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ABSTRACT The activation of human platelets by throm-
bin is mediated primarily by protease-activated receptors
(PARs). PAR1 and PAR4 are present on human platelets and
are activated by the hexapeptides SFLLRN and GYPGQV,
respectively. To further characterize the involvement of PAR1
and PAR4 in platelet activation, the ability of SFLLRN or
GYPGQV to generate annexin V binding to newly exposed
phospholipids on the platelet surface and generate procoagu-
lant activity has been examined. Exposure of phosphatidyl-
serine and phosphatidylethanolamine on platelets, as deter-
mined by an increase in annexin V binding, was strongly
stimulated by SFLLRN, thrombin, and collagen, but only to a
minor extent by GYPGQV. In a clotting assay initiated with
factor VIIa, soluble tissue factor, and calcium, the clotting
time in the absence of platelets was >5 min. In the presence
of unstimulated platelets, the clotting time was 200 6 20 sec.
In the presence of platelets activated with SFLLRN or colla-
gen, the clotting time decreased to 100 6 10 sec. This
shortening of the clotting time is equivalent to about a 5-fold
increase in coagulant activity when stimulated platelets are
compared with unstimulated platelets and activated platelets
are used as a reference. These results indicate that thrombin
initiates a very strong response in platelets through PAR1,
leading to exposure of anionic phospholipids that support
blood clotting. The response mediated by PAR4, however, was
limited to platelet aggregation and similar to that triggered in
platelets by weaker agonists such as ADP or epinephrine.

Thrombin mediates its cellular effects primarily through pro-
tease-activated receptors (PARs) (1). These receptors are
activated by a unique mechanism in which the protease
exposes a tethered ligand at the extracellular N terminus by
specific minor proteolysis, resulting in intramolecular activa-
tion (2). Three of the four known PARs, PAR1, PAR3, and
PAR4, are activated by thrombin (2–5). Current evidence
suggests, however, that PAR1 and PAR4 are the major human
platelet thrombin receptors (6). Specific agonist peptides have
been designed for the thrombin-independent activation of
PAR1 and PAR4 (2, 4, 5). No agonist peptide for PAR3 has
been described (3).

Activation of platelet PAR1 by the PAR1-specific agonist
peptide, SFLLRN, results in platelet aggregation and degran-
ulation (7). Several discrepancies in platelet responses have
been noted when platelets are stimulated by thrombin versus
SFLLRN in vitro (8–12). These differences may be due in part
to the presence of both PAR1 and PAR4 on human platelets
(5, 6). Also, the thrombin and SFLLRN concentrations that
were employed may not have been sufficient to elicit a maximal

response. Additionally, the activation of PAR1 by SFLLRN
versus thrombin may have different kinetic properties. Finally,
many of the earlier platelet activation studies were carried out
prior to the identification of PAR3 and PAR4.

Human and mouse PAR4 were recently cloned and subse-
quently shown to elicit platelet aggregation (4–5). The coex-
istence of two distinct platelet thrombin receptors raised
several possibilities such as redundancy, synergy, andyor dif-
ferential function. Accordingly, inositol trisphosphate (IP3)
signaling by means of PAR1 was observed at low concentra-
tions of thrombin (EC50 of 0.1 nM) (2), whereas IP3 signaling
by means of PAR4 required much higher thrombin concen-
trations in transfected cell systems (2, 4, 5).

The physiologic activation of platelets by thrombin has been
well characterized and includes platelet aggregation, granular
secretion, and stimulation of platelet procoagulant activity (13,
14). This observed procoagulant activity was caused by expo-
sure of phosphatidylserine (PS) and phosphatidylethano-
lamine (PE), which greatly accelerated the assembly of acti-
vated plasma coagulation factors on the platelet surface. Only
strong platelet agonists such as thrombin, collagen, and cal-
cium ionophore A23187 give rise to a significant increase of
platelet PS and PE exposure (14, 15). In previous studies,
selective activation of platelet PAR1 by SFLLRN failed to
elicit a procoagulant response comparable to that by thrombin
(8, 10). Thrombin activation of platelets is known to mediate
IP3 signaling, resulting in an increased intracellular calcium
flux (16). This increase in intracellular calcium concentration
may result in the exposure of PS and PE through the calcium-
dependent activation of ‘‘scramblase,’’ an intracellular mem-
brane-associated protein known to translocate procoagulant
anionic phospholipids to the outer surface (17).

