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ABSTRACT: The Rhodnius prolixusaggregation inhibitor 1 (RPAI-1) is a novel blood-sucking salivary
molecule that binds to ADP and attenuates platelet aggregation. In this report, we determine the binding
constants and specificity of RPAI-1 for adenine nucleotides and its functional significance. By the Hummel-
Dreyer method of equilibrium gel filtration, we show that RPAI-1 binds ADP with aK0.5 of 48.6( 12.2
nM. RPAI-1 also displays high-affinity binding to ATP, AMP, Ado, AP4A, andR,â Met ADP; however,
RPAI-1 does not bind to inosine, guanosine, uridine, or cytidine. Binding is not modified by EDTA,
indicating that Ado structure but not phosphate groups or Ca2+ is necessary for binding. By computer
simulation, we show that RPAI-1 is more effective in scavenging low but not high concentrations of
ADP, in contrast toR. prolixusapyrase. RPAI-1 inhibits in vitro the ADP-dependent platelet-rich plasma
aggregation by collagen (COLL), TRAP, PAF, and A23187 but did not block platelet aggregation by
ristocetin or phorbol myristate acetate (PMA) and only slightly attenuated that by convulxin. RPAI-1
prolongs the closure time as assessed with PFA-100, when COLL-Epi but not COLL-ADP cartridges
are employed. RPAI-1 also affects platelet-mediated hemostasis time and COLL-induced thrombus
formation at high shear as assessed with the Clot Signature Analyzer. We conclude that RPAI-1 exerts an
antiplatelet effect due to scavenging of low concentrations of ADP in vitro and in vivo. RPAI-1 is the
first lipocalin described so far with unique specificity for adenine nucleotides.

TheRhodnius prolixusaggregation inhibitor 1 (RPAI-1)1

is a 19 kDa protein recently cloned from the salivary gland
of the hematophagous kissing-bugR. prolixus. RPAI-1 has
a unique mechanism of platelet inhibition, because it binds
to ADP and blocks ADP-mediated platelet responses (1).
Accordingly, RPAI-1 inhibits platelet aggregation induced
by small doses of most platelet receptor agonists, especially
collagen (COLL), thromboxane A2 mimetic (U46619), and
arachidonic acid (1). Platelet recruitment and full platelet
aggregation triggered by these agonists are highly dependent
on small doses of secreted ADP (2). This new type of platelet
aggregation inhibitor may work in concert with other
antiplatelet molecules present in the saliva ofR. prolixus.
In fact, an apyrase that destroys ADP has been described in
the salivary gland ofR. prolixus(3); in addition, a family
of nitric oxide-carrying molecules has been molecularly
characterized (4). Like RPAI-1, nitrophorins belong to the
lipocalin family of proteins (5).

The lipocalin superfamily of proteins displays low levels
of overall sequence conservation, with the level of sequence
identity falling below 20%. However, all lipocalin sequences
share sufficient similarity in the form of short characteristic
conserved sequence motifs (5). In addition, lipocalins are
composed of a core set of quite closely related proteins,
according to the analysis of lipocalin crystal structures
available from plasma retinol-binding protein,â-lacto-
globulin, and insecticyanin. The large cup-shaped cavity
that characterizes the lipocalins is well adapted for ligand
binding. The amino acid composition of the pocket, as well
as its overall size and conformation, determines specificity
(5). In fact, a number of distinct ligands have been identified
for the lipocalins, including retinol, fatty acids, and phero-
mones (5).

The nucleotide concentration in the blood is under the
control of endothelial cell apyrase (CD39), an enzyme that
contributes to the antiatherogenic properties of the vessel
wall. CD39 exists as a membrane-bound form and a more
recently described soluble form (6-9). Because RPAI-1 also
modulates ADP concentration, we attempted to characterize
the specificity and the binding constants of RPAI-1 for
binding to a number of nucleotides. SinceR. prolixussalivary
glands contain an apyrase in addition to RPAI-1, the role of
two inhibitors of ADP-mediated platelet responses coexisting
in the same secretion was unclear. Our results show that
RPAI-1 is a high-affinity nucleotide-binding lipocalin with
a remarkable specificity for molecules possessing adenosine
(Ado) in their structure. Although the lipocalin is specific
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for any adenine nucleotide, in vitro and in vivo experiments
did provide experimental evidence which leads to the
conclusion that the biologic function of RPAI-1 relates to
inhibition of ADP-mediated platelet responses. Moreover,
data generated by computer simulation indicate that RPAI-1
does not substituteR. prolixusapyrase. Due to their kinetic
differences, both molecules have distinct, precise, and
complementary functions in the prevention of platelet ag-
gregation.

