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Background: Protease-activated receptor 4 (PAR4) mediates thrombin signaling on platelets and other cells.
Results: Disruption of the PAR4 homodimer interface interferes with signaling.
Conclusion: Dimerization of PAR4 is critical for signaling.
Significance: The interactions of PAR4 at the plasma membrane may have important functions that regulate signaling.

Thrombin activates platelets by binding and cleaving prote-
ase-activated receptors 1 and 4 (PAR1 and PAR4). Because of
the importance of PAR4 activation on platelets in humans and
mice and emerging roles for PAR4 in other tissues, experiments
were done to characterize the interaction between PAR4
homodimers. Bimolecular fluorescence complementation and
bioluminescence resonance energy transfer (BRET) were used
to examine the PAR4 homodimer interface. In bimolecular flu-
orescence complementation experiments, PAR4 formed
homodimers that were disrupted by unlabeled PAR4 in a con-
centration-dependent manner, but not by rhodopsin. In BRET
experiments, the PAR4 homodimers showed a specific interac-
tion as indicated by a hyperbolic BRET signal in response to
increasing PAR4-GFP expression. PAR4 did not interact with
rhodopsin in BRET assays. The threshold maximum BRET sig-
nal was disrupted in a concentration-dependent manner by
unlabeled PAR4. In contrast, rhodopsin was unable to disrupt
the BRET signal, indicating that the disruption of the PAR4
homodimer is not due to nonspecific interactions. A panel of
rho-PAR4 chimeras and PAR4 point mutants has mapped the
dimer interface to hydrophobic residues in transmembrane
helix 4. Finally, mutations that disrupted dimer formation had
reduced calcium mobilization in response to the PAR4 agonist
peptide. These results link the loss of dimer formation to a loss
of PAR4 signaling.

The protease-activated receptors (PAR)2 are a class of G pro-
tein-coupled receptors (GPCR) that are activated by the prote-

olysis of the N-terminal exodomain (1). Upon proteolysis, the
newly formedN terminus acts as a tethered ligand that activates
the receptor and initiates signaling cascades through multiple
G proteins (G�q, G�i, and G�12/13) (2, 3). There are four mem-
bers of this receptor family (PAR1–4) that are expressed on a
variety of cells including platelets, endothelial cells, vascular
smoothmuscle cells, and inflammatory cells. PAR1, 3, and 4 are
activated by thrombin, whereas PAR2 is activated by trypsin or
tryptase. Other serine proteases like FVIIa, FXa, plasmin, acti-
vated protein C,MMP1,MASP-1, and cathepsin G can activate
PARs as well (4–10). Unlike conventional G protein-coupled
receptors, PARs are irreversibly activated by cleavage of the
exodomain; therefore, specific mechanisms are required to
turn off PAR signaling (11).
PAR4 has primarily been studied in the context of platelet

activation. PAR1 and PAR4 are expressed on human platelets
and mediate thrombin activation of platelets. However, on
mouse platelets, PAR4 is the signaling thrombin receptor (12,
13).On cells, PAR1 is activated by low concentrations of throm-
bin (1 nM), whereas PAR4 is activated by higher concentrations
of thrombin. However, PAR1 lowers the amount of thrombin
required for PAR4 activation when PAR1 and PAR4 are co-ex-
pressed on the same cell, as is the case for human platelets (14,
15). PAR1 and PAR4 signaling first appeared to be redundant,
but recent data suggest that each has unique pathways for plate-
let activation (16–18). A major difference in PAR1 and PAR4
signaling is that, upon activation, PAR1 is phosphorylated on
key serine residues, which results in rapid internalization and
degradation of the receptor (11). In contrast, PAR4 is not phos-
phorylated and does not internalize as rapidly, resulting in a
prolonged stimulus (19, 20). The sustained signaling from
PAR4 may be required for stable clot formation (21, 22). In
addition to its role in activation of platelets by thrombin, there
is increasing evidence of roles for PAR4 in other physiological
processes including nociception, colon cancer cell prolifera-
tion, cardiac response to ischemia/reperfusion injury, and dia-
betic arterial plaques (23–26).
In addition to the interaction between PAR1 and PAR4,

PAR4 also interacts with the P2Y12 receptor on platelets to
alter signaling (27). Recent studies also suggest that other PAR
subtypes can interact with one another to alter signaling from
these receptors. Kaneider et al. (28) demonstrated that the
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PAR1-PAR2 heterodimers signaled through a different set of G
proteins than PAR1, which changed the physiological response
of the endothelial cells from barrier disruptive to barrier pro-
tective. PAR1 and PAR2 also form heterodimers on smooth
muscles cells and regulate their response to arterial injury (29).
McLaughlin et al. (30) have also demonstrated that PAR1
homodimers couple to a different set of G proteins than PAR1-
PAR3 heterodimers in transfected HEK293 cells. In summary,
PARs, like other GPCRs, may form dimers to mediate multiple
effects on cells depending on the context.
PAR4 has roles in multiple physiological processes. In addi-

tion, PAR4 may be implementing cross-talk between other
receptors. To fully understand how PAR4 is signaling to cells, it
is imperative to determine themolecular details of howPAR4 is
arranged in the membrane of cells. The present study uses
independent methods to demonstrate that PAR4 forms
homodimers: bimolecular fluorescence complementation
(BiFC) and bioluminescence resonance energy transfer (BRET).
The present study has also used a panel of chimeric proteins
and PAR4 point mutants to map the region on PAR4 required
for homodimers to a hydrophobic interface within transmem-
brane helix 4.

