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Abstract

A thrombin receptor (TR) demonstrating a unique activation
mechanism has recently been isolated from a megakaryocytic
(Dami) cell line. To further study determinants of peptide li-
gand-mediated activation phenomenon, we have isolated,
cloned, and stably expressed the identical receptor from a hu-
man umbilical vein endothelial cell (HUVEC) library. Chinese
hamster ovary (CHO) cells expressing a functional TR (CHO-
TR), platelets, and HUVECswere then used to specifically
characterize a-thrombin- and peptide ligand-induced activa-
tion responses using two different antibodies: anti-TR"52 di-
rected against a 20-amino acid peptide spanning the thrombin
cleavage site, and anti-TR'" generated against the NH2-termi-
nal 160 amino acids of the TRexpressed as a chimeric protein
in Escherichia coli. Activation-dependent responses to both a-
thrombin (10 nM) and peptide ligand (20 MM) were studied
using fura 2-loaded cells and microspectrofluorimetry.
Whereas preincubation of CHO-TR with anti-TR312 abol-
ished only a-thrombin-induced [Ca2+1i transients, preincuba-
tion with anti-TR'" abrogated both a-thrombin- and peptide
ligand-induced responses. This latter inhibitory effect was
dose dependent and similar for both agonists, with an EC5, of

- 90 ,g/ml. Anti-TR'"0 similarly abolished peptide ligand-
induced [Ca2+lJ transients in platelets and HUVECs, whereas
qualitatively different responses characterized by delayed but
sustained elevations in [Ca2+1i transients were evident using a-
thrombin. Platelet aggregation to low concentrations of both
ligands was nearly abolished by anti-TR'"o, although some
shape change remained; anti-TRWs52 only inhibited a-throm-
bin-induced aggregation. These data establish that a critical
recognition sequence for peptide ligand-mediated receptor ac-
tivation is contained on the NH2-terminal portion of the recep-
tor, upstream from the first transmembrane domain. Further-
more, a-thrombin-induced activation of HUVECsand plate-
lets may be partially mediated by an alternative mechanism(s)
or receptor(s). (J. Clin. Invest. 1993. 91:1405-1413.) Key
words: thrombin * endothelial cells,, platelets * receptor activa-
tion * calcium

Introduction

a-Thrombin initiates a molecular dialogue between platelets,
the endothelium, and other coagulation proteins that is funda-
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mental to the ultimate control of the hemostatic response. In
addition to its well-defined role in coagulation (1), a-thrombin
is among the most potent of physiological stimuli for platelet
activation (2). Interaction of a-thrombin with the endothelium
results in the release of von Willebrand factor, modulation of
fibrinolytic activity, and endothelial cell retraction, resulting in
selective permeability of the vascular wall (3). A receptor for
a-thrombin has recently been isolated by expression cloning in
Xenopus oocytes using mRNAfrom the Dami megakaryocytic
cell line (4). This receptor is structurally similar to other
members of the seven-transmembrane receptor family (5),
elicits elevation of cytosolic calcium in response to physiologi-
cal doses of a-thrombin, and fails to respond to D-phenyl-
alanyl-prolyl-arginine chloromethyl ketone (PPACK)- and hi-
rudin-treated thrombin. A putative thrombin cleavage site has
been identified, and a 14-amino acid peptide mimicking the
new NH2 terminus has been shown to act as a potent agonist
for activation of platelets (4, 6), endothelial cells (7), and other
cells (8, 9) expressing similar thrombin receptors (TRs).' In
platelets, both the peptide and proteolytically active thrombin
similarly lead to phospholipase C and 3-phosphorylated phos-
phoinositide (3,4-bisphosphate and 3,4,5-trisphosphate) accu-
mulation (10) and both inhibit adenylate cyclase activity (1 1).
Smaller peptides derived from the new NH2 terminus may
equally or more potently activate the receptor (12).

Wehave initiated studies designed to address structural fea-
tures of peptide ligand-mediated thrombin receptor cell activa-
tion. Wehave isolated, cloned, and stably expressed a TR from
a human umbilical vein endothelial cell (HUVEC) library and
demonstrated that it is structurally identical to its platelet-de-
rived counterpart. Comparative activation-dependent re-
sponses to both a-thrombin and peptide ligand were subse-
quently evaluated in stably transfected Chinese hamster ovary
(CHO) cells (CHO-TR), cultured endothelial cells, and plate-
lets, using two antibodies directed against different regions of
the receptor. One antibody (anti-TR"lW), directed against a
bacterially expressed segment of this receptor, completely
abrogated peptide ligand-induced elevations in cytosolic cal-
cium concentration ([Ca2+]i) in transfected CHOcells, endothe-
lial cells, and platelets when evaluated by microspectrofluorim-
etry of fura 2-loaded cells. Although anti-TR''6" similarly abol-
ished a-thrombin-mediated [Ca2+]i in transfected CHOcells,
qualitatively different responses characterized by delayed but
sustained elevation in [Ca2+]i were observed with both platelets
and endothelial cells. An antibody directed to a peptide encom-
passing the thrombin cleavage site (anti-TR34 52) abolished
thrombin-mediated activation, but not activation induced by
the peptide ligand. These data suggest that a critical recognition
sequence for peptide ligand-associated receptor activation is

1. Abbreviations used in this paper: ACD, acid-citrate dextrose; CHO,
Chinese hamster ovary; GFP, gel-filtered platelets; HBMT, Hepes-buf-
fered modified Tyrodes; HUVEC, human umbilical vein endothelial
cell; MTXmethotrexate; PCR, polymerase chain reaction; TR, throm-
bin receptor; TSE, Tris-saline-EDTA.
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restricted to a region within the NH2-terminal portion of the
receptor, situated upstream from the first transmembrane do-
main. Furthermore, thrombin-induced activation of HUVECs
and platelets may be partially mediated by an alternative mech-
anism(s).

