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ABSTRACT: The saliva of blood-feeding insects contains a variety of molecules having antihemostatic
activity. Here, we describe nitrophorin 7 (NP7), a salivary protein that binds with high affinity to anionic
phospholipid membranes. The protein is apparently targeted to the negatively charged surfaces of activated
platelets and other cells, where it can serve as a vasodilator, antihistamine, platelet aggregation inhibitor,
and anticoagulant. As with other members of the nitrophorin group, NP7 reversibly binds a molecule of
NO and binds histamine with high affinity. The protein differs from other nitrophorins in that it binds to
membranes containing phosphatidylserine. Sedimentation and surface plasmon resonance experiments,
revealed two classes of phospholipid-binding sites havingKd values of 4.8 and 755 nM. NP7 inhibits
prothrombin activation by blocking phospholipid binding sites for the prothrombinase complex on the
surfaces of vesicles and activated platelets. As a NO complex, NP7 inhibits collagen and ADP-induced
platelet aggregation and induces disaggregation of ADP-stimulated platelets by an NO-mediated mechanism.
Molecular modeling of NP7 revealed a putative, positively charged membrane interaction surface comprised
mainly of a helix lying outside of the lipocalinâ-barrel structure.

Platelet activation is an early event in the response to
vascular injury. Resting platelets adhere to the extracellular
matrix at a wound site via surface receptors interacting with
collagen and von Willebrand factor (1). Signaling through
these receptors induces the surface exposure and conforma-
tional activation of integrins along with release of throm-
boxane A2 and secretory granules containing agonists such
as ADP, serotonin, and epinephrine (1, 2). Protease-activated
receptor (PAR) pathways activated by circulating thrombin
also contribute to these processes (3). Increased adhesion of
activated platelets to the extracellular matrix and cross-
linking via the interaction of GP IIb-IIIa with circulating
fibrinogen lead to the formation of a platelet plug. The plug
is both a physical obstruction to blood loss and a substrate
for the reactions of the coagulation cascade that lead to fibrin
clot formation (1).

Activated platelets undergo changes in the plasma mem-
brane that promote assembly of coagulation complexes at
the wound site and allow the formation of a fibrin clot.
Normally, the membrane bilayer is asymmetric with anionic
phospholipids, particularly phosphatidylserine (PS),1 being
sequestered in the inner leaflet through the action of
aminophospholipid translocase (4, 5). Activation by collagen
or thrombin leads to an increase in the intracellular calcium
concentration and a rapid loss of membrane asymmetry
through the downregulation of aminophospholipid translocase
and the activation of phospholipid scramblase (4, 5). The

resulting negatively charged exterior surface is essential for
the binding and assembly of coagulation factors that make
up the factor Xase and prothrombinase complexes. In this
way, the exposure of anionic phospholipids in activated
platelets serves as a regulatory role in hemostasis by labeling
the appropriate sites for the initiation of fibrin formation.
Other cell types also lose membrane asymmetry when
activated. For example, on stimulation with antigen, mast
cells rapidly degranulate by a mechanism that results in PS
exposure at the site of granule release (6, 7).

Blood-feeding arthropods produce many salivary sub-
stances that inhibit normal hemostasis and are necessary for
unimpaired blood feeding. Recognition of, and binding to,
the anionic surfaces of activated platelets would potentially
increase the effectiveness of antihemostatic proteins by
targeting them to regions where hemostatic reactions are
actively occurring. An important group of antihemostatic
proteins in the insectRhodnius prolixusare the nitrophorins
(NPs) (8, 9). NPs belong to the lipocalin protein family (10,
11) and bind a heme moiety in the central cavity of the
protein formed by theâ-barrel structure (12). The heme is
tethered to the protein by a histidine residue that forms the
proximal axial iron ligand. NPs are present as NO complexes
in the salivary gland, which dissociate to release a single
molecule of NO per protein molecule when injected into the
host with the saliva (8, 13). The NO moves to the vascular
endothelium where it traverses cell membranes and activates
soluble guanylate cyclase, leading to relaxation of the
vascular wall and increased blood flow. NO is also a potent
inhibitor of platelet aggregation and acts to reverse the
aggregation of platelets stimulated with ADP. Beside the
transport of NO, other functions have been ascribed to
members of the nitrophorin group. NP2 binds with high
affinity to coagulation factor IXa and inhibits the assembly
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and activity of the intrinsic factor Xase complex (14, 15).
Also, all NPs are capable of binding a molecule of histamine
in the distal pocket after release of NO. It is thought that
this process may serve as an anti-inflammatory function
during feeding (16).