EXPERIMENTAL PROCEDURES

Reagents—Unless otherwise stated, all of the reagents were
from Sigma-Aldrich.
Cell Culture—HEK293 cells were from American Type Cul-

ture Collection (Bethesda,MD) and cultured inDMEMsupple-
mented with 10% fetal bovine serum (Hyclone, Logan, UT).
Cells were transfected with Lipofectamine 2000 (Invitrogen)
according to the manufacturer’s instructions.
MolecularCloning—ThehumanPAR4 cDNAwas purchased

from UMR cDNA Resource Center. The mouse rhodopsin
cDNA (accession number P15409) was provided byDr. Krzysz-
tof Palczewski (CaseWestern Reserve University). The restric-
tion enzyme sites HindIII and KpnI were added to PAR4 by
PCR to facilitate ligation into the vectors V1 and V2 for BiFC or
pLUC-N2 and pGFP2-N2 for BRET. The vectors D2-V1 and
D2-V2 were purchased from Addgene (31), and the D2
sequence was replaced with that of PAR4. The vectors
pLUC-N2 and pGFP-N2 were purchased from PerkinElmer
Life Sciences. The rhodopsin/PAR4 chimeras were generated
using overlapping PCR as previously described (32). A detailed
list of primers is available by request. Briefly, primers were
designed such that the sequence would switch from rhodopsin
to PAR4 at the beginning of transmembrane domain (TM) 2
(rho-PAR4-TM2), TM3 (rho-PAR4-TM3), TM4 (rho-PAR4-
TM4), TM5 (rho-PAR4-TM5), TM6 (rho-PAR4-TM6), or
TM7 (rho-PAR4-TM7) (see Table 1). The resulting chimeras
were ligated into the vector pGFP2-N2 (PerkinElmer Life Sci-
ences) for BRET studies. The transmembrane 4 domain swap
mutant (rho-PAR4-rho) was made in a similar fashion. Alanine
substitution mutants were made using primers that altered the
relevant codon(s) to change L2094.58 and L2134.62 (PAR4–2A);
L1924.41, L1944.43, M1984.47, and L2024.51 (PAR4–4A); or indi-
vidual alanine substitutions. The nomenclature is that of Ball-
esteros andWeinstein (33). For expression without GFP, PAR4
or rhodopsin was ligated into pCDNA3.1. Human PAR4 with

an N-terminal T7 epitope (MASMTGGQQMG) has been
described (14); T7-rhodopsin was made in a similar fashion.
The HA tag (YPYDVPDYA) or V5 tag (GKPIPMPLLGLDST)
was added to the N terminus of PAR4 with PCR at amino acid
18 such that the PAR4 signal sequence was removed.
Bimolecular Fluorescence Complementation—HEK293 cells

were transfected with HA-PAR4-V1 (0.1 �g) and V5-PAR4-V2
(0.01–0.5 �g). For competition experiments, T7-PAR4-
pCDNA3.1 or T7-rhodopsin-pCDNA3.1 (0–1 �g) was
co-transfected with HA-PAR4-V1 or V5-PAR4-V2 (0.1 �g
each). Forty-eight hours following transfection, the cells were
removed from plates by rinsing in PBS containing 1% glucose
and immediately analyzed for fluorescence complementation
or stained with anti-HA or anti-V5 antibodies to determine
expression levels. Fluorescence complementation was deter-
mined by measuring the mean fluorescence of 10,000 cells
using a BD Biosciences LSRII flow cytometer.
Bioluminescence Resonance Energy Transfer—For BRET

experiments, HEK293 cells (1 � 105) were plated on 6-well
dishes. The cells were transfected with 0.5 �g of donor plasmid
(PAR4-Luc) and increasing amounts (0–5�g) of acceptor plas-
mid (PAR4-GFP, rho-GFP, or rho-PAR4-GFP chimeras) (30,
34). For BRET studies with PAR4 point mutants, 0.03 �g of
donor plasmid and 0–0.24 �g of acceptor plasmid was used.
Emissionwas detected using a PerkinElmer Life SciencesVictor
3 plate reader equipped with the appropriate BRET2 filter set
(410 nm with 80-nm bandpass and 515 nm with 30-nm band-
pass; PerkinElmer Life Sciences). Emission at 410 and 515 nm
was collected immediately after the addition of 5 �M luciferase
substrate (coelenterazine 400a; Biotium Inc., Hayward, CA).
BRET signalwas calculated by the ratio of emission at 515 nm to
emission at 410 nmminus the BRET in the absence of GFP (35).
In BRET studies, specific interactions are detected by a hyper-
bolic increase in BRET signal (ratio of emission at 510/410 nm)
as the ratio of GFP-receptor/RLuc-receptor increases (34). In
contrast, nonspecific interactions increase linearly. The graph-
ing software Prism was used to choose the best model (hyper-
bolic versus linear) for each experiment. GFP expression was
determined by excitation at 495 nm and emission at 515 nm.
Luciferase expression was determined by adding 5 �M coelen-
terazineH (Invitrogen) and reading total light emissionwithout
a filter. The BRET data from three or four independent exper-
iments are pooled and analyzed by global fit to all of the data.
Flow Cytometry—Cell surface expression of PAR4, rhodop-

