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ABSTRACT: Catalytic and noncatalytic interactions of thrombin with platelets are investigated with use of
thrombin variants with altered specificities and with ligands of thrombin receptors on platelets. Both
R-thrombin and weakly coagulant meizothrombin-des-fragment-1 (µ-thrombin) hydrolyze proteolytically
activated receptor 1 for thrombin (rPAR1T, recombinant) with catalytic efficiencies of>107 M-1 s-1,
whereas rPAR1T is not a substrate for weakly coagulantâ-thrombin. In contrast, bothµ-thrombin and
â-thrombin are weak agonists of platelet dense body (ATP) secretion. Antibodies that block rPAR1T

cleavage strongly inhibit the secretory reaction toR- andµ-thrombins but not toâ-thrombin or to thrombin
receptor activating peptide (TRAP). However, catalytically inactive FPR-thrombin, which binds glycoprotein
Ib but does not inhibit rPAR1T cleavage, inhibits responses to TRAP as well as those toR- andµ-thrombins,
which indicates that binding of the inactive enzyme to platelets influences the function of PAR1T. An
antibody that inhibits binding of thrombin to platelet glycoprotein Ib inhibits secretory responses to thrombin
but not to TRAP, so occupancy of glycoprotein Ib per se accounts for only part of the attenuation. All
three thrombins stimulate a rise in cytosolic Ca(II), and the dose response toâ-thrombin is congruent
with that for ATP secretion. However, the response of cytosolic Ca(II) is 10-100 times more sensitive
to µ-thrombin andR-thrombin than ATP secretion is, and is inhibited by neither anti-PAR1T Ig nor FPR-
thrombin. Thus,R-thrombin appears to have an activity not shared by eitherµ- or â-thrombins. This
activity is owed to more than coupling of independent signals from cleavage of two proteolytically activated
receptors, as there is no synergism whenµ-thrombin andâ-thrombin costimulate secretion. It is concluded
either thatR-thrombin has a third interaction site on platelets with which neitherµ-thrombin norâ-thrombin
interacts or that dual receptors are coordinately cleaved. In either case, the strong secretory response to
thrombin appears to be moderated, independently of cytosolic Ca(II), by occupancy of a noncatalytic
interaction site such as glycoprotein Ib.

Responses of platelets to thrombin, collectively regarded
as platelet “activation”, include cytokinesis, aggregation,
secretion, and associated metabolic changes. A prerequisite
for proteolysis by thrombin for platelet activation has been
long established (1), inasmuch as mere binding of the enzyme
is insufficient to initiate responses (1, 2). A chemical
mechanism for proteolysis in platelet activation emerged
from cloning of a receptor (3, 4) activated by proteolysis at
Arg15 to expose a cryptic tethered ligand comprising the first
five residues of the new amino terminus.1 This hitherto
unknown mode of receptor activation was established by the
capacity of oligopeptides (TRAP,2 thrombin receptor-activat-
ing peptides) bearing the neo-N-terminus to initiate Ca(II)C

flux in transfectedXenopusoocytes (4). Platelets are dis-
tinguished from macrophages and monocytes, where pro-
teolytically inactive thrombin as well as a peptide from the
thrombin B-chain sequence are able to elicit chemoattractant
and mitogenic responses (5-7).

There has been, in addition, evidence of multiple distinct
proteolytic events for thrombin-induced platelet activation.
Studies with mutant (genetic or chemical) thrombins (8-
10), thrombin inhibitors (11), and modified platelets (9)
indicated that changes in thrombin structure or interactive
sites can differentially initiate individual platelet responses.
Moreover, monoclonal antibodies to the thrombin cleavage
site in PAR1T suppress platelet activation by only the lowest
concentrations of thrombin (12), TRAP from the rat PAR1T
sequence elicits neither shape change nor aggregation of rat
platelets that respond fully to thrombin (13), and platelets
from mice lacking PAR1T respond to thrombin and provide
hemostasis (14). Two additional PARTs, termed PAR3 and
PAR4, have now been identified (15-17). A function for
PAR3 in murine platelets has been established directly by
dysfunction of platelets from PAR3 knockout mice (17) and
inhibition with anti-PAR3 Ig (18), while functions for PAR4
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both in mice (dually with PAR3) and in humans (dually with
PAR1) were inferred from the capacity for its TRAP
(GYPGKF) to stimulate murine and human platelets (17).
The ways that these receptors interact to yield specific signals
remain unexplored.

Requirements for proteolysis aside, noncatalytic interac-
tions of thrombin with platelets affect responses to catalytic
actions. Thrombin binding to platelets has been modeled as
a composite of two or three populations of sites, at least one
of which is attributed to the platelet membrane glycoprotein
Ib (2, 19-21). A segment of PAR1T has been proposed to
comprise one of the other sites, but the transience of an
enzyme-substrate complex was not addressed (21, 22).
Partial suppression of platelet responses to active thrombin
by catalytically inactive thrombin (23, 24) or monoclonal
antibodies to the thrombin-binding domain of GP Ib (20)
has been interpreted on one hand as defining GP Ib to be a
positive effector of PAR1T-driven activation of platelets or
a receptor forR-thrombin capable of activating platelets in
its own right (2, 19, 20, 22, 23, 25), and on the other hand
as providing negative regulation of thrombin-induced platelet
activation (26-28). In any case, enzymatically inactive
thrombin preparations have never been observed to evoke a
metabolic response from platelets.

