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ABSTRACT: Anophelin is a 6.5-kDa peptide isolated from the salivary gland ofAnopheles albimanusthat
behaves as anR-thrombin inhibitor. In this paper, kinetic analyses and the study of mechanism of
R-thrombin inhibition by anophelin were performed. Anophelin was determined to be a reversible, slow,
tight-binding inhibitor ofR-thrombin, displaying a competitive type of inhibition. The binding of anophelin
to R-thrombin is stoichiometric with a dissociation constant (Ki) of 5.87( 1.46 pM, a calculated association
rate constant (k1) of 2.11( 0.06× 108 M-1 s-1, and a dissociation rate constant (k-1) of 4.05( 0.97×
10-4 s-1. In the presence of 0.15 and 0.4 M NaCl, a 17.6- and 207-fold increase in theKi of anophelin-
R-thrombin complex was observed, respectively, indicating that ionic interactions are important in
anophelin-R-thrombin complex formation. Incubation ofR-thrombin with C-terminal hirudin fragment
54-65 that binds toR-thrombin anion binding exosite 1 (TABE1) attenuatesR-thrombin inhibition by
anophelin; anophelin also blocks TABE1-dependent trypsin-mediated proteolysis ofR-thrombin. Using
γ-thrombin, anR-thrombin derivative where the anion binding exosite has been disrupted, anophelin behaves
as a fast and classical competitive inhibitor ofγ-thrombin hydrolysis of small chromogenic substrate (Ki

) 0.694( 0.063 nM). In addition, anophelin-γ-thrombin complex formation is prevented by treatment
of the enzyme withD-Phe-Pro-Arg-chloromethyl ketone (PPACK), a reagent that irreversibly blocks the
catalytic site of thrombin. It is concluded that anophelin is a potent dual inhibitor ofR-thrombin because
it binds both to TABE1 and to the catalytic site, optimal binding being dependent on the availability of
both domains. Finally, anophelin inhibits clot-boundR-thrombin with an IC50 of 45 nM and increases the
lag phase that precedes explosive in vitroR-thrombin generation after activation of intrinsic pathway of
blood coagulation. Because of its unique primary sequence, anophelin may be used as a novel reagent to
study the structure and function ofR-thrombin.

R-Thrombin (EC 3.4.21.5) plays a central role in blood
coagulation. Its primary function is to cleave fibrinogen
generating fibrin and an insoluble clot. In addition, it has
regulatory functions in the activation of blood coagulation
factors V, VIII, XI, and XIII and protein C in the coagulation
cascade (1). R-Thrombin also activates a number of cells,
including endothelial cells and platelets. The diverse biologi-
cal functions ofR-thrombin rely on its complex tertiary
structure comprising different domains specialized in specific
thrombin interactions. In fact, the crystal structure of human
R-thrombin reveals that prominent structural features of the
R-thrombin molecule are a catalytic triad within a deep
canyon-like active site cleft and two extended surfaces that
are mainly composed of positively charged residues known
as exosite 1 (TABE1)1 and exosite 2 (TABE2) (2-4). Exosite
1 is required forR-thrombin binding to fibrinogen (5),
heparin cofactor II (6), thrombomodulin (7, 8), and GPIb
(9-12). Exosite 2, which is located close to the carboxy-

terminal B-chain helix, is involved in heparin-modulated
inhibition by the serpins antithrombin and proteinase nexin
I (13, 14).

The pivotal role ofR-thrombin in the physiologic blood
coagulation cascade as well as in thrombotic events indicates
that R-thrombin may be the target of inhibitors that could
regulate the function of the enzyme. In addition, evolutionary
pressure has selected a number of biologically active
substances from blood-sucking animals in order to inhibit
thrombin. Actually,R-thrombin inhibitors have been isolated
from such distinct sources as insects (15), leeches (16), snake
venoms (17), and plants (18). The mechanism ofR-thrombin
inhibition by such molecules has been the focus of several
studies. While some of these inhibitors block thrombin’s
catalytic site, others are exclusive ligands of theR-thrombin
anion binding exosite(s), and still others are dual inhibitors,
binding to both domains (19-21).