sin, or rho-PAR4 chimeras was determined by flow cytometry.
HEK293 cells in 6-well plates were transfected with 0.5 �g of
plasmid and were removed from plates 48 h post-transfection
by rinsingwithPBS.The cellswere incubatedwith antibodies to
PAR4 (32) or rhodopsin (monoclonal antibody B6–30N (36),
kindly provided by Dr. Krzysztof Palczewski (Case Western
Reserve University)) followed by incubation with species spe-
cific antibodies conjugated to Alexa Fluor 647 (Invitrogen) to
detect surface expression distinct from GFP expression. Mean
fluorescence was determined by counting 10,000 cells on an
LSRII (BD Biosciences) in the Case Comprehensive Cancer
Center flow cytometry core. Surface detection of HA-, V5-, or
T7-tagged proteins were detected with an HA tag antibody
conjugated to Alexa Fluor 647 with 1:50 dilution (6E2; Cell Sig-
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naling Technology, Danvers, MA), V5 tag antibody conjugated
to DyLight 649 at 1 �g/ml (ab82889; Abcam, Cambridge, MA),
or T7 tag antibody conjugated to SureLight allophycocyanin at
1 �g/ml (ab72565, Abcam).
Quantitative Flow Cytometry—To quantitate the cell surface

expression of HA- or V5-tagged PAR4, quantitative flow
cytometry was performed using QuantumTM Simply Cellular�
anti-mouse IgG (Bangs Laboratories, Inc., Fishers, IN) accord-
ing to the manufacturer’s protocol. Beads coated with 0, 7675,
50411, 127964, or 357217 antibody binding sites were incu-
bated with anti-HA or anti-V5 antibodies, washed, and ana-
lyzed by flow cytometry for mean fluorescence. These values
were used to generate a standard curve with themanufacturer’s
QuickCal� analysis template v2.3. The expression levels of HA-
PAR4 or V5-PAR4 were analyzed by flow cytometry as
described above and converted to antibody-binding sites using
this template and standard curve.
CalciumMobilization—HEK 293 cells were transfected with

V5-PAR4-wt, V5-PAR4–2A, or V5-PAR4–4A (1 �g) and
removed from plates 48 h post-transfection. Calciummobiliza-
tion was performed as previously described (37). Briefly, the
cells were removed from plates with Versene, washed, and
loaded with 5 �M Fura2-AM (Invitrogen) in Hepes-Tyrode’s
buffer supplementedwithmagnesiumand calcium.Cells (2.5�
105) were placed into 96-well plates, stimulatedwith PAR4 ago-
nist peptide (AYPGKF-NH2, 1 mM; Polypeptide Group, Stras-
bourg, France), and read in a NOVOstar plate reader (BMG
Labtech, Durham, NC). Fluorescencemeasurements were con-
verted to intracellular calcium concentration by the formula of
Grynkiewicz et al. (38).

RESULTS

PAR4 participates in multiple physiologic processes. How-
ever, the molecular assembly of PAR4 in the membrane of cells
is not known. To investigate whether PAR4 forms homodimers
on cell surfaces, we used BiFC. HEK293 cells were co-trans-
fected with PAR4 fused with the N-terminal region of Venus
(V1) or the C-terminal region of Venus (V2) to test for comple-
mentation (Fig. 1A). An HA epitope (HA-PAR4-V1) or V5
epitope (V5-PAR4-V2)was added to theN terminus tomonitor
the expression level of each of the PAR4 constructs. For these
experiments, the cells were co-transfected with HA-PAR4-V1

(0.1 �g) and V5-PAR4-V2 (0.01–0.5 �g) (Fig. 1). The cells were
washed from plates in PBS with 1% glucose and immediately
analyzed by flow cytometry to determine the mean fluores-
cence resulting from the complementation or stained with
anti-HA or V5 antibodies to analyze expression levels. The
mean fluorescence intensity from each antibody was converted
to antibody binding sites using a quantitative flow cytometry
assay (Bangs Laboratories), allowing the direct comparison of
the expression of theHA- andV5-tagged PAR4 proteins. These
values were used to calculate the V2/V1 ratio in Fig. 1A. The
individual split Venus constructs did not have a fluorescence
signal above the background ofmock transfected cells (data not
shown). However, as V5-PAR4-V2 expression increased, the
mean fluorescence fit a hyperbolic curve with a plateau at 302
fluorescence units with a 95% confidence interval of 113–491
(Fig. 1A). Importantly, the expression of HA-PAR4-V1 was not
altered as the expression of V5-PAR4-V2 increased (Fig. 1B).
To examine the specificity of the interaction that was detected
with BiFC, unlabeled T7-PAR4 or T7-rhodopsin (0–1.0 �g)
was co-transfected with HA-PAR4-V1 and V5-PAR4-V2 (0.1
�g each) (Fig. 1C). The expression levels of PAR4 and rhodop-
sin were directly compared with flow cytometry using an anti-
body to the T7 epitope conjugated to SureLight allophycocya-
nin. PAR4 was able to disrupt the BiFC in a concentration-
dependent manner. In contrast, rhodopsin was unable disrupt
the PAR4-PAR4 interaction, even though it was expressed
5-fold higher. It is of note that rhodopsin consistently had a
higher expression than PAR4when equivalent amounts of plas-
mid were used in the transfection.
We have demonstrated that PAR4 forms homodimers by