In this study the activation of human platelets with thrombin
or PAR1- and PAR4-specific peptide agonists has been inves-
tigated. Selective PAR1 activation was as potent as thrombin
in stimulating platelet aggregation, calcium flux, and anionic
phospholipid exposure and development of a procoagulant
surface. Selective PAR4 activation, however, resulted in a less
potent platelet response giving rise to a lower calcium flux,
limited anionic phospholipid exposure, and very little accel-
eration of the clotting cascade.

MATERIALS AND METHODS

Calcium ionophore A23187 and fura-2 were from Sigma. Calf
tendon collagen was from Chrono-log (Havertown, PA). Re-
combinant factor VIIa and soluble tissue factor as well as the
amidated hexapeptide SFLLRN were prepared at Zymo-
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Genetics. Hexapeptides GYPGQV and GYPGKF were from
Bethyl Laboratories (Montgomery, TX).

Preparation of Human a-Thrombin. Human a-thrombin
was prepared as follows: Prothrombin (40 mg in 10 ml of 25
mM Bis-Tris buffer, pH 6.5y40 mM NaCl) was activated with
0.5 mg of factor Xa in the presence of 4 mM CaCl2 for 2 hr at
37°C. The reaction was terminated by adding 10 mM EDTA.
After the sample was dialyzed against 50 mM Bis-Tris, pH
6.5y40 mM NaCl, it was applied to a Waters Protein-Pak CM
column (1 3 10 cm). Thrombin was eluted in the nonadsorbed
fraction and appeared as a single band on nonreducing
SDSyPAGE.

Preparation of FITC-Labeled Annexin V. Human annexin
V, C316S, was prepared by a procedure similar to that for
annexin V-N6 (18). Annexin V was labeled with FITC accord-
ing to the manufacturer’s instruction (Molecular Probes).
Annexin V (13.4 mgy12 ml) was dialyzed overnight against 50
mM sodium borate buffer, pH 9.0. Then 150 ml of 25 mM FITC
in dimethylformamide was added and allowed to stand at room
temperature for 2 hr. The reaction was quenched by adding 2
ml of 0.5 M glycine followed by dialysis overnight against 0.1
M sodium phosphate buffer, pH 6.0y50 mM NaCl. The sample
was then applied to a Waters Protein-Pak DEAE column (1 3
8 cm) equilibrated with 0.1 M sodium phosphate buffer, pH
6.0. After the column had been washed, proteins were eluted
by a linear NaCl gradient to 0.5 M. Three major protein peaks
emerged from the column. The protein in the first peak was
fluorescent and migrated as a single band on SDSyPAGE
slightly slower than unlabeled annexin V. The molar ratio of
fluorescein to protein was determined to be 0.9 molymol. The
protein concentration was determined by the BCA (bicincho-
ninic acid) protein assay (Pierce) using bovine albumin as a
standard, and the incorporation of fluorescein was estimated,
assuming a molar absorptivity at 494 nm of 65,700. The
phospholipid binding activity of FITC-annexin V was deter-
mined by a kaolin-dependent clotting assay using normal
human plasma and rabbit brain cephalin (19). FITC-annexin V
showed essentially the same inhibitory activity on the clotting
time as did native annexin V.