Thus, the complexities of platelet activation by thrombin
include multiple receptors having common responses, com-
mon receptors having multiple responses, concurrent ir-
reversible (tethered ligands) and reversible occupancies,
tachyphylaxis, paracrine activities, and platelet heterogeneity.
Some of the difficulties encountered in interpreting experi-
mental platelet physiology arise from the cooperative cellular
reactions that muddle direct and indirect responses. One goal
of the investigation presented here is minimization of platelet
cooperativity to enhance quantitative analysis of responses
to thrombin. Other difficulties arise from the enzymology
of thrombin. As a multifunctional, highly regulated enzyme,
thrombin has plastic specificity controlled in part by two
recognition clefts, termed exosites I and II, that differentially
engage macromolecular (i.e., biological) substrates and
ligands (29). Occupancy of either exosite 1 by thrombo-
modulin, glycoprotein Ib, or hirudin tail or of exosite 2 by
heparin or prothrombin fragment 2 can serve to alter substrate
specificity, as do mutations or chemical (including pro-
teolytic) modifications within exosite 1. Among variant
thrombins, meizothrombin-des-fragment-1 (µ-thrombin), which
has exosite 2 occupied by prothrombin fragment 2, and
â-thrombin, which bears a proteolytic cleavage within exosite
1, share 90-99% reduced activities toward fibrinogen and
some other macromolecular substrates in face of full function
of their catalytic centers. Because PAR1T has a sequence
centered on F29WEDEE34 that is imputed to bind exosite 1
(30), â-thrombin andµ-thrombin provide opportune reagents
for investigating the relation between PAR1T hydrolysis,
noncatalytic interactions with thrombin, and platelet re-
sponses. This paper describes the use of these thrombin
derivatives with altered specificities, of antibodies that block
recombinant PAR1T hydrolysis, and of an approach to
platelet assay that eliminates the effects of paracrine and
contact-induced platelet activities, in exploring possible
interactions among compound receptors that confer strong
agonist activity toR-thrombin.

EXPERIMENTAL PROCEDURES

Platelet Dense Body Secretion.Human platelets were
obtained from the normal donor pool of the Mayo Clinic
Special Coagulation Laboratory. Blood collected in sodium
citrate anticoagulant was centrifuged at 200g for 8 min, and
then 10µL of the resulting platelet-rich plasma (PRP) was
diluted into 800-2000 volumes (to a target of 630 platelets/
µL) of sterile Hanks’ balanced salt solution (GIBCO)
buffered (pH 7.4) with 10 mM Na/HEPES and containing 1
mg/mL bovine albumin and 0.5 g/L glucose (Hanks’
medium). Platelet ATP secretion was assayed by biolumi-
nescence using firefly (Photinus pyralis) luciferase and
luciferin (Boehringer Mannheim) at 30°C and a final platelet
concentration of 250 platelets/µL. Luciferase and luciferin
(10µL) premixed at concentrations of 0.5 mg/mL and 5 mM,
respectively, in Hanks’ medium were added to 40µL of
dilute platelet suspension and equilibrated for 2 min. Secre-
tion of ATP was initiated by injection of 50µL of agonist
(in Hanks’ medium). Luminometry was performed using an
apparatus constructed from an SLM spectrofluorimeter
photomultiplier tube, to the housing of which was affixed a
3.7 cm× 2.5 cm× 2.5 cm thermostated aluminum block
containing the 6 mm× 20 mm glass reaction cuvette 1 cm
from the PMT and a rubber septum for the introduction of
agonist. Data were acquired for 2-5 min at 1 s intervals as
digital files with the OLIS interface and software (OLIS,
Inc., Bogart, GA) of the SLM fluorimeter. The response
amplitude was standardized by injecting 50µL of 10 nM
ATP, which yielded a peak of 2.9( 0.3 V (PMT at 950
kV) within 2 s, and which was used where indicated (Figure
4) to convert volts to ATP units.

Cytosolic Ca(II).The dilute platelets cannot be loaded
directly with indo-1 (or any other impermeant dye) because
of the irreversibility of uptake and hydrolysis of the AM
esters. With the platelet mass being so low, a nontoxic,
limiting concentration yields no signal, whereas higher
concentrations of dye quickly poison responses. Accordingly,
the platelets were loaded in citrate-PRP for 30 min with 1
µM indo-1 AM (Molecular Probes, Inc.), and then diluted
with 100 volumes of Hanks’ medium. At ca. 5× 108

platelets/µL (PRP), the indo-1 is limiting and so becomes
depleted from the plasma during the loading. With the plasma
proteins diluted only 100-fold, addition of tick anticoagulant
peptide (a specific prothrombinase inhibitor) blocks thrombin
generation that otherwise destabilizes the platelets. After a
further 10-fold dilution, these platelets exhibit an ATP
secretion dose response toR-thrombin that is indistinguish-
able from that obtained from direct dilution of the original
whole blood 1000-fold. Relative Ca(II)C is measured in 3
mL cuvettes in an SLM fluorimeter optical bench in a two-
channel ratio mode with excitation at 355 nm. The emission,
band-pass-filtered at 405 and 455 nm, is collected on-line
in separate channels and as the ratio through a DAS-801
A/D eight-channel board and CAC Testpoint acquisition
software. This configuration enables on-line screen display
of the channels ratio. The routine configuration entails
collection at 10 Hz with five-point averaging, for a display
rate of 2 Hz. The loaded platelets (2 mL) are placed in the
cell holder (30°C), and after a baseline has been established
(ca. 30 s), agonist is added and mixed with use of a plastic
rod. All measurements were taken in Hanks’ solution [1.2
mM Ca(II)].
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Thrombin Variants. R-Thrombin was prepared from
porcine blood as described previously (31, 32). Bovine
meizothrombin-des-fragment-1 (µ-thrombin) was prepared
by digestion of bovine prethrombin 1 in 20 mM Tris-buffered
saline (pH 8) with partially purified (33) Echis carinatus
venom (100:1 by mass, 5 mM Ca2+) and then by chroma-
tography on QAE-Sephadex with a 0.1 to 0.5 M NaCl
gradient in 20 mM Tris-HCl (pH 7.5). Porcineâ-thrombin
was prepared from limit digests ofR-thrombin with 1:100
(w/w) trypsin (TPCK-treated, Sigma); after addition of
soybean trypsin inhibitor, theâ-thrombin was purified by
chromatography on SP-Sephadex using a 20 to 240 mM
sodium phosphate gradient at pH 6 (34). Porcine FPR-R-
thrombin was prepared by reactingR-thrombin with a 7-fold
molar excess of FPRCH2Cl (Calbiochem), which was
removed by SP-Sephadex chromatography in which the bed
was washed with 10 column volumes [0.15 M NaCl (pH
6)] before the FPR-thrombin was eluted with 0.6 M NaCl.
The absence of residual FPRCH2Cl was confirmed by
diluting the R-thrombin 1:10000 into the FPR-R-thrombin
preparation and then measuring residual activity with Spec-
trozymeTH. The absence of residual thrombin was ensured
by treating the FPR-thrombin preparation with 5 mMiPr2-
PF (in which the half-life of thrombin is 0.3 min) for 30
min before it was diluted into Hanks’ medium for use, where
[iPr2PF]< 10µM, too low to interfere with any of the assays.
Active enzymes were titrated withp-nitrophenylp′-guani-
dinobenzoate (35), and were homogeneous as determined
by SDS-PAGE with Coomassie R250 staining. Enzymes
were stored as aliquots at-70 °C.