Methods

Reagents and peptides. Purified human a-thrombin (- 3,500 U/mg, 1
nM - 0.1 U/ml) was kindly supplied by Dr. J. Jesty (State University
of New York at Stony Brook). Two peptide ligands representing the
new NH2terminus of the TRafter thrombin cleavage were synthesized,
one of 11 amino acids (TR42-52, SFLLRNPNDKY)and the other of 14
amino acids (TR4255, SFLLRNPNDKYEPF). Preliminary studies
demonstrated that both peptides aggregated platelets in a similar man-
ner, with the 1 1-mer TR'4152 displaying slightly more activity (13). A
functionally inactive 14-amino acid peptide spanning residues 42-55
(TIC2, FSLLRNPNDKYEPF)in which the first two residues were
reversed in position was synthesized as a control. A 20-amino acid
peptide encompassing the thrombin cleavage site with an added
NH2-terminal cysteine (TR34-52, Ac-CTNATLDPRSFLLRNPNDKY-
NH2) was synthesized for use as an immunogen (see below). All pep-
tides were synthesized using t-boc chemistry on an automated synthe-
sizer (Model 430A; Applied Biosystems, Inc., Foster City, CA) as
COOH-terminal amides and with acetylated NH2termini. The TR 4-52
peptide was treated with base to reverse any N -- 0 shift of the serine
and threonine residues and purified by reverse-phase HPLC. Restric-
tion enzymes were purchased from Stratagene, Inc. (La Jolla, CA),
Fura 2/AM from Molecular Probes, Inc. (Eugene, OR), and PGE, from
Sigma Chemical Co. (St. Louis, MO).

Isolation and cDNA cloning of endothelial cell-derived TR. The
construction of both random-primed and oligo(dT)-primed HUVEC
cDNAlibraries cloned into the expression vector Xgt- 11 has been previ-
ously described (14). cDNA inserts were directly labeled in 1% low
melting agarose by random hexamer priming (15) and used for further
screening by standard techniques (16). Sequence analysis was com-
pleted in Ml 3mp18 using dideoxy chain termination (17) and T7
DNA polymerase (Sequenase; U.S. Biochemical Corp., Cleveland,
OH). Oligonucleotides were synthesized on an single channel synthe-
sizer (Applied Biosystems, Inc.). The polymerase chain reaction (PCR)
was completed using 35 rounds on a thermocycler (Coy Laboratory
Products Inc., Ann Arbor, MI) as previously described (18), and prod-
ucts were analyzed by electrophoresis in a 1%ethidium-stained agarose
gel. The amplifications performed directly from the HUVEClibrary
were completed after boiling the phage template DNAfor 3 min. Re-
verse transcription was completed by incubating 3 Ag of endothelial cell
RNA(19) with 1 Mgof a 14-mer oligo(dT) primer at 41 °C for 1 h using
avian myeloblastosis virus reverse transcriptase (Seikagaku America
Inc., Rockville, MD). 10 ,l of a 50-Ml sample was then used in the PCR
as previously described (20).

Production of recombinant protein and antibody generation. The
PCRfragment containing flanking BamHI and EcoRI restriction sites
was purified by agarose gel electrophoresis, double digested, and direc-
tionally cloned in-frame into the prokaryotic expression vector
pGEX2T (Pharmacia LKB Biotechnology Inc., Piscataway, NJ),
thereby generating a chimeric fusion protein consisting of glutathione-
S-transferase and a portion of the TR (TR'60). The plasmid was trans-
formed into Escherichia coli host strain Y1090, and fusion proteins
were produced in liquid culture by induction with 10 mMisopropyl-f-
D-thiogalactopyranoside for 2 h at 37°C. After lysis in a Dounce ho-
mogenizer, the insoluble fraction containing the recombinant protein
was solubilized in 6 Mguanidine hydrochloride and 10 mMDTT for
60 min at 25°C, and then renatured by stepwise dialysis at 4°C against
decreasing concentrations of guanidine and PBS (137 mMNaCl, 2.7
mMKCl, 4.3 mMNa2HPO4, and 1.4 mMKH2PO4). The protein was
then affinity purified by incubation with glutathione-Sepharose beads
(Sigma Chemical Co.) and analyzed by SDS-PAGE. For the generation

of a specific antibody (anti-TR'-'), the recombinant protein was ex-
cised as a discrete band from an 8%SDS-PAGEgel, electroeluted, and
suspended in complete Freund's adjuvant for injection into a rabbit.
Approximately 100 Mgof protein was administered on day 1, and three
subsequent boosts of the protein suspended in incomplete Freund's
adjuvant were given at days 14, 28, and 42; the animal was bled for
serum isolation on day 56.

The 20-mer peptide encompassing the thrombin cleavage site
TR 52 was coupled to keyhole limpet hemocyanin (Calbiochem
Corp., La Jolla, CA) by two different methods: crosslinking of the free
sulfhydryl group on the peptide to the amino groups on the keyhole
limpet hemocyanin via the heterobifunctional cross-linking reagent
mal-sac-HNSA (Bachem Bioscience Inc., Philadelphia, PA) and cross-
linking of the lysine amino group on the peptide to the amino group on
the keyhole limpet hemocyanin by glutaraldehyde. NewZealand white
rabbits were immunized with 1 mg of a mixture of the cross-linked
peptides in complete Freund's adjuvant and boosted four times with
cross-linked peptide in incomplete Freund's adjuvant. Antisera (anti-
TR34 52) were initially screened by ELISA using immobilized peptide.
Further details describing the production and characterization of this
antibody are being separately reported (Norton, K., and B. Coller,
manuscript in preparation). IgG-containing fractions for both anti-
TR34-52 and anti-TR'-" were purified by protein A-Sepharose chroma-
tography, and F(ab')2 fragments were prepared by overnight pepsin
digestion (0.5-2.0% wt/wt, pH 4.0, 370C).