Platelet Preparation. Platelets were prepared from freshly
drawn human blood essentially as described by Timmons and
Hawiger (20). Blood was collected from healthy fasting donors
by antecubital venipuncture into citrate. Platelet-rich plasma
was prepared by centrifugation of the anticoagulated whole
blood at 1,000 3 g for 4 min at room temperature. Prosta-
glandin E1 (PGE1) was added to the platelet-rich plasma to a
final concentration of 1 mM, and the preparation was incu-
bated for 5 min. Platelets were washed twice in an isotonic
platelet buffer (10 mM Hepes, pH 7.35y55 mM dextrosey137
mM NaCly2.7 mM KCly1 mg/ml bovine albuminy1 mM
PGE1) and recovered by centrifugation. Washed platelets were
finally suspended in annexin V binding buffer (10 mM Hepes,
pH 7.35y5 mM dextrosey150 mM NaCly2.7 mM KCly2.5 mM
CaCl2y1 mg/ml bovine albumin) at a density of 250,000
platelets per ml.

Platelet Aggregation. Platelet aggregation was followed
turbidometrically at 37°C in a platelet aggregometer
(PACKS-4, Helena Laboratories, Beaumont, TX). Fibrinogen
was added to washed platelets resuspended in annexin V
binding buffer to a concentration of 100 mgyml as described
by Brass et al. (21). Aggregation under stirring conditions was
initiated by the addition of agonist peptides SFLLRN (0.1
mM), GYPGQV (1 mM), or GYPGKF (0.5 mM) and turbidity
was monitored for 10 min.

Calcium Flux. Transient increase in cytoplasmic calcium was
measured by fura-2 fluorescence based on the method of
Heemskeerk et al. (11). Briefly, washed platelets were loaded
with fura-2 by incubation in isotonic platelet buffer with 2 mM
fura-2 for 45 min at room temperature in the dark. The
platelets were washed in platelet buffer and resuspended to a

density of 300,000 platelets per ml. Agonists were added, and
transient fura-2 fluorescence, monitored by excitation at 340
nm and emission at 510 nm, was recorded on a Perkin–Elmer
LS-5 fluorescence spectrophotometer.

Annexin V Binding. Binding of FITC-labeled annexin V to
platelets was monitored by using a method modified from that
of Thiagarajan and Tait (15). Briefly, washed platelets in
annexin V binding buffer were activated by agonists at room
temperature for 30 min without stirring in the presence of
FITC-labeled annexin V (200 nM). Unbound annexin V was
removed by repeated centrifugation (1,000 3 g, 2 min). Bound
FITC-labeled annexin V was released from platelets in two
sequential washes with platelet buffer containing 50 mM
EDTA, and the amount of released FITC-annexin V was
quantified by fluorimetry (excitation 494 nm, emission 525
nm).

Procoagulant Activity. The ability of platelets activated by
various agonists to support coagulation was measured in a
phospholipid-dependent coagulation assay. Platelets activated
by agonists were mixed with an equal volume of pooled human
plasma and 4 nM factor VIIa and 4 nM soluble tissue factor.
Clotting was initiated by the addition of calcium to a final
concentration of 10 mM. In the time curve analysis, the
concentrations of factor VIIa and soluble tissue factor were
increased to 10 nM.

RESULTS AND DISCUSSION

Platelet Aggregation. The hexapeptides SFLLRN and
GYPGQV, corresponding to the human PAR1 and PAR4
tethered ligands, readily induce platelet aggregation at con-
centrations of 100 mM and 1000 mM, respectively. These results
are similar to those recently published by Kahn et al. (6). The
hexapeptide GYPGKF, corresponding to the mouse PAR4
tethered ligand, also induced aggregation of human platelets
at 500 mM under similar conditions (Fig. 1). These data
indicate that both PAR1 and PAR4 activation results in a
sufficient intracellular calcium flux leading to the surface
exposure of the functional glycoprotein IIbyIIIa complex,
which is the platelet fibrinogen receptor. In these experiments,
a 10-fold higher peptide concentration of GYPGQV versus
SFLLRN was required to induce a similar response in the
platelet aggregation assay. These differences may be due in
part to the 3-fold higher abundance of PAR1 than PAR4 on
human platelets (6). Also, signaling differences between the
two receptors may exist because of the divergent sequences of
PAR1 and PAR4 intracellular domains, although they are both
known to signal through the IP3 pathway (2, 5). Interestingly,
the agonist peptide GYPGKF, modeled after the mouse PAR4