Our aim in this study has been to extend the characteriza-
tion of the mechanism ofR-thrombin inhibition by anophelin,
a 6.5-kDa peptide isolated fromAnopheles albimanus(22).
Anophelin’sKi is in the low picomolar range, and it forms
an equimolecular complex of high affinity withR-thrombin
but does not interact with prothrombin, factor X, or factor
Xa. In this paper, we provide experimental evidence sug-
gesting that anophelin binds both to the catalytic site and to
TABE1 of R-thrombin.
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MATERIALS AND METHODS

Materials.Anophelin was synthesized as described (22).
R-Thrombin, prothrombin, factor X, factor Xa, andD-Phe-
Pro-Arg-chloromethyl ketone (PPACK) were purchased from
CalBiochem (San Diego, CA). Chromogenic substrate for
trypsin (Chromozym X, Chromogenix) was obtained from
Boehringer Mannheim (Indianapolis, IN). S-2238 (H-D-
phenylalanyl-L-pipecolyl-L-arginine-p-nitroaniline dihydro-
chloride) was obtained from Chromogenix (Milano, Italy).
γ-Thrombin was purchased from Enzyme Research Labo-
ratories (South Bend, IN). Activated partial thromboplastin
time (APTT) reagent, fibrinogen, trypsin, hirudin, and [Tyr-
(SO3H)63]-hirudin fragment 54-65 were purchased from
Sigma Chemical Co. (St. Louis, MO). BCA protein reagents
A and B were purchased from Pierce (Rockford, IL). Other
reagents were of analytical grade and obtained from Merck
Research Laboratories (Darmstadt, Germany) or Sigma
Chemical Co. (St. Louis, MO).

Chromogenic Substrate Hydrolysis byR-Thrombin and
γ-Thrombin.Chromogenic substrate hydrolysis was detected
using a Thermomax microplate ELISA reader (Molecular
Devices, Sunnyvale, CA) equipped with an microplate mixer
and heating system in addition to a kinetic module software
and processed as described (22). Chromogenic substrate
hydrolysis was followed by reading at 405 nm, at 37°C. In
the several kinetic assays, anophelin was incubated with
chromogenic substrate followed by addition ofR- or
γ-thrombin, as indicated in the figure legends. Alternatively,
reactions were started by addition of chromogenic substrate
to a mixture containing anophelin andR- or γ-thrombin. In
all kinetic measurements care was taken to ensure that
substrate was less than 20% hydrolyzed. The total volume
of the reaction was 200µL. In some experiments, C-terminal
hirudin fragment 54-65 was incubated withR-thrombin for
20 min at 37°C, followed by addition of anophelin. All
reagents were diluted in the reaction buffer, Hepes-BSA
(50 mM Hepes, 0.5% BSA, pH 7.4). Studies of the effects
of anophelin on trypsin proteolytic activity were performed
in the same buffer except that 630µM Chromozym X was
used to start reactions. To irreversibly block the catalytic
sites of the enzymes,R-thrombin (0.83µM) andγ-thrombin
(0.8 µM) were incubated with PPACK (5µM) in 0.75 M
NaCl, 100 mM Tris, pH 8.0, for 30 min at room temperature,
followed by several washings (with Hepes 50 mM, pH 7.4)
and concentration of the samples in 3-kDa cutoff Microcon
(Millipore Co., Bedford), at 4°C. The Km of R-thrombin
for S-2238 was 8.3( 0.6 and 6.7( 0.43µM at 0 and 0.15
M NaCl, respectively. Forγ-thrombin, theKm for S-2238
was 28.8( 0.87µM at 0 M NaCl. Data points were fit by
nonlinear regression according to the best sum of squares
dictated by equations described in the text.

Nondenaturing Gel Electrophoresis.To detect complex
formation, anophelin (4.5µM, final concentration) was
preincubated for 30 min with increasing concentrations of
R-thrombin (1.38-8.3 µM, final concentrations) in 50 mM
Hepes, pH 7.4, forming a total volume of 30µL. Aliquots
(0.5µL) of R-thrombin were taken before and after addition
of anophelin and diluted in 1000µL of 50 mM Hepes, BSA
0.5%, pH 7.4. Then, 90µL of this sample was taken to detect
residualR-thrombin activity, by addition of 10µL of S-2238
(500µM, final concentration). Reactions were followed for

10 min, andR-thrombin inhibition was estimated according
to a decrease in the initial velocity ofR-thrombin activity.
The remaining sample (29.0µL) was applied to 4-20%
SDS-PAGE using a NOVEX Powereasy500 apparatus; the
migration buffer consisted of 68.5 mM Tris at pH 8.8.
Proteins were stained with Coomassie Brilliant Blue G and
destained in 15% methanol, 10% acetic acid. Gels were
scanned (Hewlett-Packard Scanjet 4p), and densitometry of
bands was performed to quantify complex formation. In some
experiments, anophelin (10µM) was incubated withγ-throm-
bin (4µM) or PPACK-γ-thrombin (4µM), prothrombin (6.9
µM), factor X (6.9µM), and factor Xa (6.9µM), in Hepes
50 mM, pH 7.4, forming a total volume of 30µL. Complex
formation was analyzed by 4-20% PAGE under nondena-
turing conditions, as described above. Inhibition of trypsin-
mediatedR-thrombin proteolysis by anophelin was performed
by incubation ofR-thrombin (4.1µM, 47 pmol) with buffer
or anophelin (10µM) for 10 min in the absence or presence
of 250 ng of trypsin, in Hepes 50 mM, pH 7.4, forming a
total volume of 10µL. Mixtures were incubated for 1 h at
37°C, and reactions were terminated by addition of Laemmli
buffer containing SDS 2% andâ-mercaptoethanol 5% (final
concentrations) and boiling for 5 min. Formation of complex
was performed by 4-20% SDS-PAGE, as described above.