Cloning and Expression of the PAR1T Extracellular
Domain.Construction of a recombinant PAR1T reagent was
based on the assumption that the mature protein lacks its
signal peptide which, by homology with plasma proteins in
general, ends at P′16 (Ala21 in the gene product). The DNA
encoding the extracellular domain (residues 1-75, beginning
with Arg22 of the gene product) of PAR1T was obtained by
PCR from human genomic DNA. All constructs were
confirmed by dideoxy sequencing. The clone was expressed
as a soluble fusion protein inEscherichia coliBL21(DE3)-
pLysS using the pET-29(+) vector (Novagen), which carries
an N-terminal S‚peptide for an expression marker (S‚tag
assay, Novagen), enterokinase andR-thrombin cleavage sites,
and a hexahistidine sequence for affinity purification on
Ni2+-Sepharose. Cells were grown at 37°C on a rotary
shaker to anA600nmof 0.6-0.9 and then induced with 1 mM
IPTG. The cells were grown for a further 2 h and then
harvested by centrifugation for 30 min at 4°C and 2000g.
Pelleted cells were lysed in 6 M guanidinium chloride, 20
mM sodium phosphate, and 0.5 M NaCl (pH 7.4), subjected
to ultrasonic irradiation (3× 5 s at 50 mW) on ice, and then
clarified by centrifugation (4°C) at 15000g. The clarified
lysate was loaded onto a Ni2+-Sepharose column equili-
brated with 8 M urea, 20 mM sodium phosphate, and 0.5 M
NaCl (pH 7.4). The column was washed with equilibration
buffer until A280nme 0.01 and then with a similar solvent at
pH 6 to the same end point. Bound recombinant was eluted
with pH 4 buffer and dialyzed at 4°C into Tris-buffered
saline solution (pH 8) and stored in aliquots at-70 °C, or
into water, lyophilized, and stored desiccated at 4°C. The
homogeneity was measured by SDS-PAGE, reversed phase
HPLC, capillary zone electrophoresis, and N-terminal

sequencing. The molecular mass was determined by
MALDITOF-MS. Cleavage products after treatment with
R-thrombin were identified by reversed phase HPLC-
MALDITOF-MS and N-terminal sequencing. The recombi-
nant protein was radioiodinated with Na125I (Amersham) and
chloramine T for 45 s at room temperature, quenched with
sodium metabisulfite, and desalted on Sephadex G-25.

rPAR1T Enzymology.Proteolysis of [125I]rPAR1T was
assessed by densitometry of SDS-PAGE radioautographs.
Images of radioautographs were acquired with an HP ScanJet
4C driven with Ofoto 2.0.1 (Light Source Computer Images)
in eight-bit grayscale mode and saved raw (TIFF). The image
files were opened with NIH Image 1.57; backgrounds were
subtracted automatically with the two-dimensional rolling
ball method, and numerical density histograms of lanes were
acquired within fixed-dimension rectangles encompassing
entire lanes. The scanner response, calibrated with a Kodak
Control Scale T-14 optical density calibration strip, was linear
below 220/255 levels of grayscale, and exposures were
limited so that the darkest pixels were less than 200 levels.
The progress of rPART hydrolysis was calculated as the
quotient of the integral of the rPART band and that of the
entire lane. The pseudo-first-order rate constants (k′) were
extracted from the rPART decay curves by three-parameter
nonlinear least-squares fits (SigmaPlot 4, SPSS Software)
to a first-order exponential (single exponential with an offset);
observed second-order rate constantsk′′ were calculated as
k′/[enzyme].

The KM of rPAR1T was measured as theKi with Spec-
trozymeTH as the reporter substrate (36). Dixon plots were
acquired with SpectrozymeTH atKM, 2KM, and 4KM for its
respective enzyme (2µM for porcineR-thrombin, 1µM for
porcineâ-thrombin, and 4µM for bovine µ-thrombin).

Antibodies.Polyclonal antisera were raised in hens at
Panigen, Inc., by immunization with rPAR1T. Immunoglo-
bulins were prepared from yolk (IgY) by poly(ethylene
glycol) precipitation (37) and from serum (IgG) by triple
precipitation in 40%-saturated ammonium sulfate. Anti-
rPAR1T IgY was purified on rPAR1T-Sepharose prepared
by reacting rPAR1T with Affigel-15 (Bio-Rad) in dimethyl
sulfoxide. Monoclonal IgG LJ-Ib10, directed against the
thrombin-binding epitope on GP Ib (20), was provided by
Z. Ruggeri; monoclonal IgG SPAN12, directed against the
thrombin cleavage site of PAR1T (38), was provided by L.
Brass.

