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The serine protease «-thrombin (thrombin) potently stimulates G-protein-coupled signaling pathways and DNA synthesis in CCL39 hamster lung
fibroblasts. To clone a thrombin receptor cDNA, selective amplification of mMRNA sequences displaying homology to the transmembrane domains
of G-protein-coupled receptor genes was performed by polymerase chain reaction. Using reverse iranscribed poly(A)* RNA from CCL39 cells
and degenerate primers corresponding to conserved regions of several phospholipase C-coupled receptors, three novel putative receptor sequences
were identified. One corresponds to an mRNA transcript of 3.4 kb in CCL39 cells and a relatively abundant cDNA. Microinjection of RNA tran-
scribed in vitro from this cDIA in Xenopus oocytes leads to the expression of a functional thrombin receptor. The hamster thrombin receptor
consists of 427 amino acid residues with 8 hydrophobic domains, including one at the extreme N-terminus that is likely to represent a signal peptide.
A thrombin consensus cleavage site is present in the N-terminal extracellular region of the receptor sequence followed by a negatively charged
cluster of residues present in a number of proteins that interact with the anion-binding exosite of thrombin.

a-Thrombin receptor; G-protein; Phospholipase C; Polymerase chain reaction; Oocyte expression; Hamster fibroblast

l. INTRODUCTION

Procoagulant ¢-thrombin (thrombin) plays a central
role in hemostasis by converting fibrinogen to fibrin
monomers that polymerize and form the matrix of
blood clots. Thrombin is also involved in the process of
wound healing and in pathological disorders involving
the vascular or perivascular wall such as atherosclerosis
by virtue of its effects on various cell types including
platelets, endothelial cells, vascular smooth muscle, and
fibroblasts (for review see [1]). Extensive studies by
several laboratories have shown that thrombin elicits
cellular responses via guanine nucleotide-binding pro-
teins (G-proteins). In a line of Chinese hamster lung
fibroblasts, CCL39 cells, G-proteins mediate thrombin
activation of phosphoinositide-specific phospholipase
C(PLC) [2,3] and inhibition of adenylate cyclase [4]. In
addition to these rapid effects, thrombin potently
stimulates DNA synthesis in CCL39 cells in a pertussis
toxin-sensitive manner [5], indicating that one or more
G-proteins participate in the stimulation of cell cycle re-
entry.

Isolation and characterization of surface receptors
for thrombin that interact with intracellular effectors
has been a difficult task. Whereas thrombin appears to
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behave similarly to other agonists that activate G-
protein-coupled receptors, in terms of the dose depend-
ency and ligand-induced desensitization of its effects
[6-8], there is considerable circumstantial evidence that
proteolysis plays a role in the activation process. An ac-
tive catalytic site on the enzyme is required for stimula-
tion of biological responses, in CCL39 cells [9], as well
as in platelets [10]. Furthermore, enzymes with similar
specificity for arginyl residues such as trypsin, are able
to mimic thrombin’s action in platelets [6], CCL39 cells
(unpublished observations) and human erythroleuke-
mic cells (HEL) [8]. As a first step in isolating a cDNA
clone encoding the receptor, we have previously demon-
strated functional expression of thrombin receptors in
Xenopus oocytes following microinjection of CCL39
cell mRNA [11]. In the present study, we have
employed the technique of PCR to selectively amplify
members of the G-protein-coupled receptor family ex-
pressed by CCL39 cells [12]. A cDNA clone has been
isolated with structural features and functional proper-
ties of a thrombin receptor coupled to PLC when ex-
pressed in Xenopus oocytes.