FIG. 1. Effects of PAR1 and PAR4 agonists on the aggregation of
washed human platelets in the presence of calcium and fibrinogen.
Concentrations employed: 100 mM SFLLRN, 1000 mM GYPGQV, 500
mM GYPGKF, and 100 mgyml fibrinogen. Aggregation was studied
under stirred conditions.
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tethered ligand sequence, was more effective in inducing
human platelet aggregation than was the corresponding hu-
man PAR4 tethered ligand sequence GYPGQV (Fig. 1). This
difference may reflect subtle variations in the affinity of short
synthetic peptides for the native uncleaved PAR4 receptor on
human platelets. Further studies are necessary to confirm
these differences. These data show that specific and selective
activation of either PAR1 or PAR4 from human platelets
results in the calcium-dependent exposure of functional
GPIIbyIIIa complexes leading to platelet aggregation.

Annexin V Binding. Exposure of anionic phospholipid on
platelet surfaces resulting from PAR1 and PAR4 activation
was measured by the binding of FITC-labeled annexin V.
Annexin V is a ubiquitous cytosolic protein, which binds with
very high affinity to PS and PE moieties (15). The platelet
agonists, thrombin, collagen, the calcium ionophore A23187,
and the PAR1 agonist peptide SFLLRN all gave rise to 2-fold
or higher increases in annexin V binding (Table 1). The
potencies of PAR4-specific agonist peptides GYPGQV and
GYPGKF were significantly less, although they both gave rise
to a 50% higher annexin V binding relative to unstimulated
platelets (baseline). The calcium ionophore was the most
potent agonist, giving rise to a 20-fold increase in annexin V
binding over baseline. This result was consistent with prior
observations (15). The relative strengths of the agonists ex-
amined in this study were as follows: GYPGQV (1000 mM),
GYPGKF (500 mM) , thrombin (50 nM), SFLLRN (100
mM) , collagen (20 mgyml) , calcium ionophore (5 mM). The
effect of adding both collagen and thrombin was synergistic, as
was the effect of adding both collagen and SFLLRN. This
synergistic effect was expected, because thrombin and collagen
stimulate a calcium flux through distinct platelet receptors and
signaling pathways (22, 23). The increase in annexin V binding
by adding SFLLRN and GYPGQV together was not signifi-
cantly different from the increase caused by adding SFLLRN
alone. These results show that while PAR4 activation leads to
platelet aggregation, it does not significantly contribute to the
surface exposure of PS and PE.

In preliminary experiments, SFLLRN at high concentra-
tions was shown to be more potent than thrombin in stimu-
lating platelet annexin V binding. Accordingly, dose–response
curves were generated for thrombin and SFLLRN to deter-
mine the concentrations at which maximal annexin V binding
was reached (Fig. 2). Surprisingly, maximal annexin V binding
resulting from activation with SFLLRN was 2-fold higher than
that with thrombin. This difference may be due to differences
in the kinetics between activating with a peptide ligand and a
proteolytic enzyme.

Overall, annexin V binding initiated by PAR1 activation by
SFLLRN readily accounts for the ability of thrombin to

stimulate platelets, leading to the exposure of negatively
charged phospholipids. In addition, the stimulation of platelets
with PAR4 activating peptides, GYPGQV or GYPGKF, does
not significantly increase annexin V binding to platelets. These
data indicated that PAR4 does not play a major role in the
generation of platelet procoagulant phospholipid. On the basis
of these results, it was concluded that the anionic phospholipid
exposure resulting from the thrombin activation of platelets
can be accounted for by the activation of PAR1 alone.

