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ABSTRACT Protease-activated receptors 1-3 (PARI,
PAR2, and PAR3) are members of a unique G protein-coupled
receptor family. They are characterized by a tethered peptide
ligand at the extracellular amino terminus that is generated
by minor proteolysis. A partial cDNA sequence of a fourth
member of this family (PAR4) was identified in an expressed
sequence tag database, and the full-length cDNA clone has
been isolated from a lymphoma Daudi cell cDNA library. The
OREF codes for a seven transmembrane domain protein of 385
amino acids with 33% amino acid sequence identity with
PARI1, PAR2, and PAR3. A putative protease cleavage site
(Arg-47/Gly-48) was identified within the extracellular amino
terminus. COS cells transiently transfected with PAR4 re-
sulted in the formation of intracellular inositol triphosphate
when treated with either thrombin or trypsin. A PAR4 mutant
in which the Arg-47 was replaced with Ala did not respond to
thrombin or trypsin. A hexapeptide (GYPGQYV) representing
the newly exposed tethered ligand from the amino terminus of
PAR4 after proteolysis by thrombin activated COS cells
transfected with either wild-type or the mutant PAR4. North-
ern blot showed that PAR4 mRNA was expressed in a number
of human tissues, with high levels being present in lung,
pancreas, thyroid, testis, and small intestine. By fluorescence
in situ hybridization, the human PAR4 gene was mapped to
chromosome 19p12.

Elucidation of the mechanisms by which proteases activate
cells has been an intriguing question in cell biology (1). In
recent years, a subfamily of G protein-coupled receptors
capable of mediating cellular signaling in response to proteases
has been identified (2-5). The first member of this family was
the thrombin receptor presently designated protease-activated
receptor 1 (PAR1). Thrombin cleaves an amino-terminal
extracellular extension of PAR1 to create a new amino ter-
minus that functions as a tethered ligand and intramolecularly
activates the receptor (2). Knockout of the gene coding for
PARI1 provided definitive evidence for a second thrombin
receptor in mouse platelets and for tissue-specific roles for
different thrombin receptors (6). PAR2 can mediate signaling
after minor proteolysis by trypsin or tryptase but not thrombin
(4). PAR3 was identified recently as a second thrombin
receptor that can mediate phosphatidylinositol 4,5-bisphos-
phate hydrolysis; it was expressed in a variety of tissues (5).
Because many other proteases such as factor VIIa (7), factor
Xa (8), factor XIIa (9), protein C (10), neutrophil cathepsin G
(11), mast cell tryptase (12), and plasmin (13) display cellular
effects, it has been speculated that additional members of the
PAR family exist (14, 15).
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In this report, we describe the cloning of a human cDNA
sequence coding for a fourth protease-activated receptor
(PAR4). When transiently expressed in COS cells, PAR4 was
activated by thrombin or trypsin. The extracellular amino-
terminal extension of PAR4 contained a putative serine
protease cleavage site, and its importance in receptor activa-
tion was demonstrated by mutagenesis experiments. The tissue
distribution and chromosome localization are also described.

MATERIALS AND METHODS

Purified a-thrombin, trypsin, and other proteases were kindly
provided by K. Fujikawa (University of Washington); human
y-thrombin was purchased from Enzyme Research Laborato-
ries, South Bend, IN. The size-selected lymphoma Daudi cell
cDNA library was a gift from S. Lok (ZymoGenetics). Peptides
were synthesized and purified by HPLC before use. Nylon
membranes and radioactive isotopes were purchased from
Amersham. All cell culture media and supplements were from
GIBCO/BRL.

A search of the public DNA sequence database dbEST and
commercially available Incyte (Incyte Pharmaceuticals, Palo
Alto, CA) expressed sequence tag (EST) LifeSeq database was
carried out by using a modified version of the FASTA program
(16). Human PAR1, PAR2, and PAR3 sequences were used as
the query sequences.

Screening of the cDNA library was carried out by standard
filter hybridization techniques with radioactive DNA probes
labeled by random priming (Prime-it kit, Stratagene). cDNA
inserts were sequenced on both strands by the dideoxynucle-
otide chain-termination method (17) using the Sequenase kit
from United States Biochemicals. The cDNA used for the
epitope-tagged PAR4 assay was prepared analogous to Flag-
epitope-tagged PAR1 with an amino terminus sequence of
MDSKGSSQKGSRLLLLLVVSNLLLCQGVVS | DYKDD-
DDKLE-GG. This represents the bovine prolactin signal
peptide, the putative signal peptidase site (| ), the Flag
epitope DYKDDDDK, and a junction of LE providing a Xhol
cloning site (5). This sequence was fused to Gly-18 in PARA4.
Receptor cDNAs were subcloned into the mammalian expres-
sion vector pZP-7 provided by D. Prunkard (ZymoGenetics).
Receptor expression on the COS cell surface was measured as
specific binding of mAb M1 (IBI-Kodak) to the FLAG epitope
at the receptor’s amino terminus (18).