2. MATERIALS AND METHODS

2.1. Materials

Highly purified thrombin (3209 NIH U/mg) was a generous gift of
Dr J.W. Fenton 1I (New York State Department of Health, Albany,
NY, USA). Serotonin was from Sigima (St. Lot! , MO, USA).
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2.2. RNA isolation

RNA was isolated by rapid homogenization of cultured cells or
tissues in a solution containing 3 M LiCl/6 M urea, 10 mM sodium
acetate (pH 5.2) and 0.05% SDS, followed by precipitation overnight
at 4°C. Poly(A)* RNA was selected by oligo d(T)-cellulose affinity
chromatography. CCL39 cell poly(A)* RNA >3 kb, enriched in
thrombin receptor mRNA, was obtained by sucrose density gradient
centrifugation (10-30%) for 16 h at 4°C as described [11].

2.3. Northern analysis

For Northern blot analyses, the indicated amounts of RNA were
cletrophoresed on 1% agarose gels containing 0.66 M formaldehyde
and transferred to Hybond-N hybridization membrane (Amersham,
France). Blots were hybridized as described by Church [13] with probes
labeled by random priming with 2P,

2.4. PCR and subcloning

Enriched CCL39 cell poly(A)* RNA (1 pg) was reverse transcribed
by random hexanucleotide priming. A 2 ul aliquot of single strand
¢DNA was directly amplified in 50 ul containing 10 mM Tris (pH 8.3),
10 mM KCl, 1.6 mM MgCl;, 1| mM DTT, 200 mM dNTP’s, 300 ng
each of the 3’ and 5’ primers and 2.5 U of Taq polymerase (AmpliTaq
DNA polymerase, Perkin-Elmer-Cetus, Norwalk, CT, USA). PCR
amplifications were performed as follows: denaturation at 93°C/3
min, followed by 5 cycles of 45°C/2 min, 72°C/4 min, 93°C/1.5 min,
then 25 cycles of 55°C/2 min, 72°C/4 min, 93°C/1.5 min ending with
an extension step at 72°C for 10 min. One ul of this reaction product
was re-amplified using the same program. Primer pairs used for PCR
were designed by alignment of nucleotide sequences in transmem-
brane domains 11, 111, VI and VII of the following PLC-coupled
receptors: hamster «-1 adrencrgic [14], rat muscarinic mI and m3
[15], rat 5-HTIc [16) hamster 5-HT2 [17], bovine substance K [18]
receptors, and the MAS oncogene [19].

Primers that successfully amplified the thrombin receptor sequence
are located in transmembrane domains 11 and I1I (see legend to Fig.
2 for exact positions); their sequences are:

(§' primer) ATGTCGACTTC(C/A)T(G/CHA/G)T(G/C)AICCTG-
GCCA(T/GNC/T)GCTGA including a Sa/l restriction site at the 5’
end, and

(3' primer) GAAAGCTTCGTACC(T/G)GTC(C/A)AIA/G)G/C)-
(A/TXA/G)ATG including a AHindlII restriction site at the ' end.

After phenol extraction and ethanol precipitation, the amplified
DNA was cut with Safl and Hindlll and electrophoresed on a 1% low
melting point agarose gel. A broad band of about 200 bp was
purified, ligated into the M13 vector pTG130 and used to transform
E. coli NM522 using standard protocols, Of 7 randomly picked white
plaques, 5 were sequenced and all contained the same inscrt sequence
which was 186 bp long and showed homology to the G-protein-
coupled superfamily between transmembrane domain 11 and 111, This
insert, E2-03, was labeled with **P by random priming and used for
probing Northern blots and a cDNA library.

2.5. ¢cDNA isolation and characterization

¢DNA was synthesized using enriched CCL39 cell poly(A)* RNA
primed with oligo(dT), and inserted with EcoR! linkers in the
bacteriophage expression vector AZAP (Stratagene, La Jolla, CA,
USA). The *P-labeled insert, E2-03, was used as a probe to screen 108
recombinants under stringent hybridization conditions. Of 96 positive
clones obtained, 5 were chosen for phagemid excision, and sequenced
using the Sequenase system (United States Biochemical Corporation,
Cleveland, OH, USA). Onc clone with an insert of 2.8 kb containing
a 1.28 kb open recading frame (pTG4403) was used for further
analysis.