Functional expression. A full-length construct containing the TR
open reading frame and the consensus initiation sequence cloned into
the BamHI site of pBluescript (Stratagene Inc., La Jolla, CA) was
"shuttled" into the polylinker of the plasmid pGEM(Promega Corp.,
Madison, WI), thereby generating flanking external PstI and EcoRI
sites. These newly created ends were then used for proper orientation-
specific ligation into the eukaryotic expression vector pMT2 (21) (desig-
nated PMT2-TR), which contains an inherent dihydrofolate reductase
gene, thereby allowing for selection and amplification of plasmid-bear-
ing cells when grown in increasing concentrations of methotrexate
(MTX). Dihydrotolate reductase-deficient CHOcells (22) were propa-
gated in CHO-S-SFM medium (Gibco-BRL, Gaithersburg, MD) sup-
plemented with 10% dialyzed fetal calf serum (Sigma Chemical Co.)
and subsequently plated at a density of 5 X I05 cells/100-mm2 dish. 20
Mug of pMT2-TR or pMT2-wild type (pMT2-WT) was used for transfec-
tion by the calcium phosphate precipitation method of Chen and
Okayama (23). After 5 d, selection and amplification was initiated by
supplementation of the media with 0.02 MMMTXand cells were
cloned by limiting dilution. Resistant colonies were subsequently ex-
panded and propagated in increasing concentrations of MTX(final
concentration 0.2 MM) for functional evaluation.

Monitoring of cytosolic calcium concentration. HUVECswere iso-
lated from pooled primary cultures of human umbilical veins as previ-
ously described (18) and used in passages 2-5. Cells were grown on
gelatin-coated plates in M199 supplemented with 10% fetal calf serum,
100 ,ug/ml endothelial cell growth factor (Collaborative Research, Bed-
ford, MA), 100 Mg/ml porcine intestinal heparin, penicillin (100 U/ml),
and streptomycin (100 ,ug/ml). Confluent cells (CHO and HUVECs)
were propagated on glass coverslips and exposed to serum-free medium
18-24 h before functional evaluation. Cells were subsequently loaded
with 2.5 MMfura 2/AM for 60 min at 25°C, rinsed with PBS, incubated
in Krebs-Henseleit-bicarbonate buffer supplemented with 5 mM
Hepes (3), and placed in a Leiden temperature-controlled chamber
(Medical Systems Corp., Greenvale, NY) for analysis. The chamber
was mounted on the stage of an inverted microscope (Diaphot; Nikon
Inc., Garden City, NY) equipped with quartz optics. Individual cells
were optically isolated and alternately illuminated at wavelengths of
345 and 380 nm using a dual-excitation delta scan microspectrofluo-
rimeter (Photon Technologies International, Trenton, NJ). Measure-
ments of fluorescence intensity were performed at a rate of 20 points/s,
and the ratio 345:380 was used to calculate [Ca2i], applying fura 2/cal-
cium standards as previously described (24).

Platelet cytosolic calcium transients were studied using gel-filtered
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A.

Primer Muclootides ISeque- (5'-3')

512 222 - 247 CAC GGA SCC ACA ATO GG0 CCGCcO COO CTG CTG CT
513 1502 - 1478 CAC GGA TCC CTA AGT TAA CAG CT? TTT GTA TAT
514 1503 - 1526 CAC GGA SCC GAA AaG 00A CTG CTG0sa GTG TAA
515 3111 - 3088 CAC GGA TCC TOT TTC AAC CTA ATT TCC AAA TTA
603 704 - 680 CAC GAA STC TCA OCT GAT CTT AAA 0 GAG CAC AGA

B.

1 GCACAGAGCCAGAGGGGCTTGCGAGCGGCGGCTGAGGGACCGCGGGGAGG

51 GGGCGCCGAGCGGCTCCAGCGCAGAGACTCTCACTGCACGCCGGAGGCCC

101 CTTCCTCGCTC

Figure 1. (A) Oligonucleotide primers used for isolation of endothelial
cell-derived TR. Nucleotide position is according to the previously
published cDNAsequence (4). Underlined sequences reflect synthetic
BamHI sites, except for primer 603, which contains a synthetic EcoRI
site. The sequence highlighted in bold (primer 603) represents a
synthetically engineered stop codon. (B) Newly identified 5' sequence
contained in phage clone TR4- 1. This nucleotide sequence has been
submitted to GenBank and assigned the accession number M931 1 1.

platelets (GFP). Platelet-rich plasma (PRP) was prepared from blood
anticoagulated with acid-citrate dextrose (ACD) (8.5 ml blood/ 1.5 ml
ACD), supplemented with 0.1 vol of additional ACD, and centrifuged
at 2,000 g for 8 min at 22°C. The platelet pellet was resuspended in a
small volume of Hepes-buffered modified-Tyrodes buffer (HMBT: 138
mMNaCl, 2.7 mMKCI, 0.4 mMNaH2PO4, 12 mMNaHCO3, 0.2%
bovine serum albumin, and 10 mMHepes, pH 7.4) supplemented with
0.1 ,uM PGE,, but containing no cations. Platelets were then loaded
with 3 MMfura 2/AM for 60 min at 37°C, passed over a column of
Sepharose 2B (Pharmacia LKB Biotechnology Inc.) and resuspended
in HBMTsupplemented with 1 mMCaCI2 to a final concentration of
1.5 X 108 platelets/ml. [Ca2+]i transients were then evaluated in stirred
platelets illuminated at 340 nm at 37°C by measuring fluorescence
intensity at 500 nm with a spectrofluorimeter (The Perkin Elmer
Corp., Norwalk, CT).