EXPERIMENTAL PROCEDURES

Materials.Ado, AMP, ADP, ATP, diadenosine tetraphos-
phate (AP4A),R,â-methylene ADP (R,â Met ADP), Ino,
Guo, Urd, Cyd, A23187, PMA, and platelet activating factor
(PAF) were obtained from Sigma Chemical Corp. (St. Louis,
MO). All other reagents were obtained from Merck Research
Laboratories (Darmstadt, Germany) or Sigma.

R. prolixus Aggregation Inhibitor 1 (RPAI-1).RPAI-1 was
cloned, expressed, and tested for the inhibition of platelet
aggregation as described previously (1).

Modified Hummel-Dreyer Method of Equilibrium Gel
Filtration. To assess binding of RPAI-1 to nucleotides, 0.76
nmol of RPAI-1 was injected into a Superdex peptide HR/
10/30 column (Pharmacia Biotech, Uppsala, Sweden) per-
fused at 0.5 mL/min with 0.15 M NaCl, 20 mM Tris-HCl
(pH 7.3), 0.1 mM CaCl2, 0.1 mM MgCl2, and the indicated
concentrations of nucleotides. In some experiments, divalent
cations were substituted with 0.1 mM EDTA. The column
was equilibrated with at least 5 volumes of the solution
before injection of RPAI-1. Because binding of the nucleotide
to the lipocalin distorts the absorbance of the complex to a
maximum at 260 nm and an isosbestic point at 287 nm, these
two wavelengths were used to monitor the column effluent
using a model SM4100 dual-wavelength detector from
ThermoSeparation Products (Riviera Beach, FL) set at 260
and 287 nm. The serial port output of the detector was
monitored and recorded by an in-house program written in
Qbasic (Microsoft, Seattle, WA). RPAI-2 eluted as a mix of
the monomer and dimer, as reported previously (1). Data
were analyzed by another in-house program that numerically
set to zero both (260 and 287 nm) baseline values anterior
to peak elution (to prevent errors due to the uneven zero
baseline when computing the ratios), found the monomeric
and dimeric peaks, and averaged all ratios for optical density
values larger than 50% of the maximal absorbance found at
260 nm. Values found for monomers and dimers were not
different; accordingly, both data sets were combined for each
experimental point. Because the lipocalin has a much higher
molecular mass (MW) than the ligand, and because the
molecular sieving column that was used excludes MWs of
>20 kDa, we assume that the lipocalin is in equilibrium with
the nominal value of the ligand concentration. Three
independent column runs were made for each nucleotide
concentration that was tested. The increase in the 260 nm/
287 nm absorbance ratio following nucleotide binding was
modeled with a hyperbolic equation of the type

whereR is the observed absorbance ratio,Ro is the absor-
bance ratio in the absence of a ligand,Rm is the absorbance
ratio when the protein is saturated with ligand,K0.5 is the

ligand concentration at which one-half of the sites are
occupied in the protein, and [L] is the molar concentration
of the ligand. Typically, seven or eight ligand concentrations
were used for each experiment, which were replicated three
times, yielding a data set with 21-24 n data points.
Accordingly, 1000 nonlinear regressions were performed by
random sampling once each of the three replicates for each
of the seven or eight ligand concentrations. Reasonable
ranges forRo, Rm, andK0.5 were varied (using a Newtonian
approach) to obtain the values (within 1% change in the last
program iteration) producing the least sum of squares to
experimental data points. The combined average and standard
deviations for each parameter are thus the bootstrap estimates
of the population mean and its standard deviation or standard
error (7) as reported in Table 1 and elsewhere in the paper.

Computer Modeling.Computer modeling was performed
using an in-house program with Qbasic software. The activity
of apyrases was assumed to follow Michaelian kinetics where

The amount of substrate consumed in discrete intervals of
10 ms was computed to generate the curves shown in Figure
4. For potato apyrase,Km was 100µM andVmax 10 000µmol
of Pi min-1 (mg of protein)-1 (8). For CD39,Km was 5.9
µM andVmax 80 pmol of Pi min-1 (mg of protein)-1 (9). For
R. prolixusapyrase,Km was 291µM andVmax 335µmol of
Pi min-1 (mg of protein)-1 (3). In the simulations shown in
Figure 4, equal masses per milliliter of enzymes or RPAI-1
were used and equal to 10µg/mL. No inhibition by the
accumulating product was taken into account. The binding
of RPAI-1 to ADP was considered complete in less than 10
ms.