BiFC. To further validate these studies, we performed BRET.
The PAR4 homodimers show a specific interaction as indicated
by a hyperbolic BRET signal in response to an increase in the
ratio of PAR4-GFP:PAR4-Luc expression (Fig. 2A). In contrast,
a nonspecific BRET signal increases linearly with increasing
GFP expression. Importantly, PAR4 did not form dimers with
rhodopsin (Fig. 2B), indicating the specificity of the PAR4-
PAR4 interactions. Rhodopsin was used as an unrelated GPCR
to verify that the interactions were not due merely to overex-
pression of the receptors. Because we were able to detect a
strong BRET signal from the PAR4-Luc and PAR4-GFP inter-

FIGURE 1. PAR4 homodimers are detected with BiFC. HEK293 cells were transiently transfected with HA-PAR4-V1 (0.1 �g) and V5-PAR4-V2 (0.01– 0.5 �g).
Cells were removed from plates 48 h post-transfection and analyzed immediately by flow cytometry to determine fluorescence from BiFC or stained with
anti-HA or anti-V5 antibodies. A, the mean fluorescence intensity (MFI) from BiFC is plotted against the ratio of V5-PAR4-V2 to HA-PAR4-V1 expression
determined by quantitative flow cytometry. B, the expression level of HA-PAR4-V1 plotted against the expression level of V5-PAR4-V2. C, for competition
experiments, unlabeled T7-PAR4 (closed circles) or T7-rhodopsin (open circles) (0 –1.0 �g) was co-transfected with HA-PAR4-V1 (0.1 �g) and V5-PAR4-V2 (0.1 �g)
and analyzed for BiFC as in A. The expression level of T7-PAR4 and T7-rhodopsin was determined by flow cytometry with an anti-T7 antibody. The data are a
global fit to three independent experiments.
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action, we sought to disrupt this interaction by competing with
unlabeled PAR4 (Fig. 2C). Increasing amounts of PAR4 in
pCDNA3.1 (0–2 �g) were co-transfected with the ratio of the
PAR4 BRET constructs that gave the threshold maximum
BRET signal (0.5 �g of PAR4-Luc and 2.5 �g of PAR4-GFP).
Unlabeled PAR4 was able to disrupt the BRET signal in a con-
centration-dependent manner (Fig. 2C, closed circles). In con-
trast, rhodopsinwas unable to disrupt the BRET signal from the
PAR4 homodimer (Fig. 2C, open circles), indicating that the
disruption of the PAR4 homodimer with PAR4 is not due to
nonspecific interactions.
To fully understand the interaction between PAR4

homodimers, we initiated investigations to map the
homodimer interface. We have demonstrated that PAR4 does
not interact with rhodopsin using BRET studies (Fig. 2B). To
take advantage of this observation, we generated a series of
rhodopsin-PAR4 chimeras that have the junction at the begin-
ning of transmembrane (TM) helix 2, 3, 4, 5, 6, or 7 (Table 1).
The boundaries for the transmembrane helices for PAR4 were
determined by comparing the amino acid sequence with that of
rhodopsin using the program T-coffee (39, 40). Because we are
able to detect a strong interaction using BRET for PAR4
homodimers but not with heterodimers between PAR4 and
rhodopsin, the strategy for these experiments was to use the
panel of chimeras to determine when dimer formation is
restored. Because these chimeras are not naturally occurring
molecules, initial experiments examined the surface expression
of these chimeras by flow cytometry (Fig. 3). PAR4-Luc and
PAR4-GFP were detected with a goat polyclonal antibody
directed to PAR4 (29) and a secondary antibody conjugated to
Alexa Fluor 647, which allowed specific detection of PAR4 on
the surface without interference from the GFP signal (Fig. 3A).
Rhodopsin-GFP and the rhodopsin-PAR4-GFP chimeras were
detected with a monoclonal antibody directed to the N termi-
nus of rhodopsin (Fig. 3B). Each of these chimeras was
expressed on the cell surface at comparable levels. To examine
the interaction of the rho-PAR4 chimeras with PAR4-wt,
HEK293 cells were transfected with PAR4-Luc (0.5 �g) and
rho-PAR4-chimera-GFP (0–5 �g) (Fig. 4, A–F). The chimeras
that have junctions at TM2, 3, or 4 were able to interact with
PAR4-wt in a manner similar to the PAR4 homodimers (Fig. 4,
A–C). In contrast, when the junction was moved to the begin-
ning of TM5, 6, or 7, the BRET signal was linear, indicating that

these molecules were unable to interact with PAR4-wt (Fig. 4,
D–F). These results indicate that the region on PAR4 required
for homodimer formation is between the start of TM4 and
TM5.
We have narrowed the PAR4 homodimer interface to a 56-a-

mino acid region between the start of TM4 and TM5. To deter-
mine whether TM4 was sufficient to interact with PAR4, we
generated a chimera in which the TM4 of rhodopsin was
replaced with that of PAR4 (Fig. 5A). The rho-PAR4-rho chi-
mera was tested in BRET experiments, and it showed a specific
interaction with PAR4 (Fig. 5B).