Clot-Bound R-Thrombin. Clot-bound R-thrombin was
tested for its activity on chromogenic substrate hydrolysis.
Fibrin clots were prepared by incubating 300µL of purified
fibrinogen (2 mg/mL in 50 mM Hepes, pH 7.5, 150 mM
NaCl, 10 mg/mL CaCl2) with 30 nM R-thrombin. After 2 h
at 37 °C, the clots were extensively washed in the same
buffer, which was changed eight times over a period of 24
h. The clots were then carefully transferred to a new
Eppendorf tube and incubated with 200µL of increasing
concentrations of anophelin (diluted in 50 mM Hepes, pH
7.5, 150 mM NaCl, 0.5% BSA) for 30 min at 37°C.
Chromogenic substrate (final concentration 200µM) was
then added and the reaction mixture incubated for 90 min at
37 °C. Aliquots were taken, and substrate hydrolysis was
estimated by end point reading at 405 nm, using a Thermo-
max microplate reader. Experiments were performed in
quadruplicate.

Determination of in VitroR-Thrombin Generation.Human
platelet-poor plasma (500µL) was activated by addition of
16 µL of APTT reagent (cephalin plus ellagic acid) and 20
µL of CaCl2 0.5 M in the presence or absence of anophelin.
At 15-s time intervals, 10µL of activated plasma was
removed into 200µL of substrate solution (200µM S-2238
in Hepes-BSA, pH 7.4). After 10 min, 50µL of glacial
acetic acid was added, and absorbance was measured at 405
nm against a blank. This assay measures free, uninhibited
R-thrombin rather than totalR-thrombin production. The
amidolytic activity of R-thrombin is expressed as the
equivalent amount ofR-thrombin considering an activity of
3 mOD/min/nM ofR-thrombin.

Estimation of Protein Concentration. Anophelin concen-
tration was estimated by measuring protein absorbance at
280 nm (Perkin-Elmer, UV/VIS spectrometer Lambda 18).

Statistical Analysis. Data were analyzed by Jandel Sigma-
Stat 2.0 statistical software (Jandel Corp.) and are reported
as means( SE.
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RESULTS AND DISCUSSION

We have previously shown that synthesized anophelin
behaves in vitro as a tightR-thrombin inhibitor with an
apparentKi of ∼100 pM (22). In the present study, we further
investigated the mechanism ofR-thrombin inhibition by
anophelin by both kinetics and biochemical assays.

Preliminary experiments involving preincubation of
anophelin withR-thrombin at room temperature for 30 min
prior to the addition of substrate showed a product progress
curve with an upward concavity (Figure 1, curve c).
However, whenR-thrombin was added to the reaction
medium containing anophelin, the progress curve displayed
a downward concavity (Figure 1, curve b). This experiment
indicates that the interaction of anophelin withR-thrombin
displays slow-binding kinetics as seen with many peptidic
inhibitors of serine proteinases (24-27).

In addition to exhibiting slow-binding kinetics, anophelin
significantly inhibitsR-thrombin at concentrations similar
to that of the enzyme (Figures 1 and 2) (22), indicating that
anophelin is also a tight-binding inhibitor (24-27). Con-
ventional Michaelis-Menten kinetics does not apply to the
study of tight-binding inhibitors, because it assumes that the
free inhibitor concentration is equal to the total inhibitor
concentration, a condition met when the enzyme used is at
a much lower concentration than the inhibitor. Therefore,
Morrison’s equation for tight-binding inhibition (24, 25) was
used to obtain apparent dissociation constants for anophelin:

where Ki* is the apparent dissociation constant for the
enzyme-inhibitor complex,Vs is the inhibited steady-state
velocity, Vo is the control (uninhibited) velocity, [It] is the
total inhibitor concentration, and [Et] is the totalR-thrombin
concentration. In these experiments, the enzyme (50 pM)
was allowed to interact for 1 h with inhibitor (0-600 pM),
in the presence of several concentrations of substrate, before
product rate formation for the following 30 min was
recorded. Resulting steady-state rates were fit by nonlinear
regression to eq 1 for several substrate concentrations. Figure

2 showsVs/Vo plotted against anophelin concentration for a
500µM substrate concentration, the line being the best sum
of squares fit obtained with aKi* of 63 pM. When theKi*
for several substrate concentrations was plotted against the
substrate concentration, a linear regression line (r2 ) 0.9941)
indicated ay intercept of 5.87( 1.46 pM (Figure 2, inset),
which is an estimate of anophelin’sKi for R-thrombin. This
experiment also indicates that the inhibition is competitive
and follows the expression:

Slow-binding, competitive inhibition can be described by
at least two mechanisms (24, 25). Scheme 1 predicts the
formation of a single EI complex, while Scheme 2 postulates
the rapid formation of an EI complex which then slowly
isomerizes to a more stable complex (EI*). In Scheme 1 there

FIGURE 1: Typical progress curves forR-thrombin-mediated S-2238
hydrolysis in the absence (curve a) and presence of anophelin
(curves b and c). Curve b: reaction was started by the addition of
R-thrombin (50 pM) to a mixture containing anophelin (300 pM)
and S-2238 (500µM). Curve c: reaction was started by the addition
of S-2238 (500µM) after 30-min preincubation ofR-thrombin (50
pM) and anophelin (300 pM) at 37°C. Substrate hydrolysis was
followed for 2 h at 37°C, at 405 nm.

Vs/Vo ) {([Et] - [I t] - Ki*) + ([I t] + Ki* - [Et])
2 +

4Ki*[E t]
1/2}/2[Et] (1)

FIGURE 2: Kinetics of the inhibition of R-thrombin-induced
chromogenic substrate (S-2238) hydrolysis by anophelin. Deter-
mination of the apparent dissociation constant,Ki*, from steady-
state velocities. The reactions were initiated by the addition of
R-thrombin (50 pM) to a mixture containing anophelin and S-2238
at 500µM; reactions were followed for 2 h at 37°C. The solid
line represents the best nonlinear fit of the data to eq 1, yielding a
Ki* of 67 pM. Inset: relationship of the apparent dissociation
constant,Ki*, to substrate concentration, when reactions were
initiated by the addition ofR-thrombin. Values forKi* were
calculated as described in the text (R-thrombin, 50 pM; anophelin,
0-600 pM; chromogenic substrate, 37.5-500µM). Linear regres-
sion of the data yields aKi of 5.87 pM (r ) 0.9941). The points in
each figure are the mean( SE of six independent experiments.

Scheme 1

Scheme 2

Ki* ) Ki(1 + [S]/Km) (2)

16680 Biochemistry, Vol. 38, No. 50, 1999 Francischetti et al.



is a linear relationship between inhibitor concentration and
the apparent first-order rate constant,kobs(eq), while Scheme
2 predicts a hyperbolic relationship (eq 4), whereKi,app )
(Ki(1 + [S]Km) andKi ) k-1/k1:

To obtain kobs, progress curves of product formation by
R-thrombin (not preincubated with inhibitor) were analyzed
by using the rate equations of Morrison (24, 25) and Cha
(26):

The integrated first-order rate equation describes the slow
establishment of equilibrium between enzyme and inhibitor
whereP is the measured absorbance defined as a function
of initial (Vo) and final (Vs) steady-state velocities and the
apparent first-order rate constant,kobs, which describes the
equilibration from the initial to the final steady state (27).
Progress curves obtained in different inhibitor and substrate
concentrations were fit by nonlinear regression to eq 5 to
obtainkobsat different inhibitor and substrate concentrations.
Plots of kobs thus obtained against anophelin (0-600 pM)
concentrations were fit by linear regression, with a correlation
coefficient higher than 0.95 for each of the four substrate
concentrations used (Figure 3). The plots did not indicate a
hyperbolic relationship as proposed by Scheme 2. We
conclude that Scheme 1 is a good model for the interaction
of anophelin withR-thrombin.

According to eq 3,k-1 can be estimated from they axis
intercepts ofkobs vs inhibitor plots (Figure 3). The slope of

such graphs represents the expressionk1/(1 + [S]/Km). A
plot of these slopes obtained at several substrate concentra-
tions, plotted as a function of 1/(1+ [S]/Km), should thus
yield a straight line crossing the origin, with a slope
numerically equal tok1 (Figure 3, inset). We thus obtained
a k1 ) 2.11( 0.06× 108 M-1 s-1 and ak-1 of 4.05( 0.97
× 10-4 s-1 (mean( SE). SinceKi ) k-1/k1, an independent
estimate ofKi is obtained (1.91 pM), which is in reasonable
agreement (considering the standard errors involved) with
the Ki of 5.87 pM obtained previously, with a different set
of experiments and equations. These experiments also
implicitly confirm the competitive nature of the inhibition
of R-thrombin by anophelin.