Preparation of Platelets and Platelet Aggregation Assays.
Platelet-rich plasma was obtained by platelet-pheresis from
medication-free platelet donors at the DTM/NIH blood bank
under the direction of S. Leitman. Platelets (300µL) were
added to tyrode-BSA in the aggregometer and stirred at 1200
rpm at 37°C for 1 min before addition of the aggregating
agents. In some experiments, RPAI-1 (or tyrode, vehicle)
was added at the indicated concentration before addition of
the proaggregatory stimulus. Thrombin receptor-activating
peptide (TRAP) was diluted in acetic acid (5%), A23187,
and PMA in DMSO. PAF was diluted in chloroform and
prepared as follows. PAF (26µL, 1.9 mm) was evaporated
under a gentle helium atmosphere. Then 100µL of PBS (pH
7.4) was added, and the sample (500µM PAF) was sonicated

R ) Ro + {[(Rm - Ro)[L]]/( K0.5 + [L]) }

Table 1: Parameters Deduced from Nonlinear Regressiona

nucleotide K0.5 R0
b Rmax

c

ATP 14.8( 7.80 1.49( 0.03 2.13( 0.08
ADP 48.9( 12.20 1.49( 0.02 2.24( 0.04
AMP 31.8( 8.10 1.48( 0.02 2.12( 0.04
Ado 60.0( 6.45 1.46( 0.02 2.15( 0.01
R,â Met ADP 26.9( 3.0 1.45( 0.02 2.12( 0.02
AP4A 18.9( 1.6 1.46( 0.02 2.38( 0.01
ADP (EDTA) 30.9( 3.6 1.45( 0.02 2.18( 0.01

a Curve-fitting parameters deduced from nonlinear regression of the
changes in theA260/A287 absorbance ratios as a hyperbolical function
of the indicated nucleotide concentrations. The average and standard
errors were obtained by bootstrappingn - 1 regressions.b Ratio found
by nonlinear regression in the absence of nucleotide.c Maximum ratio
found by nonlinear regression for saturating nucleotide concentrations.

V ) Vmax[S]/Km + [S]
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at room temperature at a duty cycle of 100% and output
control set at 10 (Branson, Danbury, CT). Finally, the sample
was diluted to 500 nM in tyrode-BSA [137 mM NaCl, 27
mM KCl, 12 mM NaHCO3, 0.42 mM NaH2PO4, 1 mM
MgCl2, 5.55 mM glucose, and 0.25% BSA (pH 7.4)].
Convulxin was purified as described previously (10).

Whole Blood Aggregometry. Blood was collected in a citric
acid/dextrose mixture (ACD), kept at 37°C in 5% CO2, and
used within 3 h. Aliquots (1 mL) were added to plastic
cuvettes, followed by immersion of the impedance electrode.
Samples were kept at 37°C in the aggregometer chamber
under agitation for 10 min to stabilize the baseline. RPAI-1
or tyrode (control) was added at the indicated concentrations
before addition of COLL.

Platelet Function Analyzer (PFA-100).Through a 21-
gauge cannula inserted into an antecubital vein, a 3 mLblood
sample was drawn into a monovette containing a buffered
citrate solution. An 800µL sample containing saline or
RPAI-1 (3 µM) was placed into the PFA-100 apparatus
(Dade International Inc., Miami, FL). The PFA-100 apparatus
provides a test cartridge system for in vitro quantitative
assessment of platelet function (11). The test cartridges
simulate an injured blood vessel and are composed of a
sample reservoir, a capillary, and a COLL (2µg)/epinephrine
(EPI) (10µg)- or COLL (2µg)/ADP (50µg) (COLL/ADP)-
coated membrane with a central aperture. This device uses
citrate-anticoagulated venous blood that is forced through a
150 µm aperture in a nitrocellulose membrane, achieving a
shear rate of approximately 5000-6000 s-1 to attempt to
recreate physiological shear rates. The time needed to form
a platelet plug occluding the aperture [closure time (CT)] is
a measure of the overall function of the platelets. Blood was
analyzed within 2 h of collection. To avoid any sampling
interference that could affect the interpretation of the results,
blood from the same donors was incubated with saline or
RPAI-1 and tested as paired for CT using COLL-ADP or
COLL-Epi cartridges. The four donors are healthy volun-
teers working in this department. None of the selected donors
have clinical signal or von Willebrand disease or symptoms
compatible with primary hemostasis disorders or blood
discrasies; they were advised not to take aspirin or other
nonsteroidal anti-inflammatory drugs (NSAID) for 2 weeks
before the day of the experiment. A minimum of two
measurements was performed using the blood from the same
donor for each condition (saline vs RPAI-1), using each
cartridge (COLL/ADP vs COLL/Epi). Our mean value for
COLL-ADP cartridges has been 100.7( 4.2 s [91.4-110
s, 95% confidence interval (CI),n ) 14] and 92 s (71-119
s, 95% CI) for Dade-Behring. Our mean value for COLL-
Epi cartridges has been 139.5( 5.1 s (128.8-150.2 s, 95%
CI, n ) 22) and 132 s (94-193 s, 95% CI) for Dade-Behring.