Calcium Flux. To determine the relative contributions of
PAR1 and PAR4 stimulation to intracellular calcium flux, the
increase in fluorescence generated by stimulating fura-2-
loaded platelets with thrombin was compared with signals
generated by the PAR1 and PAR4 agonist peptides. Ten
nanomolar thrombin and 100 mM SFLLRN gave rise to similar
heights of the calcium spike, whereas 1 mM GYPGQV induced

FIG. 2. Annexin V binding to platelets as a function of thrombin
and SFLLRN concentrations. The concentrations of thrombin (r) and
SFLLRN (Œ) were in the range of 0.05–100 nM and 0.1–2000 mM,
respectively. Fold increase in binding was based on fluorescence
measurements as described in the legend for Table 1.

FIG. 3. The calcium fluxes in human platelets resulting from
thrombin, SFLLRN, and GYPGQV. The calcium flux was monitored
in fura-2-loaded platelets at concentrations of 10 nM, 100 mM, and 1
mM for thrombin, SFLLRN, and GYPGQV, respectively.

Table 1. Annexin V binding of platelets after stimulation with
various platelet agonists

Agonist
Annexin V binding,

fold increase

None 1.00 6 0.38
Thrombin 2.16 6 0.40
Collagen 3.75 6 0.40
SFLLRN 1.98 6 0.14
GYPGQV 1.44 6 0.31
GYPGKF 1.57 6 0.57
Thrombin 1 collagen 9.35 6 0.69
SFLLRN 1 collagen 9.44 6 1.13
SFLLRN 1 GYPGQV 2.51 6 0.54
SFLLRN 1 GYPGKF 2.59 6 0.20

The fold increase in annexin V binding was calculated by dividing
the fluorescence resulting from release of FITC-labeled annexin V
from activated platelets by the corresponding fluorescence from
unactivated platelets.
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a calcium spike only about half as high (Fig. 3). These data,
together with the annexin V binding, indicate that PAR4
activation leads to a limited calcium flux that is sufficient for
glycoprotein IIbyIIIa exposure and platelet aggregation. This
intracellular calcium concentration of about 0.3 mM is suffi-
cient for platelet aggregation (13) but is inadequate to cause
significant exposure of PE and PS on the platelet surface
generating procoagulant activity. To effectively stimulate
platelet procoagulant activity, the cytosolic calcium concen-
tration has to be higher than the level required for aggregation
(24, 25) and is probably in the range of 0.8 mM (13). PAR1
activation, which leads to a high calcium influx into the
cytoplasm, induces both platelet aggregation and significant
surface exposure of PE and PS. Because the platelet calcium
fluxes induced by thrombin and SFLLRN were similar, it was
concluded that PAR1 was the major functional thrombin
receptor with respect to platelet activation.

Clotting. An increase in intracellular calcium in platelets
resulting from stimulation by a calcium ionophore or by
receptor-mediated signaling may activate scramblase (26),
which causes a rapid randomization and exposure of anionic
phospholipids PE and PS on the platelet surface (14, 25). It has
been shown that the procoagulant properties of a phospholipid

surface depend entirely on the composition of the phospho-
lipid, particularly the PS content. Clot-promoting activity was
proportional to the content of PS and was maximal at '20%
(27). To determine the effect of increased surface exposure of
PE and PS induced by PAR1 and PAR4 activation on coag-
ulation, clotting time in a phospholipid-dependent clotting
assay was recorded. Without an added membrane surface, this
system has a clotting time of .5 min. Washed platelets, in the
absence of an agonist, reduced the clotting time to '200 sec.
This reduction suggests that some degree of anionic phospho-
lipid exposure has been induced during the platelet isolation
procedure. Platelets activated with the calcium ionophore
A23187 reduced the clotting time to 40 sec (Fig. 4). This result
is consistent with the observation that the calcium ionophore,
the most potent platelet agonist known, caused a rapid rise in
intracellular calcium, resulting in rapid and maximal exposure
of PS and PE on platelet surfaces. SFLLRN and collagen,
which were equally potent in stimulating platelets to support
clot formation, reduced the clotting time to '100 sec. Stim-
ulation of platelets with a combination of SFLLRN and
collagen further reduced the clotting time to 80 sec. This effect
is consistent with the fact that SFLLRN and collagen bind to
distinct receptors, and initiate signaling through different