Other Materials. The peptide Ser-{4-fluoro-Phe}-{2-
naphthyl-Ala}-Leu-Arg-NH2 (39), here abbreviated sTRAP,
was synthesized with an Applied Biosystems solid phase
synthesizer and purified by C18 HPLC. Equine tendon
collagen was obtained from Helena Diagnostics. The throm-
bin substrate SpectrozymeTH was acquired from American
Diagnostica.

RESULTS

Characterization of rPAR1T(1-75). The Ni(II)-Sepharose-
purified recombinant fusion protein (Figure 1 header) was
>98% homogeneous as determined by reversed phase HPLC
(Figure 1A) and had the expected mass as determined by
MALDITOF-MS of 15.5 kDa (inset i), while SDS-PAGE
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(inset ii) showed minor components that by densitometry
accounted for 2% of the staining. Treating the recombinant
protein with 10 nM R-thrombin for 1 min yielded two
products (Figure 1B) with masses expected from cleavage
at R15 (panel B insets). The identities of the peak at 32 min
as the C-terminal 6.97 kDa product (PAR1T residues 16-
75) and that of the peak at 42 min as the N-terminal 8.42
kDa product (ending with PAR1T residues 1-15) were
confirmed by N-terminal sequencing and MALDITOF-MS
after HPLC purification. The last methionyl residue in
rPAR1T is at position-1. Accordingly, cleavage of the
fusion protein with CNBr (200-fold molar excess) yielded
PAR1T(1-75) with the expected mass (MALDITOF) of 8.65
kDa; treatment with 10 nMR-thrombin for 1 min yielded,

quantitatively, the 15-residue activation peptide (1.71 kDa)
and C-terminal residues 16-75 (6.97 kDa).

Specificity of rPAR1T as a Thrombin Substrate.Both
R-thrombin andµ-thrombin hydrolyze rPAR1T with catalytic
efficiencies comparable to or exceeding the highest known
value (40, 41) for substrates ofR-thrombin, whereasâ-throm-
bin hydrolyzes the substrate much less efficiently (Figure
2). To ensure the pseudo-first-order constraint that [S],
KM, rPAR1T was radioiodinated and used at concentrations
below 50 pM. The [125I]rPAR1T preparation yielded the
products observed in the insets in Figure 1 along with
variable amounts of background and side reactions, most
prominent withâ-thrombin (Figure 2C). Observed second-
order rate constants (k′′), for hydrolysis of rPAR1T by
R-thrombin, µ-thrombin, andâ-thrombin, were calculated
from the quotients of measured pseudo-first-order rate
constants (k′) and enzyme concentrations (Figure 2D). With
porcineR-thrombin at a concentration of 1 nM, [125I]rPAR1T

was consumed with ak′ of 0.027 s-1, to yield ak′′ of 2.7×
107 M-1 s-1 (Figure 2A,D). Bovineµ-thrombin, which has
a low (10%) clotting specific activity, hydrolyzes rPAR1T

with a k′′ of 1.4 × 107 M-1 s-1, or 52% of that of porcine
R-thrombin (Figure 2B,D). In contrast, rPAR1T is a minimal
substrate (k′′ < 4 × 104 M-1 s-1) for porcineâ-thrombin
(Figure 2C,D), which also has a low (<1%) clotting specific
activity. The engineered thrombin cleavage site (R-37), added
to the fusion leader by the manufacturer, is hydrolyzed slowly
by all three thrombins, but is most apparent in Figure 2C
where the rate at R15 is comparable. The progress of cleavage
of PAR1T(1-75) analyzed in the same manner (not shown)
indicates that the presence of the fusion leader (residues-65
to -1), which enhances visualization by electrophoresis, has
no impact on cleavage kinetics by any of the three enzymes.

Cleavage at R15 is blocked by both polyclonal and
monoclonal anti-PAR1T Ig (Figure 2, right panels). Specific
for the PAR1T cleavage site, the MoAb SPAN12 allows slow
hydrolysis at R-37 (Figure 2A), whereas the polyclonal Ig
against the fusion protein does not. In contrast, addition of
FPR-R-thrombin, catalytically inactive but competent to bind
F30WEDEE35 and related peptides, has no impact on rPAR1T

hydrolysis by any of the thrombin variants.
The relative catalytic efficiencies of 1, 0.5, and 0.001 (R,

µ, andâ, respectively) reflect differences inKM, as measured
by competition for a reporter substrate. TheKM of rPAR1T

for R-thrombin was determined (Dixon plot) to be 4µM,
and theKM for µ-thrombin was found to be 16µM. For
â-thrombin, Dixon plot intercepts ranged between 100 and
200µM, but proved to be too high for reliable measurement
with attainable rPAR1T concentrations.