The kinetic constants obtained above were found in low
ionic strength conditions. Because anophelin is a highly
charged molecule (22), higher ionic strength could increase
anophelin’sKi by decreasing ionic interactions between the
enzyme and the inhibitor. Accordingly, we next tested the
effects of salt concentration on the affinity of anophelin-
R-thrombin. At 0.15 M NaCl, anophelin behaves as a typical
slow-binding inhibitor (Figure 4A), and considerably higher
concentrations of the inhibitor (0.625-40 nM) were neces-
sary for inhibition ofR-thrombin (50 pM) (Figure 4A). At
such salt concentrations, anophelin concentration is far above
enzyme concentration, as described for many classical

FIGURE 3: Relationship between the apparent first-order rate
constant,kobs, and the concentration of anophelin. Progress curves
were generated with 500µM S-2238, 0-600 pM anophelin, and
50 pM R-thrombin. The apparent first-order rate constant was
calculated by using nonlinear regression fit of the data to eq 5,
yielding K1 ) 2.11( 0.06× 108 M-1 s-1, K-1 ) (0.554( 0.178)
× 10-3 s-1, andKi* ) 1.91 pM, whereKm ) 8.3µM (summary of
six experiments). Inset: plots of the slope (Ki/(1 + [S]/Km) of the
main figure and three additional curves at different substrate
concentrations against 1/(1+ [S]/Km). The regression equation
produced ar2 ) 0.998.

kobs) k-1 + k1[I]/(1 + [S]/Km) (3)

kobs) k-2 + k2[I]/([I] + Ki,app) (4)

P ) Vst + (Vo - Vs)(1 - e-kobs t)/kobs (5)

FIGURE 4: Effects of NaCl on the inhibition constant of anophelin-
R-thrombin complex. (A) Progress curves were obtained by addition
of R-thrombin (50 pM) to a mixture containing anophelin (a, 0
nM; b, 0.625 nM; c, 1.25 nM; d, 2.5 nM; e, 5 nM; f, 10 nM; g, 20
nM; h, 30 nM; i, 40 nM) and chromogenic substrate (S-2238, 250
µM) in the presence of 0.15 M NaCl. A representative experiment
is shown (n ) 7). (B) Double-reciprocal plot of the inhibition of
R-thrombin by anophelin (b, 0.625 nM;9, 1.25 nM;2, 2.5 nM;
1, 5 nM; [, 10 nM) at different substrate concentrations (62.5-
500µM). TheKi was obtained by using eq 2, yielding aKi of 103.8
( 14.3 pM. The points in each figure are the mean( SE of seven
independent experiments.
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enzyme inhibitors. Double-reciprocal plots were used to
calculate theKi*, and by using the expressionKi* ) Ki(1 +
[I]/ Km), aKi of 103.8( 14.3 pM was obtained (Figure 4B).
At 0.4 M NaCl, aKi of 1.22 nM was calculated (data not
shown). The increase in theKi observed at higher salt
concentrations suggests that ionic interactions mediate
anophelin-R-thrombin complex formation.

To study the direct interaction of enzyme and inhibitor,
increasing concentrations ofR-thrombin (1.38-8.3µM) were
added to a fixed concentration of anophelin (4.5µM).
Complex formation and the disappearance of the band
corresponding to anophelin were detected by nondenaturing
gel electrophoresis (Figure 5A, inset) and quantified by band
densitometry (Figure 5A,B). The area corresponding to
anophelin was plotted against different enzyme/inhibitor
molar ratios (Figure 5B, inset, lefty axis, closed circles),
and the detection of the residual catalytic activity of
R-thrombin was performed by means of chromogenic assay
(Figure 5B, inset, righty axis, open triangles). Figure 5A,
and inset, shows that anophelin (4.5µM) is stained as a fast
migrating protein (lane 2), whereasR-thrombin (8.3µM)

behaves as a slow-speed migrating protein, in the absence
of inhibitor (lanes 1 and 7). In the presence of 1.26 and 2.76
µM anophelin (Figure 5A, lanes 3 and 4, respectively),
R-thrombin migrates as a broad band of faster-speed migrat-
ing behavior than the noncomplexed molecule, whereas
anophelin (4.5µM), which is in excess, can be detected as
a single band (Figure 5A,B, inset). At this enzyme/inhibitor
molar ratio, the catalytic activity ofR-thrombin is almost
completely blocked (Figure 5B, inset). When 4.5µM
anophelin was incubated with 4.5µM R-thrombin, a broad
band with a fast migration pattern was detected (Figure 5,
lane 5), together with an almost complete disappearance of
anophelin (Figure 5A,B, insets) and more than 95% inhibition
of R-thrombin catalytic activity (Figure 5B, inset). Lane 6
shows that when an excess ofR-thrombin is present, yielding
an R-thrombin/anophelin molar ratio of 1.84, enzyme’s
residual activity is∼45%, and anophelin cannot be detected
in the gel as a single fast-migrating band; in addition, part
of R-thrombin behaves like the noncomplexed molecule. This
finding indicates that enzyme-inhibitor formation occurs at
a 1:1 molar concentration. Interaction of anophelin is specific
for R-thrombin, since incubation of anophelin (10µM) with
prothrombin (6.9µM), factor X (6.9µM), or factor Xa (6.9
µM) followed by resolution of complex formation by
nondenaturing gel electrophoresis did not modify the migra-
tion pattern of the factors tested (data not shown, ref22). In
addition, incubation of anophelin (6.75µM) with R-thrombin
(8.3 µM) for up to 6 h at 37°C, followed by separation of
the complex with Laemmli buffer, boiling, and 4-20%
SDS-PAGE, did not modify the amount of anophelin
detected as a low molecular weight protein, suggesting that
cleavage of anophelin did not take place (data not shown).