2.6. In vitro RNA synthesis and expression in Xenopus oocytes
Phagemids pTG4403 and pTG4402 corresponding to the thrombin
receptor, and as control pCHSR coding for the hamster §-HT2 recep-
tor [17], were linearized and used for in vitro transcription with RNA
polymerase (T7 or T3) and the Stratagene RNA Transcription Buffer
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Kit. Transcription was carried out as described by the manufacturer
for non-radioactive transcripts except that capping of the transcript
was performed in the presence of 200 uM m7G(5’ )ppp(5’)G (New
England Biolabs, Beverly, MA, USA) (15 min, 37°C) prior to the
elongation reaction. The transcription product was resuspended in
H:O at the indicated concentration for microinjection in collagenase-
treated Dumont stage V and VI Xenopus oocytes. Isolation and
preparation of oocytes for microinjection has previously been detail-
ed [11). Thrombin or SHT-2 receptor expression in microinjected
oocytes was determined by measuring agonist-stimulated **Ca* efflux
in oocytes pre-loaded for 4-6 h with the isotope (Calcium-45; 50
#Ci/ml, Amersham), as described [11].

3. RESULTS AND DISCUSSION

3.1. Ampiification and mRNA expression of
G-protein-coupled receptor sequences

Initial attempts to isolate a ¢cDNA clone for the
thrombin receptor by expression cloning in the Xeno-
pus oocyte system were unsuccessful. Consequently, we
chose to selectively amplify ¢cDNA’s encoding G-
protein-coupled receptors by PCR, using fractionated
CCL39 cell mRNA enriched in thrombin receptor
message [11] as starting material. Since thrombin has
been shown to potently activate PLC and Ca®* mobili-
zation in CCL39 fibroblasts, as well as in a number of
other cell types via G-protein-mediated pathways,
several degenerate nucleotide primer pairs were design-
ed with homology to sequences within transmembrane
domains II, III, VI and VII of G-protein-coupled recep-
tors that activate PLC. Following low stringency PCR,
amplified DNA fragments with the expected size were
subcloned and their translated sequences were examined
for the presence of G-protein-coupled receptor features
(highly conserved residues and characteristic hydro-
pathic profile). Among 90 sequences analyzed (several
of which were identical), three corresponded to novel
sequences for putative receptors of this family; all three
were obtained with different primer pairs. In addition,
sequences for the previously published hamster o-1-
adrenergic [14] and 5-HT2 receptors [17], both coupled
to the activation of PLC, were identified.

One of the three novel PCR-generated fragments,
designated E2-03 (see section 2), hybridized to an abun-
dant transcript of 3.4 kb on Northern blots of CCL39
cell RNA (Fig. 1a). Probes corresponding to the other
two novel sequences, failed to hybridize significantly to
CCL39 cell mRNA. Poly(A)* RNA isolated from
human erythroleukemic (HEL) cells, a cell line that
displays several markers indicative of megakaryocytic
differentiation [20] and responsiveness to thrombin also
hybridized to the putative thrombin receptor probe. In
the human cells, however, the major transcript was
slightly larger (=~ 3.5 kb) than that seen in hamster cells.
In addition, less abundant smaller species were also pre-
sent. A unique transcript of 3.4 kb was detected in a
number of rat tissues (Fig. 1b), among which the ex-
pression level was highest in the lung.
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Fig. 1. (a) A Northern blot of poly(A)* RNA from human erythroleukemia cells (HEL) (4 ug in lane 1; 10 ug in lane 2) and CCL39 cells (10 pg

in lane 3) was hybridized with the 3?P-labeled PCR fragment, E2-03. (b) RNA blot analysis of the putative thrombin receptor expression was per-

formed on poly(A)* RNA from the indicated adult rat tissues, and CCL39 cells. The amount of RNA deposited was 12 gg for all rat tissues, except

5 ug for skeletal muscle, and 10 ug for CCL39 cell RNA. A =400 bp Pstl fragment of pTG4403 located in the 5' end of the coding region was
used as probe.