In this paper, we describe a novel NP that differs from
other members of the group by binding with high affinity to
PS-containing membranes. The protein contains a positively
charged helical region representing a novel PS-binding motif.
When bound to the membrane, NP7 inhibits clotting by
competing for coagulation-factor-binding sites. NP7 is also
shown to be an effective platelet aggregation inhibitor, a
function that may be enhanced by recognition and binding
with anionic surfaces of activated platelets in the immediate
vicinity of a feeding bite.

MATERIALS AND METHODS

Materials. Dimyristoyl L-R-phosphatidylcholine and di-
palmitoyl L-R-phosphatidyl-L-serine were purchased from
Sigma Chemical Company.S-Nitroso-N-acetylpenicillamine
(SNAP) was from Molecular Probes Inc. The chromogenic
substrate S-2238 (Chromogenix) was from Diapharma.
Human coagulation factors Va, Xa, thrombin, and prothrom-
bin were obtained from Haematologic Technologies, and
collagen was obtained from Chrono-Log Corp.

Cloning and Expression of NP7.The cDNA for nitrophorin
7 (NP7)2 was obtained as part of a salivary gland expressed
sequence tag (EST) sequencing project from a library
described previously (17). The most likely signal sequence
cleavage site of the clone was determined using the SignalP
webserver (18). The cDNA was modified to remove the
signal sequence, cloned into expression vector pET17b, and
expressed inEscherichia colias previously described for NPs
1-4 (9, 19). The NP7 protein was obtained as inclusion
bodies and was denatured, refolded, and reconstituted with
heme as described for other NPs. The refolded reconstituted
protein was purified by a two-step procedure. First, the
protein was dialyzed against 10 mM sodium phosphate at
pH 6.0 and applied to an SP-Sepharose column equilibrated
in the same buffer. The protein was eluted with a gradient
of 0-1 M NaCl in 10 mM sodium phosphate at pH 6.0.
After concentration, the protein was applied to a Sephacryl
S-100 column equilibrated with 40 mM Tris-HCl at pH 7.4
and 150 mM NaCl (TBS) and eluted with the same buffer.
The purity and quality of the preparations were determined
by SDS-PAGE and spectral measurements. Recombinant
NP1, NP2, and NP3 were prepared as described previously
(9, 19).

A site-directed mutant (K149A) of NP7 was constructed
using a two-step PCR procedure and was expressed, refolded,
reconstituted with heme, and purified using the same methods
as for wild-type NP7.

Vesicle Formation and Protein Binding. Large unilamellar
vesicles were formed by injection of chloroform solutions
of phospholipids into 20 mM Tris-HCl at pH 7.5 and 70°C
(20). The final concentration of the vesicle suspensions was
1 mg/mL, and nitrogen was bubbled through the mixture
during preparation. Binding was measured at various salt

concentrations by diluting the vesicle suspension 2-fold in
TBS containing the appropriate concentration of NaCl and
2 µΜ NP7 in a final volume of 50µL. The mixtures were
incubated at room temperature for 30 min and centrifuged
at 100000g for 30 min. The supernatant was removed and
the pellet was resuspended in 50µL of TBS. Both the pellet
and supernatant fractions were analyzed by SDS-PAGE,
and the fraction of bound protein was determined by
densitometry of Coomassie blue-stained gels using ImageJ
(available at http://rsb.info.nih.gov/ij/).