FIG. 4. (Left) Clot formation in the presence of platelets activated with various agonists. Concentrations of agonists: SFLLRN, 100 mM;
TFRGAP, 500 mM, GYPGQV, 1000 mM; GYPGKF, 500 mM; collagen, 20 mgyml; Ca ionophore A23187, 5 mM. TFRGAP, which did not lower
the clotting time, was used as a negative hexapeptide control. The data shown are the results from independent experiments, using platelets adjusted
to 300,000 per ml. (Right) The fold increase in clot acceleration was calculated by using an activated platelet standard curve which plots clotting
time as a function of platelet dilution in a double logarithmic plot.

FIG. 5. (Left) Time curve for the activation of platelets by SFLLRN. A final concentration of 200 mM SFLLRN was used to activate platelets,
and aliquots were examined for clot acceleration in a clotting assay initiated by the addition of 10 nM VIIa and soluble tissue factor and 10 mM
calcium chloride. }, No agonist; ■, activation with SFLLRN. (Right) The fold increase in clot acceleration was calculated by using an activated
platelet standard curve, which plots clotting time as a function of platelet dilution in a double-logarithmic plot.
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pathways (23, 28). Stimulation of platelets with a PAR3
tethered ligand peptide (TFRGAP) did not change the clotting
time relative to control unstimulated platelets. This is consis-
tent with the observation that human PAR3 was not activated
by this peptide (3). Interestingly, platelets stimulated with the
human and mouse PAR4-specific agonist peptides GYPGQV
and GYPGKF have no significant effect on the clotting time
(Fig. 4). Similarly, these PAR4-specific agonist peptides, when
added in combination with SFLLRN, failed to further reduce
the clotting time compared with SFLLRN alone (Fig. 4),
indicating that PAR4 activation did not lead to or contribute
to the development of a procoagulant surface. These data
suggest that activation of PAR4 mediates a response in plate-
lets similar to that of a weak agonist.

To further elaborate on the significance of the platelet
procoagulant response resulting from PAR1 activation, the
clotting time was measured as a function of the duration that
platelets had been activated. To carry out these studies, the
concentration of SFLLRN was increased to 200 mM, the
platelets were increased to 500,000 per ml, and the factor
VIIaytissue factor concentration was increased to 10 nM.
Because of the experimental procedure, the earliest time point
after adding agonist to the platelet suspension was approxi-
mately 30 sec. The results in Fig. 5 show that the development
of procoagulant properties was immediate. Approximately
80% of the decrease in clotting time was reached after the
platelets were activated for 30 sec, while a maximal response
was observed after 3–6 min of activation. Accordingly, the
rapid development of procoagulant properties resulting from
PAR1 activation is physiologically relevant for vascular dam-
age, where rapid clot formation is crucial.

These data show that thrombin mediates a strong platelet
agonist effect through the PAR1 receptor, resulting in both
platelet aggregation and the rapid stimulation of platelet
procoagulant activity as measured by annexin V binding and
clotting assays. The selective activation of PAR4 results in
weak platelet stimulation, functionally characterized by plate-
let aggregation without a high enough exposure of anionic
phospholipid to significantly accelerate clotting. Accordingly,
PAR4 activation is comparable to platelet stimulation with
weak agonists such as ADP or epinephrine (13).
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