3.2. Functional expression of the thrombin receptor in
Xencpus cocyies

A CCL-39 cell library constructed with the same
thrombin receptor-enriched mRNA that was used for
PCR, was screened with the three novel PCR-generated
probes. No positive clones were detected with the two
probes that failed to hybridize to CCL39 mRNA,
whereas the E2-03 probe hybridized to several clones
(0.01% in the ‘enriched’ library).

To determine whether ¢cDNA clones isolated with
E2-03 encode a thrombin receptor the corresponding
RNA was synthesized in vitro and tested for functional
expression in Xenopus oocytes. Expression of thrombin
receptors coupled to Ca’* mobilization in oocytes
microinjected with CCL39 cell mRNA has previously
been demonstrated using a Ca* efflux assay [11]. This
assay is based on the observation that activation of PLC
by G-protein-coupled receptors leads to an increase in
intracellular Ca®* concentrations which results in an ef-
flux of Ca®* measured by 4*Ca** release in oocytes pre-
loaded with the isotope. As shown in Table I, oocytes
microinjected with RNA transcribed from a ¢DNA
clone carrying a 2.8 kbp insert (pTG4403) responded to
thrombin. A similar increase in Ca?* efflux was elicited
by 5-HT in oocytes injected with RNA coding for the
cloned 5-HT2 receptor. Under the same conditions,
non-injected oocytes, or oocytes injected with RNA
transcribed from a truncated thrombin receptor cDNA
clone, pTG4402 (lacking an initiation codon) were
refractory to stimulation by thrombin.

3.3. Characterization of the thrombin receptor cDNA

clone
Several thrombin receptor ¢DNA clones were

characterized. The nucleotide and deduced amino acid
sequence of one of these cDNAs that gave a positive
response in the oocyte assay (pTG4403) is shown in Fig.
2a. pTG4403 contains a 5' untranslated region of 36
bp, an open reading frame of 1281 bp, andalong 3’ un-
translated region of 1539 bp ending in a poly(A)* tail.
The sequence AATACA is present 21 bases upstream
from the polyadenylation site in pTG4403, and in at
least 4 other indepeudent cDNA’s that were sequenced.
This hexamer has been observed, albeit rarely (2%), in
the 3' termini of vertebrate mRNA'’s and may serve as
a functional polyadenylation signal [21], The open
reading frame initiates at a ‘Kozak’ consensus sequence
[22] and encodes a 427 amino acid protein (calculated
M, = 47 475), in the proper reading frame with respect
to the primers designed for PCR. Eight hydrophobic
segments are predicted from the hydropathy plot of the
deduced amino acid sequence (Fig. 2b). Based on

Table 1
Expression of thrombin receptors in Xenopus oocytes
RNA Thrombin $-HT
pTG4403 2,12 £ 0.30 (n=19)
Non-injected 0.72 % 0.08 (n=106)
pTGAa402 0.95 £ 0.13 (n=7)
pCHSR 3.34 » 0.59 (n=8)

#Cal* efflux was determined on single collagenase-treated oocytes 48
h after microinjection with 50 nl of RNA (0.5 mg/ml) corresponding
to: the putative thrombin receptor, clones pTG4403 (sce Fig. 2) and
pTCi4402 (lacking 94 bp of 5' sequence as compared to pTG4403), or
to the cloned 5-HT2 receptor. Qocyles were stimulated for 2 min with
thrombin (10=7 M) or §-HT (10°* M), as indicated, Results are
presented as the fold-stimulation of **Ca?* released duringa 2 min in-
cubation in the presence of agonist, The data presented were obtained
in 3 independent experiments using different animal donors,
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Fig. 2. (a) Nucleotide and derived amino acid sequence of the hamster thrombin receptor cDNA pTG4403. A putative signal peptide (italics), 7

putative transmembrane domains (TM [-VII) and four potential N-glycosylation sites (*) are indicated under the amino acid sequence. The poten-

tial thrombin cleavage site (R41) is denoted by an arrow; details of the scquence surrounding the putative thrombin cleavage site are shown in Fig.