Surface Plasmon Resonance (SPR). A phosphatidylcholine
(PC)/PS (3:1) monolayer was formed on a BIAcore HPA
hydrophobic sensor chip by passing a 1 mg/mL suspension
of vesicles in 40 mM Hepes at pH 7.4 and 150 mM NaCl
(HBS) over the chip surface at 10µL/min for 30 min. This
was followed by two 20-s washes with 10 mM NaOH
flowing at 20µL/min. SPR responses of NP7 binding to the
prepared monolayer were measured using a BIAcore 2000
instrument at a flow rate of 30µL/min using a HBS buffer.
Between runs, the monolayer was regenerated by injecting
10 mM NaOH at a flow rate of 30µL/min for 10 s. Rate
constants for binding and release were obtained by fitting
the data with a two-binding site, parallel reaction model
contained in the BIAcore evaluation package.

Recalcification Time of Platelet-Rich Plasma.Platelet-rich
plasma (PRP) was obtained by platelet-pheresis at the NIH
blood bank. To measure recalcification time, 50µL of PRP
was diluted with 150µL of a calcium-free Tyrode buffer.
NP7 was added to the desired concentration, and the mixture
was incubated for 1 min at 37°C. At this point, 50µL of 25
mM CaCl2 in Tyrode buffer was added, and the tubes were
incubated at 37°C until visible clots appeared.

Inhibition of Prothrombinase Reaction.The inhibition by
NP7 of prothrombin activation by the reconstituted pro-
thrombinase complex was evaluated in the presence of
different phospholipid compositions and concentrations. All
reactions were performed in 40 mM Tris-HCl at pH 7.4, 150
mM NaCl, and 0.5 mM CaCl2 in 96-well microtiter plates.
Each well contained a buffer, 250 pM factor Xa, 1 nM factor
Va, and phospholipid vesicles prepared as described above
in a final volume of 130µL. To start the reaction, prothrom-
bin was added to a concentration of 1.2µM followed by
incubation of the plate for 20 min at 37°C. To stop the
reaction, 50µL of each mixture was added to 150µL of 40
mM Tris-HCl at pH 7.4, 150 mM NaCl, and 5 mM
ethylenediaminetetraacetic acid (EDTA). The thrombin
concentration was measured by following hydrolysis of the
chromogenic substrate S-2238 (180µM) in a microtiter-plate
reader (405 nm) at 25°C. When activated washed platelets
(see below for preparation) were used as a source of
phospholipid, 5µg of collagen was added to 1 mL of washed
platelets. To each prothrombinase reaction, 5µL of platelet
suspension (approximately 1.5× 106 platelets) was added.

Inhibition of Platelet Aggregation.Washed platelets were
prepared from PRP as described previously (21). Aggregation
of washed platelets [200 000-400 000 perµL, suspended
in Tyrode buffer without calcium and containing 1 mg/mL
bovine serum albumin (BSA)] was measured 37°C in a
Chrono-Log aggregometer using either ADP or collagen to
initiate aggregation. The NP7-NO complex was formed by
adding 200µM SNAP to a solution of NP7 (50µM) in 20
mM sodium acetate at pH 4.5 and 150 mM NaCl. The

2 The complete cDNA sequence of nitrophorin 7 has been deposited
in GenBank with the accession number AY585746.
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formation of the complex was monitored spectrophotometri-
cally. The fully formed complex was separated from residual
SNAP and from free NO by gel filtration on Superdex 75,
using the sodium acetate/NaCl buffer (pH 4.5) for elution.
At this pH, the NP-NO complex is stable as verified
spectrophotometrically after chromatography.

Molecular Modeling.The structure of NP7 was modeled
based on the crystal structure of NP2 (22) using the Swiss-
Model server. After amino acid substitution, the model was
energy-minimized by 200 cycles of the steepest descents,
followed by 300 cycles of conjugate gradient minimization.
The heme moiety was added to the model manually, using
the superposition with the crystal structure of NP2 in Insight
II. An electrostatic potential grid was calculated using DelPhi
(23). Heme was modeled by placing a net charge of+1 on
the iron atom (to represent the overall+1 charge of FeIII

heme) and a charge of-1/2 on each of the propionate oxygen
atoms. The electrostatic surface was generated using GRASP
(24).