Immunocytochemistry andflow cytometric analysis. PRPprepared
from healthy human donors and flow cytometric analysis were per-
formed as previously described (25). Platelets anticoagulated with 10
mMEDTA were pelleted, resuspended in Tris-saline-EDTA (TSE)
buffer (0.1 MTris, 0.15 MNaCl, 10 mMEDTA, pH 7.4), and gel
filtered through Sepharose 2B equilibrated with TSE. GFPwere then
diluted in the same buffer to a final concentration of 3.5-4.0 x 108
platelets/ml. Transfected CHOcells were grown in suspension culture
in CHO-S-SFMserum-free media before analysis. Approximately 1-2

A0

x 106 CHOcells or 400-id aliquots of GFPwere incubated with specific
antibodies in TSE buffer for 20 min at 250C, washed three times in
TSE, and then incubated with the second affinity-purified, FITC-con-
jugated goat anti-rabbit F(ab')2 antibody (Tago, Inc., Burlingame, CA)
at a dilution of 1:100 for 20 min at 250C. Cells were then washed one
time in the same buffer, and one half of the sample was analyzed on a
FACStarO analyzer (Becton Dickinson & Co., Rutherford, NJ).

For immunocytochemical evaluation, endothelial cells were grown
on gelatin-coated coverslips as described above. Cells were either
stained live or fixed, the latter in 2%paraformaldehyde for 20 min at
250C. After fixation, cells were washed three times with PBS, incubated
with 10% horse serum for 60 min, and then with anti-TR'-"' (450
,gg/ml) or preimmune control (450 tg/ml) for 60 min at 250C. After
three washes, cells were incubated with the FHTC-conjugated goat anti-
rabbit IgG at a dilution of 1:200 for 60 min before examination. Cells
were studied with a fluorescence microscope using a B-dichroic mirror
(Diaphot; Nikon Inc.). Images were collected with a silicon intensifier
camera (Hamamatsu Photonics Microcopy, Oak Brook, IL) and pro-
cessed using Universal Imaging software (Media, PA). Vital staining of
live endothelial cells was performed essentially as above, omitting the
fixation step and substituting Krebs-Henseleit-bicarbonate buffer for
PBS. Initial images were obtained after the completion of the staining;
cells were then treated with 500 U/ml trypsin (Sigma Chemical Co.) for
4 min, followed by addition of 5,000 U/ml soybean trypsin inhibitor
(Sigma Chemical Co.).

Platelet aggregation studies. For aggregation induced by a-throm-
bin, GFPwas prepared as described above using the HBMTbuffer,
except that the buffer contained 2 mMMgCl2. For aggregation induced
by the peptide ligand, PRPwas prepared from blood anticoagulated
with 0.01 vol of 40% trisodium citrate. Platelets were resuspended to a
final concentration of - 3 X 108/ml, and 0.45 ml was used for aggrega-
tion studies. Preliminary experiments demonstrated maximal inhibi-
tion of platelet aggregation, induced with 1 nM a-thrombin, by anti-
TR1 52 IgG and F(ab')2 of 125 and 250 ig/ml, respectively (26). Con-
centrations equal to or greater than these were then used in subsequent
experiments. Similarly, since preincubation times of 20 min were suffi-
cient to achieve maximal inhibition, subsequent studies were com-
pleted with incubation times of 2 20 min.

Results

Isolation of endothelial cell-derived TR. The primers used for
PCRare outlined in Fig. 1 A. Primers 512/513 were used to
directly amplify the TR open reading frame from both ran-
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Figure 2. Activation-dependent responses of functionally expressed TR, using a-thrombin (A) or TR42-55 peptide ligand (B). CHO-17 cells (see
text) were grown to confluence on glass coverslips in serum-free CHO-S-SFM media, loaded with 2.5 MuMfura 2/AM for 60 min at 37°C, and

[Ca2+]i transients were continuously monitored by microspectrofluorimetry. (A) Cells were stimulated with a-thrombin at final concentrations
of 25 nM (curve A), 10 nM (curve B), or 2 nM (curve C). 10 nMa-thrombin is equivalent to -1 U/ml. Mock-transfected CHOcells (curve D)
display no evidence of a-thrombin responsiveness (final concentration 25 nM). (B) Cells were activated with 20 ,uM peptide ligand (left), rinsed
with PBS, and then restimulated with the same concentration of peptide ligand 30 min later. [Ca2+]i transients after a 30-min washout are es-

sentially indistinguishable from those seen with the primary response. No response to mock-transfected CHOcells is evident (not shown). These
results are representative of three similar experiments.
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dom- and oligo(dT)-primed HUVECcDNAlibraries. This con-
struct includes three nucleotides upstream from the initiator
methionine for maximization of ribosome initiation (27) and
terminates at the end of the coding sequence. As judged by
agarose gel electrophoresis, a single fragment of the appropriate
size was best identified from the oligo(dT)-primed library,
which was subsequently purified and cloned into Ml 3mpl 8
for sequence analysis. Because primer pairs 514/515 were un-
successful using this approach, reverse PCRwas completed us-
ing endothelial cell RNAand a 14-mer oligo(dT) primer. A
distinct 1,600-bp band was visualized on agarose gel electropho-
resis, which was subsequently ligated into pBluescript, and its
identity was confirmed by extensive restriction mapping. The
coding sequence was bidirectionally sequenced and was identi-
cal to the previously published platelet-derived cDNA se-
quence (4), except for the following nucleotide differences: base
pair 282 T -* C, Leu2O unchanged; base pairs 935-936 CG--

GC, Leu237 unchanged, Val238 to Leu238; base pair 1,162 T
-) C, Phe313 to Ser313; base pair 1,245 T C, Ser341 to
Pro34 1. Confirmation of the identity of both receptors is con-
sistent with previous data that HUVEC-derived mRNA
confers thrombin-responsiveness when injected into Xenopus
oocytes (28) and that cultured HUVECsdisplay intracytoplas-
mic calcium flux when stimulated with the synthetic peptide
ligand (7).