3. The primer pair used for PCR (see Section 2) amplifies the region between nucleotide position 460 and 646 (including the primer scquences).
{(b) Hydophilicity of the translated 427 amino acid sequence from pTG4403 was determined using the Kyte-Doolittle scale [35).

analogy with the topographic model for other members
of this receptor family, the first hydrophobic domain is
likely to represent a signal peptide, with a probable
signal peptidase cleavage site after Serine-22 or
Serine-21 [23]). Four potential N-glycosylation sites are
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present, including two in the N-terminal extracellular
domain, and two in the second extracellular loop which
may be involved in receptor localization [24).

Since the proteolytic activity of thrombin is required
for its biological effect on CCL39 cells, the extracellular
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domains were searched for consensus thrombin
cleavage sites and sequence similarly with other proteins
that interact specifically with the enzyme. Results of
these analysis are presented in Fig. 3. A thrombin
cleavage site typically contains the sequence
P4-P3-P2-(Arg/Lys)-Pi'-P2' where P2, P3 and P4 are
hydrophobic residues and P1’ and P2’ are non-acidic,
particularly when P2 is a Proline [25]. At Arginine-41 in
the translated sequence of pTG4403, a characteristic
thrombin cleavage site is present. A putative thrombin
cleavage site at this position was also found in the
human thrombin receptor which was reported during
the course of this work [26]. A negatively charged
cluster of residues is located approximately 20 amino
acids C-terminal to the cleavage site,

A negatively charged domain or acidic stretch is pre-
sent in several proteins which bind thrombin, and
found near the cleavage site in proteins cleaved by
thrombin. This domain presumably interacts with the
anion-binding exosite of thrombin and contributes to
the enzyme’s specificity. In fibrinogen Ac a negatively
charged domain is located about 20 amino acids C-
terminal to the thrombin cleavage site, similar to the
thrombin receptor (Fig. 3). For Factor VIII, an acidic
domain about 20 residues C-terminal to the thrombin
cleavage site is aligned with the thrombin receptor in
Fig. 3, but other acidic domains are present in the
molecule approximately 20 residues N-terminal to
thrombin cleavage sites (positions 372/373 and
1689/1690) [27]. Heparin cofactor II and hirudin,
which both complex thrombin, also possess a negatively
charged cluster of amino acids. In fact it has been
shown that the acidic C-terminus of hirudin interacts
with the anion-binding exosite of thrombin [28], and
that synthetic peptides derived from the C-terminal 20
residues of hirudin possess anticoagulant activity [29],
Interesting sequence similarity exists between residues
56-60 in hirudin (FEEIP) and residues 53~57 (FELIP)
in the hamster thrombin receptor, residues that are ab-
sent in the human thrombin receptor sequence (Fig. 3).

Overall amino acid sequence identity between the
hamster and the recently reported human thrombin
receptor is 79%. This is low compared to 87% overall
sequence identity between the hamster [30] and human
[31]) B2 adrenergic receptor, and >90% between the
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rat and human forms of the muscarinic ml, dopamine
D2 receptors and the /nas oncogene, The cytoplasmic
loops, which presumably play a role in G-protein cou-
pling, are more highly conserved indicating that the
hamster and human thrombin receptors utilize the same
intracellular signalling systems. Sequence identities in
the first, second and third intracellular loops are 100, 95
and 93 respectively, whereas they range from 68 to 91%
in the transmembrane domains. The lowest homology
between human and hamster thrombin receptor is
observed in the N-terminal extracellular domain which
is 55% (excluding the signal peptide). Altogether these
results suggest that the hamster sequence may represent
a different receptor isoform coupled to PLC, however
further studies including genomic Southern analyses are
required to clarify this point.