RESULTS

Identification and Cloning of NP7.NP7 was identified in
a search of ESTs for peptides with elevated isoelectric points
or tracts of basic residues that might be involved in an
interaction with anionic membranes. The NP7 cDNA encodes
a mature polypeptide having a molecular mass of 20.6 kDa,
if the signal sequence cleavage point predicted by SignalP
is considered to be accurate. The isoelectric point calculated
from the NP7 sequence is 8.72, while those of NP1, NP2,
NP3, and NP4 are 6.59, 6.34, 6.73, and 6.58, respectively.
Of the four major NPs, NP7 is most similar to NP2 and NP3
(Figure 1).

Ligand Binding and Spectral Properties.The physical
properties of recombinant NP7 were similar to those of
previously described NPs (9, 19). The absorbance spectrum
of the protein shows a Soret maximum at 403 nm, which is
shifted to 420 nm in the NO complex (Figure 2). A histamine
complex was also formed, with the Soret maximum shifted
to 412 nm (Figure 2). As previously noted for other NPs,
the NO complex was more stable at pH 4-5 than at
physiologic pH. In the sodium acetate buffer (pH 4.5), a
complex formed by incubation with SNAP was stable for

several hours at room temperature, purified by gel-filtration
chromatography at pH 4.5, and maintained indefinitely at
-20 °C. Raising the pH of the complex solution by adding
concentrated Tris-HCl at pH 7.5 resulted in dissociation of
the complex over a period of 10-15 min.

Binding to Phospholipid Vesicles.A sedimentation assay
was developed in which lipid-bound and soluble NP7 were
quantified by SDS-PAGE and Coomassie blue staining. NP7
was found to bind to phospholipid vesicles containing 100%
PS but not to those containing only PC (Figure 3A). The
binding of NP7 to anionic membranes was dependent on the
salt concentration, with complete binding occurring in the
absence of sodium chloride and no detectable binding at 640
mM sodium chloride (Figure 3A). In mixed vesicles contain-
ing 3:1 PC/PS, the salt concentration required for 50%
dissociation was reduced from 385 mM, as seen with 100%
PS vesicles, to 175 mM, suggesting a reduction in the binding
affinity or in the number of available binding sites (Figure
3B). At 150 mM ionic strength, the binding levels were 99
and 64% for PS and PC/PS vesicles, respectively, indicating
that NP7 binding occurs under physiologic conditions.

NP1, NP2, and NP3 did not bind to vesicles regardless of
the salt concentration or phospholipid composition, indicating
that interaction with anionic membranes is a specific feature
of NP7 that is not seen with other previously characterized
forms of NP (Figure 3B).

Binding of NP7 with a 3:1 PC/PS monolayer was
detectable by SPR at nanomolar concentrations of the ligand
at 25°C and 150 mM ionic strength. Biphasic release kinetics
were observed at all tested NP concentrations, and kinetic
constants were determined by global analysis of the data
using a two-binding site, parallel reaction model (Figure 3C;
Table 1). The dissociation constants of both modeled binding
sites were submicromolar and differed by approximately 150-
fold in affinity, suggesting that the binding interaction would
be relevant at the low concentrations of salivary protein
present in host blood during feeding. NP3, a protein that
showed no binding in the sedimentation assay, showed little

FIGURE 1: Alignment of the NP7 amino acid sequence with NPs
2-4. The predicted signal peptide for NP7 is underlined. The
sequence corresponding to the putative membrane-binding helix is
boxed in blue in the NP7 sequence. The position of the K149A
mutant is shown in green. The comparable sequences in NPs 2-4
are boxed in red.

FIGURE 2: NO and histamine complex formation with NP7 showing
the shift of the Soret maximum from 403 to 420 nm in the case of
NO (- - -) and 412 nm in the case of histamine (-‚‚-).

Table 1: Two-Binding Site Kinetic ((Standard Error) and Binding
Parameters for Interaction of NP7 with a PC/PS (3:1) Monolayer
Determined by SPR

kon (M-1 s-1) koff (s-1) Kd (nM)

1 4.9 (1.3)× 105 0.37 (0.02) 755
2 8.3 (0.9)× 106 0.04 (0.001) 4.8
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affinity for the monolayer, further demonstrating the speci-
ficity of the interaction of NP7 with anionic membranes.