To further evaluate the single nucleotide discrepancies, the
radiolabeled 1,280-bp BamHI fragment was used to rescreen
the HUVECcDNA library, with the subsequent identification
of four overlapping inserts. A 2.3-kb insert from one such
phage (TR4- 1) was subcloned into Ml 3mpl 8 for sequence
analysis. Base pair positions 282, 1,162, and 1,245 were identi-
cal to the previously published sequence, although the presence
of the CGtransversion (base pair 935-936) was confirmed. An
additional 111 bp of 5' sequence was also identified and is dis-
played in Fig. 1 B. This sequence contains no additional initia-
tor methionine sequences (ATG) and, combined with the previ-
ously identified 224 bp of 5' sequence, confirms the presence of
a 5'-untranslated region of > 300 bp. The significance of such
long regions has been previously discussed (27).

Stable expression in CHOcells. PMT2-TRand PMT2-WT
were used to transfect CHOcells as outlined above, and resis-
tant colonies were initially screened for a-thrombin responsive-
ness by microspectrofluorimetry. One such clone (designated
CHO-17), which displayed the most consistent response, was
further expanded and used for more extensive functional evalu-
ation. Fig. 2 A illustrates typical [Ca2+]i transients elicited by
various concentrations of a-thrombin. Higher agonist concen-
trations evoked immediate elevation of [Ca2+]i whereas delayed
and more slowly developing responses were observed with
lower concentrations of a-thrombin. These responses exhib-
ited homologous desensitization to a-thrombin such that, at 10
and 30 min after initial activation, undetectable responses were
seen with repeat stimulation (data not shown). These data are
similar to those previously observed in various thrombin-re-
sponsive cell lines (8, 29). Similar [Ca2+]i transients were ob-
served with a 14-mer peptide ligand that, in contrast to a-
thrombin, showed only short-term homologous desensitiza-
tion. After washout of the ligand, [Ca2+]i responses reappeared
within 10 min and at 30 min were indistinguishable from the
primary response (Fig. 2 B). This latter response is qualitatively
similar to that previously described in HELcells, although the
rate of full recovery is more rapid (8). On the basis of these

responses, concentrations of 10 nM a-thrombin and 20 ,uM
peptide ligand were used for further experiments. No responses
to either a-thrombin or peptide ligand were observed in mock-
transfected CHOcell controls.

Generation of a recombinant protein and antibody. A 483-
bp fragment encompassing amino acid residues 1-160 of the
TRwas isolated by PCRusing primers 512/603 and subcloned
into the expression plasmid pGEX2T. Sequence analysis in
Ml 3mpl 8 confirmed the identity of the PCRproduct. After
transformation into E. coli, an inducible band of the appro-
priate molecular weight (- 45,000 Mr: GSTcarrier [27,500]
and recombinant TR [18,000]) was observed by 8% SDS-
PAGE(not shown). The specificity of the product was further
confirmed by immunoblot analysis using a polyclonal anti-
body developed to a previously isolated GSTrecombinant pro-
tein (not shown) (30). The recombinant protein was then affin-

A

Pre-immune

anti-TR 1-160

B

anti-TR 1-166

Figure 3. Flow cytometric analysis using platelets (A) or transfected
CHOcells (CHO-17) (B). (A) Gel-filtered platelets were prepared from
human volunteers and resuspended in TSEbuffer to a final concen-
tration of 3.5-4 x 108/ml. 400 gl was incubated with preimmune IgG
(100 Ag/ml) or anti-TRll'60 (100 Mg/ml) IgG for 20 min at 250C,
washed, and incubated with a FHTC-conjugated goat anti-rabbit
F(ab')2 at a dilution of 1:100 for 30 min before analysis. (B) CHO-17
cells were grown in suspension culture and diluted to a final concen-
tration of 2 x 106 cells/ml. 400 Ml was then incubated with preim-
mune IgG (100 Mg/ml) or anti-TR'-'60 (100 Mug/ml) and analyzed as
described above. Approximately 5 X 104 total cells were used for final
flow cytometric analysis in both (A) and (B).
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ity purified from total bacterial lysates as outlined above, elec-
troeluted, and used for the generation of a specific rabbit
polyclonal antibody (anti-TR'l-).

Documentation that the antibody recognized normally ex-
pressed TR was confirmed using platelets, transfected CHO
cells, and HUVECs. Platelets and transfected CHOcells ex-
pressing the TR were incubated with anti-TR'-" or preim-
mune IgG and studied by flow cytometric analysis. Specific
binding to platelets and CHO-17 cells was evident (Fig. 3); no
demonstrable binding was evident using IgG purified from
preimmune rabbits. Likewise, endothelial cells were grown on
coverslips, fixed, and stained with anti-TR'-". As shown in
Fig. 4, specific staining is observed with anti-TR'-" whereas
no immunofluorescence is observed with preimmune control
IgG, demonstrating that the TR is normally expressed on cul-
tured endothelial cells. To confirm that anti-TR'-" does not
result in TR internalization, vital staining was completed on
live endothelial cells incubated at either 25 or 40C for 60 min
with anti-TR'-" before adding the FITC-labeled antibody. A
similar pattern and intensity of immunofluorescence was ob-
served under both conditions. Furthermore, incubation of the

labeled cells with trypsin resulted in dramatic signal attenua-
tion, supporting a surface location for the antibody-receptor
complexes.

