (10 �M) on the half-life of 125I-ANF-(1–28) in cell- and parasite-free plasma
extracted from healthy rats (�; r2 � 0.96) and in plasma extracted from T. evansi-infected rats (f; r2 � 0.98). F, the effect of Cbz-Phe-Ala-CHN2
(100 �M) on the half-life of 125I-ANF-(1–28) in cell- and parasite-free plasma extracted from healthy rats (�; r2 � 0.93) and in plasma extracted
from T. evansi-infected rats (f; r2 � 0.96). A–F represent the raw data from a single, representative experiment. The averaged values of three
independently determined half-lives for ANF in vitro for each experimental group are indicated in G for the experiments depicted in A–F. *, p 

0.001 compared with control values (the bar to the immediate left). Data reflect the mean ANF t1⁄2 	 S.D. (n � 3). wt, wild type.

FIG. 8. Anti-OpdB IgY abrogates 125I-ANF hydrolysis in plasma from T. evansi-infected rats. A, the effect of 250 �g�ml�1 anti-OpdB IgY
on the half-life of 125I-ANF-(1–28) in cell- and parasite-free plasma extracted from healthy rats (�; r2 � 0.83) and in plasma extracted from
T. evansi-infected rats (f; r2 � 0.93). B, the effect of 15 �g�ml�1 affinity-purified anti-OpdB IgY (�; r2 � 0.97) and 15 �g�ml�1 preimmune IgY (f;
r2 � 0.99) on the half-life of 125I-ANF-(1–28) in cell- and parasite-free plasma extracted from T. evansi-infected rats. C, effect of 250 �g�ml�1

preimmune IgY (●; r2 � 0.96) and 250 �g�ml�1 anti-OpdB IgY (E; r2 � 0.97) on the half-life of 125I-ANF-(1–28) in healthy, cell-free plasma to which
recombinant OpdB was exogenously added to a final activity of 2500 pmol�s�1�ml of plasma�1. D, effect of 250 �g�ml�1 preimmune IgY (f; r2 � 0.92)
and 250 �g�ml�1 anti-OpdB IgY (�; r2 � 0.93) on the half-life of 125I-ANF-(1–28) in cell-free plasma from rats 8 h postchallenge with a lethal dose
of LPS (20 mg�kg�1). A–D represent the raw data from a single, representative experiment. The averaged values of three independently determined
half-lives for ANF in vitro for each experimental group are indicated in E for the experiments depicted in A–D. *, p 
 0.001 compared with control
values (the bar to the immediate left). Data reflect the mean ANF t1⁄2 	 S.D. (n � 3). wt, wild type.
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shorter. In further support of this idea, we infused anti-OpdB
IgY into rats at midlevel parasitemia and determined the in
vivo ANF t1⁄2. The affinity-purified anti-OpdB IgY (or preim-
mune IgY) was infused to plasma concentrations above 100

�g�ml of plasma�1, which is well in excess of what is required
to block OpdB-mediated ANF hydrolysis in vitro in plasma
from T. evansi-infected rats (Fig. 8, B and E). Infusion of the
anti-OpdB IgY significantly elevated the ANF t1⁄2 to 0.78 min
(Fig. 9, B and C), which compares well with the ANF t1⁄2 ob-
served in healthy animals (1 min; Fig. 9, A and C). In contrast,
infusion of preimmune IgY to 100 �g�ml of plasma�1 did not
elevate the ANF t1⁄2 in T. evansi-infected rats but rather yielded
a value (0.18 min) that is comparable with that obtained in
T. evansi-infected rats that did not receive any infusion (Fig. 9,
A and C). From these data, we conclude that peptidases re-
leased by T. evansi can modulate regulatory peptide hormone
levels in the plasma of infected hosts. We further conclude that
the bulk of ANF-degrading activity can be attributed to OpdB.