Clot Signature Analyzer (CSA).The CSA system provides
an in vitro blood flow pathway environment for simulta-
neously assessing platelet aggregation and blood coagulation.
The functioning of CSA has been described in detail by Li
et al. (12); collection of blood and handling of the CSA
device were performed exactly as described in the User’s
Manual (Xylum Co.), under the direction of M. Horne III
(Department of Clinical Pathology, National Institutes of
Health). Briefly, blood (3 mL) was collected using pre-
warmed (37°C) 3 cm3 slip-tip syringes (Becton-Dickson,
Rutherford, NJ) containing saline (control, for cartridge 1)

or RPAI-1 (3 µM, for cartridge 2) and then appropriately
placed in the CSA for estimation of platelet hemostasis time
(PHT) and clotting time (CT). Experiments were initiated
automatically using software provided by the manufacturer.
When the first experiment was completed 30 min latter, blood
was drawn again from the same donor as described above
and two other cartridges (control vs RPAI-1) were placed
in the CSA for estimation of the extent of collagen-induced
thrombus formation (CITF).

The CSA has two channels. In the punch channel, the CSA
stimulates vascular injury by piercing the blood lumen with
a 0.015 cm needle, forming two small holes. Blood flow is
partially diverted out through these punch holes. Thus, at
the punch hole, the rate of luminal flow decreases signifi-
cantly, causing the pressure in the pressure chamber to drop
from its initial stabilized value of∼60 mmHg to∼10 mmHg.
In approximately 5 min, blood will cause closure of the two
punch holes. At hole closure, luminal blood flow is restored
and the pressure chamber pressure recovers to its initial
stabilization value. This step is known as the PHT. The blood
flowing in the lumen eventually coagulates, forming a clot
and causing cessation of luminal flow (CT). Our mean value
for PHT is 4:58( 0:33 min (2:45-6:50 min, 95% CI), and
it is 3:55 min (1:42-6:18 min, 95% CI) as obtained by
Xylum Co. Our mean value for CT is 24:01( 2:02 min
(17:50-30:43 min, 95% CI), and it is 18:20 min (17:54-
29:06 min, 95% CI) as obtained by Xylum Co. The collagen
channel is a separate flow path similar to but distinct from
the punch channel. In the collagen channel, a 1.9 cm collagen
fiber is immobilized in the lumen and aligned with the
direction of flow. This substrate simulates the exposed
subendothelial tissue in vascular biology. As blood flows,
the platelet adheres to the collagen, initiating thrombus
formation, the step known as CITF. Our mean value for CITF
is 5:04( 1:02 min (2:56-7:52 min, 95% CI), and it is 5:58
min (4:24-8:12 min, 95% CI) as obtained by Xylum Co.

Statistical Analysis.For PFA-100, statistical comparisons
were paired analyses between the means. Because a normal-
ity of distribution could not be assured (11), nonparametric
analysis was performed with the Wilcoxon paired test using
GraphPad Prism (GraphPad Software Inc., New York, NY).
For experiments with CSA, significance was calculated using
the Student’st test for paired data (two-tailed), assuming a
parametric distribution (12). Significance was set atp e 0.05.