We next wanted to understand the structural basis for the
homodimer interface. Because the structure of PAR4 is not
known, we generated models using Swiss Modeler (Fig. 6A)
(41–43). The models are in good agreement with our experi-
mental data in that transmembrane helix 4 has residues that are
directed away from the other helices, making them accessible
for potential interactions with adjacent PAR4 molecules. An
interesting feature of TM4 is a series of leucine residues that are
directed outward. The TM4 between PAR4 and rhodopsin
were aligned using the alignment program T-coffee (Fig. 6B).
This alignment is based on the arrangement of all seven trans-
membrane helices.
Our data using the rhodopsin/PAR4 chimeras and the PAR4

model strongly suggest that transmembrane helix 4 is the
homodimer interface. Studies next directly examined the influ-
ence of the hydrophobic residues identified in the PAR4model
as a potential interface (L1924.41, L1944.43, M1984.47, L2024.51,
L2094.58, and L2134.62). In addition, we wanted tominimize the
influence of overexpression, which may force nonphysiologic
interactions to occur. Therefore, an HA epitope (HA-PAR4-
Luc) or V5 epitope (V5-PAR4-GFP) was added to allow us to
determine the expression levels of each PAR4 on the surface of
cells. Initial studies determined the minimum amount of plas-
mid required to achieve sufficient expression for the BRET
assays (Fig. 7). The expression levels were determined using
antibodies to HA or V5 tags and analyzed by flow cytometry
(Fig. 7). The minimum amount of HA-PAR4-Luc plasmid
required for detection was 0.03 �g. Similar to the BiFC experi-
ments (Fig. 1B), increasing V5-PAR4-GFP did not alter
HA-PAR4-Luc expression (Fig. 7C). The BRET experiments
with PAR4wild typewere repeated using theminimumamount
of plasmid (0.03 �g for HA-PAR4-Luc). The V5-PAR4-GFP

FIGURE 2. PAR4 homodimers are detected with BRET. A and B, HEK293 cells were transfected with PAR4-Luc (0.5 �g) and PAR4-GFP (0 –5.0 �g) (A) or rho-GFP
(0 –5.0 �g) (B). Forty-eight hours post-transfection, the cells were analyzed for GFP expression, luciferase expression, and BRET. The data are from three or four
independent experiments, in which all points were analyzed by global fit to a hyperbolic or linear curve. C, PAR4 homodimers are disrupted by expression of
unlabeled PAR4. PAR4-Luc (0.5 �g) and PAR4-GFP (2.5 �g) were transfected in to HEK293 cells for BRET assays as described in A with increasing amounts of
unlabeled PAR4 (closed circles) or rhodopsin (open circles). The data are from three independent experiments, and the error bars represent the standard
deviation; the apparent absence of error bars indicates a small standard deviation.
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concentrations were chosen to be 0.3–6 times that of
HA-PAR4-Luc to achieve a wide range of expression for the
saturation BRET studies (Fig. 8A). The specific interactions for
PAR4 homodimers were also observed when we used the
reduced amounts of plasmid, confirming the result from the
previous experiments (compare Fig. 2A and Fig. 8A). Using
these conditions, studies next examined the residues in trans-
membrane helix 4 that were suggested to be an interface in the
PAR4 model (Fig. 6). Initial studies mutated L2094.58 and
L2134.62 to alanine (PAR4–2A) or L1924.41, L1944.43, M1984.47,
and L2024.51 to alanine (PAR4–4A) (Fig. 6). The mutants were
labeled with a V5 epitope, ligated into the GFP vector and
examined with BRET assays with PAR4-wt (Fig. 8).
V5-PAR4–2A interacted with HA-PAR4-Luc as indicated by a
hyperbolic binding curve (Fig. 8B); however, the binding was
significantly reduced compared with PAR4-wt. In contrast,
V5-PAR4–4A-GFP was unable to interact with HA-PAR4-Luc
as indicated by a linear relationshipwith theGFP:Luc ratio (Fig.
8C). These studies suggested that several residuesmay be form-
ing the interaction interface. To investigate whether these res-
idues are acting in concert or whether individual residues were
supporting dimerization, each of the four residues were
mutated individually. For each of the pointmutations, the bind-
ing curve and themaximumBRET signal were unchanged from
wild type PAR4 (Table 2). These data indicate that the hydro-
phobic residues identified in TM4 act as a hydrophobic inter-

face to mediate homodimers and that mutating a single residue
is insufficient to disrupt dimerization.
Finally, experiments were designed to determine whether