For the phosphoinositide hydrolysis assay, COS-7 cells were
grown in DMEM with 10% fetal bovine serum (FBS). Cells
were plated at 3.5 X 10°/35-mm plate 1 day before transfec-
tion. Two micrograms of DNA were transfected with 12 ul of
LipofectAMINE (GIBCO/BRL) for 5 hr. The cells were
incubated overnight in DMEM with 10% FBS and then split

Abbreviations: EST, expressed sequence tag; PAR1-4, protease-
activated receptors 1-4, respectively.

Data deposition: The sequence reported in this paper has been
deposited in the GenBank database (accession no. AF055917).
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into triplicate 35-mm wells. Forty-eight hours after transfec-
tion, the cells were loaded with myo-[*H]inositol (2 uCi/ml; 1
Ci = 37 GBq) in serum-free DMEM and incubated overnight
at 37°C. Cells were washed and treated with 20 mM LiCl in
DMEM with or without protease or peptide activators added
at various concentrations. Cells were then incubated for 2 hr
at 37°C and extracted with 750 ul of 20 mM formic acid for 30
min on ice. The inositol mono-, bis-, and trisphosphates were
purified through a 1-ml AG 1-X8 anion-exchange resin (Bio-
Rad) (19) and radioactivity was quantitated by scintillation
counting. In each hydrolysis assay, surface expression levels of
receptors were determined in triplicate in parallel cultures.

For Northern blot analyses, three human multiple-tissue
blots with 2 ug of mRNA per lane (CLONTECH) were
hybridized with a 3?P-labeled 166-bp PAR product generated
from human lymph node cDNA with PCR4-specific primers,
5'-TGGCACTGCCCCTGACACTGCA-3" and 5'-CCCG-
TAGCACAGCAGCATGG-3'. Hybridization to human B-ac-
tin mRNA was used as a control for variation in abundance.
The blots were hybridized overnight in ExpressHyb (CLON-
TECH) and washed at 50°C in 0.1X SSC/0.1% SDS followed
by exposure to x-ray film.
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The cDNA coding for PAR1 was isolated from a placental
cDNA library by PCR. The DNA sequence was essentially
identical to that reported (2) except for nucleotides 935-936
(CG — GC) and nucleotides 1315-1316 (CG — GC). These
differences resulted in a change of Val-238 — Leu and a
change of Ser-364 — Cys, respectively. These changes were
confirmed by sequence analysis of the corresponding regions
in the genomic DNA coding for PARI.

The Human Genetic Mutant Cell Repository Human/
Rodent Somatic Cell Hybrid Mapping Panel Number 2 (Na-
tional Institute of General Medical Sciences, Coriell Institute
of Medical Research) was used with PCR amplification to
identify the somatic hybrid that contained the human PAR4
gene (20). PAR4-specific oligonucleotide primers (sense, 5'-
GGTGCCCGCCCTCTATGG-3', and antisense, 5'-TCGC-
GAGGTTCATCAGCA-3") were used for the PCR amplifi-
cation.

Subchromosomal mapping of the PAR4 gene was carried
out by using the commercially available version of the Stanford
G3 Radiation Hybrid Mapping Panel (Research Genetics,
Huntsville, AL). The Stanford G3 RH Panel contains PCR-
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Nucleotide and deduced amino acid sequences for human PAR4. The nucleotide sequence of the 4.9-kb PAR4 cDNA was determined.

The amino acid sequence encoded by the longest ORF is shown. Consensus polyadenylation signals are underlined.
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amplifiable DNAs from each of 83 radiation hybrid clones of
the whole human genome, plus two control DNAs (the RM
donor and the A3 recipient). A publicly available WWW server
(http://shge-www.stanford.edu) permitted chromosomal lo-
calization of markers. The PCR amplification with the same set
of primers were set up in a 96-well microtiter plate and used
in a RoboCycler gradient 96 thermal cycler (Stratagene). The
PCR products were separated by electrophoresis on a 2%
agarose gel.