Inhibition of Recalcification Time.NP7 caused a 2-fold
delay in the clotting of PRP at 2µM NP7 and up to 5-fold
at 10µM NP7 (Figure 4A). No delay in clotting was seen
when NP1 was tested in place of NP7, demonstrating that a
protein that does not bind to anionic membranes is also not
an inhibitor of coagulation (Figure 4A).

Inhibition of Prothrombinase ActiVity. NP7 inhibited the
activation of prothrombin by reconstituted prothrombinase
with an IC50 of 42 nM at 0.5µM PS (Figure 4B). The protein
had no effect, however, on the amidolytic activities of
thrombin or factor Xa (data not shown). The inhibition of
prothrombinase decreased approximately 6-fold when the PS
concentration was increased 3-fold, suggesting that the
anticoagulant effect could be overcome by an increase in
the number of coagulation-complex-binding sites (Figure
4B). The phospholipid concentration dependence of inhibi-
tion at a single concentration of NP7 (230 nM) showed a
clear reduction in inhibition with an increasing phospholipid
concentration (Figure 4C). This observation demonstrates that
competition with the coagulation complex for membrane-
binding sites is indeed the mechanism of inhibition for NP7.

The prothrombinase complex was also inhibited using
mixed vesicles containing a 3:1 ratio of PC/PS. In this case,
the IC50 for inhibition was elevated to∼1.2 µM in the
presence of 1.5µM phospholipids, suggesting the presence
of lower-affinity binding sites in mixed vesicles (Figure 4D).
When washed platelets activated with collagen were used
in place of phospholipid vesicles, results were similar to those
obtained with mixed vesicles (Figure 4D, IC50 ∼ 1.1 µM),
indicating that NP7 binds to membranes of physiologically
relevant composition as well as to artificial vesicles.

Inhibition of Platelet Aggregation.Although an anti-
aggregatory function of NPs could be predicted from the NO
transport capabilities of these proteins, it has not been
explicitly demonstrated in previous studies. Here, we found
NP7-NO complex to inhibit platelet aggregation at con-
centrations as low as 10 nM when platelets were stimulated
with 3 µM ADP (traces a-e of Figure 5). The initial shape
change response was not inhibited at low concentrations of
the complex and only disappeared at higher concentrations
(400 nM). If the NP7-NO complex (400 nM) was added to

a platelet preparation at the point of maximal ADP-induced
aggregation, rapid disaggregation was observed (traces f and
g of Figure 5).

FIGURE 3: Binding of NPs with phospholipid vesicles as measured by sedimentation and SDS-PAGE. All assays were performed in 20
mM Tris-HCl at pH 7.5, containing the indicated concentrations of NaCl. In all cases, the phospholipid concentration was 0.5 mg/mL and
the protein concentration was 3µM. (A) Relationship of NP7 binding with the buffer concentration of NaCl at various compositions of the
phospholipid. (b) 100% PS vesicles, (9) 3:1 PC/PS vesicles, and (O) 100% PC vesicles. (B) Relationship of binding with an NaCl
concentration for NP1, NP2, NP3, and NP7, using 100% PS vesicles. (b) NP7 and (O) NPs 1-3. (C) Interaction of NP7 with a 3:1 PC/PS
monolayer using SPR. Sensorgrams obtained with 30, 60, 200, and 600 nM NP7 are shown as (s). Sensorgram obtained with 220 nM NP3
is shown as (- - -).