disrupting the PAR4 homodimers had a functional conse-
quence. For these studies, HEK293 cells were transfected with
V5-PAR4-wt, V5-PAR4–2A, or V5-PAR4–4A in pCNDA3.1.
The expression level was verified by flow cytometry. The mean
fluorescence was similar for PAR4-wt (1960 � 629) and
PAR4–2A (2064� 560,p� 0.91). The expression of PAR4–4A
(1397� 422, p� 0.50) was also similar to PAR4-wt. These data
agree with the GFP tagged PAR4 mutants in which no differ-
ences in expression were observed. Studies next analyzed the
ability of each PAR4 construct tomobilize intracellular calcium
in response to the PAR4-activating peptide (AYPGKF) (Fig. 9).
V5-PAR4–2A had slightly reduced Ca2� mobilization com-
pared with V5-PAR4-wt. However, V5-PAR4–4A had drasti-
cally reduced Ca2� mobilization. These data correlate the loss
of dimer formation to a loss of signaling function for PAR4.

DISCUSSION

The current report demonstrates that PAR4 forms homo-
dimers and maps the PAR4 homodimer interface to a series of
hydrophobic residues in transmembrane helix 4. The dimeriza-
tion of PAR4was determined by independent techniques: BiFC
and BRET. The dimerization was specific in that PAR4 did not
heterodimerize with rhodopsin, another GPCR from the same
class of GPCRs. Further, the current report shows that point
mutations that disrupt PAR4homodimers also impair signaling
as measured by calcium mobilization.
G protein-coupled receptors have seven transmembrane

domains that, when stimulated, signal via heterotrimericGpro-
teins, which are linked tomany intracellular signaling pathways
(44). Because of the complex arrangement of GPCRs in the
membranes of cells, there has been much debate regarding the
molecular assembly of GPCRs in vivo (45, 46). The traditional
views were that the signaling GPCR occurred with the 1:1 com-
plex with the intracellular G protein. In support of this view,
recent studies with a reconstituted system demonstrate that a
monomeric �2-adrenergic receptor was able to bind agonists
with high affinity (47). Importantly, in this system, the binding
of agonists was able to mediate rapid exchange of nucleotide
from theGs heterotrimer, demonstrating thatmonomers of the
�2-adrenergic receptor are functional. Other studies have used
the same high-density lipoprotein (HDL) disks to demonstrate
that bovine rhodopsin is also capable of signaling as amonomer
(48). Therefore, on a biophysical level, two prototypical GPCRs

TABLE 1
Rhodopsin-PAR4 chimeras
Sequences are shown with standard one-letter abbreviations. Rhodopsin sequences are shown in plain font. PAR4 sequences are shown in bold font.

Chimera Sequence

Rho-PAR4-TM2 . . . VTVQHKKLRT70S111TMLLMNLA . . .
Rho-PAR4-TM3 . . . TSLHGYFVFG106L151ATAALLYG . . .
Rho-PAR4-TM4 . . . KPMSNFRFGE150L192ALGLCMAA . . .
Rho-PAR4-TM5 . . . DYYTLKPEVN199C247LALLGCFL . . .
Rho-PAR4-TM6 . . . QQESATTQKA246L284TAVVLASA . . .
Rho-PAR4-TM7 . . . FTHQGSNFGP285G320AYVPSLAL . . .
Rho-PAR4-Rho . . .

MSNFRFGE150L192ALGLCMAAWLMAAALALPLTL213G174WSRYIPE . . .

FIGURE 3. Rhodopsin-PAR4 chimeras were expressed on the cell surface.
HEK293 cells were transfected with 0.5 �g of plasmid, and cells were prepared
for flow cytometry. A, PAR4 was detected with a polyclonal antibody (5
�g/ml) and anti-goat secondary antibody conjugated to Alexa Fluor647 (2
�g/ml). B, rhodopsin and rhodopsin-PAR4 chimeras were detected with a
monoclonal antibody to rhodopsin (B6 –30N) 1:10 dilution and anti-mouse
secondary antibody conjugated to Alexa Fluor 647 (2 �g/ml). Control exper-
iments used mock transfected cells followed by staining with anti-PAR4 or
anti-rhodopsin. The data are from three or four independent experiments,
and error bars represent the standard deviation.
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(�2-adrenergic receptor and rhodopsin) are functional as
monomers in a minimal system.
There is also a growing body of evidence suggesting that

GPCRs function as oligomeric structures in the plasma mem-
brane of cells (49, 50). The most compelling evidence that
GPCRs form oligomers in vivo is the high resolution crystal
structure of one of themostwell studiedGPCRs, rhodopsin (45,
50).When the structure of rhodopsin is compared withmodels
of Gt� subunits that are based on several lines of biochemical
analysis, the oligomeric structure of rhodopsin can be modeled
to interact with oligomers of Gt� (45). Recently, a heteropenta-
meric complex consisting of two rhodopsin molecules and one
Gt complex purified from native bovine retinas was character-
ized biochemically and by scanning transmission electron
microscopy (51). These studies provide the most compelling
data to date regarding the functionality of GPCR dimers in
native tissues. As more is learned about the arrangement of