R-Thrombin has two main functional domains: the
catalytic site, which cleaves fibrinogen, and TABE1, which
mediatesR-thrombin interaction with a number of molecules
including fibrinogen, protein C, thrombomodulin, andR-throm-
bin receptor (5-7, 10). One additional site, TABE2, has been
described; it mediatesR-thrombin binding to heparin-
antithrombin III complex (13, 14).

In an attempt to identify the role ofR-thrombin functional
domains on the inhibitory properties of anophelin, a number
of experiments were performed usingγ-thrombin.γ-Throm-
bin is produced by limited proteolysis ofR-thrombin by
trypsin, where TABE1 is disrupted (1, 26, 27). We then
performed kinetics experiments to calculate the affinity of
the anophelin-γ-thrombin complex. Anophelin was incu-
bated with chromogenic substrate, followed by addition of
γ-thrombin. In contrast to its effects onR-thrombin, anophelin
behaves as a fast and classical inhibitor ofγ-thrombin (Figure
6A). Inhibition is observed at an anophelin concentration far
above the enzyme concentration (Figure 6A), and aKi of
0.69( 0.063 nM was calculated by double-reciprocal plot
for competitive, classical enzyme inhibitors (Figure 6B). The
largerKi for anophelin when usingγ-thrombin, together with
the effects of NaCl in the dissociation constant of anophelin
vs R-thrombin interaction, strongly suggests that TABE1 is
involved in the interactions of anophelin withR-thrombin.
Whenγ-thrombin (5µM) is incubated with anophelin (10
µM), followed by nondenaturing electrophoresis of the
mixture, a shift ofγ-thrombin is achieved (Figure 6C, lanes
1 and 2) that reaches a maximum when the anophelin-γ-
thrombin molar ratio is 1 (not shown). These results provide

FIGURE 5: Anophelin binds toR-thrombin. (A) Band densitometry
and nondenaturing gel electrophoresis (inset) of anophelin-R-
thrombin complex. Anophelin (4.5µM, lanes 3-6) was incubated
with increasing concentrations ofR-thrombin (lanes 3-6). Lane
3, R-thrombin (1.38µM); lane 4,R-thrombin (2.76µM); lane 5,
R-thrombin (4.5µM); lane 6,R-thrombin (8.3µM); lanes 1 and 7,
R-thrombin (8.3µM); lane 2, anophelin (4.5µM); lane 8, anophelin
(33.2 µM). Inset: arrows,R-thrombin; arrowhead, anophelin-R-
thrombin complex; open arrows, anophelin. (B) Band densitometry
showing the disappearance of the band corresponding to anophelin
(inset, righty axis, closed circles) and the appearance ofR-thrombin
activity (inset, lefty axis, open triangles) with increasingR-thrombin-
anophelin molar ratios. PAGE was performed in 4-20% gels, under
nondenaturing conditions. Figure is a representative experiment (n
) 3).
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direct evidence that anophelin binds toγ-thrombin, most
likely by interaction with the catalytic site. Since TABE2 is
present inγ-thrombin, it was of interest to determine whether
the catalytic site was the sole domain involved in anophelin-
γ-thrombin interaction. Thus,γ-thrombin was incubated with
PPACK, a reagent that irreversibly modifies the catalytic site
of thrombin by alkylating active-site histidine (28). Figure
6C shows that PPACK-γ-thrombin (lane 3) has a slower
migration pattern than does nontreatedγ-thrombin (lane 1).
When PPACK-γ-thrombin was incubated with an excess of
anophelin, its migration pattern did not change (lane 4), in
contrast to nontreatedγ-thrombin (lane 2). Similar results
have been obtained with PPACK-R-thrombin, whose migra-

tion is not modified by anophelin (data not shown). These
results imply that the catalytic site is important for interaction
of anophelin withR-thrombin, in agreement with the data
above indicating competitive kinetics with small chromogenic
substrates.