FIGURE 4: Anticoagulant activity of NP7. Each point represents
the mean of three determinations. (A) Recalcification time of PRP
in the presence of NP7 and NP1. Citrated PRP was incubated with
NP7 or NP1 as described in the Materials and Methods, followed
by addition of CaCl2 to a concentration of 5 mM. (b) NP7 and
(O) NP1. (B) Inhibition of reconstituted prothrombinase using
various concentrations of 100% PS vesicles as a source of
phospholipid. Thrombin generation was measured by the rate of
hydrolysis of the chromogenic substrate S-2238. The relative
thrombin activity is the rate of hydrolysis by thrombin formed in
the presence of the indicated concentrations of NP7 divided by the
rate formed in the absence of NP7. (b) 0.5 µM PS, (O) 1.0 µM
PS, and (9) 15 µM PS. (C) Relationship of prothrombinase
inhibition with the phospholipid concentration at a NP7 concentra-
tion of 230 nM, using 100% PS vesicles as a source of phospholipid.
(D) Inhibition of prothrombinase activity using 3:1 PC/PS vesicles
(1 µM) or collagen-activated platelets (1.5× 106 platelets in a final
volume of 130µL). (O) Prothrombinase activity (measured as rate
of S-2238 hydrolysis) as a function of the NP7 concentration in
the presence of 3:1 PC/PS vesicles. (b) Prothrombinase activity as
a function of the NP7 concentration with activated platelets serving
as a source of phospholipid.
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At threshold levels of collagen (0.7µg/mL), the results
were similar to those obtained with ADP; thus, aggregation
but not shape change was inhibited at low concentrations of
the complex. At higher collagen concentrations (3.3µg/mL),
aggregation could not be reversed but could be prevented
by adding the NP7-NO complex at concentrations of 250
nM or greater prior to addition of the agonist. When tested
at a concentration of 400 nM, the NO-free protein had no
effect on either ADP or collagen-induced aggregation, while
addition of the same concentration of the complex reduced
platelet aggregation by 90% (N ) 3). This verifies that NO
was indeed the active agent in inhibiting collagen-induced
platelet aggregation.

Molecular Modeling.Comparisons of the electrostatic
surface map of the NP7 model with the surfaces of NP1,
NP2, and NP4 were made to locate a probable phospholipid-
interaction region on the NP7 surface. Amino acid alignment
of NP sequences showed that a basic region corresponding
to anR helix lying outside of the lipocalinâ barrel is a focus
of positive electrostatic potential in NP7 (Figure 1). Indeed,
the surface in the vicinity of this helix shows a highly positive
electrostatic potential, while the corresponding surface of
NP2 does not (Figure 6A). In the NP7 model, five lysine
residues are arranged along the helix with their side chains
directed toward the solvent (Figure 6B). Interaction with the
phospholipid membrane via this surface would direct the
opening of the ligand-binding pocket of NP7 away from the
membrane, allowing the release of NO in the direct vicinity
of the membrane surface.

A mutant of NP7 was constructed in which alanine was
substituted for lysine at position 149 (Figure 1; numbering
does not include the signal peptide). In the sedimentation
assay described above, using 3:1 PC/PS vesicles, binding
was reduced by a factor of 3 from that observed with the

wild-type protein, suggesting that this region does play an
important role in phospholipid binding (Figure 7).

FIGURE 5: Inhibition of ADP-induced platelet aggregation by the
NP7-NO complex as measured in an aggregometer. Washed
platelets were treated with either the NP7-NO complex or buffer
(20 mM sodium acetate at pH 4.5 and 150 mM NaCl), and then
stimulated with ADP (3µM). Concentrations of the NP7-NO
complex: (a) 0 nM, (b) 1 nM, (c) 10 nM, (d) 40 nM, and (e) 400
nM. Platelets were stimulated with ADP (3µM), allowed to
aggregate, and then left untreated (f) or treated with the NP7-NO
complex (400 nM, g).

FIGURE 6: Molecular modeling of NP7. Models were constructed
using the coordinates of the NP2 crystal structure (PDB accession
number 1EUO (22)) with Swiss-Model. Heme was manually placed
in the model by superposition with NP2. Electrostatic potentials
were calculated using DelPhi, and a surface map was generated
using GRASP. (A) Electrostatic potential surfaces of NP2 (left)
and NP7 (right) showing the positively charged surface (blue)
corresponding to the putative membrane-interaction region. (B)
Ribbon diagram of the NP7 model with lysine side chains (blue)
highlighted on the external helix corresponding to the basic surface
shown in Figure 6A.