PAR4 in the membrane, it will be important to consider how
dimer or oligomer formation may alter PAR4 activity. The cur-
rent report provides a key starting point for analyzing PAR4 in
native tissues.
Although there has been recent progress inmethodologies to

study the structural properties of GPCRs (52), there is little or
no structural data for most GPCRs. Therefore, we must rely on
biochemical data and molecular models to define interaction
partners and their interaction surfaces. The current report
maps the homodimer interface of PAR4 to transmembrane

FIGURE 4. Mapping the domain on PAR4 for homodimer formation using rhodopsin-PAR4 chimeras. HEK293 cells were transfected with PAR4-Luc (0.5
�g) and rho-P4-TM2-GFP (0 –5.0 �g) (A), rho-P4-TM3-GFP (0 –5.0 �g) (B), rho-P4-TM4-GFP (0 –5.0 �g) (C), rho-P4-TM5-GFP (0 –5.0 �g) (D), rho-P4-TM6-GFP
(0 –5.0 �g) (E), or rho-P4-TM7-GFP (0 –5.0 �g) (F). Forty-eight hours post-transfection, the cells were analyzed for GFP expression, luciferase expression, and
BRET. The data are from three or four independent experiments in which all points were analyzed by global fit to a hyperbolic or linear curve.

FIGURE 5. Transmembrane helix 4 is sufficient for PAR4 homodimer for-
mation. A, diagrammatic representation of rho-PAR4-rho. TM4 of rhodopsin
was replaced with that of PAR4. B, HEK293 cells were transfected with PAR4-
Luc (0.5 �g) and rho-PAR4-rho-GFP (0 –5.0 �g). Forty-eight hours post-trans-
fection, the cells were analyzed for GFP expression, luciferase expression, and
BRET. The data are from three independent experiments in which all points
were analyzed by global fit to a hyperbolic or linear curve.

FIGURE 6. Molecular models of PAR4. A, structural model of PAR4 based on
squid rhodopsin generated with Swiss modeler. TM1 is indicated in red, and
TM4 is indicated in blue. Residues that are directed away from the other TM
helices are shown as stick diagrams and are labeled using the nomenclature
of Ballesteros and Weinstein (33). B, alignment of TM4 sequence from PAR4
and rhodopsin using the alignment program T-coffee.
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helix 4. In molecular models, transmembrane helix 4 of PAR4
has several leucine residues that are directed away from the
other helices that may allow these side chains to mediate
dimerization (Fig. 8A). The membrane leucine zipper has been
described for other membrane proteins such as E-cadherin,
erythropoietin, and DDR1 (53–56). However, onemust be cau-
tious in drawing general conclusions based on results from sin-
gle membrane domain-containing proteins to GPCRs, which
have seven transmembrane domains. In other GPCRs, such as
the dopamine D2 receptor, rhodopsin, and �-factor receptor
(Ste2), TM4 is also at the homodimer interface (49, 57, 58).
However, GPCRs use other regions in addition to or instead of
TM4 for dimer interactions (59). A recent mutagenesis study
with the M3 muscarinic receptor demonstrated that multiple
interfaces are possible with the M3 receptor dimer/oligomer
(60). Molecular models and biochemical data suggest TM4:
TM4, TM5:TM5, TM6:TM7, TM4:TM5, and TM1:TM2 inter-
faces for the M3 receptor. As the authors of this study suggest,

these interfacesmay be in dynamic equilibrium.Another exam-
ple, the dopamine D2 receptor forms oligomers with two inter-
faces, TM1 and TM4. Our data do not support TM1 as a
homodimer interface for PAR4. However, in the PAR4 model,
TM1 is angled and may have a smaller potential interface (Fig.
8A). The smaller interface may have weaker interactions that
play a role in oligomer formation.
PAR1 has been well studied in human platelet activation by

thrombin. However, there is a growing appreciation for the role
of PAR4 in platelet activation. The sustained intracellular Ca2�

mobilization as a result of PAR4 stimulation may be required
for stable clot formation (20–22). Further, PAR4 cooperates

FIGURE 7. The minimal expression of PAR4 required for BRET assays. A and B, HEK293 cells were transfected with HA-PAR4-Luc (0 – 0.1 �g) (A) or V5-PAR4-
GFP (0 – 0.25 �g) (B) and assayed for luciferase activity with colenterazine H (5 �M) or GFP expression to determine the minimal amount of plasmid required for
BRET assays. C, HEK293 cells were transfected with HA-PAR4-Luc (0.03 �g) and V5-PAR4-GFP (0 – 0.24 �g). Expression levels were determined by quantitative
flow cytometry with anti-HA or anti-V5 antibodies. HA-PAR4-Luc is plotted against increasing expression of V5-PAR4-GFP.

FIGURE 8. Mapping the residues within transmembrane helix 4 that are required for PAR4 homodimers. HEK293 cells were transfected with HA-PAR4-Luc
(0.03 �g) and V5-PAR4-GFP (0 – 0.24 �g) (A), V5-PAR4 –2A-GFP (0 – 0.24 �g) (B), or V5-PAR4 – 4A-GFP (0 – 0.24 �g) (C). PAR4 –2A is PAR4-L209A/L213A, and
PAR4 – 4A is PAR4-L192A/L194A/M198A/L202A. Forty-eight hours post-transfection, the cells were analyzed for GFP expression, luciferase expression, and
BRET. The data are from three or four independent experiments in which all points were analyzed by global fit to a hyperbolic or linear curve.