Functional effects of anti-TR''60 and anti-TR34-52 on
[Ca2+]j. Activation-dependent responses to both a-thrombin
and peptide ligand were subsequently evaluated in transfected
CHOcells, endothelial cells, and platelets using anti-TR3452
and anti-TR''60. Preincubation of CHO-17 cells with either
anti-TR''6 IgG or anti-TR3 52 IgG at 450-475 ,g/ml com-
pletely abrogated a-thrombin-induced [Ca2J]i transients (Fig.
5), but only anti-TR''6 inhibited [Ca2J]i transients induced by
the 14-amino acid peptide ligand. Preincubation of cells with
preimmune IgG had no effect on either a-thrombin- or pep-
tide ligand-induced receptor activation. To further character-
ize these effects, a dose-response curve for inhibition by anti-
TR'-"0 was performed (Fig. 6). Anti-TR'-'" inhibited - 50%
of the [Ca2+]i responses induced by both a-thrombin and pep-
tide ligand at approximately equivalent concentrations (EC50

- 90 ,g/ml).
To extend the observations made in transfected CHOcells,

changes in cytosolic calcium concentration were further stud-

Figure 4. Immunocytochemistry of endothelial cell TR
using anti-TRI-W60. HUVECswere propagated on gela-
tin-coated glass coverslips as described above. In all sit-
uations the secondary antibody was a FITC-conjugated
goat anti-rabbit IgG at a 1:200 dilution. Fluorescence
intensity is depicted by the bar graph, white being the
most intense. (800X). Fixed cells were incubated with
(a) 450 ,g/ml anti-TR'l- IgG or (b) 450 ,g/ml preim-
mune rabbit IgG. Vital staining of live cells was com-
pleted with (c) 450 Ag/ml anti-TR'-" for 60 min at
25°C or (e) 450 Ag/ml anti-TR'-" for 60 min at 4°C.
In d andfJ cells from c and e, respectively, were incu-
bated with 500 U/ml trypsin for 4 min and the identical
cell was reimaged. Note that the punctate fluorescence
pattern observed in c and e has essentially disappeared
after incubation with trypsin (d and]). These results
demonstrate that the TR is normally expressed in cul-
tured endothelial cells and that anti-TR'-' does not
result in clearance of the receptor from the cell surface.
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Figure 6. Dose-inhibition curve for anti-TR'-'60 using a-thrombin (A)
or TR42-55 peptide ligand (B). (A) Fura 2-loaded CHO-17 cells were
incubated for 20 min at 250C with anti-TR'-'60 at concentrations of
225 ,g/ml (curve c), 90 Mug/ml (curve b), or PBSalone (curve a) before

d stimulation with 10 nMa-thrombin. (B) Dose-inhibition curves using
the peptide ligand. Experiments are identical to those performed in
A, except cells were stimulated with 20 MMpeptide ligand. These data
represent the average of three similar experiments.
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Figure 5. Effect of anti-TR'60, anti-TR3 52, or preimmune IgG (see
text) on peptide ligand- and a-thrombin-induced receptor activation.
Microspectrofluorimetry of CHO-17 cells was performed as described
in Fig. 2. Fura 2-loaded CHO-17 cells were incubated with (A) - 450

Mg/ml anti-TR3452 IgG, (B) - 475 Ag/ml anti-TR'-' IgG, or (C and
D) - 750 Ag/ml of preimmune IgG for 20 min at 250C, and subse-
quently stimulated with 10 nMa-thrombin or 20 MiM TR42-"5 peptide
ligand. Whereas preincubation of cells with anti-TR34 52 abolished
only a-thrombin-mediated cell response, preincubation with anti-
TR'60 abrogated receptor activation by both ca-thrombin and peptide
ligand. No inhibitory effects were seen with either agonist using
preimmune IgG. For nonreactive cells (B), viability was confirmed
by demonstrating [Ca2+]i transients in response to MMionomycin.

ied in cultured HUVECsand platelets. As with CHO-17 cells,
anti-TR' '60 abolished [Ca2+]i transients in response to peptide
ligand in HUVECs(Fig. 7 B) and platelets (Fig. 8 B) at approxi-
mately similar concentrations of 225 gg/ml. In sharp contrast
to results observed in CHO-17 cells, however, anti-TR'-" did
not abrogate the response of HUVECsor platelets to 10 nM
a-thrombin. Rather, both cell types displayed a delayed but
sustained elevation in [Ca2+]i transients, evident despite in-
creasing concentrations of the antibody (Figs. 7 A and 8 C).

Platelet aggregation. Anti-TR3152 IgG dramatically inhib-
ited platelet aggregation induced by low concentrations of a-

thrombin (1 nM), although some shape change remained (Fig.
9 A). Increasing the concentration of a-thrombin overcame the
inhibition. Similar data were obtained with F(ab')2 fragments of
anti-TR3452, with 50% inhibition of aggregation induced by 1

nM a-thrombin requiring between 63 and 125 ,ug/ml of the

F(ab')2 (data not shown). Anti-TR3"52 IgG had no significant
effect on platelet aggregation induced by limiting concentra-
tions of peptide ligand (6.2 ttM) in citrated PRPat concentra-
tions up to 500 Ag/ml, a concentration that was very effective
in inhibiting a-thrombin-induced aggregation (Fig. 9 B). Like-
wise, anti-TR 52 F(ab')2 failed to inhibit peptide ligand-in-
duced platelet aggregation at concentrations up to 340 ,g/ml
(data not shown). In contrast, inhibitory effects to anti-TR'-"
F(ab')2 fragments were seen when platelets were activated by
either a-thrombin or the peptide ligand. Platelet aggregation to
a-thrombin was inhibited in a dose-dependent fashion, al-
though some shape change remained (Fig. 10). Similar inhibi-
tory effects were seen using peptide ligand as agonist. No inhibi-
tory effects were seen when platelets were activated by ADP,
confirming the specificity of the antibody for aggregation by
a-thrombin and the peptide ligand agonist (Fig. 10).
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Figure 7. Microspectrofluorimetry using endothelial cells activated by
(A) 1O nMa-thrombin or (B) 20MAMTR42-55 peptide ligand after in-
cubation with anti-TR'-"' or control antibody. HUVECswere prop-