Ultradilute Platelet Culture and QuantitatiVe Assay of ATP
Secretion. Quantitative analysis of platelet responses to
thrombin derivatives and other agonists exacts an assay that
reflects direct responses without interference from paracrine
activities and physical interactions between platelets. A less
obvious pitfall is the free thrombin concentration; platelets,
in addition to providing substrate, bindR-thrombin nonpro-
teolytically and with sufficient affinity to sequester a
significant portion from solution when platelets are sus-
pended in conventional assay concentrations (=3 × 105

µL-1). To address both exigencies, platelets were assayed
in short-term, ultradilute culture (250µL-1), where paracrine
activities, interplatelet contact, andR-thrombin binding sites

FIGURE 1: Characterization of the chimerical rPAR1T extracellular
domain. (A) Elution of the purified rPAR1T fusion protein from a
C18 HPLC column using an acetonitrile gradient. The insets show
MALDITOF-MS analyses (i) and Coomassie-blue-stained 16.5%
Tris-tricine SDS-PAGE results (ii). Them/z peak at 7731
represents the M2+ ion. (B) Digest of rPAR1T (10 nM R-thrombin,
60 s) analyzed by C18 HPLC, MALDITOF-MS (i), and SDS-
PAGE (ii); the peak at 4215 represents the M2+ ion of the
N-terminal proteolytic fragment. The header illustrates the segments
of the fusion protein, including the engineered thrombin cleavage
site (eIIa), the polyhistidine (H6), the engineered enterokinase site
(EK), TRAP (stippled box), and the acidic sequence proposed to
bind exosite 1 ofR-thrombin (hatched box).
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(and plasma proteins) should be diluted to extinction. The
R-thrombin dose response of ATP secretion from platelets
in ultradilute suspension is shown in Figure 3A. Secretion
begins without lag. Comparison with the burst and decay

after injection of 10 nM ATP indicates that at all concentra-
tions, including 2.4µM, some secretion continues for at least
2 min after agonist injection, and for lower concentrations
may continue for more than 10 min (not shown). The yield
of secreted ATP, obtained by integrating the first derivative
of the 10 min progress curve after correction for decay of
the oxyluciferin intermediate (0.1 min-1), approaches its
maximum by 2-5 nM R-thrombin. The earliest constant
secretion rate is used throughout as the rate response to a
dose (Figure 3B). A clear maximum rate has not been
observed with human platelets and porcineR-thrombin
(shown) or humanR-thrombin (not shown). The ATP yields
were maximal within 20 times the threshold (cf. Figure 4)
for all thrombin variants and for sTRAP (Figure 3C). The
assumptions that the responses are not influenced by
R-thrombin sequestration and paracrine activities are verified
in Figure 3D, which shows that the secretion response per
platelet is independent of platelet concentration.

Soluble collagen does not directly affect Ca(II)C, which
is sensitive to thromboxane A2 (42). In keeping with the
argument that thromboxane A2 is not a paracrine effector
in the dilute suspensions, we confirmed (not shown) that with
platelets suspended at 104 µL-1, equine tendon collagen in
concentrations that induce rapid and maximal ATP secretion
had no impact on Ca(II)C.

Responses to Thrombin Variants and the Impact of Anti-
rPAR1T Ig. The extent to which PAR1T hydrolysis accounts
for platelet activation by thrombin should be reflected in
principle by the specific activities of thrombin variants in
stimulating platelet responses relative to those for PAR1T

hydrolysis. Viewed as the offset either in thresholds or in
apparent first inflections (Figure 4), the relative activities
are approximately 1, 0.1, and 0.02 (R, â, andµ, respectively).
This comparison may overestimate the difference inâ- and
µ-thrombins, which appear to be nearly overlaid when
viewed over larger dose ranges. Affinity-purified chicken
anti-rPAR1T (70 nM) effected a 20-fold (threshold basis) to
100-fold (response offset) suppression of the response to
R-thrombin (Figure 4A). The response toµ-thrombin (Figure
4B) is likewise offset by 20-fold, but the response to
â-thrombin (Figure 4C) was unaffected. Quantitatively
similar offsets (not shown) were obtained with the mono-
clonal Ig SPAN12 (which binds PAR1T cleavage site).
Higher concentrations of IgY (Figure 4D) and SPAN12 (not
shown) partially inhibitedâ-thrombin as well, but inhibition
of all proteases in concentrations at the upper end of their
dose responses remained incomplete, while sTRAP-induced
secretion was not inhibited (Figure 4D). With both the IgY
and SPAN12 antibodies,â-thrombin is inhibited by 40-60%,
the distinct value being dependent on the individual platelet
preparation but independent ofâ-thrombin concentration. In
all cases, the maximum rates attained withâ- andµ-throm-
bins lie below the maxima attained with anti-rPAR1T-blocked
R-thrombin (Figure 4A).

The R-thrombin dose response of the rise in Ca(II)C lies
nearly 2 log units to the left of that of ATP secretion (Figure
5A, upper group). Neither the magnitude nor the shape of
the fluorescence signal changes above 100-200 pMR-throm-
bin, the threshold for dense body secretion. The responses
of Ca(II)C to µ-thrombin (Figure 5A, middle group) reach
equivalency with thoseR-thrombin, but the dose response
is right-shifted in proportion to that of dense body secretion.

FIGURE 2: Time course of rPAR1T hydrolysis by thrombin variants.
[125I]rPAR1T was treated with 1 nMR-thrombin (A), 1 nM
µ-thrombin (B), and 10 nMâ-thrombin (C) in Hanks’ medium. At
the indicated intervals, samples were quenched with an equal
volume of reducing SDS-PAGE sample buffer and then analyzed
on 16.5% Tris-tricine gels (58). Progress curves were analyzed by
densitometry of the radioautographs. Panel D shows three-parameter
single-exponential fits (solid lines) of the consumption of rPAR1T
catalyzed byR-thrombin (O), µ-thrombin (0), andâ-thrombin (3).
To the right of the progress curve radioautographs are lanes showing
the effect of 100 nM SPAN12 MoAb, 200 nM polyclonal IgY,
and 100 nM FPR-R-thrombin on hydrolysis of [125I]rPAR1T (band
a) with 1 nM R-thrombin (5 min), 1 nMµ-thrombin (8 min), and
10 nM â-thrombin (45 min). The wider spacing of the N-terminal
(band b) and C-terminal (band c) products in the progress curves
reflects a recurring variability among radioprotein preparations and
may reflect iodination efficiency; the preparation in the right three
lanes had1/4 of the specific radioactivity of the preparation used
for the progress curves.
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In contrast, theâ-thrombin dose response (Figure 5A, lower
group) lies another log unit to the right, more nearly
congruent with that of ATP secretion. Also in contrast to
ATP secretion, the Ca(II)C transients stimulated byR-throm-
bin andµ-thrombin, in concentrations near their thresholds
for ATP secretion, are unaffected by preincubation of the
platelets with anti-PAR1T Ig (Figure 5B).