FIGURE 7: Sedimentation by ultracentrifugation of NP7 (K149A
mutant) and NP7 (wild type) bound to 3:1 PC/PS vesicles at 200
mM NaCl. After sedimentation, the supernatant was removed, the
pellet was suspended in buffer, and both were analyzed by SDS-
PAGE with Coomassie blue staining. Lane A, NP7(K149A) pellet;
lane B, NP7 (K149A) supernatant; lane C, NP7 (wild type) pellet;
and lane D, NP7 (wild type) supernatant.
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DISCUSSION
Binding of NP7 to Anionic Membranes and the DeliVery

of NO to the Host.In platelets and mast cells, the loss of
membrane asymmetry is rapid and tightly coupled with other
activation events, making it a highly reliable indicator of
hemostatic activity and degranulation. Recognition of PS
exposure by proteins is important in biological processes such
as the assembly of coagulation complexes and the clearance
of apoptotic cells by macrophages (25, 26). The data
presented here suggest that the antihemostatic protein NP7
from R. prolixussaliva recognizes anionic membranes as an
indicator of activation and uses this as a means of targeting
the surfaces of activated platelets and degranulating mast
cells. Once bound on an activated platelet, the protein can
release NO to inhibit platelet aggregation, bind histamine,
and act as an anticoagulant by blocking coagulation-factor-
binding sites.

NP7 carries the potent platelet aggregation inhibitor NO
into the host circulation where it is released. NO is highly
labile, having a measured lifetime in solution of a few
seconds, but is protected from oxidation when bound to NPs
(13). Targeted delivery to activated surfaces at the point of
feeding may enhance the activity of NP7 as a platelet
aggregation inhibitor by delivering NO in a protected form
to its site of action and preventing its removal from the
feeding area by diffusion and blood flow. Because NO is
quite effective in reversing ADP-induced aggregation, NP7
may bind with nascent aggregates at the site of feeding and
act to disperse them. After membrane binding and NO
release, NP7 is free to bind a molecule of histamine and
may interact directly with exposed PS on degranulating mast
cells, thereby increasing the effective concentration of the
protein around the point of histamine release. The more
abundant NPs 1-4 do not bind to membranes and would
therefore remain in solution, diffusing away from the feeding
site while releasing NO over a larger area. These proteins
may be primarily responsible for causing extensive vasodi-
lation and enhanced blood flow to the feeding site, while
the less abundant NP7 remains in the vicinity of the feeding
wound and acts primarily as a platelet aggregation inhibitor,
antihistamine, and anticoagulant.

Anticoagulant ActiVity of NP7. Inhibition of coagulation
by R. prolixussaliva is known to be mediated by the factor
Xase complex inhibitor NP2 (14). This protein acts by
directly binding with factor IX and IXa, inhibiting the
assembly of the complex on the phospholipid membrane;
however, it shows no activity against the prothrombinase
complex (14). The action of NP7 represents a second
mechanism of coagulation inhibition inR. prolixus, that of
competition with phospholipid-dependent coagulation com-
plexes for membrane-binding sites.

Here, we show that the activity of the prothrombinase
complex is inhibited by NP7, and preliminary results (J.F.A.,
unpublished results) indicate that the intrinsic factor Xase
reaction is inhibited in a manner similar to that of prothrom-
binase, supporting the idea that NP7 acts by nonspecifically
blocking membrane-binding sites. Other proteins that inhibit
coagulation by this mechanism include annexin V, which
binds to PS-containing membranes in a calcium-dependent
manner (27, 28) and lactadherin, which contains the C2
membrane-binding domain found in the coagulation cofactor
proteins factor Va and VIIIa (29).

Structure of the Membrane-Binding Surface of NP7.The
strong salt-concentration dependence of membrane binding
and the lack of any interaction of NP7 with PC vesicles
suggest that binding is mediated by electrostatic interactions
of the protein surface with anionic lipid headgroups. A
positively charged patch corresponding to a helical region
of the NP7 model is the apparent site of interaction with the
membrane. Unlike the vitamin-K-dependent coagulation
factors, which contain a Gla domain (30), calcium is not
required for NP7 binding and may inhibit binding at higher
concentrations. The NP7 model shows no aromatic residues
in the vicinity of the basic patch that would suggest a similar
mode of binding to that of the C2 domain of factor V, a
protein that contains hydrophobic loops surrounded by basic
surfaces. It has been proposed that the C2 domain forms
nonspecific electrostatic interactions with negative charges
in the membrane that allow aromatic residues in the loops
to insert into the membrane and strengthen the binding
interaction.