Anophelin is an acidic protein (pI 3.52), containing 17
(out of 60) strongly acidic amino acids in its sequence: 10
aspartic acids and 7 glutamic acids. The possible contribution
of TABE1 in the interaction ofR-thrombin with anophelin
was then further studied by means of two complementary
protocols. First, increasing C-terminal hirudin fragment 54-
65 concentrations decreases the inhibitory property of
anophelin onR-thrombin-mediated chromogenic substrate
hydrolysis, with a right-shifted inhibitory dose-response
curve (Figure 7A). This finding strongly suggests that
anophelin binds to TABE1, because the C-terminal of hirudin
binds to TABE1 without affecting the catalytic activity of
R-thrombin (3, 20, 30). Second, it is well-known that trypsin
cleaves the Arg73-Asn74 bond ofR-thrombin, disrupting
the enzyme TABE1 (27). Thus, it was of interest to test the
effects of anophelin on trypsin-mediated proteolysis of
R-thrombin by incubatingR-thrombin with trypsin in the
presence of inhibitor followed by SDS-PAGE. As expected
for a high-affinity TABE1 inhibitor, trypsin-mediated hy-
drolysis ofR-thrombin (Figure 7B, lane 3) was completely
blocked by anophelin (lane 4). WhenR-thrombin was

FIGURE 6: Anophelin interaction withγ-thrombin. (A) Progress
curves showing the fast-binding inhibition ofγ-thrombin by
anophelin. Anophelin (a, 0 nM; b, 1.125 nM; c, 2.25 nM; d, 4.5
nM; e, 9 nM; f, 18 nM; g, 36 nM; h, 54 nM; i, 72 nM) was
incubated for 15 min with chromogenic substrate (250µM) followed
by the addition ofγ-thrombin (0.45 nM). A representative experi-
ment is shown (n ) 4). (B) Apparent Ki* from steady-state
velocities was determined by addition ofγ-thrombin (0.45 nM) to
a mixture containing various concentrations of anophelin (b, 1.125
nM; 9, 2.25 nM;2, 4.5 nM;1, 9 nM; [, 18 nM) and chromogenic
substrate (62.5-500µM). Double-reciprocal plot of the data yields
a Ki of 0.694( 0.063 nM. (C) Anophelin binds toγ-thrombin but
not to PPACK-γ-thrombin. Complex formation was detected by
4-20% nondenaturing PAGE, and proteins were stained by
Coomassie Blue. Lane 1,γ-thrombin (4µM); lane 2,γ-thrombin
(4 µM) and anophelin (10µM); lane 3, PPACK-γ-thrombin (4µM);
lane 4, PPACK-γ-thrombin (4µM) and anophelin (10µM). Arrow,
γ-thrombin; arrowhead, anophelin-γ-thrombin complex; open
arrow, PPACK-treatedγ-thrombin. The figure is a representative
experiment (n ) 3).

FIGURE 7: Anophelin binds to TABE1. (A) Effects of C-terminal
hirudin fragment 54-65 on R-thrombin inhibition by anophelin.
Thrombin (0.75 nM) was incubated at 37°C for 10 min with (b)
buffer or (9) 0.5, (2) 1, (1) 2, or ([) 4 µM C-terminal hirudin
fragment 54-65, followed by addition of anophelin and 200µM
chromogenic substrate. The points in each figure are the mean(
SE of duplicate experiments (n ) 3). (B) Inhibition of trypsin-
mediatedR-thrombin proteolysis by anophelin.R-Thrombin (4.1
µM, 47 pmol) was incubated with buffer (lanes 1 and 3) or
anophelin (10µM; lanes 2 and 4) for 10 min in the absence (lanes
1 and 2) or presence (lanes 3 and 4) of 250 ng of trypsin. Mixtures
were incubated for 1 h at 37°C, and reactions were terminated by
addition of Laemmli buffer and boiling for 5 min. Formation of
complex was performed by SDS-PAGE; proteins were stained by
Coomassie Blue.
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incubated with buffer (lane 1) or anophelin (lane 2),
formation of the enzyme-inhibitor complex was not ob-
tained, indicating that anophelin-R-thrombin complex is not
covalent. Control experiments indicate that anophelin (up
to 15µM, highest concentration tested) does not function as
a trypsin inhibitor using a chromogenic substrate (22).
Anophelin interaction with TABE 1 is substantiated by the
finding that its affinity forR-thrombin is dramatically reduced
in the presence of salts and it behaves as a lower-affinity,
fast inhibitor of γ-thrombin, in comparison to the intact
R-thrombin molecule. We conclude that anophelin binds to
the catalytic site ofR-thrombin and this interaction is
strengthened when TABE1 is preserved. In this respect,
anophelin resembles hirudin that behaves as a bivalent
R-thrombin inhibitor. However, inhibitor sequences are not
homologous. Hirudin behaves as a slow-binding inhibitor
only at 0.2 M or higher salt concentrations (31). Table 1
summarizes the findings concerning the kinetic pattern of
the interaction between anophelin andR- or γ-thrombin.