Concerning amino acid identity of the thrombin
receptor with the transmembrane domains of the 7
receptors aligned for primer design (see Section 2),
values ranged from: 17-30% in TMI, 23-41% in TMII,
23-36% in TMIII, 11-32% in TMIV, 23-37% in TMV,
22-30% in TMVI and 14-32% in TMVII. Apart from
its human homolog, the hamster thrombin receptor
displayed highest overall identity (27%) to the human
cytomegalovirus sequence HCMVU28 [32], with 55, 41
and 32% in TMII, II1, and VII, three domains that have
been implicated in ligand binding in the case of
adrenergic receptors [24]. It is interesting to note that
the HCMVVU28 sequence has a negatively charged
cluster of residues in the N-terminal domain (DYDED),
but a putative thrombin cleavage site in the short N-
terminal domain is absent.

At positions 177 and 256 in the first and second ex-
tracellular domains, two Cysteins are present that are
highly conserved in G-protein-coupled receptors and
may be involved in an essential disulfide bridge impor-
tant for maintaining receptor structure [33]. Two
Lysines in a basic surrounding are present in the third
intracellular loop (position 309 and 310); a similar
motif is present at this position in many receptors of
this family {321 and may be involved in G-protein cou-
pling. It is noteworthy that this third intracellular loop,
which varies in length among the different receptors of
this gene family, is only 14 residues long in the throm-
bin receptor. Potential sites for modification of the

negative charge cluster
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Fig. 3. Alignment of the extracellular Noterminal domain of the hamster thrombin receptor with other thrombin proteins that interact with, Pro-

eins alighed include: the hamster thrombin receptor, the human theambin receptor [26), human A Tlsvinagen [36], human factor VI [27),

hirudin variant | [37]. and heparin cofactor [ {38). A thrombin cleavage site und a common negative charge cluster are shown above the sequences.

Homolagies to the hamster thrombin receptor are boxed; Asp (D) and Glu (E) are boxed together since they are both negatively charged, as well
as Lys (K) and Arg (R} which are both positively ¢harged.
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thrombin receptor activity and/or desensitization by
phosphorylation are present including 3 Threonine and
10 Serine residues in the cytoplasmic C-terminal do-
main, six of which are in pairs next to a charged amino
acid, and 6 Serines in the third intracellular loop. A
potential tyrosine kinase phosphorylation site [34] is
located at Tyrosine 399,

In conclusion, the cDNA we have isolated encodes a
functional thrombin receptor with structural features of
a G-protein-coupled receptor. A thrombin consensus
cleavage site and negative charge cluster are present in
the N-terminal extracellular domain of the receptor,
consistent with recent evidence that thrombin receptor
activation involves a novel proteolytic mechanism by
which thrombin cleaves its receptor to create a new
amino terminal that functions as a ligand to activate the
receptor [26]. In this study by Vu et al. a synthetic pep-
tide of 14 residues corresponding to the new receptor N-
terminal was shown to activate the cloned thrombin
receptor in oocytes an induce platelet activation. Subse-
quently, we have found that a peptide corresponding to
only 7 residues proximal to the thrombin cleavage site in
the hamster sequence (Serine-42-Proline-48) both ac-
tivates PLC and inhibits adenylate cyclase in CCL39
cells (manuscript in preparation). These results suggest
that either the cloned receptor is coupled to at least two
distinct G proteins, or that more than one receptor sub-
type is present in these cells and can be activated by the
peptide. We are currently investigating these possibi-
lities. Interestingly, the receptor peptide does not
stimulate DNA synthesis in CCL39 cells but rather it
potentiates the action of the tyrosine kinase-activating
fibroblast growth factor (in preparation). Therefore we
believe that mitogenic stimulation of cells by thrombin
requires yet an additional pathway involving a tyrosine
kinase.
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