Impact of FPR-R-Thrombin on Responses to ActiVe
Enzyme. Enzymatically inactive FPR-thrombin binds non-
substrate ligands, including hirudin tail and related peptides,
and GP Ib, but cannot bind substrates, including rPAR1T

(Figure 2). Addition of FPR-R-thrombin to platelets causes
a dose-dependent inhibition of the ATP secretion response
to low agonist concentrations ofR-thrombin, µ-thrombin,

and sTRAP, and to a lesser extentâ-thrombin (Figure 6A).
This inhibition is partially overcome by increases in the
respective agonist concentrations, except for the≈40%
inhibition of theâ-thrombin-induced response, which is not
alleviated by increased agonist concentration (Figure 6B).
Monoclonal Ig LJ-Ib10, directed against the FPR-thrombin-
binding site on GP Ib, likewise inhibits the responses to the
thrombins with features similar to those with the FPR-R-
thrombin, but in contrast has no impact on the response to
sTRAP (Figure 6C). This finding implies that FPR-thrombin
may have a receptor distinct from GP Ib and PAR1T.

In contrast, the rise in Ca(II)C in response to concentrations
of R-thrombin near the threshold for ATP secretion is
minimally affected by FPR-R-thrombin at concentrations that

FIGURE 3: Dense body secretion assay. (A) Platelets (250 perµL) were activated by injection ofR-thrombin (V) at the concentrations (final)
that are indicated; also shown is a calibrating injection of 10 nM ATP (v). (B) A plot (data from panel A) of the initial rates of ATP
secretion vs thrombin concentration. (C) Progress curves of ATP secretion initiated with 25 nMR-thrombin, 100 nMµ-thrombin, 75 nM
â-thrombin, and 5µM sTRAP. (D) The relationship between platelet concentration and secretion response to 0.1 (O), 1 (3), and 10 nM (0)
R-thrombin; the vertical dotted line denotes the routine platelet concentration.
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strongly inhibit ATP secretion (Figure 7). The slight but
reproducible inhibition of the rate of rise in Ca(II)C observed
at low (100-200 pM) thrombin concentrations is not
observed with thrombin above 1 nM.

Platelet Desensitization by Thrombin Variants. Proteolytic
activation of a receptor is inherently irreversible, and so
should become desensitized by subthreshold proteolysis. The
half-time for rPAR1T hydrolysis by 200 pMµ-thrombin is
5 min. Pretreatment of platelets with 200 pMµ-thrombin,
which stimulates neither ATP secretion nor a Ca(II)C rise,
desensitized the platelets by 60-70% within 30 min to itself,
R-thrombin, and sTRAP, but less so toâ-thrombin (Figure
8A). In contrast, pretreatment of platelets withâ-thrombin
at a concentration far too low to hydrolyze a significant
fraction of PAR1T yielded uniform desensitization of the
platelet ATP secretion response to all three thrombin variants
as well as to sTRAP (Figure 8B). Concentrations of
R-thrombin as low as 1-10 pM desensitize the response
within 10-20 min to itself,µ-thrombin, and sTRAP, but less
so toâ-thrombin (Figure 8C). The desensitization process,
which occurs before 10 pMR-thrombin should cleave more

than 1% of rPAR1T, is unaffected by preincubation of the
platelets with anti-PAR1T IgY (Figure 8C, crosshair dia-
monds).

Lack of Synergy betweenâ-Thrombin andµ-Thrombin.
The disparate efficiencies ofâ- andµ-thrombins in rPAR1T
hydrolysis in the face of more nearly equivalent dose
responses and the resistance of theâ-thrombin response to
anti-rPAR1T Ig suggest that these two enzymes initiate ATP
secretion via different receptors. The nonreciprocal desen-
sitization observed withâ- andµ-thrombins, along with the
disparities in the impact of FPR-thrombin, points further to
metabolically interacting processes. This hypothesis predicts
that coactivating platelets with equimolar amounts ofâ- and
µ-thrombins would reconstitute the dose response toR-throm-
bin. However, these enzymes in either equimolar or equi-
EC50 concentrations manifested no synergism in platelet ATP
secretion (Figure 9).

DISCUSSION

Assay. Platelets offer a network of intracellular and
intercellular signaling cascades that serve to obscure stimulus-

FIGURE 4: Effect of anti-rPAR1T Ig on platelet ATP secretion in response to thrombin variants and TRAP. Platelets incubated with 70 nM
chicken anti-rPART IgY for 20 min before initiating dose responses (white symbols) toR-thrombin (A),µ-thrombin (B), andâ-thrombin
(C), shown with paired controls (black symbols). Values are presented as the mean( standard deviation of measurements with three
independent platelet preparations. Panel D shows the effect of increasing concentrations of anti-rPAR1T IgY on the secretion response of
platelets stimulated with 25 nMR-thrombin (O), 100 nM µ-thrombin (0), 75 nM â-thrombin (3), and 5 nM sTRAP (]). Measurements
are presented as a percentage of the response from control (untreated) for each enzyme.