RESULTS AND DISCUSSION

Cloning of PAR4 c¢cDNA. An amino acid query sequence
derived from the known receptors PAR1, PAR2, and PAR3 was
used for searching various databases to identify ESTs with
homology to these sequences. One Incyte EST sequence
(INC373881) was identified that matched the three protease-
activated receptor sequences starting in the fourth transmem-
brane domain (nucleotides 770-2140, Fig. 1). When this DNA
sequence was translated into protein, the amino acid sequence
shared 34% identity with PAR?2 in the transmembrane region. A
size-selected lymphoma Daudi cell line cDNA library with inserts
greater than 2 kb was then screened with a 600-bp DNA probe
from the EST sequence. A full-length cDNA clone (4.9 kb) was
identified, sequenced on both strands, and designated as pro-
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F1G. 2. Diagram illustrating the proposed seven transmembrane-
domain organization for PAR4. The signal peptide is shown in green;
the amino-terminal peptide cleaved by thrombin is in yellow; the
tethered peptide ligand is in blue; the seven transmembrane-domain
regions are in gold; the remaining extracellular and intracellular
regions are shown in gray. The CHD sequence in the second trans-
membrane loop that is present in the four known PAR proteins is
shown in pink. A potential serine phosphorylation site for CK II in the
sequence SGR and a potential phosphorylation site for protein kinase
II in the sequence SPGD are shown in orange (21). An attached Y
refers to a potential N-linked glycosylation site, and S.P. refers to signal
peptidase.
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Table 1. Protease cleavage sites in PAR1, PAR2, PARS3,
and PAR4

Peptide
PAR1(37-61)
PAR2(32-56)
PAR3(34-57)
PAR4(28-52)
Hirudin

Sequence

TLDPR | SFLLRNPNDKYBFWEDEEK
SSKGR | SLIGKVDGTSHVTGKGVTVE
TLPIK | TFRGAPPN SFEFPFSALE
LPAPR | GYPGQVCANDSDTLELPDSS
---DFE_El---

Regions important for fibrinogen anion exosite ginding in thrombin
are underlined. |, Cleavage site.

tease-activated receptor 4 (PAR4) (Fig. 1). The DNA sequence
revealed a 5" untranslated region (nucleotides 1-175), an ORF
encoding a 385-amino acid protein (nucleotides 176-1333), and a
long G+C-rich 3’ untranslated region containing several poly-
adenylation signals and a poly(A) tail (nucleotides 1334-4895).
A hydropathy plot of the amino acid sequence of PAR4
revealed that the receptor was a member of the seven trans-
membrane-domain receptor family as illustrated in Fig. 2. A
hydrophobic signal sequence with a potential signal peptidase
cleavage site was present at Ser-17/Gly-18. A putative cleavage
site at Arg-47/Gly-48 for protease activation was also present
within the extracellular amino terminus. Alignment of the
PAR4 amino acid sequence with the three other known
protease-activated receptors (22) also indicated that PAR4
was a member of the protease-activated receptor family with
about 33% overall amino acid sequence identity with PARI,
PAR2, and PAR3. The extracellular amino terminus and
intracellular carboxyl terminus of PAR4, however, have little
or no amino acid sequence similarity to the corresponding
regions in the other family members. Furthermore, the throm-
bin cleavage site in PAR4 differs substantially from that in
PAR1 and PARS3 (Table 1). Also, in the second extracellular
loop, PAR4 has only three amino acids (CHD) that matched
the sequence of ITTCHDYV that is conserved in PAR1, PAR2,
and PAR3. The second extracellular loop was critical in
determining the specificity of PAR1 from human and Xenopus
laevis sources for their respective activating peptides (23).
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F1G. 3. Agonist activity of thrombin, trypsin, and activating pep-
tides on COS cells expressing PAR1, PAR4, or PAR4 protease
cleavage site mutant (R47A). Bars: open, control; upward hatched,
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Activation of PAR4 by Thrombin and Trypsin. The similar-
ity in sequence between PAR4 and the other protease-
activated receptors suggested that PAR4 could be activated by
an arginine-specific serine protease. COS cells transiently
transfected with PAR4 c¢cDNA responded to thrombin or
trypsin addition (100 nM), resulting in phosphatidylinositol
4,5-bisphosphate hydrolysis. This was comparable to the
thrombin-stimulated activation of PAR1 (Fig. 3). y-Thrombin,
which lacks a fibrinogen-binding exosite (24), was as effective
as a-thrombin in the activation of PAR4 (Fig. 3). This is in
contrast to the activation of PAR1 and PAR3 where y-throm-
bin is much less potent than a-thrombin (1, 4). This is probably
due to the presence of the thrombin binding site within the
amino-terminal region of PAR1 and PAR3 (25-27). The
thrombin-stimulated phosphoinositide hydrolysis with PAR4
was dose-dependent with a half-maximal concentration (ECs)
for thrombin and trypsin of 5 nM (Fig. 4). This was much
higher than that for PAR1 and PAR3 (about 0.2 nM) (2, 5).
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Other arginine/lysine-specific serine proteases including
factors Vlla, IXa, and XIa; urokinase; or plasmin had little or
no activity against PAR4. Small effects, however, were ob-
served with factor Xa at high nonphysiological concentrations
(100 nM). Chymotrypsin and elastase failed to activate PAR4
(data not shown).