RESULTS AND DISCUSSION

We have previously shown that RPAI-1 inhibits ADP-
mediated platelet responses through binding to the nucleotide.
In fact, the spectrum of RPAI-1 in the presence of ADP is
remarkably modified at 260 nm, a pattern of spectral change
that is consistent with a molecule that binds ADP (13). In
this report, a protocol has been optimized in an attempt to
characterize the dissociation constant for dissociation of ADP
from RPAI-1 and identify additional ligands for this lipocalin.
This protocol is based on a technique known as the
Hummel-Dreyer method of equilibrium gel filtration (14).
This gel filtration method is useful in the detection and
characterization of interactions between two proteins when
the complex they form is dynamic and equilibrates on a time
scale faster than or comparable to the running time. It is
also useful to determine the dissociation constant between
two ligands (14).
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Figure 1A depicts a typical profile of the RPAI-1 spectrum
between 230 and 300 nm in the absence of ADP (solid lines).
The column was then equilibrated with ADP, followed by
addition of RPAI-1 previously incubated with the same
concentrations of ADP. Elution of the ADP-RPAI-1 com-
plex was achieved with an elution buffer also containing
equivalent concentrations of ADP for each data point. In the
presence of ADP (1µM), an increase in RPAI-1 absorbance
at 260 nm is observed (dotted lines). Figure 1B shows the
differential spectrum of RPAI-1 obtained with and without
ADP. We next tested the hypothesis that negatively charged
groups linked to Ado would be preferential ligands for RPAI-
1. This assumption was based on the crystal structure of
kinesine with ADP, where formation of a stable complex
has been reported to be dependent on the negatively charged
phosphates present in the ADP (and AMP) molecules (15).
In addition, RPAI-1 is highly basic, with a predicted pI of
10.1 (1), suggesting that it could preferentially bind anionic
ligands; however, RPAI-1 also binds Ado, an adenine
nucleotide containing no phosphate groups (Figure 1C). The
differential spectrum is shown in Figure 1D.

When theA260/A287 ratios of n independent experiments
are fit by simple hyperbolic equations by nonlinear regression
methods, a good fit of the data is obtained (Figure 2A-F).
Accordingly, binding is specific, and saturation is reached
at ∼200 nM nucleotides with a half-maximum saturation
(K0.5) of ∼15-60 nM. These data indicate that the binding
of ADP to RPAI-1 is high affinity binding and follows a
simple hyperbolic saturation curve. Accordingly, RPAI-1
binds to ATP with aK0.5 of 14.8 ( 7.8 nM (Figure 2A),
AMP with a K0.5 of 31.8( 8.1 nM (Figure 2B), Ado with
a K0.5 of 60.0( 6.45 nM (Figure 2C), and ADP with aK0.5

of 48.6( 12.2 nM (Figure 2D). Binding of RPAI-1 to ADP

is independent of divalent ion, because EDTA (0.1 mM) did
not significantly change theK0.5 of RPAI-1 for ADP (K0.5

) 30.9 ( 3.6 nM) (not shown). Figure 2 also shows that
RPAI-1 binds additional molecules containing Ado and
possessing biologic activity, such as AP4A with aK0.5 of
18.9 ( 1.6 nM (Figure 2E) and the nonhydrolyzable ADP
analogueR,â Met ADP with aK0.5 of 26.9( 3.2 nM (Figure
2F).

To study the structural requirements for binding, additional
Ado nucleotides were tested. RPAI-1 only slightly interacts
with Guo, Urd, and Cyt at 1µM (Figure 3A-C), and no
interaction was observed with Ino, the product of Ado
deamination (Figure 3D). Together, these data indicate that
the interaction of RPAI-1 with ADP and other Ado-related
compounds is not dependent on the phosphate groups but
rather is dependent on the Ado structure. In particular, the
NH2 group must be important, indicated by the lack of Ino
binding to RPAI-1 or by Guo, which has an oxygen instead
of the amino group. Table 1 summarizes the binding
constants obtained for each RPAI-1 nucleotide interaction.

Because a typical apyrase has been kinetically character-
ized in the salivary gland ofR. prolixus (3) [R. prolixus
apyrase (RP apyrase)], the biologic significance of the
coexistence of two nucleotide binding proteins in the same
secretion turned out to be uncertain. In an attempt to answer
this question, computer simulations were employed where
the time (in seconds) was used as an estimate to compare
the efficiencies of enzymes and RPAI-1 according to their

FIGURE 1: High-affinity binding of Ado and ADP to RPAI-1.
Spectrum of RPAI-1 as it elutes from a molecular sieving column
in the absence (s) and in the presence (‚‚‚) of (A) 1 µM ADP,
with the differential spectrum in panel B, and (C) 1µM Ado, with
the differential spectrum in panel D. The insets show the chemical
formulas for these compounds.