8942 Biochemistry, Vol. 38, No. 28, 1999 Smith and Owen



response relationships. At physiological platelet densities,
paracrine propagation by ADP and thromboxane A2 and by
physical association of platelets have led to introduction of
reagents such as apyrase and aspirin which enhance the value
of primary platelet responses as bases for quantitative assays
(43). While detailed treatment of methodology lies beyond
the intent of this paper, some features of the platelet assays,
designed in particular to circumvent the intercellular signals,
warrant comment. The use of a firefly-luciferase-coupled
ATP secretion assay for the detection of platelet activation

FIGURE 5: Changes in Ca(II)C in response to thrombin variants.
(A) Platelets loaded with indo-1 were stimulated (v) with R-throm-
bin, µ-thrombin, andâ-thrombin at the indicated concentrations.
(B) Platelets loaded with indo-1 were stimulated with 200 pM
R-thrombin after incubation (30 min at 30°C) with 70 nM
preimmune IgY (a) or anti-rPAR1T IgY (b), or with 1.5 nM
µ-thrombin after incubation (30 min at 30°C) with 70 nM
preimmune IgY (c) or anti-rPAR1T IgY (d). The basal fluorescence
ratios (400 nm/450 nm) ranged between 1.2 and 1.4; the bracket
on they-axis denotes the magnitude of deflection observed when
the ratio doubles.

FIGURE 6: Effect of GP Ib ligands FPR-thrombin (A and B) and
monoclonal Ig LJ-1B10 (C) on platelet ATP secretion response to
R-thrombin (O), µ-thrombin (0), â-thrombin (3), and sTRAP (])
in low (A and C) and high (B) concentrations. Low concentrations
(A and C) were as follows: 0.5 nMR-thrombin, 10 nMâ-thrombin,
10 nM µ-thrombin, and 1µM sTRAP. High concentrations (B)
were as follows: 25 nMR-thrombin, 75 nMâ-thrombin, 100 nM
µ-thrombin, and 10µM sTRAP. These measurements were repeated
twice as shown and thrice or more with single antagonist concentra-
tions.
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has been in routine use in the form of platelet lumiaggre-
gometry in which washed platelets or platelet-rich plasma
is mixed with a luciferin and luciferase reagent and activation
is detected as light output. The typical concentrations at
which such assays are performed (>3 × 108 mL-1) do not
resolve the effects of agonist from those of paracrine cross-
talk and physical contact between platelets. A 1000-fold
dilution of whole blood (not shown) or platelet-rich plasma
in a nutrient medium that provides short-term platelet stability
(several hours to days) enables the direct observation of
agonist-induced platelet ATP secretion free from the con-
tribution of cooperative paracrine and contact effects (Figure
3), and spares the need for addition of inhibitors of such
activities. At the higher platelet concentrations used for
measurement of Ca(II)C (but still 100-fold diluted from
plasma), the absence of an impact of collagen on the
fluorescence signal likewise implies the absence of paracrine
stimulation (42). The assay of platelets after direct ultradi-
lution provides the added advantages of extinction of the
soluble coagulation factors and inhibitors as well as rapid
(30 s) and simple preparation of working platelet suspensions
from very small samples (10µL of blood or PRP yields 10-
20 mL of dilute platelets) without intervening anticoagulation
or centrifugation. The initial rate of ATP secretion is tightly
coupled to the concentration of agonist and yields consistent
dose-response curves. Finally, the low platelet concentration
ensures that nominal (total) and free thrombin concentrations
are equal in all ranges.

Proteolysis and ActiVation. Long surmised to require
catalytically active enzyme (1), the mechanism of platelet
activation by thrombin has sustained controversy, particularly
with respect to the distinction between the occupancy of a
receptor and proteolysis of a membrane substrate. While the
cloning of PAR1T (3, 4) established proteolysis as a process
in the activation path, the significance of nonproteolytic
interactions of thrombin at the platelet membrane remains a
subject of debate (2, 19-28, 43), as has the number of

distinct PARTs. Indirect evidence for a second PART on
human platelets (8-11) gained credence with the cloning
of PAR3 (15) and PAR4 (16, 17).

These additional characteristics of platelet responses reflect
two, or more, functioning PARTs: (1) disparities in rPAR1T
catalytic efficiencies and secretagogue activities ofR-, â-,
andµ-thrombins, (2) differential desensitization withâ- and
µ-thrombins, (3) the disconnectedR-thrombin andµ-throm-
bin dose responses of Ca(II)C fluxes and ATP secretion, and

FIGURE 7: Effect of FPR-thrombin on the change in Ca(II)C in
response toR-thrombin. Platelets loaded with indo-1 were incubated
(a) with 26 nM FPR-thrombin (added at arrow) and then stimulated
with 200 pMR-thrombin (t). The control without FPR-thrombin is
trace b. Progress curves are representative of three platelet
preparations assayed at low (100-200 pM)R-thrombin concentra-
tions. The bracket on they-axis denotes the magnitude of deflection
observed when the ratio doubles.