Production of R-thrombin in vivo is accompanied by
formation of a clot, and a fraction ofR-thrombin remains
associated with insoluble fibrin. Although the clot behaves
mainly as a trap forR-thrombin, it can also act as a reservoir
for active R-thrombin. Clot-boundR-thrombin can cleave
fibrinogen and activate factors V and VIII and platelets. This
can lead to persistent activation of the coagulation cascade
at sites of thrombus formation (32-34). R-Thrombin in this
environment is protected from inhibition by heparin-
antithrombin III complex, the current mainstay of antithrom-
botic therapy (19). Heparin acts primarily by accelerating
the rate at which antithrombin inactivatesR-thrombin and
factor Xa. Although heparin is very effective in the preven-
tion and treatment of thromboembolic disorders, one of the
most serious limitations of heparin is its inability to catalyze
the inactivation of clot-boundR-thrombin. Since anophelin
is a small molecule with high affinity forR-thrombin, it was
of interest to test its effects on clot-boundR-thrombin. Figure
8 shows that clot-boundR-thrombin-induced chromogenic
substrate was inhibited by anophelin in a concentration-
dependent manner, with an IC50 of 45 nM. Our finding
indicates that anophelinsin contrast to heparin and like
PPACK, hirulog, and hirudinscan inactivate theR-thrombin
bound to fibrin (34, 35).

R-Thrombin generation is triggered by a cascade of
enzyme activation leading to an explosive production of the
enzyme. In addition,R-thrombin amplifies its own generation
by a feed-back mechanism: traces ofR-thrombin formed
during the initial lag phase activate factors V and VIII,
leading to a steep increase in thrombin formation (23, 36,
37). In an attempt to observe the effects of anophelin in the

explosive production ofR-thrombin, its production was
activated by addition of APTT reagent and CaCl2 to plasma
in the presence of increasing concentrations of anophelin;
active R-thrombin generation was assessed by measuring
chromogenic substrate hydrolysis, using GPRP to prevent
fibrinogen polymerization. Figure 9 shows that 500 nM
anophelin increases the lag phase of explosive freeR-throm-
bin production. At 1µM, increase in the lag phase is
accompanied by a decrease in the total production of
uninhibitedR-thrombin. Similar results were obtained with
hirudin (data not shown). These findings are consistent with
the inhibitory effect of anophelin and hirudin onR-thrombin
alone and the absence of effect on other clotting enzymes
needed for thrombin formation. Although hirudin has many
characteristics for a good antithrombin inhibitor (fast, high
affinity, high specificity, noncleavable, only slightly anti-
genic), one of its limitations in comparison with heparin
relates to its moderate inhibitory effect onR-thrombin
production (38). Actually, many directR-thrombin inhibitors
isolated from blood-sucking insects are likely to have a mild
effect on the production ofR-thrombin, according to in vitro
assays; however, their role as anticoagulant molecules may
be relevant in vivo, concerning the feeding necessities of
the insect. Accordingly, to achieve efficient blood feeding,
most blood-sucking insects have developed more than one

Table 1: Kinetic Pattern of Anophelin-Thrombin Interactions

Ki (pM) type of inhibition

fold
decrease

in Ki
a

R-thrombin plus
0 NaCl 5.87( 1.46 slow and tight
0.15 M NaCl 103.8( 14.3 slow and classical 17.6
0.4 M NaCl 1220.0( 150 slow and classical 207.8

γ-thrombin (0 NaCl) 694.0( 63.52 fast and classical 118.2
a Comparison with theKi obtained for R-thrombin-anophelin

interaction, in the absence of NaCl.

FIGURE 8: Effects of anophelin on clot-boundR-thrombin. Detec-
tion of clot-boundR-thrombin was performed as described in
Materials and Methods in the presence of increasing concentrations
of anophelin, as indicated. Experiments are the mean( SE of a
typical experiment performed in quadruplicate (n ) 3).

FIGURE 9: Effects of anophelin onR-thrombin generation in plasma.
Plasma was incubated with (b) buffer or (9) 0.5 or (2) 1 µM
anophelin. Reactions were initiated by the addition of APTT reagent
and CaCl2. Aliquots were removed each 15 s, and thrombin
generation was detected by reading of chromogenic substrate
hydrolysis at 405 nm as described in Materials and Methods.
R-Thrombin concentration was estimated by a titration curve using
R-thrombin under the same conditions. The figure represents a
typical experiment (n ) 3).

16684 Biochemistry, Vol. 38, No. 50, 1999 Francischetti et al.



molecule with distinct inhibitory properties and targets, as
far as blood coagulation and platelet aggregation are
concerned (39). We propose that anophelin may work in
concert with other antihemostatic components present in the
saliva of A. albimanus, such as apyrases (40), to achieve
efficient blood meals. According to its new and unrelated
sequence, anophelin may be a useful reagent for studying
the structure and function ofR-thrombin.
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