FIGURE 2: Saturation curves representing binding of Ado and Ado
nucleotides to RPAI-1. Ratios of the absorbance measured at 261
and 287 nm at different concentrations of adenine nucleotides. The
symbols and bars represent the average and standard errors,
respectively, of three independent measurements. The fitted curve
was obtained by bootstrap of 23 nonlinear regressions performed
on the data set. All experiments were carried out in the presence
of 0.1 mM CaCl2 and 0.1 mM MgCl2.
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Km andVmax values, or binding ability of RPAI-1 according
to its K0.5. Figure 4A shows that using either 10µg/mL
enzyme or RPAI-1 (-‚‚-), and at high ADP concentrations
(100 µM), only potato apyrase (‚‚‚), an enzyme with low

affinity (Km ) 100 µM) but extremely highVmax (10 000
µmol of Pi mol-1 mg-1), rapidly destroys ADP, followed by
RP apyrase [Km ) 290 µM; Vmax ) 300 µmol of Pi min-1

(mg of protein)-1] depicted as continuous lines and CD39
[Km ) 5.9 µM; Vmax ) 72 pmol of Pi min-1 (mg of
protein)-1] shown as dashed lines. Accordingly, more than
20 s elapse before CD39 andRPapyrase can decrease ADP
concentrations to<0.1 µM. As expected, the ADP concen-
tration was almost not affected by RPAI-1.

At moderate concentrations of ADP (10µM), CD39 is as
effective as RP apyrase; RPAI-1 slightly affects ADP
concentration, and potato apyrase rapidly destroys the
nucleotide. Still, CD39 andRP apyrase take more than 10
ms to lower the ADP concentration to<0.1 µM. At low
concentrations of ADP (1µM), RPAI-1 instantaneously
scavenges 50% of the ADP concentration; as expected,RP
apyrase and CD39 are less effective. The effect of RPAI-1
is remarkable at 0.1µM ADP, where it immediately brings
the ADP concentration to sub-nanomolar levels. In contrast,
it takes∼0.3 s for potato apyrase to destroy ADP, whereas
it takes∼20 and 40 s for CD39 andRPapyrase, respectively,
to remove ADP (see the figure insets). These findings are
also thermodynamically supported by the Haldane equation,
which states that an increase in substrate affinity cannot be
accompanied by an increase in the rate of enzyme turnover,
unless the affinity for products is decreased in a higher
proportion (16).

The simulation results shown in Figure 4 indicate that a
high-affinity nucleotide-binding protein (RPAI-1) is func-
tionally more effective in removing very low concentrations
of ADP. In contrast,RPapyrase the antiaggregatory function
is less remarkable at low concentrations of ADP, at the
expenses of its highKm for ADP. In fact, effective destruction
of ADP by theRPapyrase occurs when the ADP concentra-
tion is at least 1000-5000-fold higher (50µM) than that
readily removed by RPAI-1 (Figure 4A,B). In this context,
it should be emphasized that the ADP physiologic plasmatic
concentration is∼0.1 µM (17), and it can reach 1-2 µM at
the site of injury provoked by a Simplate device (18); 0.2-
0.4 µM ADP is known to be biologically active (19-22).
We conclude that RPAI-1 andRPapyrase coexisting in the
same secretion have precise and complementary biologic
functions in the prevention of platelet aggregation.

RPAI-1, accordingly, should prevent platelet aggregation
in those circumstances where low concentrations of ADP
are known to be important for agonist action, such as small
doses of collagen (COLL), arachidonic acid (AA), throm-
boxane A2 mimetics (U46069), and platelet-activating factor
(PAF), but not important for phorbol myristate acetate
(PMA), ristocetin, or convulxin-induced platelet aggregation.
Indeed, RPAI-1 does inhibit ADP-dependent platelet-rich
plasma aggregation triggered by low concentrations of COLL
(Figure 5A), AA (Figure 5B), and U46069 (Figure 5C),
confirming previous results obtained when a microplate
reading was used to assess platelet function (1). We show
additionally that RPAI-1 also inhibits platelet aggregation
triggered by TRAP (Figure 5D), PAF (Figure 5E), and
ionophore A23187 (Figure 5F) at concentrations mediated
by ADP (23-25). On the other hand, it does not affect
platelet aggregation triggered by ristocetin (Figure 5G) or
PMA (Figure 5H) (26, 27), or only slightly affected by small
doses of convulxin (Figure 5I) (1, 28). The in vitro inhibition

FIGURE 3: RPAI-1 does not bind to Guo, Urd, Cyt, or Ino. RPAI-1
as it elutes from a molecular sieving column in the absence (s)
and in the presence (‚‚‚) of 1 µM Cyt (A), Urd (B), Guo (C), or
Ino (D). The insets show the chemical formulas for these com-
pounds.