TABLE 2
BRETmax values for PAR4 point mutants
PAR4 variants were tagged with GFP at the C terminus and examined in BRET
assays with PAR4-wt-Luc. The data were fit to a hyperbolic curve, and each PAR4
variant was compared with PAR4-wt.

PAR4 variant BRETmax

95% confidence
interval

PAR4-wt 0.46 0.23–0.70
PAR4–2A 0.07 0.02–0.12
PAR4–4A Linear
PAR4-L192A 0.55 0.44-.066
PAR4-L194A 0.39 0.25–0.53
PAR4-M198A 0.31 0.23–0.40
PAR4-L202A 0.31 0.05–0.57 FIGURE 9. Disrupting PAR4 homodimers influences calcium mobilization

in response to PAR4 agonist peptide. HEK293 cells were transfected with
V5-PAR4-wt, V5-PAR4 –2A, or V5-PAR4 – 4A in pCDNA3.1(1 �g). Forty-eight
hours post-transfection the cells were removed from plates and loaded with
Fura2-AM (A) or stained for flow cytometry (B) with an anti-V5 antibody. A,
calcium mobilization was measured over time in response to the PAR4 ago-
nist peptide (AYPGKF-NH2, 1 mM). Calcium concentration was determined as
described under “Experimental Procedures.” B, cell surface expression of
PAR4-wt, PAR4 –2A, or PAR4 – 4A by flow cytometry. The mean fluorescence is
from three independent experiments. The error bars indicate the standard
deviation.
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with the P2Y12 receptor tomediate platelet aggregation (16). In
contrast, PAR1-mediated platelet aggregation is independent
of P2Y12 signaling. PAR1 signals through PI3K and phospha-
tidic acid formed by phospholipase D (17, 61). Inhibitors to
PI3K or phospholipase D do not disrupt PAR4 signaling. Fur-
ther, PAR4 activation is required for full spreading of platelets
on fibrinogen in response to �-thrombin in a p38- and ERK1/
2-dependent manner (22). These data suggest that PAR1 and
PAR4 stimulate different signaling pathways in platelets and
likely cooperate to mediate the complete response of the plate-
lets to thrombin. Understanding the arrangement of these
receptors in the membrane may shed light on these unique
signaling pathways in platelets.
In addition to expression on platelets, PAR4 is also expressed

in smooth muscle cells, endothelial cells, cardiac tissue, brain,
and other neurological tissues. Dangwal et al. (26) demon-
strated that PAR4 expression on carotid artery plaques and
saphenous vein smooth muscle cells in diabetic patients was
increased compared with normal controls. These observations
were supported by in vitro experiments in which human saphe-
nous vein smooth muscle cells up-regulated PAR4 expression
when grown in the presence of high glucose (26). In cardiac
tissue, inhibition of PAR4 with two independent antagonists
was cardioprotective in a rat ischemia/reperfusion model (23).
Inhibiting PAR4 elicited cell survival pathways through PI3K/
Akt, ERK1/2, nitric-oxide synthase, and KATP channels in a
adenosine receptor-mediated pathway (23). In addition to roles
in cardiovascular tissues, PAR4 has been implicated in nocice-
ption (24, 25). However, the details appear to be tissue-specific.
For example, in dorsal root ganglia, PAR4 sensitized TRPV1,
resulting in the release of calcitonin gene-related peptide (25).
In other studies, PAR4 sensitizationwas independent ofTRPV1
(24). In contrast, PAR4 stimulation inhibited visceral pain
induced by PAR2 and TRPV4 agonists, and PAR4�/� mice had
increased pain response compared with wild type controls (62).
Taken together, these recent studies provide evidence that
PAR4 has roles in a number of physiological processes in addi-
tion to its well studied role in platelet activation.
PAR1 co-expression with PAR4 enhances thrombin activa-

tion of PAR4 on human platelets and transfected cells (14, 15).
In addition, the possibility exists that PAR4 interacts with other
PARs or other receptors in other tissues. One example is the
recent study by Li et al. (27) that describes a signaling interac-
tion betweenPAR4 and the P2Y12 receptor. It will be important
to examine the role of PAR4 dimerization in the context of
these new roles ascribed to PAR4.The current report details the
PAR4 homodimer interface and provides the methodology to
examine the heterodimer interface with PAR1 or other recep-
tors. Future studies will need to examine the formation of
homodimers in the context of these potential heterodimer
interactions. An important question to be considered in these
studies is the relative affinity for homodimers versus het-
erodimers. In addition to the relative binding affinities, the
dynamics of these interactions are also of interest.
The present study provides a detailed analysis of the PAR4

homodimer. Understanding the molecular details of receptor-
receptor interactionsmay provide insights for the development
of pharmacological agents that specifically target the receptor

dimer, disrupt the dimer formation, or both. These pharmaco-
logical agents may be an effective add on therapy for patients
who do not respond well to current antiplatelet therapies (63).
In addition, as novel roles for PAR4 continue to be uncovered,
there may also be new opportunities for pharmacological
intervention.
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