Given that kcat � Vmax/[E]0, where Vmax represents the max-
imum velocity and [E]0 represents the active enzyme concen-
tration, we determined the Vmax for Cbz-Arg-Arg-AMC hydrol-
ysis using an aliquot of infected rat plasma under the same
conditions that were used to determine the kcat for purified
OpdB. Normalizing for hydrolysis in the presence of anti-OpdB
antibodies, we estimated the plasma OpdB concentration in
infected rats at peak parasitemia at 16 nM. This is extremely
high relative to the concentration of most bloodstream regula-
tory peptides such as ANF, which is present in the picomolar
range. In our in vitro studies, we used 1:100 (mol:mol) OpdB:
ANF ratios. In an infection, these ratios would be reversed.
Given a normal plasma ANF concentration of �125 pg�ml�1,
which translates to 42 pM, the OpdB:ANF (mol:mol) ratio in the
plasma of infected animals is 400:1. The OpdB is in vast molar
excess. Thus, we conclude that OpdB present in the blood-
stream of infected animals, even at a low level of parasitemia,
would yield sufficient OpdB activity in the plasma to modulate
host peptide hormone levels. These data lend concrete support
to the previously unproven idea that parasite peptidases re-
leased into the host circulation can modulate peptide hormone
levels in the host plasma.

A Role for OpdB-mediated ANF Degradation in Disease
Pathogenesis—The plasma levels of ANF are dramatically re-
duced in trypanosome infections in dogs (17) and in rats (this
study). We have proposed in this study that OpdB is responsi-
ble for these reduced ANF levels. Could these reduced ANF
levels contribute to the pathogenesis of trypanosomiasis? Ele-
vated blood volume is a key characteristic of infection with
bloodstream trypanosomes where blood volume increases up to
57% (21, 56). Blood volume is controlled by the atrium where
baroreceptors respond to an increased blood volume load by
secretion of ANF, which reduces blood volume through its
vasorelaxant, hypotensive, diuretic, and natriuretic properties
(57). In T. brucei infection in dogs, ANF granules are depleted
in the atrial myocytes, the primary site of ANF synthesis and
secretion (58), and the presence of distended Golgi complexes in
the atria led Ndung’u et al. (17) to conclude that, during
trypanosome infections, “synthesis of ANF is continuous and
could not keep up with the rate of secretion.” Considering the
findings that we report in this study, it may well be that the
trypanosome-infected host is hypersecreting ANF in an effort
to balance its rapid turnover in the plasma caused by trypano-
some-derived OpdB. The host cannot sustain adequate ANF
plasma levels, and infected animals are therefore unable to
control the increased blood volume load (which more ANF
would relieve). This elevated blood volume could lead to the
many lesions observed in the circulatory system of trypano-
some-infected hosts. These lesions include idiopathic cardio-
myopathy, which is evident early in trypanosome infections (3,
46). Later there is extensive cardiac involvement including
poor left ventricular function, valvular incompetence, atrioven-

FIG. 9. Oligopeptidase B reduces the in vivo plasma half-life of
125I-ANF. A, plasma half-life of 125I-ANF-(1–28) in vivo injected into the
jugular vein of healthy rats ((�; r2 � 0.87) or T. evansi-infected rats at
midlevel parasitemia (f; r2 � 0.97). B, plasma half-life of 125I-ANF-(1–
28) in vivo injected into the jugular vein of T. evansi-infected rats at
midlevel parasitemia that were preinfused for 2 h (20 �g�min�1) with
anti-OpdB IgY (�; r2 � 0.93) or preimmune IgY (f; r2 � 0.92). A and B
represent the raw data from a single, representative experiment. The
averaged values of three independently determined half-lives for ANF
in vitro for each experimental group are indicated C for the experiments
depicted in A and B. Data reflect the mean ANF t1⁄2 	 S.D. (n � 3).
pre-imm, preimmune.
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tricular block, sinus arrest, and S-T segment elevation (59) and
congestive heart failure (60), all of which may be caused by
hypervolemia (increased blood volume load) (61), with death
frequently resulting from heart failure (3). We propose here
that the OpdB-mediated reduction in plasma ANF, with con-
sequent loss of control of blood volume, contributes to the
development of this pathology.
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