NP7 was found by SPR to rapidly bind a mixed phos-
pholipid monolayer at multiple binding sites having different
affinities. This is not surprising because a membrane
containing 25% of randomly distributed PS would contain
multiple spatial arrangements of PS and PC. Polylysine itself
has been found to induce domain structures in membranes
in which the concentration of PS is enriched relative to its
overall concentration in the membrane (31). It is clear from
SPR experiments that a subset of high-affinity sites is present
that allows binding of NP7 at nanomolar concentrations.R.
prolixus injects a large quantity of salivary protein into its
host during feeding. The size of a blood meal has been
estimated at approximately 250µL and the quantity of
salivary protein injected, at 60µg (J.M.C.R., unpublished
observation). The quantity of NP7 in the saliva is not known
at this time, but preliminary experiments have shown that
several proteins are present that can be sedimented with
anionic vesicles at physiological salt concentrations. These
proteins may each have unique individual functions but may
also act together to block coagulation-factor-binding sites
on activated membranes.

Concluding Remarks. R. prolixussaliva is a complex
mixture of proteins that contribute overlapping and redundant
functions preventing the overall process of blood clotting.
Platelet aggregation is inhibited by apyrase, which hydrolyses
ADP; lipocalin RPAI1, which binds ADP with high affinity
(32); a second lipocalin ABP, which binds biogenic amines
(33); and NO, which is carried into the circulation by NPs.
Coagulation is inhibited by NP2, which binds with factor
IXa (34), and NP7, which blocks coagulation-factor-binding
sites on anionic membranes. Preliminary results have shown
that other salivary proteins also bind to PS-containing
membranes and probably augment the anticoagulant activity
of NP7 (J.F.A., unpublished results). The fact that nonspecific
blockage of anionic membrane-binding sites would affect
both the prothrombinase and factor Xase reactions may
indicate a more pronounced effect on coagulation than would
occur with an inhibitor of a single coagulation reaction.
Additionally, the combined effects of the platelet-aggregation
inhibitors present in the saliva would act to diminish the
procoagulant effect of activated platelets by reducing the
degree of platelet activation and therefore the level of PS
exposure on the outer-membrane leaflet.
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It is remarkable that many of the proteins contained inR.
prolixussaliva belong to the lipocalin family. A recent study
showed that more than 25 distinctly different lipocalin genes
are expressed in salivary gland tissue and all contain putative
signals for secretion into the lumen of the gland (17).
Apparent gene duplication events driven by the need to
inhibit the various biochemical processes of hemostasis have
led to a large number of structurally divergent lipocalin
proteins. Several of these proteins are multifunctional,
binding multiple physiologically important ligands and acting
on more than one hemostatic process.

Phylogenetic analyses ofR. prolixus salivary lipocalin
sequences have revealed three clades, one of which contains
the nitrophorin sequences and the biogenic amine-binding
protein (ABP) (17). Within this clade, the sequences have
diverged to produce large differences in ligand-binding
specificity. The NPs bind a heme moiety via iron coordina-
tion with His59 (numbering from NP1), while in ABP, His59
is replaced by asparagine and the protein binds serotonin,
epinephrine, and norepinephrine rather than heme (33). In
both cases, the ligand-binding pocket is lined with aromatic
amino acid side chains that apparently stabilize the planar,
conjugated ring systems of the ligands. Further divergence
within the nitrophorin group produced NP2, which binds
Factor IX(a) via interaction with its outer surface (34), and
now NP7, which inhibits coagulation by blocking membrane-
binding sites for coagulation factors.

A second lipocalin clade contains proteins related to the
ADP-binding protein RPAI1, which is a potent platelet-
aggregation inhibitor (17, 32), while members of the third
clade are most similar to triabin, a thrombin inhibitor from
the related insectTriatoma pallidipennis. Rather than binding
a small ligand in the central cavity of theâ barrel, triabin
binds with thrombin via its outer surface and inhibits the
interaction of the substrate prothrombin with the anion-
binding exosite of thrombin(35). The function of the triabin-
like proteins inR. prolixusremains unknown, and no anti-
thrombin activity has been detected in the saliva.
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