FIGURE 8: Desensitization of platelet ATP secretion response by
thrombin variants. Platelets treated with 200 pMµ-thrombin (A),
200 pM â-thrombin (B), or 10 pMR-thrombin (C) were assayed
at the times indicated for ATP secretion responses to 25 nM
R-thrombin (O), 500 nMµ-thrombin (0), 500 nMâ-thrombin (3),
and 5µM sTRAP peptide (]). Data for the corresponding untreated
controls are represented by black symbols. Data are presented as
percentages of the corresponding initial ATP secretion rates for
each agonist control measured at the indicated times, and typify
one of triplicate experiments. In panel C, the crosshair diamonds
(dotted line) show the response to 5µM sTRAP of platelets
incubated (30 min at 30°C) with 70 nM anti-PAR1T IgY before
addition of the 10 pMR-thrombin; the black diamonds represent
data for the corresponding control that shows no effect of the IgY
on the response to sTRAP.
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(4) the sensitivity of neither Ca(II)C fluxes norR-thrombin
desensitization to anti-PAR1T Ig or FPR-thrombin. The
finding that the Ca(II)C response is disproportionately sensi-
tive to R-thrombin and is affected by neither FPR-thrombin
nor anti-PAR1T Ig suggests further that more than two
receptors and/or substrates may be involved, inasmuch as
theâ-thrombin pathway is likewise relatively insensitive to
specific blockade. It should be noted that the dose response
of Ca(II)C, more sensitive toR-thrombin or less sensitive to
GP Ib ligands than generally reported (20, 25, 26, 42-46),
was acquired at 22°C with low platelet concentrations,
porcine thrombin, a physiological Ca(II) concentration in the
medium, indo-1 as indicator, and other detail differences;
analysis of the differences may indeed shed some light on
nature of the signaling networks. This system may be
complicated further by the finding that the PAR1T activation
peptide, likely too dilute to have an impact in this study,
has agonist activity that exceeds that of TRAP1 (47).

In any case, it is clear thatR-thrombin has a unique,
PAR1T-independent activity, not shared byâ- andµ-throm-
bins or inactiveR-thrombin, and not blocked by ligation of
GP Ib. If this process is likewise proteolytic, thrombin
enzymology offers an interesting estimate of kinetics. Limited
by turnover number, thrombin catalytic efficiency (k′′) has
an upper limit of about 108 M-1 s-1 (k′′ with rPAR1T is 1/3
of that). If there were, for the sake of estimation, 2000 copies
per platelet of the high-sensitivity receptor for the Ca(II)C

response, then platelets showing a response to 20 pM
thrombin within 10 s would be doing so with no more than
20 turnovers (N ) N0e-k′t), if the interaction were bimolecu-
lar.

Asymmetric desensitization of platelets byµ- andâ-throm-
bins provides circumstantial evidence for direct, possibly
structural linkage of PAR1T and a second PART. Rapid

desensitization with 200 pMâ-thrombin of the secretory
response to all thrombins (Figure 8B) corroborates the
existence of a relatively sensitive membrane substrate, needed
to account for the secretory response toâ-thrombin in
nanomolar concentrations. Agonist activity (ATP secretion)
of â-thrombin is 10% of that ofR-thrombin in the face of
less than 1% clotting activity, a 2 log unit right shift in the
response of Ca(II)C (Figure 5), and a marked reduction in
the affinity of binding of this enzyme to platelets (48-50).
Tracy et al. (26-28) have found that exosite 1 specificity,
lost in â-thrombin, is essential for high-affinity, noncatalytic
interaction of thrombin with platelets. These interactions thus
appear to attenuate the thrombin response through a yet
undefined inhibitory reaction for which elevation of Ca(II)C

is unnecessary; analysis of receptor phosphorylation (51) may
provide some insight. Likewise, partial inhibition of the
secretory response toâ-thrombin by both anti-rPAR1T
(Figure 4) and SPAN12 (data not shown), in the face of
resistance of rPAR1T cleavage byâ-thrombin, suggests some
functional connection of PAR1T to the process initiated by
â-thrombin. Inhibition by FPR-thrombin of the response to
sTRAP implies further that occupancy of either glycoprotein
Ib/IX or other membrane proteins byR-thrombin uncouples
a link between PAR1T and a second process. Because
µ-thrombin, which cleaves PAR1T efficiently, is not syner-
gistic with respect toâ-thrombin, a two-receptor system
would require coordinate activation of both receptors to
explain the strong agonist activity ofR-thrombin. Otherwise,
a third receptor might account for the behavior. The nature
of a putative link remains unexplored, but glycoprotein Ib
is known to be a component of a multisubunit complex of
glycoproteins (52), and the molecular mass of the thrombin
“receptor” has been deduced to be near 106 (53). Inactive
thrombin does not inhibit the thrombin-stimulated secretory
response of cultured human endothelium (54) which likewise
responds via PAR1T (55) and expresses the complete GP
Ib-GP V-GP IX complex (56).

Glycoprotein Ib, either from direct investigation (19, 20)
or as inferred from binding measurements carried out before
its associations with thrombin were clarified (2), has been
characterized as a thrombin receptor that in some fashion
participates in platelet activation. Inhibition of sTRAP by
FPR-thrombin but not by LJ-Ib10 confirms that, as argued
by Jamieson (57), some nonproteolytic interaction of throm-
bin influences PAR1T function independent of the site of
proteolysis. Our findings, therefore, support the hypothesis
that the occupancy of glycoprotein Ib by activeR-thrombin
indirectly attenuates the responses to PART hydrolysis, and
possibly accounts for a dose response spanning 6 log units
between the Ca(II)C threshold and the upper end of ATP
secretion. The apparent absence of any metabolic signal
coupled to thrombin binding and the absence of synergy
betweenâ-thrombin andµ-thrombin raise the hypothesis that
liganding of glycoprotein Ib or associated proteins can break
a linkage in proteolysis of two or more PARTs. The different
impacts on the response to sTRAP of FPR-thrombin and
antibody LJ-Ib10, imputed to bind to a common site on GP
Ib (20, 22, 23), suggest that the complex may be yet more
elaborate than any existing models, if not something com-
pletely different.

FIGURE 9: Assay for synergism ofâ-thrombin andµ-thrombin.
Secretion of ATP was assayed in response toR-thrombin (O),
µ-thrombin (0), â-thrombin (3), and mixtures ofµ-thrombin and
â-thrombin in equimolar ([) and equi-EC50 (2) ratios. Measure-
ments with three individual platelet preparations showed no synergy
in the face of a 3-fold variation in the EC50 of theR-thrombin dose
response.
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