FIGURE 4: Computer simulation of the degradation of ADP by
different nucleotide-binding proteins. The time in seconds necessary
for hydrolyzing/scavenging of the ADP concentration by RPAI-1
(-‚‚-), CD39 (- - -), RPapyrase (s), and potato apyrase (‚‚‚)
estimated assuming a Michaelis-Menten equation whereV )
Vmax[S]/Km + [S]. ADP concentrations were (A) 100, (B) 10, (C)
1, and (D) 0.1µM. The insets show plots of log ADP concentration
vs log time in seconds. All enzymes and RPAI-1 were simulated
to be at a concentration of 10µg/mL.
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of platelet aggregation by RPAI-1 depicted in Figure 5 is
also consistent with the low concentration of ADP reached
in the aggregation cuvette upon stimulation (19-22) that is
above the calculatedK0.5 of RPAI-1 for ADP (Table 1).
Finally, the actions of RPAI-1 should not be restricted to
the agonists employed in Figure 5; platelet aggregation by
cathepsin G (29), plasmin (30), chemokines (31), and
FcγRIIA cross-linking (32) is also dependent on ADP. We
could also demonstrate that small (2µg/mL) doses of COLL
induced whole blood platelet aggregation, as detected by an
increase in impedance, which was dose-dependently inhibited
by RPAI-1. As expected, this effect was not observed at high
concentrations (15µg/mL) of COLL (not shown). Taken
together, the data shown in Figure 5 indicate that other
adenine nucleotides or Ado in plasma is not at a concentra-
tion sufficiently high to outcompete ADP binding to RPAI-1.

Because it is well-known that blood-sucking insects feed
on small arterioles, although not exclusively (33), it was of

interest to establish whether RPAI-1 could affect platelet
aggregation under high shear. In fact, besides activation by
a thrombogenic surface (e.g., COLL), platelets are exposed
to shear forces that are produced by different velocities of
blood flowing near the vessel wall; shear forces are greater
in arteries than in veins, and particularly in small arterioles
and capillaries and in partially obstructed vessel lumen (34,
35). Shear-induced platelet aggregation (SIPA) occurs by a
mechanism dependent on the von Willebrand factor, glyco-
protein (GP) IbR, integrin RIIbâ3, and ADP, but it is not
affected by aspirin or indomethacin (36, 37).

To test the effects of RPAI-1 under shear conditions, we
have used a Platelet Function Analyzer (PFA-100) where
citrated blood is forced to pass through an aperture containing
COLL-ADP or COLL-Epi cartridges at high shear (6000
s-1) and the time for closure is indicative of platelet function
(11). Figure 6 shows that when COLL-ADP cartridges are
used with control blood (no inhibitor), the aperture occludes

FIGURE 5: In vitro inhibition of platelet-rich plasma aggregation by RPAI-1. Platelets were incubated with (a) 0, (b) 0.33, (c) 1, and (d) 3
µM RPAI-1 followed by addition of (A) COLL, (B) arachidonic acid (AA), (C) U46069 (TXA2 mimetic), (D) PAF, (E) TRAP, (F) A23187
(Ca2+ ionophore), (G) ristocetin, (H) PMA, and (I) convulxin. Ligand concentrations are indicated. Typical tracings are depicted.
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in 100.7( 4.2 s (91.4-110 s, 95% CI); in the presence of
RPAI-1, the closure time is almost identical [101.5( 3.6 s
(93.52-109.5 s, 95% CI)]. It is plausible to suggest that the
amount of ADP released by COLL-ADP cartridges sur-
mounts the binding capacity of RPAI-1, or alternatively, the
high concentration of ADP immobilized in the cartridge
substitutes released ADP as a proaggregatory stimulus. When
COLL-Epi cartridges were used, the CT was significantly
(p ) 0.011) increased in the presence of RPAI-1. The control
CT has been 139.5( 5.1 s (128.8-150.2 s, 95% CI) and
169.63( 7.7 s (153.4-185.9 s, 95% CI) in the presence of
RPAI-1 (Figure 6). It is conceivable to conclude that when
COLL-Epi cartridges are employed the amount of ADP
released is smaller than that with COLL-ADP cartridges,
and this amount is effectively scavenged by RPAI-1, resulting
in a prolonged CT. This assumption is consistent with the
identification of ADP as a key molecule that provides
additional signaling for full platelet aggregation through
binding to a recently characterized receptor that couples to
adenyl cyclase (38). Interestingly, the effects of RPAI-1 and
aspirin are similar in this respect since both inhibitors
increase the CT only when COLL-Epi cartridges are
employed. In the case of aspirin, however, this is due to
blockade of ADP release by cyclooxygenase inhibitors (39),
whereas for RPAI-1, this must be due to scavenging of
released ADP. Finally, the finding that RPAI-1 affects the
CT uniquely when the COLL-Epi cartridges are used
indicates that variation in collagen receptor density does not
play a major role in the results described in Figure 6. In
fact, it has been shown that low levels or polymorphism of
R2â1 dictate the level of platelet adhesion to collagen in the
general population (41), or correlate with impaired platelet
function in a high-shear stress system, in von Willebrand
disease patients (42).