Site-directed mutagenesis was then used to evaluate the
importance of the putative cleavage site at Arg-47/Gly-48 in
PAR4 activation. A cDNA coding for PAR4 with a single
amino acid substitution, Arg-47 — Ala, was transiently ex-
pressed in COS cells. The putative cleavage site mutant
(R47A) failed to respond to either thrombin or trypsin (Fig. 3).
In contrast, a mutation of Arg-68 in the extracellular amino-
terminal region (R68A) had no effect on the receptor activa-
tion by thrombin or trypsin in the phosphatidylinositol 4,5-
bisphosphate hydrolysis assay (data not shown). These data
further support the conclusion that the putative protease
cleavage site of Arg-47/Gly-48 in PAR4 was critical for
receptor activation.

Protease Receptor Activating Peptide. The protease-
activated receptor family has been shown to be activated by a
peptide derived from the amino terminus of the receptor
protein. Accordingly, a hexapeptide (GYPGQV) correspond-
ing to the unmasked amino terminus of PAR4 after the
cleavage at Arg-47/Gly-48 was tested for its ability to stimulate
COS cells expressing PAR4. The peptide readily activated both
wild-type and mutant PAR4 (R47A) at 500 uM, whereas
thrombin and trypsin only activate the wild-type PAR4 (Fig.
3). COS cells with no transfected DNA failed to respond to the
activating peptide under the same condition (data not shown).
The maximal response of cells expressing PAR4 to the acti-
vating peptide was comparable to the maximal response to
thrombin or trypsin (Fig. 3). The activating peptide (SFLLRN)
from PARI1 showed no activity toward PAR4 when tested at
the same concentration. The ECso of PAR4 activating peptide
was about 100 wM, which is substantially higher than that of the
activating peptide for PAR1 (2). The high ECsy for the
activating peptide for PAR4 compared with thrombin or
trypsin clearly reflects the difference between a built-in teth-
ered ligand and a ligand in free solution.

Potential Intracellular Phosphorylation Sites. Because the
termination of the signaling of PAR4 may occur by phosphor-
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ylation analogous to the B-adrenergic receptor (28), it was of
interest to examine the intracellular regions of PAR4 for
potential phosphorylation sites. A serine residue in the se-
quence SGR is present in the third intracellular loop of PAR4
that could be phosphorylated by protein kinase C, and another
serine residue in the sequence SPGD is present in the carboxyl-
terminal region that could be a substrate for casein kinase II
(Fig. 2). Accordingly, the termination of PAR4 signaling by
phosphorylation may be similar to other seven transmem-
brane-domain receptors.

Tissue Distribution of PAR4. Northern blot analysis of
mRNA from 23 tissues showed that the PAR4 gene was
expressed in most of the tissues tested with especially high
levels in lung, pancreas, thyroid, testis, and small intestine (Fig.
5). The predominant band observed in all tissues was 2.7 kb,
indicating that a polyadenylation signal located in the middle
of the 3’ noncoding region was the preferred site for polyad-
enylation (Fig. 1). Moderate expression was also detected in
placenta, skeletal muscle, lymph node, adrenal gland, prostate,
uterus, and colon. No PAR4 expression was detected in brain,
kidney, spinal cord, and peripheral blood leukocytes. From the
tissue distribution of PAR4 mRNA, it is difficult to draw any
conclusion about the physiological function of PAR4. The
PAR4 mRNA was also detected in human platelets by reverse
transcription-coupled PCR, although the expression of PAR4
was much less than that of PAR1 (data not shown).

Chromosome Localization of PAR4. The PAR4 gene was
mapped to chromosomal location 19p12 by using a PCR and
human/rodent somatic cell hybrid mapping method (20). This
location was different from that of the PAR1 and PAR2 genes,
which are located within approximately 100 kb of each other
at chromosome 5q13. The location of the two latter genes
suggested that they arose from a gene duplication event (29).
At present the localization of PAR3 is unknown. Additional
members of the PAR family probably exist that have evolved
through a combination of retroposition and gene duplication
(30).
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