agated on gelatin-coated coverslips in complete medium (see above),
serum starved for 18 h, and subsequently loaded with 2.5 MMfura
2/AM for 60 min at 370C. (A) Cells were incubated for 20 min at
250C with 450 Mg/ml preimmune IgG (curve a), 225 Mg/ml anti-
TR'-' (curve b), or 450 Mg/ml anti-TR'-'" (curve c). (B) HUVECs
were incubated for 20 min at 250C with 450 Mg/ml preimmune anti-
body (curve a) or 225 Mg/ml anti-TR'-' (curve b) before activation
by peptide ligand. Abrogation of peptide ligand-mediated [Ca2+]i
transients is evident, although a delayed but sustained response is seen

with a-thrombin. Tracings are representative of three identical exper-

iments.
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A B C Figure 8. Activation-dependent
AA---,. [Ca2+]J transients in platelets. GFPs

|a a/ a } were prepared as described in Meth-
ods and loaded with 3 tM fura 2/

b A|.meJi&hr4b k AMfor 60 min at 370C. I ml of
Cb |b A GFP (1.5 X 108 platelets/ml) was

L_-LA."I.-Jk ~~~~~~~continuously stirred in a 1 .5-ml cu-
T'~~~"F~~"~CIA ~ h #~ vette at 370C for all experiments.

, C A ¢ I W (A) Representative tracings after ac-
A2%W~0Q̂tivation with 10 nM a-thrombin

AA (curve a), 20 ;zM TR42-55 peptide li-
60 seconds gand (curve b), or 20 MMof the

control peptide in which the se-
quence of the first two amino acids was reversed (TlC2, left arrow), followed by 20 MMpeptide ligand (right arrow) (curve c). (B) GFPwas in-
cubated for 20 min at 250C with 320 ,g/ml preimmune F(ab')2 antibody (curve a) or 250 jig/ml anti-TR''"0 F(ab')2 (curve b) before activation
by 20MMpeptide ligand. (C) GFPwere incubated for 20 min at 250C with 320 Ag/ml preimmune F(ab')2 serum (curve a), 100 /g/ml anti-TR''160
F(ab')2 (curve b), or 300 qg/ml anti-TR''"0 F(ab')2 (curve c) before activation by 10 nMa-thrombin. Peptide-induced intracytoplasmic transients
are abolished whereas delayed but persistent responses are evident with a-thrombin. Tracings are representative of duplicate sets of experiments.

Discussion

A model for the activation of this TRby a-thrombin has been
postulated. Accordingly, thrombin cleaves its receptor's
amino-terminal extension, thereby creating a tethered ligand
that presumably activates the receptor by binding to an as yet
unidentified downstream recognition site (4). Thrombin inter-
acts with the TR at least in part through the receptor's acidic
hirudin-like domain, which is located adjacent to the thrombin
cleavage site (31, 32). The importance of the hirudin-like do-
main is supported by mutagenesis studies involving this region
of the receptor (32) and by the inhibitory effect of hirudin-like
domain peptides that bind to thrombin, presumably through
the latter's anion-binding exosite (31). More recently, poly-
clonal (33) and monoclonal antibodies (34) directed against
synthetic peptides from these regions of the receptor have been
shown to inhibit thrombin-induced platelet activation. Anti-
TR3"52 is directed against a somewhat different peptide from
the thrombin cleavage site and similarly inhibits a-thrombin-
induced platelet activation and aggregation. Neither of the pre-
viously described antibodies nor anti-TR 52, however, inhibit
platelet activation or aggregation induced by synthetic peptide
ligands modeled on the new NH2 terminus produced by
thrombin cleavage.

|.iU/i .2 U/ret Thrombin [ 3

80

c 70-

z60-
Cl

0o

To date little is known about the mechanism by which the
tethered ligand mediates receptor activation and, in particular,
the proposed site on the remainder of the receptor to which it
binds. Anti-TR'-', directed against a recombinant protein
containing the NH2-terminal extension of the TR, up to and
including the second transmembrane domain, inhibited both
a-thrombin- and peptide ligand-mediated receptor activation
in a heterologous cell line expressing the functionally active
TR, in endothelial cells, and platelets. Because the recognition
sequence for this antibody spans both the thrombin cleavage
site and the hirudin-like domain, its inhibitory effect on throm-
bin-mediated receptor activation is not unexpected and is con-
sistent with functional data using previously developed antibod-
ies (26, 33, 34). Its ability to inhibit peptide ligand-induced
[Ca2+]i transients, however, was unanticipated. The antibody
also dramatically inhibited peptide ligand-induced platelet ag-
gregation, although some shape change persisted, perhaps be-
cause of release of small amounts of calcium below the sensitiv-
ity of the detection system. The ability of the antibody to in-
hibit peptide ligand-induced activation further suggests that a
recognition sequence ultimately critical for receptor activation
is contained within the portion of the receptor recognized by
anti-TR'-'". Alternatively, the antibody is exerting its effect by
inhibiting conformational constraints necessary for peptide li-

I I I
90

iti TR34-52 80

normal Rabbit IgG 70 a b c

Optical 60
Density

40-
Normal

-Rabbit IgG
(500Mg/ml)