In an attempt to provide additional data to support the
contention that RPAI-1 affects shear-induced platelet ag-
gregation, we used a Clot Signature Analyzer (12). This
device detects platelet function at high shear rates encoun-
tered in small arteries; it uses noncoagulated blood and

contains two channels. In the punch channel, thrombogenic
material is not present; in contrast to PFA, bleed arrest occurs
exclusively by a shear-mediated process, resembling the
O’Brien filter for studying SIPA (43). A plastic tube is
rapidly punched transversally with a needle, with a decrease
in pressure due to the loss of blood through the two orifices
that have been created. At high shear, two platelet plugs will
eventually become strong enough to seal the injury sites and
allow blood to continue to flow in the pathway. At this point,
the pressure will recover and be reported quantitatively as
the PHT. Figure 7A shows a typical tracing depicting that
PHT was remarkably affected by RPAI-1. Our mean value
for PHT has been 4:58( 0:33 min (2:45-6:50 min, 95%
CI) in control samples and 14:18( 3:48 min (6:46-20:50
min, 95% CI) in the presence of RPAI-1 (p ) 0.05) (Figure
7C), suggesting that inhibition of ADP-mediated stable
platelet aggregation is accompanied by the development of
an unstable hemostatic plug indicated by the tracing oscil-
lation in Figure 7A. In fact, it has been shown that ADP is
involved in irreversible platelet aggregation by a PI-3-kinase-
dependent pathway (32). After pressure recovery (plug
formation), blood coagulation takes place; the time it takes
for the blood to clot and stop blood flow (drop of pressure)
is taken as the CT. Figure 7A also shows that the CT was
prolonged by RPAI-1. For these experiments, the average
CT has been 24:01( 2:02 min for control samples (17:50-
30:43 min, 95% CI) and 28:39( 1:11 min for RPAI-1-
treated samples (24:55-31:40 min, 95% CI) (p ) 0.02)
(Figure 7D). The COLL channel can be used to assess the
adhesion and aggregation of platelets to COLL under high

FIGURE 6: Scatter graph of closure times obtained using PFA-100.
RPAI-1 (3µM) prolongs COLL-Epi (p ) 0.011,n ) 22), but not
COLL-ADP (p ) 0.5, n ) 14, NS) cartridge closure time
(seconds). NS means nonsignificant.

FIGURE 7: RPAI-1 inhibits COLL-induced platelet responses in
whole blood and high shear. Typical experiments depict the effects
of RPAI-1 on (A) platelet hemostasis time (PHT) and clotting time
(CT) and (B) COLL-induced thrombus formation (CITF). The
measurements were initiated at time zero minutes. Pressure is given
in millimeters of Hg. The effects of RPAI-1 on (C) PHT, (D) CT,
and (E) CITF are shown as the means( SE of four independent
experiments.
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shear, and the time necessary for the thrombus to occlude
the vessel is taken as the CITF. Figure 7B depicts a typical
result out of four independent experiments performed with
CSA, showing an increase in the level of CITF in the
presence of RPAI-1. The average control sample for CITF
occurs in 5:04( 0:55 min (2:56-7:52 min, 95% CI); in
contrast, it takes 6:29( 0:58 min (4:14-8:44 min, 95% CI)
in the presence of RPAI-1 (p ) 0.02) (Figure 7E). This
suggests that ADP released by adherent platelets contributes
to thrombus formation at high shear by inducing platelet
recruitment and activation of integrinRIIbâ3 that serves as a
binding site for vWf (34-37).

Taken together, these data provide strong experimental
evidence that RPAI-1, which coexists withRPapyrase, most
likely behaves in vivo and in vitro as an efficient ADP
scavenger at low nucleotide concentrations. Together with
endothelial cell apyrase (CD39) and soluble CD39, RPAI-1
may modulate the ADP concentration at the site of vascular
injury (44). RPAI-1 removes free ADP from plasma without
producing AMP or Ado, which are products by apyrases and
5′-nucleotidases. Because AMP and Ado affects platelet
aggregation (45), RPAI-1 is a unique reagent for studying
the role of ADP in platelet function, without confounding
effects of its breakdown products. Additionally, because ADP
has been involved in thrombus formation (22), xenographic
rejection (46), and microaggregate formation in extracorpo-
real circulation (47), we speculate that these conditions may
be attenuated by RPAI-1. RPAI-1 is the first component of
the lipocalin superfamily of proteins (48) that has been
characterized so far with specificity for adenine nucleotides.
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