Figure 9. Effect of anti-TR 3452 on platelet aggregation to (A) thrombin or (B) TR42-52 peptide ligand. (A) Platelets were gel filtered into the HBMT
buffer containing 2 mMMgC12, and then 0.4 ml of GFP(3 x 108 platelets/ml) was incubated with 250 Mg/ml of normal rabbit IgG or anti-TR 3452
IgG for 2 15 min at 22aC. Aggregation was initiated with the indicated concentrations of purified a-thrombin. (B) Citrated PRP(3 x 108 plate-
lets/ml) was incubated with buffer (curve a), anti-TR '452 IgG (500 g/iml) (curve b), or normal rabbit IgG (500 Mug/ml) (curve c) for 2 15 min at
220C, and then aggregation was initiated with peptide ligand (6.2 MzM final concentration, arrows). Anti-TR34 52 inhibited platelet aggregation
to a-thrombin but had no effect on peptide ligand-induced aggregation.
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Figure 10. Platelet aggregation inhibitory effects of anti-TR'-" to both (A) 1 nMa-thrombin and (B) 10 ALM TR42-52 peptide ligand. Antibody
incubations were performed at 250C for 20 min. (A) GFPwas prepared as described in Methods and resuspended to 2.8 x 108 platelets/mi.
0.45 ml GFPwas then transferred to a platelet aggregometer for analysis. Dose-dependent inhibition of platelet aggregation using anti-TRl'-
F(ab')2 at 30 ug/ml (curve c), 100 jzg/ml (curve b), or 150 ig/ml (curve a) is evident. Curve d represents activation response after incubation
with control preimmune F(ab')2 antibody at 150 Asg/ml. (B) Citrated PRP (3 x 108 platelets/ml, pH 7.6, 0.45 ml) was prepared and incubated
with 310 ,ug/ml anti-TR'" F(ab')2 (curve a) or 340 Ag/ml preimmune F(ab')2 antibody (curve b). Aggregations were initiated by incubation
with peptide ligand. Anti-TR'l-60 profoundly inhibited aggregation, but platelet shape change was not abolished. (C) Normal aggregation of PRP
to ADPis evident using 340 ,g/ml preimmune F(ab')2 antibody (curve a) or 310 ,ug/ml anti-TR'-'60 F(ab')2 (curve b), confirming the specificity
of anti-TR'-" for ligand- and a-thrombin-induced platelet aggregation.

gand-mediated activation or perhaps by limiting ligand accessi-
bility by inducing the redistribution of receptors.

Presumably, the peptide ligand exerts its effect by binding
to an unidentified site within the body of the receptor. If anti-
TR'-" inhibits peptide ligand-induced activation by prevent-
ing the binding of the peptide to the receptor, this binding site
must be contained within the antigenic determinants of the
antibody (residues 1-160). Since anti-TR'-" is unlikely to
react with the transmembrane domains (TMS I and II) or the
first intracytoplasmic (IC I) loop, the site responsible for its
effect on peptide ligand-induced activation is most likely in the
NH2-terminal extension of the receptor (amino acid residues
1-99). Moreover, the peptide-binding site is most likely distal
to the thrombin cleavage site (LDPR/S, amino acids 41-42),
thereby suggesting that the crucial site for peptide ligand-in-
duced receptor activation may be further localized to residues
Ser42-Ser99. Previous studies demonstrated that a polyclonal
antibody directed against a peptide encompassing amino acid
residues Tyr52-Tyr69, representing the hirudin-like domain
(33), did not affect peptide ligand-mediated activation, al-
though inhibition to a-thrombin was evident. Moreover, pre-

vious mutagenesis studies involving the hirudin-like domain of
the TR failed to demonstrate any effect on peptide ligand-me-
diated receptor activation (32). Extrapolation from these data
would further suggest that a sequence or sequences between
amino acids Arg7O and Ser99 is involved in peptide binding.
As indicated above, however, the antibody may inhibit peptide
ligand-induced activation by other mechanisms, including co-

operative effects with other regions of the receptor.
Cellular responses to a-thrombin have been extensively

studied in a number of diverse model systems, with a sugges-

tion, but no proof, of the presence of multiple receptors and/or

signaling pathways (29, 35-37). In fibroblasts (9) and vascular
smooth muscle cells (37), a-thrombin-induced mitogenic
pathway(s) appear to be distinct from those associated with
elevations of [Ca2+]i transients. Dual activation pathways and/
or coupling mechanisms have been described both in platelets
(35, 38, 39) and in cultured human endothelial cells (3), possi-
bly related to distinct G-proteins as determined by sensitivity
to Bordetella pertussis toxin (38, 40). Despite the recent identi-
fication of this TR, and the availability of activation peptide
ligands and both polyclonal and monoclonal antibodies, the
mechanism(s) of a-thrombin-mediated activation pathways
are yet incompletely resolved (6, 34-40). The data presented
here are consistent with these previous observations of a-

thrombin-mediated dual activation and/of receptor pathways.
Whereas [Ca2+]i transients in response to both peptide ligand
and a-thrombin were abolished in transfected CHOcells, the
responses to a-thrombin were more complex in platelets and
HUVECs. Peptide-induced [Ca2+]i transients were abolished in
both cells, identical to the responses observed in CHO-TR
cells, although delayed and sustained elevations in intracyto-
plasmic calcium release occurred when platelets and endothe-
lial cells were activated by a-thrombin. It is unlikely that this
residual response is due to a competitive affinity advantage for
a-thrombin compared with anti-TR'-" at the TRsince identi-
cal concentrations of both reagents abolished the [Ca2+]i re-

sponse in CHO-TR cells. Rather, these data suggest that an
alternative receptor and/or coupling mechanism(s) for a-

thrombin activation exists in both HUVECsand platelets. Al-
ternatively, the affinity of a-thrombin for this receptor may be
facilitated by interaction with other cell surface receptors in
platelets and endothelial cells, a synergistic role that has been
postulated for platelet glycoprotein Iba (41).
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